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Abstract
We performed a systematic structural analysis of deformation and alteration on the drilled core of
crystalline rock from the vertical Cajon Pass, California drill hole, 4 km northeast of the San Andreas Fault
(SAF). Observations of core and outcrop provide a sampling of a 4.5 km vertical column adjacent to the
steeply dipping Cleghorn fault and span the brittle to semi-brittle regime and hydrothermal conditions.
Rocks in the shallow part of the borehole are sandstones and granitoid augen gneiss, with narrow fault and
fracture zones coated with thin seams of laumontite alteration. Below 500 m depth in the core, the rocks
consist of tonalite gneiss and migmatite, and well-developed discrete brittle faults and fracture zones are
present. Thirsty seven faults are now recognized in the borehole; eleven are newly identified here, eight
were previously identified in core, and the remainder were interpreted from borehole image log data. The
extent and nature of deformation varies within the core, and is controlled by the size of the fault zones
intersected by the core. Distribution of faults in the core increase with depth, and fracture density are
greater around fault zones. In the upper 2600 m of the hole, the faults and fractures are typically narrow
with thin coatings of alteration products. Below the prominent fault zone at 2500 – 2600 m measured
depth, the faults exhibit distributed sheared and altered textures. Microstructures in these fault zones
primarily include shear fractures containing a matrix of laumontite with angular to sub-angular clasts
within the matrix and may record evidence of seismic stress cycles. Laumontite mineralization indicate
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moderate to high temperature fluid interacting with the rocks throughout the column. The most significant
fault is an indurated, steep-dipping zone at 3,402 m depth that exhibits a mixture of brittle and semi-brittle
deformation and abundant mineralization and potassium feldspar and epidote alteration associated with a
zone of fractures. This fault correlates well with the left-lateral steeply dipping Cleghorn fault, and reflects
the interaction between hydrothermal and deformation processes. The interpretation that the fault zone at
the bottom of the hole is the Cleghorn Fault agrees with stress orientation measurements made there, and
indicates that the faults in the drill hole reflect active deformation and alteration associated with northeastoriented maximum horizontal stress that may drive the left-lateral oblique motion on the Cleghorn fault.
The data also show that damage zones associated with faults are present here, indicating a long-lived
presence of the deformed and altered zones of reduced elastic moduli associated with faults.
Introduction
The Cajon Pass, southern California, lies between the San Gabriel and the San Bernardino
Mountains, where the right-lateral strike-slip San Andreas Fault strikes N60ºW and slices through the area.
Numerous subsidiary faults north of the San Andreas Fault include the steep-dipping (85º-90º N) left-lateral
strike-slip Cleghorn fault (Figure 1). The Cleghorn fault is concealed in the Cajon Pass, but in the San
Bernardino Mountains it offsets folds and faults, cuts crystalline basement rocks, and Quaternary deposits
(Meisling and Weldon, 1982, 1989).
In 1986, the consortium Deep Observation and Sampling of the Earths Continental Crust, Inc.
(DOSECC) and the United States Geological Survey (USGS) drilled a 3.5 km deep borehole 4 km
northeast of the San Andreas Fault to examine mechanical and thermal evidence for stresses at depth, test
models of strengths of faults, evaluate processes controlling crustal deformation adjacent to transform
margins, and examine the energetics and dynamics of plate motion (Zoback and Lachenbruch, 1992).
Analyses from the Cajon Pass Deep Drill Hole (CPDDH), revealed that in situ ! Hmax is at moderate to high
angles to the trace of the San Andreas Fault (Zoback and Healy, 1992; Shamir and Zoback, 1992; DayLewis et al., 2010).

In-situ stress measurements, geochemical and geophysical logging, examination of

the cuttings, and 55 spot cores with a total length of 125.4 m over a depth range from 265 to 3,507 m were
recovered from this borehole. Several lithologic studies described portions of the core (Silver and James,
2
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1988; Anderson et al., 1988 a, b; Silver et al., 1988; Vernik and Nur, 1992; Pratson et al., 1992) but no
systematic structural analysis of the core was performed. Barton and Zoback, (1992) used a televiewer log
to map fractures in the borehole In the section from 1800 m to the bottom of the hole at 3510 m (Barton
and Zoback, 1992), and Pezard and Luthi (1988) and Pezard et al. (1988) evaluated the orientation and
distribution of fractures and structures in the upper 1829 m of the borehole with electrical image logs and
electrical resistivity logs.
Owing to the depth range encompassed by the Cajon Pass drill hole, the deformation textures seen
at the higher elevations of the western San Bernardino Mountains [Jacobs et al., 2006], and the nature of
alteration and deformation indicated in the core, the Cajon Pass cores provide an opportunity to evaluate
deformation mechanisms, mesoscopic fabrics, and alteration patterns in deformed rocks over a 4.5 km
vertical column. The CPDDH also provides an opportunity to merge observations of cored rocks collected
at in situ conditions with continuous geophysical logs that provide insights into the physical properties of
the rocks. The presence of alteration minerals in the cored faults (James and Silver, 1988) suggests that
rocks in the cored interval deformed at hydrothermal conditions. The Cajon Pass Drill hole provides an
opportunity to test hypotheses regarding the variation of deformation processes in the vertical dimension
(Sibson, 1977; Imber et al., 2001; Kim et al., 2004; Wibberley et al., 2008).
We examine drill core of crystalline rocks acquired in the CPDDH project. Analysis of the core is
combined with an examination of outcrops of the nearby left-lateral strike-slip Cleghorn fault. This
provides an approximately 4.5 km depth range of damaged rock in the Cajon Pass area near these two
major strike-slip faults. The specific questions we posed in this work are:
1.

How does deformation vary with depth or with respect to location relative to fault zones?

2.

What is the nature of deformation textures and alteration in cored faults?

3.

How does deformation at depth compare with nearby exhumed faults?

4.

What does the Cajon Pass drill hole reveal about the structural setting of the area?

Tectonic Setting
The Cajon Pass area is comprised of complex geologic structures that include slip on the San
Andreas and Punchbowl Faults, Miocene to recent faults of the western San Bernardino Mountains, and
3
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contractional structures related to the San Bernardino Mountains (Meisling and Weldon, 1989; Figure 1).
Miocene uplift along the Squaw Peak and Cedar Springs thrust systems produced the ancestral San
Bernardino Mountains (Meisling and Weldon, 1989) at the same time the San Gabriel fault was the active
trace of the San Andreas transform system. Early Pleistocene uplift of the San Bernardino Mountains
affected a broad area (Meisling and Weldon, 1989). A second phase of uplift began in Mid Pleistocene
with the uplift of the western San Bernardino Mountains. When this phase of Quaternary uplift diminished,
the location of uplift shifted to a narrow area along the San Andreas Fault thought to be due to a northeast
step at depth of the San Andreas Fault, which may have resulted from the San Andreas Fault intersection
with the nearby Cucamonga and San Jacinto faults (Weldon, 1986; Kenney, 1999). Weldon (1986)
determined the long-term slip rates of the SAF in the Cajon Pass to be on average 24.5 ± 3.5 mm/yr over
the past 14,400 years, and recent paleoseismic work in the Wrightwood area (Weldon et al., 2002) have
determined a long- term slip rate of 20 to 40 mm/yr and ruptures in 1812 and 1857. The Mojave segment
of the San Andreas Fault, southwest of the borehole (Figure 1) exhibits a Pliocene to recent slip rate of 24.5
± 3.5 mm/year (Weldon and Sieh, 1985;Weldon et al., 2002) and the San Bernardino segment southeast of
the borehole is moving at 13 mm/yr (McGill et al., 2010). In the Cajon Pass, the San Andreas Fault strikes
302° and is the largest fault in the area.
The left-lateral Cleghorn Fault (Figure 1) dips 70˚–90, and is part of the Cedar Springs fault
system in late Miocene as a south-down reverse fault, and accumulated approximately 300 m of vertical
separation (Meisling and Weldon, 1989). The fault was reactivated as a left-lateral strike-slip fault in the
Quaternary based on offset of older folds, faults, and disturbed alluvial fans (Meisling and Weldon, 1989).
At the surface the Cleghorn fault juxtaposes deeper granitic rocks on the Crowder Formation and exhibits a
marked asymmetry in the nature of the fault core (Jacobs, 2005). The crystalline rocks in the San
Bernardino Mountains adjacent to the drill hole have experienced relatively small (<2 km) amounts of
uplift-related cooling since the Miocene [Spotilla et al., 1998; Blythe et al., 2000], indicating that the
column captured in this study represents the upper 5- 6 km of the crust.
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Previous Work
Fifty-five spot cores totaling in 125.4 m were retrieved from the Cajon Pass Drill Hole (Pratson et
al., 1992). Of the 55 cores, 50 sampled crystalline rock, comprise 109.3 m of the core, and are warehoused
at the USGS Core Research Center in Denver, Colorado. Spot cores vary from 30 cm to 10 m long. Core
recovery varies from poor to excellent, and abundant sampling and cutting of the core have reduced the
amount of core available for study (please see the electronic supplements for details of the current status of
the core, sampling history, and the samples used in this study). The core consists of deformed and
undeformed gneiss, granite, diorite, and granodiorite.
Previous geological analyses of the core focused on specific aspects of the deformation, including
analyses of the orientations of microfractures in a small subset of samples in two orientated cores at 745 m
and 1,284 m depth, defining three distinct sets based on orientations at 40°-50°, 68°-76°, and 332°-346°
(Wang and Sun, 1990), and inferred slow deformation based on dilatancy, extension, and shear fractures
(Blenkinsop and Sibson, 1992). Petrophysical analysis focused on elastic properties, density, porosity,
permeability, and petrophysical classification (Vernik and Nur, 1992). Vernik and Nur (1992) also
identified faults that have been altered in the zeolite facies of metamorphism resulting in an increased
permeability. They concluded that the intact core at depth is free of fluid-filled microcracks and is in
agreement with in situ sonic velocities.
Silver et al. (1988) provided a brief overview of the analyses of 120 thin sections for textural
structures and mineral abundances, and seven whole-rock chemical analyses from 525.57 to 1,741.35 m
depths. Anderson et al. (1988a) examined major and trace elements in the well to a depth of 1800 m and
interpreted lithologies. Pratson et al. (1992) combined whole-rock geochemical analyses with wireline
logging data to develop a comprehensive lithologic column of the borehole from 500 m to 3,430 m depth.
Zircon dating was performed on the cores from 1,352.9 m to 1,353.3 m and they interpreted the rocks to be
77.3 Ma by Silver et al. (1988). Barton and Zoback (1992) conducted a statistical analysis of
macrofractures in the borehole using borehole televiewer data and compared fracture orientations and
distributions with those of previous workers (Vernik and Nur 1992; Blenkinsop and Sibson, 1992;
Blenkinsop, 1990; Wang and Sun, 1990; and Vincent and Ehlig 1988), but most are limited to the core to a
5
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depth of 2115 m. Overview studies and summaries by Zoback et al. (1988), Silver and James (1988), and
Zoback and Healy (1992), as well as many others, present geologic data in extremely small figures, and did
not bring together available lithologic, structural, and geophysical datasets for a comprehensive
interpretation.
Methods
We provide a systematic analysis of the entire crystalline core, integrate data from previous
workers, compare our results to the fracture analysis presented by Barton and Zoback (1992), and with the
borehole geophysical data presented in Barton and Zoback (1992) and Vernik and Nur (1992). We also
examine surface exposures of the Cleghorn fault, extending the work that Jacobs (2005) did to examine
fault mesoscopic fault zone geometry and composition.
We briefly describe our methods here, and provide detailed descriptions of our methods in the
Appendix A. Detailed descriptions of the core dimensions and locations, sampling history, locations of our
samples, and a photographic summary of the core are provided in the electronic supplements (Appendices
B-E). Mesoscopic examination and logging of the Cajon Pass core included describing basic lithologies,
determining fault locations and depths, evaluating evidence of fault slip, fault dip, sense of slip, fractures,
and recording the nature of alteration within the core. Petrographic and microstructural analyses of
deformation attributes in thin sections from core include lithological descriptions, analysis of textures, and
interpretations of deformation mechanics. We used X-ray diffraction (XRD) and X-ray fluorescence (XRF)
analyses to determine the mineralogy of fault or fracture fills in the core, and to determine bulk rock
chemistry of the rocks, respectively. We also collected samples for future stable isotope analyses and
possibly for 40Ar/39Ar dating.
We combine the petrological, geochemical, and structural data with compressional (Vp) and shear
(Vs) sonic geophysical log data, as well as porosity, resistivity, and gamma-ray log data. This data was
analyzed and compared with core data to determine how geophysical data may relate to deformation
mechanics and to examine geophysical data in order to infer physical properties of deformed rocks. We use
detailed mapping of small faults and deformation zones within the cores to characterize some of the
deformation zones. We collected 142 samples from the core, 51 of which were cut into thin sections, 19
6
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used for XRF analysis, and 33 were used for XRD analysis (Appendix C). Twenty-one faults were
sampled, either partially or wholly, by the core and were logged in this study. Of the 37-cored faults, 11 are
newly identified in this study (Table 1), and we provide a summary of previously described faults in Table
2.
Results
Macroscopic Analyses

We summarize the generalized lithologic and structural column derived from

geophysical borehole measurements, core and cuttings data (Figure 2).

The borehole intersected 497 m of

Miocene Cajon Formation (Figure 3a) and 3,000 m of older basement rocks (Figure 3b-r). The basement
complex is comprised of granodiorite, diorite gneiss, and small amounts of syenite and gabbro (Pratson et
al., 1992). We combine and simplify these lithologies into four distinct assemblages encountered in the
borehole - sandstone; granitic gneisses; migmatites; and an interlayering of assemblage gneissic diorite,
granitic gneiss, and migmatites (Figure 2).
Structures observed in the core include faults, mode I mode II fractures, veins, and altered and
mineralized shear zones (Figure 3d-g). These structures in places create friable core that reduced the quality
of sample and archived slabs of core in places. Alteration halos surround some of the mostly vertical
fractures that contain a white or pink fracture fill (Figure 3k-l). Fractures are present throughout the core
and range in orientation relative to the axis of the core, thickness, aperture, and fill material. All filled
fractures are either mode I or shear fractures. The fractures shown in the slabbed core are clearly naturally
occurring, as they do not exhibit any characteristics of drilling-induced fractures, which commonly show a
unique orientation within the core and are sub-parallel to the core axis or perpendicular to it (Kulander et
al., 1990).
Coated or filled fractures observed throughout the core have a light pink, gray, or white fill
(Figure 3d-f, l, o). The color and mineralogy of the fracture fill does not appear to be dependent on fracture
aperture, dip, or host lithology. In hand sample, the fill is a fine-grained matrix of material in a well-defined
zone bounded by the fracture walls (Figure 3o). The fracture fill was not identifiable in hand sample, but xray diffraction analysis shows the material is comprised of zeolites ± chlorite ± epidote deep in the borehole
(discussed below).
7
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We measured 329 fracture orientations in the core. Most fractures are mode I, and fractures dip
relative to the axis of the borehole varies between 30° and 75° (Figure 4). Some continuous, vertical or
nearly vertical fractures are present in some core segments. They are in swarms or closely spaced, subparallel fractures with anywhere between 5 and 15 present. Of the 329 fractures measured, the majority of
the fractures are between 2050 m-2500 m in agreement with fracture studies from Barton and Zoback
(1992). This zone of high fracture density appears to be associated with a fault zone at this depth.
The eleven newly identified fault zones (Table 1; Figure 3h, r) range from 0.5 to 20 m (Figure 4)
in apparent thickness measured along the core axis. The faults are typically well-defined zones and contain
pink, white, to pale green fracture-fill deposits (Figure 3r). Open or closed fractures populate the areas
surrounding the faults. Most slip surfaces have damage zones associated with them.
Many of the newly identified faults lack or have poorly expressed sense of slip indicators, and thus
the faults were identified by their alteration zones, the presence of chloritic sheared zones, cataclasites,
surrounding increase in the intensity of fractures surrounding alteration zones, and the decrease in
competence of the host rock as viewed in core (Figure 5) and corroborated by the wireline data (Figure 6).
The transition in rock competence from protolith to fault ranges from gradual to sharp and can result in
poor recovery and preservation of the faults. This is problematic when determining original orientation of
the identified faults, as well as collecting samples that accurately represent the fault. The narrow Mode I
fractures range from mm to cm wide (Figure 3, 5) range in orientations (Figure 4) and are typically filled
with laumontite or calcite. In rare cases the narrow slip surfaces have a pink to off-white coating.
Of the 37 faults in the core, four located at 2500, 2800, 3200, and 3400 m md have damage zones
10-20 m wide as measured in the core axis direction (Figure 6; Tables 1 and 2; Appendix E, electronic
supplement). These fault zones were identified using a combination of velocity logs, core analysis, cuttings,
and fracture frequency plots (Figure 6). Of these four faults, two were partially cored. The core from the
fault zone at 3,400 m depth is a fully intact core containing a moderately dipping dip-slip fault with a well
developed a green to gray to pink alteration (Figure 4r, 5h). Wireline logs do not show as strong a response
for this fault zone as others higher in the hole (Barton and Zoback, 1992) (Figure 6). The fault zone at
2,800 m depth is in a leucratic granitic biotite hornblende gneiss that at hand sample inspection does not
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have any identifiable fault zones or fault traces. The core is highly fractured, but some of this core has poor
recovery and thus cannot be described as well as some of the other faults.
The absolute orientations of faults in the core are undeterminable because the core was not
oriented. Pezard et al. (1988) reoriented the core from 521 to 1500 m depth using the borehole televiewer,
but the warehoused core had no indications of orientation. Attempts to reorient the core based on
correlating measured fracture dips from the core with the fracture dip and dip direction in borehole
televiewer data (Barton and Zoback, 1992) was unsuccessful due to the highly variable orientations and
distributions of fractures. The mean dip of the newly identified faults is 55.8° and the mean dip of all of the
faults is 52.1° (Figure 7).
Microstructures
The microstructures in core samples reveal a range of textures and inferred deformation
mechanisms. We see a transition from discrete brittle fracture and faults (Figure 8 a, b, c) in which shear or
open mode deformation occurs to cm-wide zones of shearing (Figure 8 d-g). Some of the microstructures
are similar to those described by previous workers (Wang and Sun, 1990; Blenkinsop and Sibson, 1992),
but the range of textures is strinking. Zones of cataclasis are common (Figure 8d), along with chlorite-rich
shoes that cut cataclastically deformed zones (Figure 8e). Veins are filled by calcite in places (Figure 8h)
and shearing within the veins indicates mode I fractures were subsequently offset. Deeper samples exhibit
quartz grains with undulose extinction cut by mineralized brittle fractures (Figure 8i). The deepest
samples reveler sheared bioteite± chlorite± laumontite (Figure 8k&l).
. At depths of 2400 to 3,402 m md, wide shear fracture zones contained greater damage then
smaller ones, though they nearly all displayed various styles of fractures and laumontite growth. Grainsize reduction, microfractures, and mineral alteration, to varying degrees, are seen throughout the majority
of samples (fFgure 8). Larger shear fracture zones have fine-grained lineations located in the laumontite
matrix that may represent thin slip planes, or an ultracataclasite zone. Some of the microstructures from the
Cajon Pass do show evidence of repeated stress/strain cycling, based on evidence of undeformed
laumontite crystals surrounded by a matrix of fine-grained and fractured laumontite

Geochemical and Mineralogical Analyses
9
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X-ray diffraction (XRD) on 33 samples show the protolith genies and migmatite consist of granite
to granodiorite mineralogies (Table 3; Fig. 3e,g, I, n; Figure 8). Quartz, albite, anthorite, christobolite,
orthoclase, microcline, ± biotite, phlogopite, chalcopyrite, graphite, and Mg-rich hornblende are the
common protolith minerals. Mafic minerals including hornblende are present in some of the samples, but
make up less than 15% of all XRD analysis conducted for this study (Table 3).
Alteration zones are predominantly comprised of laumontite, with rare illite and nontronite, and in
places, chlorite-laumontite-epidote rich shear zones are present. In hand samples from the core, laumontite
is white to pale green to light pink and is softer than the unaltered rock. The XRD analysis of samples taken
from the fault zones or damage zones of both the newly identified faults and those previously identified
was predominantly laumontite in addition to the host rock minerals. Laumontite is the predominant mineral
in most of the fractured and faulted samples, regardless of the mode of fracture (Figure 8). There are
varying amounts of secondary alteration of laumontite; with some shear fracture zones (small faults)
displaying more than one episode of laumontite precipitation within the same defined fracture.
X-ray fluorescence (XRF) analysis was performed on 19 samples across five fault zones and
protolith from various depths in the core. Principal component analysis (PCA) was performed on all of the
samples and an eigenvector method was used to reduce the data on all oxides and loss of ignition (LOI) to
determine the statistically significant variations geochemical differences between undeformed rock and
damage zone rock. The whole-rock geochemical data are percentages of a total sum, which comprise a
closed data set. To account for this, a log10 transformation converts the data to an open data set. The data
were also centered and standardized prior to conducting the PCA. After the PCA, the results were plotted
and more that 70 % of the variation of each of the fault zones can be represented on two axes of the plot
(Figure 9). The SrO, Na2O, BaO and K2O values are significant in defining the alteration patterns within
Cajon Pass core faulted and fractured rocks. The values suggest introduction of Sr and Ba to the fractured
rocks, consistent with hydrothermal metasomatic alteration.
Laumontite (Ca (AlSi2O6)2•4H2O) is a zeolite that is indicative of K and H metasomatism in
which hydrothermal alteration facilitates Na+, H+, and K+ ion exchange [Kuhn, 2004], and was noted by
previous workers on the Cajon Pass core (Anderson et al., 1988; James and Silver, 1988; Vincent and
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Ehlig, 1988). Blenkinsop and Sibson (1992) suggested the reactions that led to the breakdown and
alteration of protolith minerals includes:
Na+ + H4SiO4 + NaAlSi3O8 • CaAl2Si2O2 = 2NaAlSiO3O8 + Al3+ + Ca2+ + 4OH(Plagioclase)
(Albite)
Which leads to these reactions in the formation of laumontite and calcite:
2Al3+ + Ca 2+ + 8OH- + 4SiO2 = CaAl2Si4O12 • 4H2O
(Laumontite)
Ca2+ + CO2-3 = CaCO3
(Calcite)
In situ laumontization can also occur by the hydration reaction from plagioclase (Boles and Coombs,
1977):
NaAlSi3O8 • CaAl2Si2O2 + 2SiO2 + 4H2O = NaAlSiO3O8 + CaAl2Si4O12 • 4H20
(Plagioclase)
(Albite)
(Laumontite)
The stability field of laumontite ranges between 90° – 280° C (Zen and Thompson, 1974; James
and Silver, 1988; Vincent and Ehlig, 1988; Blenkinsop and Sibson, 1992) and the stability field of
laumontite +albite (Zen and Thompson, 1974; Turner 1980), lies between 190 - 250° C at 0.2 to 0.8 kb
water pressure.

James and Silver (1988) determined that laumontite is actively forming ~2.1 km depth

based on halos surrounding laumontite grains. The hydrostat in the borehole was 0.24 to 0.34 kb, and the
equilibrium temperature gradient of ~37° C/km (calculated from Sass et al., 1992; Lachuenbruch and Sass,
1988) are consistent with the creation and stability of laumontite throughout the crystalline core.
Related to the hydrothermal metasomatic reactions that produced zeolites ± chlorite± epidote is the
near absence of clay in the XRD and thin section analyses. Clay minerals were not readily identified during
logging of the drill core and the absences of clay minerals may be the result of several processes.
1.

Little clay in the sampled rocks because conditions did not favor its formation.

2.

Any clay present in the fault zones was washed away with the drilling fluid during coring.

3.

None of the fault cores as defined by Chester et al. (1993) were cored, and clay minerals are not
typically present outside of the fault cores.

4.

Clays were continually being removed from the fault systems because of high fluid flow within
the rock.
11
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Analyses of field exposures
Outcrops of brittly deformed rocks from the Cajon Pass provide exhumed examples of the
deformation in the area (Ehlig, 1988; Vincent and Ehlig, 1988; Jacobs et al., 2006). The surface trace of the
Cleghorn fault lays close to the borehole (Figure 10) and it dips toward the borehole. Small faults lie north
of the Cleghorn fault are typically narrow slip surfaces with well-developed oblique-slip slickenlines
(Figure 10b) or narrow steep-dipping zones of cataclasite (Figure 10c).
In thin section (Figure 11) we observe mode I fractures with laumontite fill and many open mode
I fractures. The laumontite filled mode I fractures are very similar in appearance to the ones observed
throughout the core at depth. The remaining samples contain only mode I fractures despite their proximity
to the fault zones. The high density of open fractures suggests limited fluid-rock interaction in this system.
It may also suggest that the fault is acting as a conduit to flow, and that precipitation of laumontite is only
occurring within the fault core areas. If fluid were interacting with the host rock, and not the damage zone,
one would expect more laumontite growth in the fractures away from the fault core and none within the
fault core. The fault was examined in detail by Jacobs (2005) in the area of Cleghorn Mountain and
extending east past Silverwood Lake, 4 km to the east. Jacobs’ (2005) thin sections of the Cleghorn fault
damage zone are characterized by shattered grains in a clay-rich microbreccia matrix and by many
fractures, some with calcite and microbreccia fill. Veins in the area display evidence of multiple episodes
of fluid interaction. XRD analyses from rocks along the Cleghorn fault are characterized by albite,
orthoclase and microcline, with clays consisting of kaolinite, palygorskite, and montmorillonite.
Discussion
We examined the spot core throughout the 3400 m depth range of the Cajon Pass drill hole, and
document variations in deformation style and alteration patterns as a function of depth and proximity to
faults intersected by the drill hole. When combined with the analyses of surface exposures, we examine
rocks over an approximately 4.5 km depth range. We document a variation in deformational styles and
dominant of fault zones mineralogy. Clays are common in faults sampled at the surface in the San
Bernardino Mountains (the upper 1 km of the column), and may indicate clay stability at shallow depths
(Jacobs et al., 2006). At greater depths and higher temperatures clays are less stable and with the addition
12
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of fluids that charged the faulted and fractured rocks in the region, laumontite precipitated in mode I
fractures but also in fault planes. In contrast to studies of clay rich strike-slip faults by Evans et al. (1997),
Caine et al. (1996), and Chester and Logan (1987), we document that clays are nearly absent in the Cajon
Pass core. Thermochronologic analyses documents < 2 km of uplift of the San Bernardino Mountains since
18 Ma (Spotila et al., 2002; Blythe et al., 2002). We thus infer that before 12 Ma, and before uplift and
erosion of the San Bernardino Mountains, faulting in the upper 2-3 km of crust created clay-rich fault
zones. Uplift, and erosion of the San Bernardino Mountains after 12 Ma commenced at a rate of less than or
equal to 0.09 km/Ma (Blythe et al., 2002). Uplift continued along with faulting, exhumation, and erosion
continued. Clay rich faults and damage zone rock previously at shallow (~ < 1km) depths in the Cajon Pass
were eroded away, whereas clay rich faults in the San Bernardino Mountains were better preserved. The
faults remaining in the Cajon Pass at depth have mostly laumontite mineralogy’s are preserved and are
record of faults originating at a greater depth.
We observe several general trends in the nature of deformation over the depth range investigated
Brittle mode I fractures are present to depths of xxx, and from depths of xxx to 3402 m, we observed a
transition to fluid-assisted deformation. The scales of these structures vary by location, but in general the
density of larger structures coincides with fault zone locations. Fracture fill and alteration does not appear
to have any variation with respect to depth. The predominant alteration mineral is laumontite, as discussed
above and below. The dip of these structures varies from 30° to 60°. Steep and low angle fractures and
faults are observed, with the majority of the faults having a similar dip, and the fractures display a wide
rage of dips. Most notable are sets of vertical to near vertical fractures, with a laumontite fill in many of the
cores. These fractures are likely not related to faulting.
The microstructures observed here in the upper 2000 m of the drill hole are similar to those
described by Blenkinsop and Sibson (1992) and James and Silver (1988) and fault-related rocks
investigated by Vernik and Nur (1992). Blenkinsop and Sibson (1992) concluded that microstructures do
not show obvious evidence for repeated stress or strain cycling, but some thin sections examined here in the
vicinity of fault zones clearly show otherwise. Some thin sections show evidence for up to five different
episodes of deformation as well as distinguishable relative ages (Figure 8 x). Evidence for different
13
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deformation episodes include dilatant texture formed from the in situ alteration of plagioclase feldspar
grains, fracture grains and microcracks, grain-size reduction from shear movement, with the smallest grain
size concentrated in the center of any fracture of shear zone, the presence of cataclasite and ultracataclasite,
localized slip concentrated on surfaces either in the center or on the edges of shear fractures, and developed
gouge zones. Chemical alteration from the introduction of fluids is also observed as evidence by the
presence of large growth laumontite and calcite grains as well as replacement of albite into laumontite.
Blenkinsop and Sibson’s (1992) conclusions and descriptions are observed in this study in core
samples both away from and near fault zones, and likely record crustal deformation associated with uplift
of the area as described by Silver and James (1988) and Meisling and Weldon (1989). Blenkinsop and
Sibson only examined thin section from the oriented section of the core from 521 to 1744 m depth, as well
as at depths of 1897, 2244, and 2799 m. Vernik and Nur’s (1992) descriptions of laumontite
protocataclasite dominated fault-related rocks are also present throughout, but their description and
interpretations lack relative age identifications.
The presence of laumontite and the lack of clay minerals (<5%) within the core indicates a
moderate to high temperature fluid in the system 90°C-250°C (James and Silver, 1988; Vincent and Ehlig,
1988; Blenkinsop, 1990; Blenkinsop and Sibson, 1992). Because nearly 100% of the structures throughout
the core have laumontite fill in them, warm fluids were most likely present throughout the deformational
history of the core at all the depths. Perhaps elevated pore fluid pressure created the mode I fractures
observed throughout the core (Blenkinsop and Sibson, 1992). James and Silver (1988) conclude, in part
based on field work by Vincent and Ehlig (1987, 1988), that the San Andreas Fault in the Cajon Pass may
act as a locus to zeolitization. The identification of laumontite in samples from the San Bernardino
Mountains (Jacobs, 2005; this study) and the conclusion of this study that most of the faults in the Cajon
Pass core are likely northeast of the Cleghorn fault and in its hanging wall and suggests that the Cleghorn
fault was also important in controlling the fluids responsible for the zonation and precipitation of
laumontite.
Wireline log data (Figure 6; Table 4) indicate a complex signature between the faulted rocks and
their log signatures.

Of the 23 faults that we examined in detail between 1900 and 3415 m md, faults

between 2260 and 2536 m md, and the faults the between 3136 and 3172 m md, exhibit what we might
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term “typical” log response, in which the sonic velocities are reduced relative to the host rock, and
porosities increase. In only three zones (2140, 2317, and 2439 m md) does resistivity decrease, and the
gammar ray log exhibits little change. The larger fault zones were identified by previous workers (Barton
and Zoback, 1992; Blenkinsop and Sibson, 1992; Vernik and Zoback, 1992) are marked by decreases in Vs
and Vp values, increased fracture density (Figure 6). The largest fault zones as determined by wireine log
data are at 2439-2526 m and 3180-3204 m depths have the largest fracture apertures. Fracture frequency
tends to increase in the vicinity of most fault zones. Increases in the drilling rate of penetration (ROP) also
coincide with the presence of faults and fracture zones. The lower 300 m of the borehole exhibits an
increase in the mean values and variability of resistivity and gamma ray signatures, suggesting a change in
either the protolith character and/or influence from the mineralized faults.
We suggest that the several of the fault zones identified in the core and in the synthesis of the
wireline data correlate with faults mapped on the surface. The fault zones identified previously and located
at 2500 m, 3200 m, and 3400 m are the largest fault zones intersected by the borehole, and are the best
candidates for surface correlation. The unoriented core does not allow for the projection of any measured
fault dip because of the unknown strike. We tested for extrapolations to the surface with simple
trigonometry. Since the core is unoriented, the core-fault angle yields a circle in map view that contains the
loci of pssible updip projects of the fault. We suggest that the fault zone at 3200- 3400 m md has is most
likely to correlate to a surface fault (Figure 12). The cored fault dips approximately 75° and projects
upward to the surface trace of the nearby left lateral strike-slip Cleghorn fault. The surface trace of the
Cleghorn fault has a dip that ranges from 70° to vertical (Meisling, 1984) and is located approximately 1.5
km away from the borehole.
Stress Measurements

Stress measurements made in the borehole reflect a range of azimuths for SHm

(Shamir and Zoback, 1992; Zoback and Healy, 1992; Day-Lewis et al., 2010), in which the dominant
orientation is N 57° E ± 19° over the depth range of 1750 to 3460 m. This is the famous result for which
the mechanical paradox of this portion of the San Andreas fault has been posed, in that these stresses are
not at optimum angles to the SAF for a Mohr-Couloumb behavior of rocks with typical mechanical
properties. The orientation of SHm varies along the entire borehole exhibit significant varation, and Shamir
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and Zoback (1992) and Day-Lewis et al. (2010) describe the sinuosity of the data. The orientation of SHm
in the lower portion of the borehole, (Figure 6) is oriented 127 ± 21° degrees azimuth (Shamir and Zoback,
1992). The overall trend of maximum horizontal stress in the borehole provides a left-lateral sense of
strike-slip movement on a northwest-striking fault, but at a higher angle (60°) than what is predicted in
Anderson mechanics (30°).

Zoback and Healy (1992) point out that this is in general agreement with the

predicted SHm for the left-lateral, northwest-striking Cleghorn fault. The influence and implications of the
Cleghorn fault on stress magnitude and orientation measurements has been discussed in detail by Zoback
and Healy (1992), and we suggest that these lowest stress measurements reflect a local stress orientation on
the fault, where we interpret the main trace of the fault to pass through or direction below the base of the
drill hole (Figure 12).
Cochran et al. (2009) indicated that damage zones associated with faults may be long-lived and
this agrees with the abundant and quite voluminous geologic data on damage zones geologists (Chester and
Logan Chester et al., 1993, Kim et al., 2004; Mitchell and Faulkner, 2007; many others), in the subsurface
via drill holes (Ohtani et al., 2000; Lin et al., 200; Isaacs et al., 2009) and inferred from a range of
geophysical studies (e. g., Blakslee et al., 1989; Unsworth et al., 2003, Jeppson et al., 2010). The data here
further document the stability of these damaged zones. We suggest that once formed, presumably through
a process of fracture, fluid-flow, slip, and recycling of these processes over time, the alteration of the host
rock, as shown here, and the permanent deformation of the rock around the slip zone, creates fault related
damage zones that were intersected by the Cajon Pass drill hole. These steeply dipping zones may be best
explained as related to slip on the Cleghorn fault.

Conclusions
Based on the structural analysis of the crystalline core from the Cajon Pass, 11 new faults were
identified in the Cajon Pass core, and we refine the understanding of the relationships between deformation
and alteration in the cored intervals. The majority of the faults captured by the core are small (~9 m thick
average of fault and damage zone), and contain laumontite precipitation and alteration. The faults range in
dip, have a small fault core, and uncertain offset by combining the detailed analysis of the core with
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wireline log data and previously published core analysis, an organized and complete distribution of
deformation in the core as well as the borehole can be determined.. Deformation varies complexly with
respect to depth or fault zones. Styles, geochemical features of fault zone, and microscopic features do not
vary with respect to depth or to fault zones. The extent of deformation varies within the core, and is
controlled by the size of the fault zones intersected by the core.
The frequency of faults in the core increases 5-fold with depth, and fractures within the core have
greater populations around fault zones. We propose that the fault zone intersected by the core at 3402 m
correlates with the nearby left-lateral strike-slip Cleghorn fault. The Cleghorn fault dips approximately 70 –
90° to the northeast and is located approximately 1 km to the west of the borehole. The range of dip,
combined with the concealed nature of the fault, allow for a reasonable projection. This correlation
suggests that all but the lower ~ 100m of the borehole are in the hanging wall of the Cleghorn fault and
therefore separated from the SAF by a major active fault. The Cleghorn fault probably produced the fault
rock in the lower 250-300 m of the borehole.
Microstructures in these fault zones primarily include shear fractures containing a matrix of laumontite
with angular to sub-angular clasts within the matrix. Sense and amount of movement is not always
discernable, but the microstructures in the vicinity of the fault zones may record evidence of seismic stress
cycles. Evidence for this includes their damage zone alteration, style and types of fracture fillings, and
textures. Intense microstructural damage, grain size reduction, fractured and cracked grains, and secondary
mineral precipitation characterizes these damage zones. Samples in other parts of the core are more likely
created by distributed crustal deformation occurring around the pass, such as the antiforms being created in
the area (Weldon, 1986); though at some depths, the core in undeformed. Predominant laumontite minerals
in the fault and damage zones are indicative of moderate to high temperature fluid interacting with the
rocks. The small size of the faults observed as well as the laumontite signature can be interpreted as fluid
interaction occurring as faults are rupturing or shortly thereafter. Fracture fills, both in and out of the
damage zones, also predominantly return laumontite signatures. Therefore, the fluid column throughout the
core, with the exceptions of some depths, has relatively low salinity, is alkaline, and Na-SO4 type (Kharaka
et al. 1988) and is within the temperature range to precipitate laumontite after an increase in pore space
following deformation. It is not known if fluid pressure is propagating fracture growth, but Blenkinsop and
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Sibson (1992) suggest that pore fluid pressure probably remained above hydrostatic pressure, and thus
aided in the propagation of extensional fractures.
Comparisons of faults at depth with faults examined by Jacobs (2005) in the San Bernardino
Mountains show that faults at depth within the core are predominantly laumontite, whereas faults examined
at the surface in the San Bernardino Mountains contain more clays than laumontite. Microstructural
deformation styles are similar regardless of the amount of clay present. The variation in laumontite content
is hypothesized to be due to a combination of differences in water-rock interaction, lack of stability of clay
at deeper crustal levels, and the considerable uplift and weathering of the San Bernardino Mountains as
described by Spotila et al., 2002 and Blythe et al., 2002. Also, uplift is required to explain the lack of clay
in fault zones and dominance of laumontite from 500 m to 3500 m.
Data presented here were used to test the Fuis hypothesis (2007, 2008) of a gently to moderately
dipping San Andreas Fault in the area of the Cajon Pass. The data do not preclude a northeast dipping SAF,
but rule out a dip less than 45° because there are no demonstrable rock types from southwest of the SAF in
the core. Two nearby faults, the San Andreas and the Cleghorn faults, are the two most suspect to
controlling the damage observed at depth in the core.
Examination of the physical damage in the core, wireline log data, and models of dipping faults
presented by Fuis et al. (2007, 2008) allow for a robust interpretation of the source of damage in the core.
The results of this work indicate that the Cleghorn fault may be the main source of damage seen in the core,
and that a fault zone captured in a spot core at 3402 m is likely a major strand of the Cleghorn fault.
Subsequently, stress measurement interpretations from deep within the borehole are likely to reflect
stresses around the Cleghorn fault.
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Figure Captions
Figure 1. Google Earth image of the Cajon Pass area with the basic geology of the area show, and major faults
annotated. Geology simplified from Ehlig (1988); Weldon (1986); and Morton (200x). The star represents the
location of the Cajon Pass Borehole. SG= San Gabriel Mountains; Mz-Ptz-D – Mesozoic-Proterozoic crystalline
rocks of the Devils Canyon complex, San Bernardino Mountains. Mzsl – Mesozoic crystalline rocks of the
Silverwood Lake complex, - San Bernardino block – crystalline rocks; Kss – Tonalite of San Sevarine Loookout;
Kg – Biotite granodoirite of the Cajon Pass; Ps- Pelona Schist; Tcr- Tertiary Crowder Formation; Tcv- Tertiary
Cajon Valley Formation; Q – Quaternary deposits.
Figure 2. Lithlogic and structural column of the Cajon Pass borehole as determined from core analyses, cuttings,
and wireline log data. Assemblage 1 is comprised of sandstone; assemblage 2 is gnessic granitic rocks; assemblage
3 is comprised of migmatitic rocks; and assemblage 4 is an interlayering of assemblage two and three with some
gneissic diorites. The yellow lines represent the locations of faults identified from this study and the red boxes
represent faults identified by previous workers. The blue lines indicate the location of the spot cores collected in the
project. Depth is in meters. Based on the work of Anderson et al., 1988 a, b; Seal and Barth, 2007; Silver and
James, 1988, and our analysis.
Figure 3. Photomosaics of selected core from the Cajon Pass drill hole. Depths are indicated in meters, and the
scales for each photo are the same. For a detailed list of the core collected in the borehole, see Appendix A.
Unless noted below, the ~ 0.5 cm thick white zones are foam spacers to reduce damage in the core. These are
mosaics of the core > 20 cm long. Sections of core from other depths are short, or consist of rubble in bags or foam
packing
a. Arkosic sequence from the upper 500 m of the core. B. Granodiorite gneiss with moderately dipping chloritic
shear zones, indicated by dashed lines. C. Granitic gneiss from 744 m md. D-F – core run from ~ 1283 to 1286 m
md in gneisses, with abundante subvertical mode I fractures decorated with white laumontite coatings. G. Well
defined Mode I fracture at 1355 m md with pink and white alteration halo. H. Moderately dipping brittle fault at
1352.6 m md. I. Subvertical pink and white mineralized fracture near the top of the core at 1335.5 m md. J.
Sequence of relateively undeformed migmatite at 1655 m md. K. Migmatite cut by steeply dipping laumontite
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coated mode I fractures. L. Dark diorite cut by Mode I mineralized fracture. M and N – sequence of gneisses at
1742- 1744 m. O. Fractured coarse-grained gneiss at 2287 m md. P. Subhorizontally fractured sequence at 2745
m md with chloritic sehar zone near base of core Q Relatively intact gneiss at 2887 m md. R. Highly sheared and
altered gneiss at 3402.5 to 3403 m md. White to light pink sequence of sheared and altered zeolite ± chlorite rich
sheared rock.

Figure 4. Distribution of fractures in the core examined in this study.. A. Fracture frequency as a function of
fracture dip. We assume that the borehole is approximately vertical over its trajectory, such that the core axis –
fracture angle approximates dip. Most fractures sampled by the core dip between 10° and 80°. B. Fracture dip as
a function of depth in the core. No systematic dip can be seen as a function of depth. C. Fracture frequency as a
function of depth in the core. The increased in density in the region 2000 -2500 m correspond to the increase in
fracture frequency determined by Barton and Zoback (see Figure 6) and corresponds to the presence of a fault
inferred from the borehole data (see Barton and Zoback, 1992; Figure 6).

Figure 5. Expanded views of key mesoscopic structures in the core. A. Thin chloritic shear zones that dip steeply.
B. Shallowly dipping zeolite-chlorite shear zone C. Narrow steep dipping laumonitite veins D. Narrow chlorite
shear zone. E. Nearly vertical chlorite + zeolite + epidote decorated shear zones that cut the white and green
banding in the gneiss. F. Laumontite – chlorite shear zones at a low-angle to the core axis from 2608 m md. G.
Moderately dipping semi-brittle shear zone

H. Indurated shear zone at 3402.8 m md.

Figure 6. Lithologic column of the crystalline core and Cajon Pass borehole from depths 1800 m to 3500 m with
wireline log data, structural data from this work and that of previous workers, stress orientation data, and rate of
penetration data. Revised lithologic column, dip and dip direction, fracture density, apparent fracture aperture, Vp,
Vs, porosity, resistivity, gamma logs are from Barton and Zoback (1992). The !Hmax from Zoback and Healy
(1992), Shamir (1990), Shamir and Zoback (1992) and Day-Lewis (2007). The rate of penetration data are from
Shamit (1990).

North is marked at the top of the column and the red lines around the circles represent associated

error with each measurement. Orange lines mark locations of newly identified faults from this study. Blue lines
represent previously identified faults. Positive and negative correlations of the faults with log data are displayed in
Table 2. Location of the borehole is marked in Figure 1.
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Figure 7. Fault density in #/meter of core length, as a function of depth in the borehole.

Figure 8. Microstructures from representiative sections of the core. A. Narrow Fe-oxide filled fault cuts large
intragranually fractured feldspar grains from 1467 m md. b

Narrow horizontal fractures cutting quartz-rich

gneiss at 1534 m md. c Single large transgranular fracture with adjancent subparallel fractures cutting quartzhornblende gneiss from 1653 m md. d 2493 e Narrow chlorite-biotite shear zones that cut a zone of cataclasite
from 2634 m md; f. Highly indurated cataclasite from 2607 m md; g. Sheared cataclasite from 2741m md; h.
Calcite-laumontite filled vein with dark cataclasite shear zone cutting it from 2472 m md.

i 3401 j. Multiple

deformation mechanisms at depth. Brittle fractures that cut quartz grains are decorated with neomineralized quartz
grains, and plastically deformed grains are visible at 3402 m md k. Sheared

3403 l 3404 m md

Figure 9. Principal component analysis of the whole rock geochemistry of the core samples from xx
Figure 10. Examples of outcrops that contain deformed gneisses in the San Bernardino block adjacent to the
borehole.

a. View to the west from outcrops of faulted and fractured Mesozoic plutonic rocks in the foreground towards the
Cajon Pass drill hole, indicated by the star. Tcr- Tertiary Crowder Formation in the hanging wall of the Squaw
Valley thrust (solid line). The trace of the Cleghorn fault is shown by the dashed line, with Tertiary Cajon Valley
Formation and Cretaceous granitoids south of the Cleghorn fault. The two large arrows show the location of the
San Andreas fault. B. Outcrop of fractured and faulted intrusive rocks in the northern block of the Cleghorn fault.
C. Strike-slip lineations on a fault surface D. South-dipping cataclasite zone.
Figure 11. Microstructures from the outcrops near the borehole from the damage zone of the Cleghorn fault.
Figure 12. Summary geological cross section that incorporates the data from the Cajon Pass deep borehole and the
Arkoma drill hole and surface geology. The proposed relationship to the Cleghorn fault dipping steeply to the
north is inferred to be reflected in the subvertical faults intersected by the borehole.
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Appendix A. Description of methods used
Core Logging Methods
Detailed logging of the entire crystalline core was conducted as part of the systematic
structural analysis of the Cajon Pass core. In general, the methods outlined in Blackbourn (1990)
were followed. These include making note of depths, core position, rock name, color, fabric,
texture, weathering, tectonic structures, veins and mineralization (Blackbourn, 1990). Logging
was also used to determine lithologic changes, presence of faults and fractures, orientation of
faults and fractures, foliation attitudes, geometries and architecture of fractures, faults, and fault
zones. Descriptions were written for each core and measurements were taken of fracture depth,
length, and dip angle. Fracture type, such as open, closed and drilling induced, was also recorded.
All archived core as well as sample locations were photographed.
Core Condition and Previous Samples
Recovery of the core ranges from excellent (fully intact) to very poor (low percentage of
recovery, where core was reduced to rubble). Upon retrieval, the core was cut into slabs. For core
4 "” in diameter or less; a 1 #” thick slab was cut along the full length of the core and archived.
The remainder was designated as the sample set. For cores greater than 4.5” diameter, two slabs
were cut. A 1.25” thick slab was cut first for archive and second 1.25” slab was cut as a “working
set” for drill site examination. The remainder was designated as the sample set. Both archive sets
were cut 180° from a red and black marker reference and the working set was cut 90° from the
marker reference after the archive set.
Some previous samples taken from the sample core are marked by workers in pencil on
the core boxes or by small Styrofoam bricks. Appendix B is a record of all previous samples
removed from the core that were marked on the core. This appendix represents only some of the
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previous samples, as not all workers left notes of sample locations. Previous workers more
densely sampled some areas of the core than others.
Core Maps
Detailed 1:1 trace maps of the core were produced for 5 spot cores. The purpose of these
maps is to characterize the lithologic and mesoscopic scale structures observed on the core
surface. Mapping was performed by wrapping Mylar or thin clear plastic sheets around the core
and tracing out lithologic changes, fractures, and faults with permanent markers. When
unwrapped, these maps have a record of all deformation and lithologic changes, as well as
distribution of damage within each spot core. The core maps were used in conjunction with
logging of the core.
. Review of Borehole Geophysical Logs
Original wireline log data were not reviewed for this study because we were unable to
attain the original or digital files. Logs previously published by Barton and Zoback (1992) were
primarily used along with data published in Blenkinsop and Sibson (1992), Vernik and Nur
(1992), Vincent and Ehlig (1988), Blenkinsop (1990), Silver and James (1988), Pratson et al.
(1992), Vernik and Zoback (1992), Shamir and Zoback (1992), and Zoback and Healy (1992).
The published logs were reviewed and attempts were made to correlate Vp and Vs responses, as
well as porosity, resistivity, and gamma logs, to faults and fault zones identified in the core.
Typically high values of porosity, shear velocity, compressional velocity, and resistivity can be
indicative of the presence of fault zones. This data was also used to determine damage zone
thickness and to infer competency contrasts of structures and host lithology.
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Laboratory Methods
X-ray diffraction
Samples for X-ray diffraction (XRD) analysis were chosen based on their macroscopic
appearance during logging of the core. Features such as fractures with mineral fills, faults
showing evidence of gouge production, and host samples were chosen. Samples from field
observations along subsidiary faults to the Cleghorn fault within the Cajon Pass were also
analyzed. Samples analyzed with X-ray diffraction (XRD) were crushed in a Rocklabs grinding
mill in a Saylon (lightweight ceramic) head for an average of 3 minutes, depending on the
hardness of the sample. This process reduced the sample to a fine powder. The powder was then
sieved through a 125 mesh sieve to insure uniform grain size. Any grains that did not pass
through the sieve were crushed by hand with a mortar and pestle until they were able to pass the
sieve. After all of the material was sieved, the sample was shaken to insure homogeneity and
mounted in aluminum holders for XRD analysis. All samples were analyzed using a Philips XPert PRO PANalytical machine with the accompanying X-Pert Highscore software for result
interpretation. A total of 33 samples were analyzed. The diffractometer scanned each sample
from 5-65° at a speed of 0.04° per second. X-rays were produced with a copper tube at 40 amps
with accelerating voltage of 45 Kv. Results are tabulated in Appendix E and Table 2-3.
X-ray fluorescence
X-ray fluorescence (XRF) was performed on 19 samples from the Cajon Pass core. The
XRF analysis was used to determine compositional changes across faults in the core and to
determine bulk mineralogy of the host rock. All 19 samples were sent to ALS Chemex, located in
Reno, Nevada. The steps for XRF preparation were:
1. Samples dried at 110-120° C.
2. Samples were crushed using either an oscillation jaw crusher or a roll crusher so that
>70% of the sample passed through a 2 mm (10 mesh) screen.
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3. Samples then pulverized using a ring mill such that >85% of the sample passed through a
75 microns (200 mesh) screen.
4. Samples were then fused using a lithium borate fusion. The melt was poured into a mould
and cooled to yield a solid glass disk.
5. The disks were analyzed in XRF machine.
The samples were analyzed for the elements SiO2, Al2O3, Fe2O3, CaO, MgO, Na2O, K2O, Cr2O3,
TiO2, MnO, P2O5, SrO, BaO, and Loss Of Ignition (LOI). All elements and LOI have a detection
limit of 0.01%. Results are in Appendix E.
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Table 1. Detailed descriptions of the faults defined in this study.
Depth
1138 1140 m

Core quality
Poorly
preserved. The
entire fault zone
was broken and
rock chips are in
a plastic bag;
original
thickness is
unknown

Mesoscopic description
Rubble contains pink to white chunks and there is
no measurable offset, sense of movement and dip
measurable from the vertical axis of the core. There
are a few mostly open fractures in the intact core
surrounding the fault, with some gray mineral fill
in the closed fractures

1354 1355 m

Good

Narrow core-fault angle ~ 75°, and a 2-cm thick
white to pale green zone with a pink alteration
halo. poorly developed slip surface is in the core
shows mixed mode slip vectors. Parts of the fault
are friable with a clay-gouge; few fractures in the
core, with the damage zone confined to the area of
the main fault.

1499 1501 m

Good

Well-to-moderately foliated gray diorite and
amphibolitic gneiss, and contains a narrowly
defined shear zone. A small shear zone cuts the
core almost horizontally and is green to red due to
the presence epiodite and hematite. It has some
slickenlines (Figure 2-12) on an internal chunk of
core. The slip direction appears to be dip slip, but
because this section of the core is poorly preserved,
confidence is low. Horizontal open fractures are

Microscopic descriptions
Laumontite zone is well defined with distinct boundaries
between the laumontite matrix and the microbreccia. The
microbreccia is asymmetric, and not always present along
the laumontite boundary. Grain fragments within the
matrix similar orientations with their Y-axes aligned with
flow, Open fractures extend into the host rock
perpendicular to the main laumontite zone and large
laumontite grains precipitated in them. The center of
fractures have large laumontite growths; fine-grained
laumontite surround larger laumontite. Discrete slip
surfaces bound the laumontite zone. Outside of the main
laumontite zone, the host rock is comprised of fractured
grains with smallest grains closer to the main zone.
Shear fractures with two phases of laumontite
precipitation within fractures, no clear sense of slip. The
first phase of laumontite in the shear fractures exhibit a
fine-grained matrix, with what appears to be a secondary
precipitate of a comparatively larger grain laumontite
within the matrix.
Shear zone is not as well developed as other samples, and
is identified by a change in grain size and has a strong
alignment of biotite. Two episodes of deformation are
recorded. There is a fine-grained laumontite matrix zone
with large growth laumontite grains in the center of the
shear zone. Localized slip surfaces appear at some edges
of the shear zone. Grains surrounding the shear zone are
fractured (Figure 2-13).

1900 –
1906 m

1981 –
1982 m

2070 2080 m

good

present in the area.
fault dips 30° and is in a white to gray granite–
granodiorite that transitions to dark gray granitic
gneiss, and contains many pink to buff feldspars on
either side of the fault. The protolith is highly
damaged. Zones of white to light gray zeolotic
alteration with (Figure 2-14), and fractures and
friable rock surrounding the zeolites are present.
There are many fractured grains, but no offset or
slicks seen, and the alteration zone makes a
shallow angle with the core axis. The core contains
some open horizontal fractures with a few small
zeolitic fill fractures throughout
The fault at 1982 m (Figure 2-16) is developed
within a gray granite to granodiorite that has some
weak foliations throughout. A well-defined small
fault dips 70° and contains ~4 mm thick gouge
zone of possible chlorite and epidiote. A pink
alteration halo surrounds the fault. A similar fault
is observed 0.3 m deeper. Slickenlines observed on
both faults appear predominantly dip-slip based on
the direction of slicks on the dipping fault. There
are some white zeolite filled fractures that are
dipping more shallowly in the vicinity of the faults.
A gray to black highly alterated granodiorite is the
host lithology for this fault. The rock (Figure 2-17)
is moderately to well foliated, and alters from fine
to coarse crystalline. It contains no clear fault or
slip surface. No slicks were observed. Alteration
observed is green to white and marked by a drastic
change in grain size. A separate 4 mm thick
alteration zone is dipping 50°. Poor recovery of
this core limits the interpretation and description.

Microstructures at this depth are limited to laumontite and
calcite filled fractures. The host rock surrounding the
fractures is intact and displays repeated deformation.
Some fractured grains and twinned calcite are present.
Deformation is confined to the area of the main fracture,
and no reduction in grain size is observed (Figure 2-15).

Thin sections from this area contain shear fractures with
multiple episodes of movement observed (Figure 2-18).
Areas of different styles of deformed rocks are present,
and these areas may be the result of multiple episodes of
fractures combined with pulses of fluid flowing through
the system. The innermost area of the encompassing shear
fracture zone contains a fine-grained matrix of laumontite
with some possible rotated and elongated grains scattered
throughout. A clay gouge zone (Figure 2-18) is in the very

center of the laumontite matrix. The second innermost
area has a larger grain matrix than the inner area, but
appears to be the same material. The outermost area interfingers with the 2nd zone and contains larger fractured
grains, some of which may be calcite. Microcracks as
described by Blenkinsop and Sibson (1992) are also
present throughout the thin section, but do not cross the
main shear zone. The damage is well defined and does not
appear to extend into the host rock.
2110 2122 m

2232 2252 m

The fault is located in a dark gray gneissic
granodiorite to light gray to white leucocratic
granite. Because the fault core is in loose chunks in
a bag, the dip, and the width are undeterminable
(Figure 2-19). The fault is white, and the color
contrast with the surrounding darker rock is sharp.
Another small fault may be located ~ 0.5 m above
and contains a poorly developed white to pale
green zeolite alteration. Horizontal sub-parallel
fractures dominate the core around the fault.
A dark gray to black fine crystalline gneiss
with bands of granite gneiss is the host rock in
which this fault is located. The core is highly
fractured (Figure 2-20) with a well-defined shear
zone containing both a white chlorite to zeolite
alteration fault as well as a green fault that appear
to be dipping 90° and 70°, respectively. There is
offset within the shear zone of approximately 4 cm,
in the intact core, but more may be present.
Because of the fragmented core, there is no
discernable type fault type. Slicks were not
observed. Some open horizontal fractures are
present in the area.

Thin fractures with laumontite fill are present.
Some brittle reductions in grain size are seen near veins
and fractured grains (Figure 2-21). Some areas of the
veins are larger fibrous laumontite growth minerals, but
areas surrounding the larger grains are of a near uniformly
fine-grained matrix. The uppermost area of the thin
section contains deformed twinned calcite with dissolved
areas within and around the grain. There is no clear sense
of movement along any of the structures in the thin
section. Some pyrite is seen in the thin section as well.

2317 2350 m

2735 2755 m

2852 2853 m

poor

This fault (Figure 2-22) is in a medium crystalline
leucratic poorly foliated granite that contains
medium pink potassium feldspar porphyroclasts.
No slip surface is observed, but the core has a high
density of vertical to sub vertical, ~1 mm wide,
mostly white fractures that extend the length of the
segments.
Medium crystalline, highly deformed gray
granodiorite. A 2-cm wide, 11.5-cm long, vertical
to moderately dipping fault contains clay gouge,
with well-developed foliations in the core. The
surrounding fault dips approximately 60° and has
green (epidiote, chlorite) alteration zone mixed
with some pink alteration. Smaller faults are also
present in the core slice containing similar
composition. The core is highly fractured and the
rubble has a similar appearance to the host rock
with narrow bands of white to pink zeolite
alteration. The faults appear to be dip slip and are
of an unknown thickness.
A gray medium to coarse-grained, poorly foliated,
highly fractured granodiorite (Figure 2-26) is the
host rock for this fault. No clear fault is observed,
but the core contains a small zone of ~1 cm thick
zeolite alteration in a zone of fractures. Red and
green alteration dominate the area. A large number
of horizontal fractures are littered throughout the
core.

Laumontite filled mode I fractures dominate the thin
sections from this fault zone (Figure 2-23). The widest
parts of the fractures have clear evidence of laumontite
growth and show evidence for a volume increase as well
as brittle deformation of some of the surrounding grains.
Microcracks are also present in thin section. The host rock
is intact and undeformed. There is no change in grain size
in the vicinity of the fractures, and no fractured grains.
Laumontite-filled shear fractures are present throughout
this area (Figure 2-25). In some areas three distinct
episodes of deformation are present within the laumontite
fill and are recognizable by the differences in grain size
and shape. The host rock surrounding the shear fractures
highly deformed and contains fractured grains and
variations in grain size, with isolated areas of grain size
reduction. Some large quartz veins are present in the area
as well. The quartz veins have an abrupt termination and
the grains immediately surrounding the quartz vein are
fractured or plastically deformed. Small dilatant
laumontite veins are also present in some of the
surrounding grains.
Small, narrowly defined shear fractures are present in thin
section. Sections of the shear fracture are red (Figure 227) and surrounded by a laumontite matrix. There is a
distinct reduction in grain size along the shear fracture. In
areas the laumontite matrix appears to have captured
angular fragments of the host rock. Some calcite appears
to have precipitated around the shear fracture. Fracture
grains, twinned calcite, and microcracks are present. Some
small mode I fractures are present with laumontite fill in
the area.
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Fault Depth
Range (m)
Fault Description and Type

White to gray granite-granodiorite,
transitions to dark gray granitic gneiss Zone of white to light gray zeolotic alteration, with
contains much zeolite (?) alteration
damage surrounding zeolites. Many fractured grains, no
and pink to buff feldspar growth. Rock offset seen, alteration zone is slight dipping.
is highly damaged

Gray dioritic and amphibolitic gneiss,
well to moderately foliated contains
narrowly defined shear area

Narrowly define fault, dipping moderately to steeply,
contains 2 cm thick white to pale green zone, with a
pink alteration halo. Poorly developed slip surface seen.
Parts of fault are weak with a clay gouge (green
surface). Dips approximately 75°

Black and white leucocratic
granodiorite with a weak to moderate
foliation. Core is intact.

6

2

25

1

Highly fractured zone, no fault or slip surface observed.

Dark gray gneissic granite/pargneiss
with web of 1mm thick zeolite filled
fractures

Small shear zone, cuts core almost horizontally, shear
zone is green to red in color (epiodite and hematite),
has some slicks observed on internal chunk of core.
Cannot determine slip direction

25

All of fault zone is in a bag. Well defined fault zone with
no real measurable damage zone

Leucocratic granite gneiss with some
large spar crystals areas are well
foliated

2

Fault zone is in chunks, cannot measure dip

20

10

15

30

0

75

45

60

Dip of Fault
When
Fault Zone and
Measurable
Damage Zone
Thickness (m) From Core (°)

Gray medium crystalline granite with
pink kspar, and minor amounts of
biotite.

Zone of pale green cataclasite deformation, zone
extends throughout the core. Most well developed fault
Weakly foliated augen granite. Augens
zone dips 45°, less developed zones is approx 30°.
are pink to orange and fractured.
Cataclasite anastomoses throughout the core between
more developed zones.

Zone of pale green cataclasite deformation, zone
White to green to gray strongly foliated extends throughout the core. Most well developed fault
granodiorite. Core ranges from poorly zone dips 60°. Cataclasite anatomists throughout the
to well preserved.
core between more developed zones. Red and green
slicks are on some of the chunks in bags.

Rock Description and Type

Table 2-1. Summary of all faults identified in the core.
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1981-1982

2070-2080

2110-2122

2130-2140
2153-2186
2203-2226

2232-2252

2260-2292

2317-2350

2439-2526
2546-2556
2570-2580

2608-2616

2627-2656

2735-2755

2779-2807

47,1

46,7

44,1

43,1

38,1,2

37, 4

36,1

34,1

33,1

28,1,2,3

No large fault seen, but highly fractured. Fractures are
<1mm thick and contain a white zeolite fill.

Leucocratic granite, poorly foliated,
medium crystalline, some pink kspar
porphyroclasts

2 cm wide vertical to moderately dipping fault. 11.5 cm
long. Contains a hematite quartz clay gouge, with strong
Gray granodiorite, medium crystalline, foliations. Surrounding fault is green (epidote, chlorite)
highly deformed
alterations mixed with more pink alteration. Smaller
faults are also present in the core slice containing
similar composition.
White fault? Zone with pink halo, no offset seen, but
Gray medium crystalline granite with
shear structures around it? Incomplete section of core,
some open fractures
Lots of open horizontal fractures

Black and white gneissic granodiorite. Dipping green cataclasite zone with web like geometry.
Highly fractured, with much of the core Red hematite slicks seen in bag with fault/damage rock
in bags.
that is not intact

Marked grain size reduction and pink laumontite
alteration and zoning. 5 near horizontal shear zones
and one dipping moderately

No fault seen, but highly fractured. Fractures are <1mm
thick and contain a white zeolite fill.

Gray and white moderately foliated
gneissic granodiorite. Highly fractured
zone, and filed zone

White to gray granodiorite, varying
grain sizes due to deformation

Well-defined sear zone containing both a white chlorite
to zeolite alteration fault as well as a greener epidote?
Alteration zone 2.4 cm away. No offset set seen, and
unable to tell fault type

12

Bag of fault zone rock, unable to determine dip, or
Dark gray gneissic granodiorite to light
width, another small fault may be located ~ 2 feet above
gray to white leucocratic granite.
contains a poorly developed white zeolotic alteration

Dark gray to black fine crystalline
gneiss with bands of granite gneiss.
Highly fractured

10

Highly altered rock, contains no clear fault or fault trace.
Alteration is green to white in color and marks a drastic
change in grains size. Bad recovery limits interpretation.

Gray to black highly alterated
granodiorite. Moderately to well
foliated, alters from fine to coarse
crystalline
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33

32
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10
33
23

1

Well-defined small fault dipping 70°. Contains ~4mm
Gray granite to granodiorite, some faint thick gouge zone of chlorite and epidiote? Pink halo
foliations throughout
alteration surrounds the fault. Similar fault is observed.3
m deeper; slicks on both appear predominately dip slip.
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3440
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ID'd By Whom Key
DHF = This Study
B&Z = Barton and Zoback, 1992
V&N = Vernik and Nur, 1992
Prat = Pratson et al., 1992
S&J = Silver and James, 1988

Black and white gneissic granodiorite
with a weak to moderate foliation.
Interbedded with finer crystalline more
mafic gneiss. Coarse pink kspar
crystals are present in area. Core in
well damaged and not preserved well.

Black and white gneissic granodiorite
with a weak to moderate foliation.
Interbedded with finer crystalline more
mafic gneiss. Coarse pink kspar
crystals are present in area. Core in
well damaged and not preserved well.

One fully intact core with large fault dipping at 75°
separating pink and light green alteration. The
remainder of the core contains webs of pink laumontite
alteration, with some light green alteration. Both open
and filled fractures are present in the area.

Core is poorly preserved. Some chucks contain a green
to rusty red slip surface. Many chucks have web like
pink laumontite alteration, and in areas, chunks have a
pink hue to them.

No clear fault seen, rock is highly fractured, contains
Gray medium to coarse poorly foliated small zone of ~1 cm thick of zeolite. Alteration in a zone
granodiorite. Highly fractured
of fractures. Areas contain greenish and reddish
alterations throughout. Epidote and hematite.

Unknown
Unknown
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1499-1501

1900-1906

26,6,5,3,2

18,1

7,2

N

530-540

5,11

Core, Segment

Y

Cored
(Y/N)

500-515

Fault Depth
Range (m)
Fault Description and Type

White to gray granite-granodiorite,
transitions to dark gray granitic gneiss Zone of white to light gray zeolotic alteration, with
contains much zeolite (?) alteration
damage surrounding zeolites. Many fractured grains, no
and pink to buff feldspar growth. Rock offset seen, alteration zone is slight dipping.
is highly damaged

Gray dioritic and amphibolitic gneiss,
well to moderately foliated contains
narrowly defined shear area

Narrowly define fault, dipping moderately to steeply,
contains 2 cm thick white to pale green zone, with a
pink alteration halo. Poorly developed slip surface seen.
Parts of fault are weak with a clay gouge (green
surface). Dips approximately 75°

Black and white leucocratic
granodiorite with a weak to moderate
foliation. Core is intact.

6

2

25

1

Highly fractured zone, no fault or slip surface observed.

Dark gray gneissic granite/pargneiss
with web of 1mm thick zeolite filled
fractures

Small shear zone, cuts core almost horizontally, shear
zone is green to red in color (epiodite and hematite),
has some slicks observed on internal chunk of core.
Cannot determine slip direction

25

All of fault zone is in a bag. Well defined fault zone with
no real measurable damage zone

Leucocratic granite gneiss with some
large spar crystals areas are well
foliated

2

Fault zone is in chunks, cannot measure dip

20

10

15

30

0

75

45

60

Dip of Fault
When
Fault Zone and
Measurable
Damage Zone
Thickness (m) From Core (°)

Gray medium crystalline granite with
pink kspar, and minor amounts of
biotite.

Zone of pale green cataclasite deformation, zone
extends throughout the core. Most well developed fault
Weakly foliated augen granite. Augens
zone dips 45°, less developed zones is approx 30°.
are pink to orange and fractured.
Cataclasite anastomoses throughout the core between
more developed zones.

Zone of pale green cataclasite deformation, zone
White to green to gray strongly foliated extends throughout the core. Most well developed fault
granodiorite. Core ranges from poorly zone dips 60°. Cataclasite anatomists throughout the
to well preserved.
core between more developed zones. Red and green
slicks are on some of the chunks in bags.

Rock Description and Type

Table 2-1. Summary of all faults identified in the core.
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Figure
Number

DHF
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S&J
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S&J

S&J
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N
N
N

Y

Y

Y

N
N
N

Y

Y

Y

Y

1981-1982

2070-2080

2110-2122

2130-2140
2153-2186
2203-2226

2232-2252

2260-2292

2317-2350

2439-2526
2546-2556
2570-2580

2608-2616

2627-2656

2735-2755

2779-2807

47,1

46,7

44,1

43,1

38,1,2

37, 4

36,1

34,1

33,1

28,1,2,3

No large fault seen, but highly fractured. Fractures are
<1mm thick and contain a white zeolite fill.

Leucocratic granite, poorly foliated,
medium crystalline, some pink kspar
porphyroclasts

2 cm wide vertical to moderately dipping fault. 11.5 cm
long. Contains a hematite quartz clay gouge, with strong
Gray granodiorite, medium crystalline, foliations. Surrounding fault is green (epidote, chlorite)
highly deformed
alterations mixed with more pink alteration. Smaller
faults are also present in the core slice containing
similar composition.
White fault? Zone with pink halo, no offset seen, but
Gray medium crystalline granite with
shear structures around it? Incomplete section of core,
some open fractures
Lots of open horizontal fractures

Black and white gneissic granodiorite. Dipping green cataclasite zone with web like geometry.
Highly fractured, with much of the core Red hematite slicks seen in bag with fault/damage rock
in bags.
that is not intact

Marked grain size reduction and pink laumontite
alteration and zoning. 5 near horizontal shear zones
and one dipping moderately

No fault seen, but highly fractured. Fractures are <1mm
thick and contain a white zeolite fill.

Gray and white moderately foliated
gneissic granodiorite. Highly fractured
zone, and filed zone

White to gray granodiorite, varying
grain sizes due to deformation

Well-defined sear zone containing both a white chlorite
to zeolite alteration fault as well as a greener epidote?
Alteration zone 2.4 cm away. No offset set seen, and
unable to tell fault type

12

Bag of fault zone rock, unable to determine dip, or
Dark gray gneissic granodiorite to light
width, another small fault may be located ~ 2 feet above
gray to white leucocratic granite.
contains a poorly developed white zeolotic alteration

Dark gray to black fine crystalline
gneiss with bands of granite gneiss.
Highly fractured

10

Highly altered rock, contains no clear fault or fault trace.
Alteration is green to white in color and marks a drastic
change in grains size. Bad recovery limits interpretation.

Gray to black highly alterated
granodiorite. Moderately to well
foliated, alters from fine to coarse
crystalline

28

20

29

8

87
10
10

33

32

20

10
33
23

1

Well-defined small fault dipping 70°. Contains ~4mm
Gray granite to granodiorite, some faint thick gouge zone of chlorite and epidiote? Pink halo
foliations throughout
alteration surrounds the fault. Similar fault is observed.3
m deeper; slicks on both appear predominately dip slip.
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Figure 2-20

Figure 2-19

Figure 2-17
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2852-2853

3100-3124
3136-3150
3162-3172

3180-3204

3219-3241
3336-3359
3390-3400

3402-3415

3421.6
3440

53,4

51,3

48,2

ID'd By Whom Key
DHF = This Study
B&Z = Barton and Zoback, 1992
V&N = Vernik and Nur, 1992
Prat = Pratson et al., 1992
S&J = Silver and James, 1988

Black and white gneissic granodiorite
with a weak to moderate foliation.
Interbedded with finer crystalline more
mafic gneiss. Coarse pink kspar
crystals are present in area. Core in
well damaged and not preserved well.

Black and white gneissic granodiorite
with a weak to moderate foliation.
Interbedded with finer crystalline more
mafic gneiss. Coarse pink kspar
crystals are present in area. Core in
well damaged and not preserved well.

One fully intact core with large fault dipping at 75°
separating pink and light green alteration. The
remainder of the core contains webs of pink laumontite
alteration, with some light green alteration. Both open
and filled fractures are present in the area.

Core is poorly preserved. Some chucks contain a green
to rusty red slip surface. Many chucks have web like
pink laumontite alteration, and in areas, chunks have a
pink hue to them.

No clear fault seen, rock is highly fractured, contains
Gray medium to coarse poorly foliated small zone of ~1 cm thick of zeolite. Alteration in a zone
granodiorite. Highly fractured
of fractures. Areas contain greenish and reddish
alterations throughout. Epidote and hematite.

Unknown
Unknown
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