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FIGURE 9.3.-Magnetic map of the San Andreas fault system (from Bond and Ziilz, 1987). Contour interval, 100 nT. Fwlh simplified from 
JemiingB and others (19771, McCuUoch (1987), and Vedder (1987). Same symbols is in Sam 9.4. 

recent aeromagnetic map of this problematic area has, 
indeed, displayed a magnetic boundary trending dose to 
and along the shore, thus representing the likely location 
of the San Andrea fault (Griscom, 1980~1). 

Aeromagnetic surveys over the Pacific Ocean at the 
entrance to the San Francisco Bay (Brabb and Hanna, 
1981) show that the offshore extension of the Hiaroitos 
fault (an inactive fault branching westward from the San 
Andreas fault) is cut off by the offshore northward 
extension of the San Gregorio fault. The San Gregorio 
fault can be traced northward by using a detailed 
aeromagnetic map to the point where it intersects the 

San Andreas fault at Bolinas Lagoon, about 20 km 
northwest of the bay mouth (see McCuUoch, 1987, fig. 
16). 

From San Francisco southward to lat 3S015' N., the 
detailed gravity and magnetic data indicate that, in 
general, the westernmost strand of the main San Andre- 
as fault zone is the major plate boundary. The layered 
Franciscan assemblage to the east may be less competent 
than the granitic basement of the Salinian block to the 
west, and new strands may be more likely to appear in 
the less competent rocks. An exception to this generali- 
zation is found at lat 36Â N., where a thin fault sliver of 
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hornblende-quartz gabbro occurs at  Gold Hill (Ross, 
1970) that has been used to estimate offset on the San 
Andreas fault. The magnetic anomaly associated with 
this gabbro body indicates that it is at most 10 km long by 
2 km wide (U.S. Geological Survey, 1987). 

Farther south along the San Andreas fault, a linear 
magnetic high extends along the fault approximately 
between long 116Â and 118" W. (fig. 9.3). On the basis of 
local model studies of this anomaly, Simpson and others 
(in press) show that this feature probably reflects the 
edge of an extensive block of magnetic rocks on the 
northeast side of the San Andreas fault, where the 
magnetic material is Precambrian igneous and metamor- 
phic rocks, as well as Mesozoic plutonic rocks. Using 
detailed magnetic data (U.S. Geological Survey, 1979), 
the south border or magnetic boundary of this magnetic 
block (fig. 9.4) can be traced from west to east along a 
series of fault segments; from long 117'16' W., the 
boundary follows the southern fault trace to long 116"15' 
W., then crosses over to the northern trace along the 

short, east-west-trending fault segment, and finally con- 
tinues eastward along the northern trace. These faults 
thus may represent the original fault boundary (now 
somewhat kinked) between the two plates. The geologic 
observation that rocks on the north side of these fault 
segments are native to the San Bernardino Mountains 
and contrast with compositionally different rocks on the 
south side (Matti and others, 1986) agrees with the 
magnetic interpretation. The magnetic boundary contin- 
ues southeastward along the San Andreas fault in Coach- 
ella Valley to long 1 1 6 W  W. A possible farther 
continuation of this linear magnetic high extends south- 
eastward at  a lower amplitude and diverges eastward 
from the present San Andreas fault, generally following 
and lying northeast of the Clemens Wells fault, a possible 
earlier strand of the San Andreas fault. 

In Coachella Valley, the San Andreas fault (North 
Branch or Coachella segment) is situated along the 
northeast side of a substantial linear gravity low caused 
by at least 4.7 km of lowdensity sedimentary rocks 





9. CRUSTAL AND LITHOSPHERIC STRUCTURE FROM GRAVITY AND MAGNETIC STUDIES 

(Biehler, 1964) filling the valley. Gradient studies on the 
relatively detailed gravity datain this valley by one of us 
(Griscom) identify numerous fault strands, including the 
northern and southern branches of the San Andreas fault 
(the latter, the Banning fault), as well as several possible 
fault segments on the southwest side of the valley. 

The Garlock fault at long 118'W. changes direction and 
forms a zone as much as 8 km wide. Models of both the 
magnetic and gravity fields calculated normal to the fault 
indicate that here the main lithologic boundary is the 
most northerly fault (fig. 9.4); the granitic rocks farther 
north are more magnetic and less dense than those to the 
south. 

ATTITUDE 

At several sites along the San Andreas fault, the 
juxtaposition of large masses with contrasting densities 
and (or) magnetizations causes characteristic potential- 

field anomalies that reflect the attitude of the fault. 
Information on the dip of the fault most commonly is 
obtained through quantitative modeling of these anoma- 
lies, but in some cases, the anomalies are so diagnostic 
that qualitative interpretations suffice to indicate the 
direction and approximate attitude of the fault plane. 

The results of such interpretations at 16 sites primarily 
along the main trace of the San Andreas fault are shown 
in figure 9.4. The dip and depth-extent of the density or 
magnetization interfaces that are assumed to define the 
fault plane at these sites are somewhat uncertain because 
of the inherent ambiguity of gravity and magnetic 
interpretations, particularly those based on magnetic 
data, because rock magnetizations can have anomalous 
directions associated with their remanent components 
and because magnetic susceptibilities seldom are known 
with sufficient accuracy to serve as effective independent 
constraints. Thus, where the magnetic anomalies can be 
compatible with a vertical fault, we show the dip as 
vertical. The reader should he aware, however, that a 
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dipping interface extending to shallower depth would 
also be compatible with the data in some places. 

Although major strike-slip faults probably are vertical 
over much of their reach, some have inferred dips of less 
than 90Â° as  indicated by many of the attitudes shown in 
figure 9.4. Just north of Point Arena, a buried magnetic 
body truncated on the east by the San Andreas fault has 
an east boundary that dips east beneath the trace of the 
fault (fig. 9.5A); its precise dip is uncertain but probably 
falls in the range 30Â°-50' To the south, near the junction 
of the San Andreas and Calaveras faults, gravity model- 
ing (Pavoni, 1973) suggests that the fault dips 70" SW. to 
a depth of about 6 km. A detailed study of seismicity 
along this section of the fault (Spieth, 1981) shows that 
hypocenters define a plane dipping 70Â SW., thus strong- 
ly supporting the interpretation by Pavoni (1973). Rob- 
bins (1982) also found a southwest-dipping density 
interface at  this site but argued that the fault plane was 
vertical, on the basis of a magnetic anomaly that he 
believed reflected a magnetic body, extending from 3- to 
5-km depth, with a southwest edge directly beneath the 
surface trace of the fault. More recent, detailed magnetic 
measurements indicate that this magnetic body is much 
shallower (probably cropping out) than modeled by 
Robbins (1982) and thus weaken the argument for a 
vertical dip. 

Near the intersection of the San Andreas and Garlock 
faults, gravity modeling by Andrew Griscom and K.G. 
Freeman (Griscom and Oliver, 1980) suggests that the 
fault dips 55Â SW. to a depth of 6 km and thence vertically 
to a depth of a t  least 10 km (fig. 9.5B). About 60 km 
farther southeast, gravity data also indicate a southwest- 
erly dip for the fault, but the angle of dip (30'40') is 
uncertain, owing to difficulty in interpreting the complex 
gravity field that results from large lateral density 
variations in the region southwest of the fault. Farther 
southeast, where the San Andreas fault splits into 
numerous branches (long 116'00' W.), gravity data on 
two branches indicate that both faults dipnortheast, with 
Precambrian crystalline rocks in the upper plate overly- 
ing young sedimentary rocks and alluvium. The gravity 
models suggest dips of 15'-25' NE. to depths of 1.5 to 2.5 
km but do not resolve the fault attitude at greater depth 

FIGURE 9.5.-Magnetic and gravity models across the San Andreas 
l i l t .  m, magnetization; p, density. A, Magnetic model just north of 
Point Arena (lone 123-40' W.l. B. Gravitv model near iunction of the 
San ~ndreasand~arlock faultsflone 1i9Â¡07 N.). ~ . ~ e s o z o i c  and 

the Great Valley. C, Gravity model across southern branch at long 
11ff40' W. A, Mesozoic and Precambrian crystalline basement; B, 
Tertiary and Quaternary sedimentary rocks of Coachella Valley. 

fig. 9.50. Geologic mapping, which shows part of the 
southern branch of the San Andreas fault as a north- 
lipping thrust fault (Matti and others, 1985), and a study 
)f recent earthquakes in this area, which yielded fault- 
)lane solutions of predominantly oblique-slip motion and 
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including low-angle thrust solutions dipping 30Â N. 
(Nicholson and others, 19861, both support the gravity 
interpretation of northeast-dipping faults in this area, 

The inferred fault attitudes shown in figure 9.4 suggest 
a relation between attitude and plan-view geometry. 
Faults tend to be vertical except where they undergo 
abrupt changes of strike. The sinistral bends in the San 
Andreas fault near its junction with the Calaveras fault 
and in the Big Bend region southeast of its junction with 
the Garlock fault create regions likely to be subject to 
compression due to relative southward movement of the 
North American plate with respect to the Pacific plate. 
The dipping fault planes in these regions may reflect a 
thrust component of fault movement that accommodated 
the compression. Similarly, the region around the broad 
dextral bend in the San Andreas fault north of Point 
Arena may have a component of extension parallel to the 
direction of relative plate motion, and the low- angle 
eastward dip of fault plane there may reflect accommo- 
dation of the extension by low-angle normal faulting. 

The number of examples on which the above specula- 
tions are based is quite limited, and further detailed 
investigations at  critical sites along the San Andreas fault 
system are needed to test the relation between fault 
attitude, change of strike, and relative plate-motion 
direction. 

FAULT-ZONE CHARACTERISTICS 

Millions of years of strike-slip movement along faults of 
the San Andreas system have produced, in many places, 
a narrow fault zone in which physical properties differ 
from those in the surrounding rock masses. These 
differences are due to the presence within the fault zone 
of fractured or pulverized rock, exotic rock slivers that 
have been transported along the fault from other places, 
and such mobile materials as fluids and sernc-ntinite that 

A ~~ ~ ~~~~ 

have migrated along the fault zone. A few investigators 
have used gravity and magnetic data to study the 
properties of this zone. 

Although Stierman (1984) and Wang and others (1986) 
sought to explain gravity lows along the fault as  the 
result of a substantial increase in porosity by fracturing, 
gravity lows not directly associated with basins filled by 
Cenozoic sedimentary rocks along the faults are very 
uncommon. These rare lows amo&t, with few exceptions 
(such as the 10-12-mGal low studied bv S t i m a n .  I9ML . - -,, 
to amplitudes of only a few milligals. Feng and McEvilly 
(1983) and Trehu and Wheeler (1987) inferred from 
seismic data that zones of low seismic velocity 5 to 10 km 
wide and more than 10 km deep are associated with the 
San Andreas fault zone and, presumably, with fractured 
rocks. The low-velocity zone of Trehu and Wheeler 
(1987), however, has no associated gravity low, even 

though calculations by Andrew Griscom indicate that this 
zone might be expected to produce a gravity anomaly of 
about -25 mGaI and more than 10 wide, using the 
standard velocity-density relations of Hill (1978). An 
explanation for this unexpected result can be found in the 
borehole gravity and seismic-velocity results (Schmoker, 
1977; Stiennan and Kovach, 1979) from a 600-mdeep 
borehole in diorite located 1.2 km from the San Andreas 
fault. For the lower half of this borehole, the seismic 
velocity averages only 3.1 kmls (although saturated core 
samples measured 6.6 kmls in the laboratory), and the 
average computed rock densities are as  follows: bulk 
density from cores, 2.72 g/cm3; borehole density from 
gravity measurements, 2.60 g/cm3; and computed density 
from borehole velocities (density-velocity relations of 
Hill, 1978), 2.36 g/cm3. Correcting for a nearby low- 
density sedimentary section that causes a gravity gradi- 
ent along the hole raises the borehole density (from 
gravity measurements) closer to the bulk density. The 
results described above indicate that macrofractures can 
cause large decreases in seismic velocity but much 
smaller decreases in density than those predicted from 
standard velocity-density relations. 

Allen (1968) pointed out a possible relation between the 
style of fault movement and the presence of serpentinite 
within fault zones of the San Andreas, Calaveras, and 
Hayward faults. He noted that serpentine is common 
within the fault zone along the creeping section of the San 
Andreas fault between Holliyterand Cholame, whereas it 
is absent along the locked segments to the north and 
south. Irwin and Barnes (1975) noted the same relation 
between serpentinite and fault creep and discussed the 
possible role of metamorphic fluids on the seismic behav- 
ior of fault segments. Hanna and others (1972) studied 
aeromagnetic data along the San Andreas fault between 
San Francisco and San Bemardino and found that the 
creeping segment of the fault is characterized by broad 
aeromagnetic anomalies, which they interpreted as re- 
flecting large concealed masses of serpentinite. Linear 
magnetic anomalies that most likely reflect serpentinite 
also are present along the creeping section of the 
Hayward fault east of the San Francisco Bay (fig. 9.3). 
These magnetic data support the speculation that appre- 
ciable amounts of serpentinite contained within a fault 
zone can influence the style of movement on the fault. 

OFFSETS OF ANOMALIES 

Strike-slip movement on the faults of the San Andreas 
system has produced offsets in formerly continuous 
geophysical anomalies. As might be expected, on those 
faults where the geologic offset is a t  most a few tens of 
kilometers, i t  is generally easy to identify corresponding 
magnetic or gravity features that are offset by similar 
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distances. Examples of such faults are the Elsinore fault 
and the rectilinear system of minor strike-slip faults in 
the Mojave Desert block northeast of the San Andreas 
fault. In figure 9.4, the two or more piercing points of an 
offset geophysical anomaly are labeled with the same 
letter, and the specific points being described are desig- 
nated with subscripts, numbered consecutively from 
northeast to southwest across the fault system. 

Offset along the San Andreas fault system in southern 
California is believed to he approximately 300 km in a 
right-lateral sense, based on offset of the Pelona-Oroco- 
pia schist belts, together with associated characteristic 
Precambrian and Triassic rock assemblages of the thrust 
plate overlying the schist belts (Crowell, 1962; Clarke 
and Nilsen, 1973; summarized in Hamilton, 1978). Iso- 
static gravity highs are associated with the Orocopia 
Schist (point A, a t  lat 3335' N., northeast side of fault), 
with the Pelona Schist of the Sierra Pelona/Soledad area 
(points A2, A3 at  lat 34%' N., between the San Andreas 
and San Gabriel faults), and adjacent to the south side of 
the Pelona Schist of the TejonIGarlock area (point A, at 
lat 34"50' N., south of the San Audreas fault and west of 
the San Gabriel fault). Point A, is not well determined. 
The offsets of the gravity highs are, respectively, 240 km 
along the San Andreas between the first two highs (A, 
and A2) and 60 km along the San Gabriel between the 
second two highs (A3 and A,), for a total of 300 km along 
the San Andreas fault system, in agreement with Crowell 
(1962). The source of the gravity highs is not obvious and 
may not be any of the rocks exposed at  the surface 
(Griscom, 1980b), both because the density of the schist 
coring the antiforms is probably similar to or slightly 
lower than that of the surrounding Precambrian crystal- 
line rocks and because other large areas of Pelona/ 
Orocopia schist do not display associated gravity highs. 
The schist is marine in origin, predominantly metagray- 
wacke of low metamorphic grade (Haxel and Dillon, 
1978), and may be underlain by subducted oceanic crust. 
The gravity highs may indicate relatively uplifted oceanic 
crust beneath these specific antifonnal exposures of the 
schist, or else the proportion of greenstone interbedded 
with schist may increase here with depth. 

As mentioned above in the subsection entitled "Plan 
View," a linear magnetic high that extends along the San 
Andreas fault from long 116' to 118- W., a distance of 
about 200 km, indicates that a large area north of the fault 
in this region is composed of magnetic rocks, predomi- 
nantly Mesozoic granitic plutons; the northwest limit of 
this magnetic area (J,) is shown in figure 9.4. A similar 
large area of magnetic basement, also predominantly 
Mesozoic granitic rocks, that extends along the south- 
west side of the San Andreas fault is displaced from the 
former area right-laterally approximately 300 km; the 
northwest limit of this correlative area (Jp) is also shown 
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in figure 9.4. This second area of magnetic rocks does not 
produce a significant magnetic high directly a t  the fault 
because the fault is on the northeast side of the magnetic 
mass and a magnetic low should occur for this geometry. 

Several significant geophysical anomalies are found 
along the central section of the San Andreas fault north 
of its junction with the Garlwk fault. A pronounced 
gravity high is located on the northeast side of the fault 
at lat 34O55' N., where the southern "tail" of the Sierra 
Nevada is exposed. The associated rocks are hornblende- 
quartz gabbro and anorthositic gabbro (Ross, 1970,1984) 
that also produce a substantial aeromagnetic high (point 
B,, fig. 9.4). Similar rocks (ROBS, 1970) are found within 
the San Andreas fault zone at  Gold Hill (point B2 at  lat 
35"50' N., too small to show at  this scale) and at Logan 
(point Bg at  lat 36'52' N.), where magnetic anomalies 
(U.S. Department of Energy, 1981; U.S. Geological 
Survey, 1987) indicate that the gabbro bodies are thin 
slivers within the fault zone. The Logan outcrops are 
offset about 290 km from the gabbro of the Sierran "tail." 
A major northwest-trending magnetic anomaly extends 
northwestward of Logan near the coast (from point B4 at  
lat 37W8' N.). The source rocksfor this magneticanomaly 
are interpreted to be gahhro, similar to that exposed near 
Logan (Hanna and others, 1972a), because the anomaly 
requires a source body several kilometers thick. These 
corresponding offset geophysical anomalies support the 
geologic correlations implying about 300 to 320 km of 
offset. 

The additional 100 km of granitic rocks extending 
northward from Logan to Montara Mountain (lat 3735' 
N.) along the southwest side of the San Andreas fault 
does not have any correlative rocks exposed on the 
northeast side of the fault north of the gabbro of Sierran 
"tail," but the concealed crystalline basement rocks 
beneath the sedimentary rocks of the Great Valley may 
be correlative. Indeed, recent work on the Tertiary 
sedimentary rocks that overlie this additional 100 km of 
granitic rocks on the San Francisco peninsula suggests a 
lithologic and paleogeographic correlation with similar 
sedimentary rocks of the Great Valley (San Joaquin 
Basin) that are relatively offset 320 to 330 km to the 
southeast (see fig. 3.4; Stanley, 1987). 

Movement on the San Andreas fault north of San 
Francisco (Griscom and Jachens, 1989) is complicated by 
right-lateral displacement added by the presently active 
San Gregorio-Hosgri fault, which intersects the San 
Andreas fault a t  San Francisco and provides an addition- 
al 115 km (Graham and Dickinson, 1978) or 150 km (Clark 
and others, 1984; Ross, 1984) of offset. The total offset on 
the San Andreas fault system here is farther complicated 
by movement on branch faults to the east (Calaveras and 
Hayward fault systems of unknown offset) and, more 
importantly, by past movement along the Pilarcitos fault, 
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the presently inactive fault strand branching westwari 
from the San Andreas fault on the San Francisco penin- 
sula. Probably most of the 300 to 320 km of displacement 
on the San Andreas fault has taken place along this 
strand because the presently active strand of the Sar 
Andreas fault that lies directly east of the Pilarcitos fault 
demonstrates only about 26 km of offset of a character- 
istic limestone belt within the Permanente terrane of the 
Franciscan assemblage (Bailey and others, 1964, p. 69 
M.C. Blake, Jr., oral commun., 1987). The Pilarcitos fault 
(now truncated to the northwest by the San Gregoric 
fault) may have its former extension on the ocean side 01 
the San Gregorio-San Andreas fault at about lat 3830' N. 
(see fig. 9.4), as proposed by Graham and Dickinson 
(1978). This proposed extension may have granitic rock? 
on the southwest side (more than the additional 100 km 
already discussed) that have no correlatives northeast ot 
the San Andreas fault, unless the total offset on the Sar 
Andreas system substantially exceeds 300 km or unless 
granitic rocks underlie thrust blocks of Franciscan as- 
semblage near the south end of the Great Valley (see 
preceding paragraph). There may be other, unidentified 
faults within the Salinian block that allow for this 
additional offset. 

Offsets of geophysical anomalies along the San Grego- 
rio-Hosgri fault support a total right-lateral movement oi 
about 100 to 130 km that has been added to the total offset 
on the San Andreas fault systemnorth ofits junction with 
the Sail Gregorio fault. An offset gravity high (Silver, 
1974) is located on the northeast side near Point Sur 
(point Ci a t  lat 36Â¡30 N.) and on the southwest side at 
Ano Nuevo (point C2 at lat 3T15' N.), with an offset of 
105 to 130 km as remeasured by Graham and Dickinson 
(1978). We prefer an offset of 105 km (max 115 km) 
because any larger displacement will place the offset 
extension of the Pilarcitos fault on land north of lat 3830' 
N., where no such fault is known. 

Displacements along the San Andreas fault north of lat 
3830' N. have proved difficult to measure, both because 
the rocks exposed southwest of the fault near Point 
Arena have no obvious correlatives on the opposite side 
of the fault and because most of the fault trace is 
concealed beneath the Pacific Ocean (Griscom and 
Jachens, 1989). The rocks cropping out southwest of the 
fault near Point Arena are Upper Cretaceous and Terti- 
ary marine sedimentary rocks, together with some older 
spilitic volcanic rocks that may be part of the Franciscan 
assemblage (Wentworth, 1968). Little basement informa- 
tion from rock samples is available in the shelf areas west 
of the San Andreas fault between Point Arena and the 
Mendocino fault. An important well 20 km west of Point 
Arena (fig. 9.4) recovered quartz-mica schist and slate 
basement cuttings (Hoskins and Griffiths, 1971) a t  a 
depth of about 1.43 km. This description resembles rocks 

either from the eastern metamorphosed Franciscan as- 
semblage south of San Francisco or from roof pendants in 
the Salinian block, implying that a major strike-slip fault 
is located between the well and Point Arena. The 
proposed Pilarcitos fault extension is thus interpreted to 
lie here between the well and the coastline on a major 
fault shown by McCulloch (1987). Location of this pro- 
posed Pilarcitos fault extension farther northwest than 
Point Arena is uncertain, although the fault presumably 
continues to the former triple junction. McCulloch (1986; 
1987, fig. 2b) described a boundary, termed the "Navarro 
discontinuity," trending east-west from the Point Arena 
area to the lower continental slope, on the basis of 
regional differences in magnetic pattern and physiogra- 
phy; this boundary may be the fault extension or an 
earlier strike-slip fault of this system. Griscom and 
Jachens (1989) also hypothesized a more northwestward 
extension, approximately colinear with the fault segment 
south of Point Arena, following a fault trace interpreted 
from seismic-reflection profiles (McCulloch, 1987, fig. 
14). 

Distinctive gravity and magnetic anomalies character- 
ize the poorly known shelf area lying north of Point Arena 
and between the San Andreas fault and the proposed 
Pilarcitos extension (figs. 9.2, 9.3). The sources of these 
anomalies lie in the basement, with their upper surfaces 
at the basement interface below Tertiary sedimentary 
rocks, according to geophysical models and basement- 
depth calculations. A major gravity high (+20 mGal) is 
located near lat 40Â°N (point D,, fig. 9.4). We believe that 
the highdensity basement rocks which cause this high 
extend southward along the west side of the San Andreas 
fault a t  least as far as at Point Arena (E,, fig. 9.4), even 
though the gravity values on the map fall below 0 mGal 
along the southern part of this reach. The basement along 
the postulated southern part of the high is mantled by 1 
to 3 km of Tertiary sedimentary rocks (Hoskins and 
Griffiths, 1971), which probably cause gravity lows (-15 
to -30 mGal) that here mask the gravity high caused by 
the basement. Two magnetic anomalies on the shelf are 
truncated by the San Andreas fault a t  point F2 and at  a 
place a few kilometers south of point Go (fig. 9.4), which 
is located where the steepest gradient on the northeast 
side of the second anomaly is truncated by the fault (see 
McCulloch, 1987, fig. 17). 

Our search for geophysical anomalies or features 
matching points Do, E2, F2, and G2 on the opposite 
(northeast) side of the San Andreas fault (see Griscom 
and Jachens, 1989) began with the observation that 
gravity highs are not characteristic of much of the 
Franciscan assemblage and are observed only extending 
along the San Andreas fault between approximately lat 
87" and 38" N. (fig. 9.2). We have selected points D, and 
E, (fig. 9.4) as  the approximate limits of thegravity highs 
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on the northeast side and propose to correlate these 
points and their connecting strip of high gravity with the 
corresponding points Dz and E, and associated gravity 
high discussed in the previous paragraph. The positions 
of these points (D and E) along the fault vary in reliability 
but are probably no more accurate than Â±2 km, point Ez 
is the most uncertain. The total offset of the gravity high 
by the San Andreas fault is thus about 260240 km. We 
have used the gravity results to explore our magnetic- 
anomaly map (fig. 9.3) for additional correlations. Only 
one correlation was found within an offset range of 
200-300 km. We suggest that point F,, marking the end 
of a truncated magnetic high passing through San Fran- 
cisco, correlates with point F, and that point GI, the 
truncated end of a magnetic gradient more than 50 km 
long, correlates with the other truncated gradient a t  
point Gz. The locations of points F,, Fz, and Go along the 
fault are accurate to within about Â± km. Point G, is 
located a few kilometers too far to the southeast because 
a short northwestward extension of the feature was 
recently cut off by the young segment of the San Andreas 
fault in the San Francisco peninsula area and now lies 
between the San Andreas and Pilarcitos faults. The offset 
of points F, and F, is 260 km; the offset of points GI and 
Gy is 263 km. The magnetic anomalies truncated at  points 
F, and G, are associated with northwestrstriking belts of 
mafic and ultramafic rocks within the Franciscan assem- 
blage and are best shown on the more detailed maps by 
Brabb and Hanna (1981) and Griscom and Jachens (1989). 

We conclude that the total offset of the pairs of 
corresponding magnetic features is approximately 
250Â±1 km. Of this offset, about 105 km is attributable to 
the San Gregorio-Hosgri fault, leaving only 145 km for 
the San Andreas fault south of its junction with the San 
Gregorio fault. Because the total San Andreas offset 
south of the San Francisco peninsula is considered to be 
much larger, namely, about 300 km, we suggest that the 
missing 155 km is predominantly accounted for by former 
movement on the Pilarcitos fault and its proposed north- 
westward extension, which is thought to intersect the 
San Andreas a t  about lat 38Â¡30 N., as described above. 
This early Pilarcitos fault was thus formerly the main 
strand of an earlier San Andreas fault system that lay to 
the west of both magnetic features F and G (that is, 
before they were offset by faulting). Note that this 
interpreted fault-movement history and the subsequent 
plate-tectonic analysis all depend on the correctness ot 
the correlation between the pairs of offset magnetic and 
gravity anomalies on the San Francisco peninsula and 
northwest of Point Arena. The magnetic and gravity 
anomalies northwest of Point Arena and west of the San 
Andreas fault are such conspicuous features and sc 
obviously truncated by the San Andreas fault that we 
would expect to find their counterparts somewhere or 
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;he opposite side of the fault. Although we can find no 
alternative correlations for these anomalies other than 
;hose indicated in figure 9.4, we are aware that they may 
not correlate with any anomalies on the opposite side of 
die fault, although we consider this noncorrelation to be 
unlikely. 

Additional information on offset along the proposed 
Pilarcitos fault extension is provided by interpretation of 
two strong magnetic anomalies on the northeast side of 
the San Andreas fault in central California (Hi at lat 
SÂ¡80'-35'40 N. and lat 36'00'46'15' N., respectively). 
The source bodies for both anomalies appear to be 
truncated by the fault, and interpretations of the gravity 
and magnetic fields over both bodies suggest that they 
are composed of serpentinite (Hanna and others, 1972; 
Griscom and Jachens, in press). The most likely candi- 
dates for corresponding magnetic features on the south- 
west side of the fault system are the poorly defined 
anomalies a t  points Hz and In west of Point Arena. The 
magnetic field is poorly known in this area, and so 
anomaly locations and shapes may not be accurate, but 
the offset is approximately 435 km from points HI and I,. 
This distance can be obtained by summing an assumed 
320 km for offset on the San Andreas fault south of San 
Francisco plus 115 km offset on the San Gregorio-Hosgri 
fault. The location of point Iz supports the Navarre 
discontinuity as a possible continuation of the proposed 
Pilarcitos fault extension, or some earlier continuation. 
We suggest that the large magnetic-high area bounded 
by the 500-nT contour and located 25 km south of point 1, 
(fig. 9.3) may represent a southerly extension of anomaly 
I, which north of point I, extends for 400 km along the 
east side of the Coast Ranges. There appear to be no 
satisfactory alternative anomalies for correlation with 
points HI and I, along the southwest side of the present 
San Andreas fault near Point Arena. 

IMPLICATIONS FOR PLATE TECTONICS 

In  the previous sections, we have discussed how 
potential-field data provide information on the three- 
dimensional configuration of the San Andreas fault and 
on the various offsets along member faults of the San 
Andreas system in relation to plate tectonics. Here, we 
interpret the potential-field expression of the two ends of 
the San Andreas fault system in relation to plate tecton- 
ics and lithospheric thickness. 

MENDOCINO TRIPLE JUNCTION 

At the north end of the San Andreas fault off Cape 
Mendocino, three lithospheric plates (the Juan de Fuca, 
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Pacific, and North American) meet a t  the Mendocino 
triple junction, where a trench meets two transform 
faults, the Sail Andreas and Mendocino faults. Along this 
trench to the north, the Juan de Fuca plate is subducting 
eastward beneath the North American plate. The geom- 
etry of this subducted plate has important implications 
(Jachens and Griscom, 1983) for an understanding of the 
Mendocino triple junction and its effects on the tectonics 
of California. During approximately the past 29 Ma, this 
triple junction has been migrating relatively northwest- 
ward along the coast of California from a latitude near 
Los Angeles (see fig. 3.11; Atwater, 1970; Atwater and 
Molnar, 1973). As this incipient San Andreas transform 
fault lengthened over time, eastward subduction contin- 
ued to the north of the migrating triple junction. 

During 29-23 Ma, the major fault of the San Andreas 
system was probably situated near the base of the 
continental slope, where an accreted wedge of Miocene(?) 
sedimentary rocks (McCulloch, 1987) accumulated be- 
tween lat 35O and 40Â N., presumably because of oblique 
subduction from transpressive forces between the plates. 
This now-inactive fault forms a contact between oceanic 
and continental crusts (fig. 9.4) that have major differ- 
ences in magnetic properties (fig. 9.3). The oceanic crust 
displays the typical oceanic lineated or striped magnetic 
pattern striking north-south and northeast, with inter- 
ruptions striking east-west or southeast that are caused 
by transform faults. The continental crust adjacent to 
this inactive fault is magnetically rather smooth and 
featureless. The magnetic boundary between oceanic and 
continental crust west of the San Andreas fault is very 
abrupt in comparison with active subduction zones (com- 
pare the magnetic expression of the Cascadia subduction 
zone off Oregon in Bond and Zietz, 1987); the oceanic 
stripes terminate a t  the base of the continental slope, 
even though reflection profiles show oceanic crust con- 
tinuing farther east beneath the slope (McCulloch, 1987). 
The low convergence rate of oblique subduction and the 
time available since the fault became inactive may have 
allowed the concealed or subducted oceanic crust to heat 
up sufficiently beneath the continental margin to destroy 
the remanent magnetization that causes the stripes. 

During early Miocene time (23 Ma), the motion along 
the transform must have been essentially strike slip and 
was substantially transferred to the present San Andreas 
fault system in central California. Without subduction 
east of the elongating transform, an ever-enlarging 
triangular hole or window (Dickinson and Snyder, 1979) 
developed in the slab of lithosphere subducted beneath 
the continent. This window model is also applicable to the 
time interval (29-23 Ma) but needs modification to 
include effects of transpression along the earlier San 
Andreas fault. The north boundary of this window is the 
subducted south edge of the Juan de Fuca plate, and hot 

~pwelling asthenospheric material presumably occupies 
;he window. The south edge of the Juan de Fucaplate lies 
oeneath the North American plate a t  the shore about 20 
km south of Cape Mendocino and can be identified by an 
iast-west magnetic anomaly (Griscom, 1980a). as well as  
by the distribution of seismicity (Hntchings and others, 
1981). This position coincides with a steep gravity gra- 
iient (here called the Cape Mendocino gravity anomaly) 
;hat slopes downwardinto alarge gravity low (-50mGal) 
;o the north and east. The spatial coincidence between 
Ae position of the Cape Mendocino gravity anomaly at  
;he coast and the place where the south edge of the Juan 
i e  Fuca plate passes beneath the coastline strongly 
suggests that this gravity anomaly reflects the south 
idge of the subductedplate (fig. 9.4). At least three other 
characteristics (Jachens and Griscom, 1983) of the anom- 
aly support this interpretation. (1) The southeastward 
;rend of the gravity anomaly and then its change to 
easterly are consistent with the directions of present and 
past relative motions between the Juan de Fuca and 
Pacific plates (Nishimura and others, 1981; Wilson, 1986). 
:2) The gravity anomaly broadens and is less steep 
;owad the southeast, suggesting that its source progres- 
sively deepens in this direction; calculated depths along 
Â± anomaly to the end of the southeast-trending seg- 
ment define a line plunging approximately 9' SE. with a 
iepth of only 6 km at the coastline corresponding well to 
;he 8-km depth estimated from aeromagnetic data 
[Griscom, 1980a). (3) A cross section across this anomaly, 
using the above depths together with reasonable densi- 
ties and thicknesses for the subducted Juan de Fuca plate 
aid the asthenospheric window fill to the southwest, 
produces a calculated gravity model (Jachens and 
Griscom, 1983) in good agreement with the observed 
yavity field. We draw the following conclusions from the 
gravity data (Jachens and Griscom, 1983). 
1. Above the south edge of the Juan de Fuca plate, the 

North American plate must have the shape of a thin lip 
that gradually thickens eastward, attaining a thick- 
ness of possibly only about 30 km at  the Coast Range 
fault; this fault marks the east limit of the Franciscan 
assemblage about 130 km inland from Cape Mendocino 
(see chap. 3). Just south of the Juan de Fuca plate, 
asthenospheric material that filled the slab window 
should lie beneath the North American plate a t  a 
depth comparable to that of the upper surface of the 
Juan de Fuca plate. Because the North American 
plate has been moving relatively southward across 
this boundary for many millions of years, the top of the 
asthenosphere probably is shallow beneath much of 
the Coast Ranges in central California, and the thin 
west lip of the North American plate may be decou- 
pled from much of the mantle, although some under- 
plating by mantle material is likely. 
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2. For reasons similar to conclusion 1, the lithosphere 01 
southern California near the San Andreas fault systeir 
is thin and may be decoupled from much of the mantle. 

3. Relatively thin, decoupled lithosphere may explain 
why deformation along the boundary between the 
Pacific and North American plates takes place over a 
zone 50 to 100 km wide rather than being restricted tc 
the San Andreas fault, and why the plate boundary 
has been able to migrate eastward from the base of the 
continental slope to its present position at the San 
Andreas fault. It may also explain both why certain 
structural blocks southwest of the fault in southern 
California have been able to rotate clockwise by as 
much as 7O0-90" during and after the Miocene (Luy- 
endyk and others, 1985; Hornafius and others, 1986) 
and how extensional basins formed between these 
blocks. Furthermore, it can help explain why the 
seismicity of the San Andreas fault generally does not 
extend below 12-km depth. 

4. Thin, relatively cool lithosphere of the southward- 
moving North American plate has been continuously 
placed on hot upwelling asthenosphere when crossing 
the Juan de Fuca plate boundary. As pointed out by 
Lachenbruch and Sass (1980), this process can explain 
the heat-flow anomaly in the North American plate 
that peaks in the Coast Ranges about 300 km south of 
the latitude of Cape Mendocino (Lachenbruch and 
Sass, 1973). Calculations by Lachenbruch and Sass 
(1980) show that, given a velocity of 5 cmlyr for 
movement of the Pacific plate relative to the North 
American plate, the heat flow should increase by a 
factor of 2 approximately 200 km south of the edge of 
the Juan de Fuca plate because 4 Ma is required for 
the heat anomaly to reach the surface from 20-km 
depth. These various parameters agree with the 
observed heat-flow anomaly. For a heat source as 
deep as 20 km, the model requires the hot astheno- 
sphere to accrete to the bottom of the North American 
plate and to be conveyed off southward, so that a 
continuous supply of vertically moving, hot astheno- 
sphere be supplied to the bottom near the Juan de 
Fuca plate boundary. This hypothesized coupling 
involves a rather thin layer of accreting upper mantle 
that, in turn, is probably decoupled from underlying 
asthenosphere. The gravitationally predicted depth to 
the base of the North American plate is within the 
limits required by Lachenbruch and Sass, (1980) 
model, at least within 70 km of the San Andreas fault. 

Interpretation of geologic and geophysical data for the 
San Andreas fault system north of San Francisco 
(Griscom and Jachens, 1989) suggests that eastward 
migration of the plate boundary from its presumed 
original position at the base of the continental slope to its 
present position a t  the San Andreas transform fault may 
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have occurred by means of a series of eastward jumps of 
the Mendocino triple junction covering a total distance of 
about 150 km during the past 29 Ma. Our general model 
for the history of this triple junction is one of successive 
eastward jumps, with sustained periods at each position 
while sienif~cant strike-slip motion occurred on the var- 
ious transform fault systems, including the San Andreas 
fault. We are aware, however, that the picture in detail 
may have been far more complex. The present position of 
the San Andreas fault north of San Francisco is thus 
interpreted to be relatively youthful. The triple junction 
was initially situated near the base of the continental 
slope at the northwest end of the Miocene(?) accreted 
wedge (but far to the south of its present latitude); the 
basal fault (McCulloch, 1987) below the subduction com- 
plex is shown as a toothed line in figure 9.4 because of the 
thrust component in this transform fault. The triple 
junction is interpreted to have been subsequently situ- 
ated at the north end of the proposed Pilarcitos fault 
extension and then to have jumped eastward a minimum 
of about 100 km to the present San Andreas fault trace at 
what is now approximately lat 3820' N. on the North 
American plate. When this jump occurred, the three 
faults that formed the junction all had to readjust; the 
simplest scenario is as follows: (1) The Mendocino fault 
was extended on strike farther eastward, for the distance 
of the jump, about 100 km, (2) a new segment of the San 
Andreas fault broke obliquely through the Franciscan 
assemblage to the northwest (severing the correlated 
geophysical anomalies described above) and extended 
from the new triple junction to the junction of the newly 
formed (or soon to be formed) San Gregorio fault with the 
Pilarcitos fault, a distance of about 250 km; and (3) the 
surface trace of the subduction zone north of the triple 
junction also jumped eastward 100 km, thus abruptly 
isolating a thin triangular slab of Franciscan assemblage 
(probably less than 15 km thick) from the North Ameri- 
can plate. This postulated triangular slab of rocks is now 
gone, most likely subducted away. Further complexity is 
provided by the King Peak subterrane of the King Range 
terrane (McLaughlin and others, 1982), which is an 
elongate mass of turbidites, about 45 km long, just south 
of Cape Mendocino (fig. 9.4) that is believed to have been 
obductively accreted from the west during the early 
Pleistocene (McLaughlin and others, 1986). The King 
Peak subterrane may have been detached and transport- 
ed northwestward from the San Francisco area (just 
south of lat 3820' N.) as part of the Pacific plate and then 
reattached to the North American plate by a very recent 
local jump of the triple junction westward less than 35 km 
(McLaughlin and others, 1982); this explanation may 
account for the anomalously higher thermal metamor- 
phism of this subterrane relative to  the terranes that are 
now adjacent to it. Recent work suggests that the triple 
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junction may be on shore at  Cape Mendocino (Clarke, 
1988; McLaughlin and others, 1988); if so, the King Peak 
subterrane may still be essentially part of the Pacific 
plate. The tectonic interpretation detailed above also 
requires that the San Gregorio-Hosgri fault first began 
moving and joined the present San Andreas fault at 
approximately the same time as or shortly after the 
eastward jump of the triple junction, and thus cut off the 
proposed northward extension of the Pilarcitos fault, 
after which the extension became inactive. 

The proposed 150-km eastward movement of the triple 
junction can also explain the submarine topography near 
Cape Mendocino, where the Continental Shelf south of 
the Mendocino fault extends about 130 km farther west 
than that directly north of the fault. 

The timing of the jump can be estimated from the 
horizontal offset of the paired geophysical anomalies, 
about 250 km, which translates to an age of about 5 Ma, 
assuming combined strike-slip rates of 4.8 cmlyr (DeMets 
and others, 1987; Minster and Jordan, 1978) for the San 
Andreas and San Gregorio faults. This age estimate is 
crude because it assumes that no other faults were 
absorbing the relative motion between the two plates. 
For example, simultaneous movement on the Hayward- 
Calaveras fault system will cause the computed age of 
offset to be too young. The eastward jump of the triple 
junction appears to be associated with a change in stress 
orientations in this region. The north end of the San 
Gregorio-Hosgri fault trends about 20' clockwise relative 
to the older fault traces. In addition, the northward- 
migrating triple junction subsequently traced out a major 
right-lateral bend, as shown by the present position of 
the Ran Andreas fault north of Point Arena. The central 
section of this bend is about 100 km long and trends 20' 
clockwise to the older trace. This change may correlate 
with the gradual change in absolute motion of the Pacific 
plate that occurred between 5 and 3.2 Ma (Cox and 
Engebretson, 1985; Pollitz, 19861, producing a change 
from strike slip to transpression in this region and a 
clockwise rotation of 20Â (Harbert and Cox, 1986) in the 
relative-velocity vector for the plate pair, the same angle 
as the anomalous change in direction for both the San 
Gregorio fault and the right-lateral bend in the San 
Andreas fault north of Point Arena. This change in 
relative motion probably correlates with a change in 
strike direction of the subducting south edge of the Juan 
de Fuca plate, as deduced from gravity data (Jachens and 
Griscom, 1983). Before the jump, this strike was east- 
west, thus permitting eastward extension of the Mendo- 
cino transform fault without interference; after the jump, 
the strike of the subducting plate edge changed to S. 60' 
E., making later eastward fault extension more difficult. 

Stratigraphic evidence for the postulated eastward 
jump of the triple junction about 5 Ma may be sought in 

the late Miocene and Pliocene stratigraphy of Deep Sea 
Drilling Project (DSDP) Site 173 (fig. 9.4). Depositional 
hiatuses occur a t  5 and 4.3-3.2 Ma (Barron, 19891, 
whereas a study of both micropaleontology and tephra 
beds indicates a hiatus from about 4.4 to 2.8-Ma (Sarna- 
Wojcicki and others, 1987). McCulloch (1987, fig. 26) 
believed that the middle Pliocene deformation and minor 
erosion interpreted from reflection profiles correlate with 
this 4.4-2.8-Ma hiatus a t  Site 173. We suggest that the 
eastward jump of the triple junction about 5 Ma was 
shortly followed by the middle Pliocene deformation and 
by the hiatus a t  Site 173. These two correlative events 
were thus caused both by the jump and by the simulta- 
neous change in the direction of relative plate motion. 

SALTON BUTTES SPREADING CENTER 

The San Andreas fault terminates to the southeast in a 
buried spreading center a t  the south end of the Salton 
Sea, where a row of five small siliceous volcanic domes 
("buttes") protrude above recent sedimentary deposits of 
the Salton Trough. These domes, in addition to being 
associated with a local northeast-striking magnetic high, 
are situated on the crest of a larger, northwest-trending 
magnetic high (outlined on fig. 9.4) that is interpreted 
(Griscom and Muffler, 1971) to be caused by a magnetic 
mass, 30 km long, 3 to 12 km wide, and about 4 km thick, 
with its top buried more than 2 km below the surface. 
This magnetic high is associated with a similarly shaped 
gravity high (Biehler and Rotstein, 1979). the source of 
which may partly be the magnetic mass but may also be 
the relatively high density metamorphosed sedimentary 
rocks associated with the geothermal area (Elders and 
others, 1972). The Salton Buttes spreading center prob- 
ably strikes northeast because the row of domes, the local 
aeromagnetic and gravity anomalies, and the geothermal 
area all coincide and strike northeast; (2) this proposed 
position for the center bisects the larger northwest- 
trending magnetic high into approximately equal parts 
interpreted to be new "oceanic" crust; and (3), ideally, a 
spreading center should trend approximately normal to 
an associated transform fault. In apparent contradiction, 
the Brawley seismic zone strikes S. 20' E. from the 
Salton Sea (Johnson and Hill, 1982) and consists of 
shallow earthquakes (Severson and McEvilly, 1987) lo- 
:ated mostly within the valley fill; this seemingly anom- 
alous direction may be due to accommodation of these 
averlying, partly decoupled materials to a series of short 
northeast-trending spreading centers between the Salton 
Sea and C e m  h ie to ,  Mexico (see fig. 3.6), on strike S. 
20' E. and 100 km distant (Fuis and Kohler, 1984; Sibson, 
1987). The large, northwest-trending magnetic mass is 
interpreted to reflect about 30 km of northwestward 
spreading along its long axis, in which the spreading was 
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associated with intrusive activity that built up a 30- 
km-long strip of magnetic mafic rocks and new crust in 
the lower section of and below the sedimentary fill. This 
magnetic feature may not be directly comparable to 
oceanic-crustal anomalies because slow cooling beneath 
the fill probably results in weak remanent magnetization, 
unlike the situation for oceanic crust. This anomaly thus 
may be predominantly caused by induced magnetization. 

The gravity field of the Salton Trough, which is filled 
with great thicknesses of Cenozoic sedimentary rocks, 
varies systematically from north to south. An elongate 
gravity low of -30 to -40 mGal is associated with the 
sedimentary rocks northwest of the Salton Sea (beyond 
lat 33'20' N.). Southward along the axis of the trough, 
the gravity field increases rapidly until the south end of 
the Salton Sea, where maximum values of 0 mGal are 
obtained over the presumed spreading center described 
above. Farther southeast, to the United States-Mexico 
border, gravity values range from only -10 to -20 mGal, 
an initially surprising observation because the 3.5 km or 
more of young, unmetamorphosed sedimentary deposits 
in this area might be expected to produce anomalies 
lower than -40 mGal (Biehler, 1964; Griscom, 1980c, p. 
20), similar to the gravity expression northwest of the 
Salton Sea. Biehler (1964) offered two explanations for 
the missing low: thinner crust or local high-density 
basement beneath the trough. Seismic-refraction studies 
(Fuis and others, 1982, fig. 17A) c o n f i  the second 
explanation and show a deep "subbasement" (density, 3.1 
g/cm3) in the trough that extends below about 12-km 
depth. Using this refraction model as a constraint, a 
gravity model (Fuis and others, 1982, fig. 20) indicates 
that the crust beneath the trough is no thinner than that 
of the bordering mountains a few kilometers to the 
northeast. 
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A s the Pacific plate slides northward past the North American 
plate along the Sun Andreas fault, the frictional stress that 

resists plate motion there is overcome to cause earthquakes. 
However, the frictional heating predicted for the process has never 
been detected. Thus, in spite of its importance to an understanding 
of both plate motion and earthquakes, the size of this frictional 
stress is still uncertain, even in order of magnitude. 

10. STRESS AND HEAT FLOW 
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INTRODUCTION 

As one of the best exposed tectonic-plate boundaries in 
the world, the San Andreas fault provides an excellent 
opportunity to study the forces causing interplate motion 
and the associated great earthquakes. Thus, there is 
considerable motivation, scientific, social, and economic, 
to understand the thermomechanics of the San Andreas 
fault system, which has been the subject of intensive 
studies for the past several decades. 

Although substantial progress has been made in un- 
raveling the complex kinematics of the San Andreas fault 
system (Atwater, 1970; Minster and Jordan, 1984; Wel- 
don and Humphries, 1986), efforts to determine the 
stresses that give rise to San Andreas fault slip, to date, 
have not led to anything resembling scientific consensus. 
The uncertainty results from widespread disagreement 
over the implications of different methods of assessing 
the stresses. 

The question of how much shear stress acts on the San 
Andreas fault to cause dextral slip began to acquire 
definition in 1968, when the first heat-flow data adjacent 
to the fault zone (fig. 10.1) were gathered and analyzed 
by Henyey (1968). Because these data did not reveal any 
anomalous heat flow near the major active faults of the 
San Andreas system, upper bounds of about 10 to 20 MPa 
on the average frictional stress resisting fault motion 
could be calculated (Brune and others, 1969; Henyey and 
Wasserburg, 1971). These upper bounds were taken as 
evidence confirming speculation on the low strength of 
the crust based on earthquake stress drops, almost 
invariably in the range 0.1-10 MPa (for example, Chin- 
nery, 1964, Brune and Allen, 1967). At the same time, 
however, laboratory experiments indicated typical fric- 
tional strengths for precut rock samples of about 100 MPa 
under pressure and temperature conditions thought to 
obtain in the upper crust (Byerlee and Brace, 1968, 1969; 
Byerlee, 1970). 

4 FIGURE 10.1.-Heat-flow and stress measurements are taken in wella such SK thk one being drilled by the U.S. Geological Survey at the 
Crysiallaire site. 4 km northeast of the San Andreas fault in the western Mojave Desert. Photograph by M.D. Zoback. 
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Over the next several years, new heat-flow measure- 
ments supported the absence of any local heat-flow 
anomaly associated with the San Andreas fault (Lachen- 
bruch and Sass, 1973) and thus augmented the position 
for low frictional fault strength. The recognition of a 
broad heat-flow high coincident with the Coast Ranges of 
California led Lachenbruch and Sass (1973) to suggest 
that partial decoupling at the base of the seismogenic part 
of the crust might account for both the weak fault 
(minimum in shear stress at the fault trace) and the broad 
thermal anomaly. 

Additional laboratory experiments on different rock 
types, and in conditions of higher temperature and 
confining pressure than had been obtained previously, 
continued to support high frictional strength in the top 15 
to 20 km of the fault zone (Stesky and Brace, 1973). The 
experimental results are most simply characterized in 
terms of a coefficient of friction that varies little with rock 
type (Byerlee, 1978), slip rate, or slip history (Dieterich, 
1979; Ruina, 1983). As emphasized by Brace and Kohl- 
stedt (1980) and Kirby (1980), these results still indicate 
a high-strength upper crust. 

Beginning in the late 1970's, inplace stress measure- 
ments have provided another way to assess the stress 
acting on the San Andreas fault (Zoback and others, 
1977), especially with the advent of stress measurements 
at depths approaching 1 km only a few kilometers distant 
from the fault (Zoback and others, 1980). If the observed 
depth gradient for the component of shear stress thought 
to act on the San Andreas fault could be extrapolated to 
the base of the seismogenic zone, as argued by McGarr 
and others (1982), then the corresponding frictional 
stress resisting fault motion is a factor of 3 greater than 
the upper bound from the heat-flow analyses, as present- 
ed most recently by Lachenbmch and Sass (1980). 

The most recent developments, if accepted at face 
value, could be construed as additional evidence favoring 
a low-strength San Andreas fault. Specifically, stress- 
direction indicators on either side of the fault have been 
interpreted to mean that there is almost no shear stress 
resolved on the fault plane, thus implying a very weak 
fault zone (Mount and Suppe, 1987; Zoback and others, 
1987). If so, then the question regarding the strength of 
the fault would be answered, and the outstanding prob- 
lem would be the equally vexing one of understanding the 
nature of a remarkably weak fault zone. 

This chapter is largely a review and commentary on the 
different approaches taken to estimate the tractions 
acting on the San Andreas fault. We restrict our atten- 
tion to three main methods: (1) inferring stress from the 
fault's energy budget (thermal and kinetic), (2) inferring 
fault strength from laboratory measurements of the 
stresses needed to slide rocks past one another under 
pressure, and (3) inferring stress on the fault from 
observations of the crustal state of stress. 

ESTIMATES OF AVERAGE STRESS FROM 
FAULT ENERGETICS 

ENERGY BALANCE 

In figure 10.2, an earthquake is viewed, according to 
Reid's (1910) rebound theory, as a strained patch of fault 
surface of area A that suddenly breaks, permitting points 
hitially in contact to be displaced from one another by an 
iverage amount u. The breakage is like the sudden 
hilure of an overloaded leaf spring. We are interested in 
the average shear stress acting parallel to the wall in the 
Sailed section of the fault surface. We denote its initial 
value by and its final value by r,. The inclined line in 
figure 10.3 represents the elastic unloading of the medi- 
um as the earthquake displacement increases to its final 
value u. The area under this line, which represents the 
total elastic energy released by the earthquake per unit 
area of faulted surface, can be written as 

1 
where ? = z ( r l + r a ) .  

The energy E must supply the work Ec of generating 
seismic waves and the work Em converted to heat in 
overcoming frictional resisting forces. Thus, 

where the question mark is a reminder (which we shall 
forget for the moment) that there may be other signifi- 
cant sinks of earthquake energy, such as the surface 

FIGURE 10.2.-Elastic-rebound theory (Reid, 1910). showing displace- 
ment near a strike-slip fault segment of area A before and after an 
earthquake with displacement Ã§ Arrows along fault indicate d k c -  
tion of relative movement 
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energy consumed in creating new fractures. We can now 
write 

where T,, the "apparent stress" of seismology, is the 
portion of the earthquake stress T allocated to the 
production of seismic waves, and T, is the average 
frictional resisting stress allocated to the production of 
heat. The individual areas represented by equations 3 
and 4 are shown in figure 10.3 by contrasting patterns. 

This interpretation of the areas in figure 10.3 is fairly 
general, as long as we define TI, TZ, and T,, respectively, 
as the weighted averages of initial stress, final stress, 
and friction over the faulted surface, the weighting 
function being the local fault slip (see Savage and Wood, 

DISPLACEMENT. IN MICROMETERS 

FIGURE 10.3.-Relation between resistii stress and displacement in 
the unloadingelastic medium (inclined line) duringan earthquake. As 
ilip (u) increases, stress in the rock diminishes linearly from T, to TZ, 

with average value T. Areaunder this line is total work expended per 
unit fault area; area (shaded) below curve of resisting stress (T,(H), 

with average value T,) is energy dissipated per unit fault area (EJ. 
Difference between total work expended and dissipated energy is 
work (done by apparent stress 7.1 that is available for seismic 
radiation (EÃ stippled area). Modified from a laboratory experiment 
on a large granite sample by Lcckner and O h b o  (1983). 

1971; Lachenbruch and Sass, 1980). Combining equations 
1 through 4 yields 

which states that unless the question mark represents 
something important that we've neglected, the average 
earthquake stress T is the sum of the apparent stress T., 
to be estimated from seismic measurements of Ea (eq. 3), 
and the resisting stress 1-, to he estimated from thermal 
measurements of frictional heat E. (eq. 4). 

APPARENT STRESS: SEISMIC ESTIMATE OFT. 

Seismologists (for example, Wyss and Brune, 1968; 
Savage and Wood, 1971; Wyss and Molnar, 1972) have 
defined apparent stress as 

where -q is the seismic efficiency, defined by 

where equation 7b follows from 7a according to equations 
2 through 5; that is, -q is simply the fraction of the total 
energy release, or the fraction of the average earthquake 
stress, allocated to seismic radiation. 

To estimate T,, seismologists first determine the radi- 
ated energy E, and the seismic moment Mo, defined as 

Mo = GAu , (8) 

where u is the average slip of an earthquake over a 
fault-surface area A. and G is the modulus of rigidity 
(Aid, 1966). Equations 1 and 6 through 8 then yield the 
simple relation 

A numerical estimate of can be obtained from 
equation 9 with the following commonly used formulas 
relating earthquake magnitude M to E. or Mu (Guten- 
berg and Richter, 1956; Hanks and Kanamori, 1979), 

log Mo = 16 + 1.5M (1013) 

log E. = 11.8 + 1.5M, 
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where M,, and E, are in ergs. Substitution of equations 10 
in 9 yields 

With G=3x lo4 MPa, the value for T, is 2 MPa. Almost 
without exception, estimates of T= fall within the range 
0-5 MPa, with no indication of any systematic depend- 
ence on either earthquake size or tectonic environment 
(Spottiswoode and McGarr, 1976; Fletcher and others, 
1983; Boatwright and Choy, 1986). In short, 5 MPa 
appears to be a conservative upper bound to ia. Thus, the 
contribution of T. is small, and the average fault stress T 
can be large only if the frictional resistance T, is large (eq. 
5). 

If laboratory "earthquakes" are proper analogs of 
crustal earthquakes, which may or may not be the ease, 
then data for such events, including those illustrated in 
figure 10.3, indicate that T, is indeed small, only a tiny 
fraction of T_ By inducing unstable frictional failure 
(earthquakes) across a 2-m-long fault between slabs of 
granite 40 cm thick (Dietericb, 1981), Lockner and Okubo 
(1983) measured seismic efficiencies q for numerous 
events to conclude that q-O.W. If this result were true 
also for natural earthquakes-a big "if'-then for a 
typical value T of 2 MPa, the corresponding value of i, 
from equation 6, would be 40 MPa, which, as will be seen, 
is nearly 3 times higher than the limit inferred from an 
analysis of heat-flow data (Lachenbmch and Sass, 1980). 

FRICTION: THERMAL ESTIMATE OFT, 

Unlike the energy of seismic waves, which permits an 
estimate of apparent stress T, for individual earthquakes 
from measurements at distant stations, the heat energy 
of individual earthquakes is not readily analyzable to 
estimate friction because it causes a measurable temper- 
ature rise only withm a few meters of the earthquake 
source, a location inaccessible for measurement. Even for 
the largest earthquakes, these individual temperature 
pulses would be indistinguishable from background a few 
months after the event, and so timely attempts to detect 
them by drilling would be difficult (McKenzie and Brune, 
1972; Lachenbmch, 1986). However, because the fric- 
tionally generated heat diffuses quite slowly, it should 
accumulate in the vicinity of the fault, eventually building 
up the local thermal gradient until the observable heat 
loss at the Earth's surface in the fault zone exceeds the 
normal background heat flow by the rate of heat gener- 
ation on the fault. Thus, in principle, the measurement of 
a heat-flow anomaly in the fault zone should permit an 
estimate of the average frictional contribution T- to the 
earthquake fault stress T (eq. 5). 

The heat-flow anomaly that we seek does not depend 
on the amount of heat E, liberated by a single earthquake 
in a restricted fault area with a displacement u (eq. 4), 
but on the long-term average rate of heat generation (Q) 
and the 10%-term average slip rate (v) from the cumu- 
lative effect of successive events. Although most fault 
displacement probably occurs within a few tens of sec- 
onds during large earthquakes every century or so a t  slip 
velocities greater than the average ones by a factor of 
about 108, the long-term buildup of the heat-flow anomaly 
would be indistinguishable from that caused by uniform 
slip at an equivalent average velocity because the ther- 
mal time constant for the buildup (approx lo6 yr) is large 
relative to the earthquake-recurrence interval (10'-10~ 
yr). Therefore, we view the slip as a uniform continuous 
process and introduce 

and 

Differentiation of equation 4 yields 

where v is the long-term average slip velocity, -rr is the 
(displacement averaged) frictional resistance, and Q is 
the long-term average rate of frictional heat production 
per unit area on the fault surface. 

Equation 13 refers to the entire seismogenic (brittle) 
layer (approx 10-15 km thick), not just a patch as in 
equation 5. Over this depth, it is reasonable to consider 
the long-term slip velocity v to be independent of depth, 
but generally the heat-production rate Q will not be. For 
example, if the friction T- increased linearly with depth 
(for example, because of increasing gravitational pres- 
sure on the fault, as discussed below), the heat produc- 
tion Q on the fault would also increase linearly, as shown 
in figure 10.45. According to heat-conduction theory, the 
temperature in the fault plane would then build up over 
time, as shown in figure 10.4C. and a heat-flow anomaly 
would develop at the surface over the fault, as shown in 
figure 10.4A. For such a distribution, a sharp heat-flow 
anomaly is seen to build up over the fault in about 1 my.; 
after several million years, it approaches a maximum 
value somewhat greater than half the average frictional 
heat production Q on the fault surface (fig. 10.45). This 
anomaly falls off over a distance from the fault of the 
same order as the depth of the seismic layer (assumed to 
he 14 km in fig. 10.4). Other reasonable distributions of 
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frictional sources give similar results (see Henyey, 1968; 
Brune and others, 1969: Henyey and Wasserburg, 1971; 
Ladienbruch and Baas, 1973, 1980). 

The long-term slip rate v, which can be estimated from 
studies of offset (and dated) geologic features, generally 

SOURCE STRENGTH 

ranges from 2 to 4 cmlyr for motion on the main trace of 
the San Andreas fault over the past several million years 
throughout California (see chap. 7; Grantz and Dickinson, 
1968). As a useful rule of thumb, if the fault in figwe 10.4 
were slipping a t  an average rate (v) of 3 cmlyr and 

Y'X* Y 

CHMENSIONLESS KILOMETERS 
HORIZONTAL DISTANCE FROM FAULT 

DIMENSIONLESS TEMPERATURE 

9@Jx2K)-' 

I Model 1 

TEMPERATURE RISE, IN DEGREES KELVIN 

FIGURE 10.4.-Surface heat flow q (A) and fault-plane temper- heat generation on fault; K, thermal conductivity. Dimension- 
atwe 0 (C) for a linear increase in source strength from zero al results are for %=I4 km, K=2.5 WImK, and Q=42 m ~ / d  
at the surface to Qz at depth + (B). t ,  time since initiation of (equivalent to 2v=25 mmlyr, ?=50 MPa) (Lachenbmch and 
faulting; A, dimensionless time; Q, average rate of frictional Sass, 1980). 
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resisted by an average frictional stress T, of 100 MPa, 
then the average rate of frictional heat production Q 
(figure 10.45) would be about 0.1 W/m2; that is, 

0.1 W/m2 = 100 MPa x 3 cmlyr. (14) 

This quantity is about twice the stable continental heat 
flow, and so, according to figure 10.4A, the correspond- 
ing heat-flow anomaly over the fault would be about 100 
percent of background after 2 or 3 m.y. of fault slip, 
whereas if the mean frictional resistance were only 10 
MPa, the corresponding heat-flow anomaly would be only 
about 10 percent of background, close to the limit of 
detection. Accordingly, if no heat-flow anomaly could be 
detected over the fault, the mean frictional resistance 
would be no more than about 10 MPa; if the mean 
frictional resistance were about 100 MPa, a very conspic- 
uous anomaly should be observed. 

An example of heat-flow measurements near the San 
Andreas fault is shown in figure 10.5 for the Mojave 
Desert region of southern California (region 7, fig. 10.6). 
The pattern of anomaly curves from the model in figure 

10.4 is scaled for the estimated local slip velocity (25 
mm/yr; Weldon and Sieh, 1985) and for a mean frictional 
resistance of 50 MPa. Clearly, the data are incompatible 
with such an anomaly in fact, the average heat flows near 
the fault and far from the fault ("within 10 km" and 
"beyond 10 km," figs. 10.7C, 10.723) are statistically 
indistinguishable. Figures 10.7A and 10.7B show that the 
same condition prevails in the Coast Ranges of central 
California (regions 3-6, fig. 10.6). In fact, no local 
heat-flow anomaly has been confirmed anywhere on the 
main trace of the San Andreas fault (for possible excep- 
tions, see Lee, 1983, Lachenbmch and Sass, 1988), and 
so, according to the foregoing simple considerations, the 
averaee friction on the fault. T- nrobahlv does not exceed 

SUMMARY 

In summary, we note that analysis of the kinetic 
energy of seismic waves suggests that the associated 
apparent stresses (T.) do not exceed 5 MPa. Similarly, 
analysis of long-term frictional heating and the predicted 
and observed effects on heat flow from conduction theory 

FIGURE 10.5.-Heat flow w a function of distance from the San An& fault in the Mojave sement (region 7, fie. 10.6). The~retical anomaly 
is for a slip velocity of 25 miw\r and average friction of 50 AfPa (Lachenbruch and Sass, 1988). 
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suggest that the average frictional resistance T, does not 
exceed about 10 MPa. Thus, according to equation 5, the 
long-term average combined earthquake stress T proba- 
bly does not exceed about 15 MPa, and, of course, it could 
be much less. The initial stress T~, or "fault strength," 
would be greater by half the stress drop (fig. 10.2; 
Lachenbmch and Sass, 1980, eq. 41a), no more than 
another 5 MPa, for an upper limit of 20 MPa. The major 
assumptions in this analysis are (1) that heat transfer is 
exclusively by conduction-that is, no significant heat is 
transferred by moving ground water; (2) that the fault 
geometry can be represented by the usual simple con- 
ventions (see figs. 10.2, 10.3, and 10.4); and (3) that an 
earthquake's energy is converted exclusively to seismic 
waves and heat-that is, no appreciable energy is con- 
sumed by creating new surfaces, phases, or chemical 
combinations (Lachenbmch and Sass, 1973, 1980). We 
shall discuss these points later. 

ESTIMATES OF AVERAGE STRESS FROM 
LABORATORY MEASUREMENTS OF FRICTION 

ROCK FRICTION AND THE STRENGTH OF THE FAULT 

We have seen that the average shear stress T on an 
earthquake fault can be viewed as the sum of a dynamic 
part T, and a frictional part T,. The dynamic part is shown 

0 300 KILOMETERS - 
I 

FIGURE 10.6.-Locations of heat-flow measurements near the San 
Andreaa fault and of numbered reeions referred to in figure 10.7 
(Ladienbmch and Sass, 1980). ~eavyline, San Andreas dashed 
where approximately located, dotted where concealed; stippled area, 
Great Valley. 

to be small from seismic evidence, and BO the earthquake 
stress must be large or small according to the size of 7,- 
We have also seen that T, is small according to geother- 
mal evidence. We now consider a second line of evidence 
from laboratory measurement of friction which suggests 
to many that, contrary to the geothermal evidence, T~ 
must be large. 

According to these results, rock surfaces will slide 
when the shear stress on their surface of contact exceeds 
the static frictional strength TC given by 

where a = a,, - P 

a,, is the normal pressure pushing the surfaces together, 
and P i s  the fluid pressure in the pores and cracks tending 
to hold the surfaces apart; <r; is called the "effective" 
normal stress (we generally denote such effective stress- 
es by a prime, " ' "). The proportionality constant p. in 
equation 15a is the coefficient of static friction; extensive 
laboratory experiments show that its value is generally in 
the range 0.6-0.9 for a remarkably large variety of rock 
types and surface conditions (Byerlee, 1978), although 
some studies (for example, Wang and others, 19801, 
reported substantially lower friction coefficients for some 
geologic materials, including certain types of fault gouge. 

REGIONS 3 THROUGH 6 REGION 7 

10iÃ‘Ã‘Ã‘Ã‘Ã‘Ã‘lÃ‘Ã‘Ã‘Ã‘Ã‘Ã‘[Ã‘Ã‘Ã‘Ã‘Ã‘Ã‘16jÃ‘Ã 

SURFACE HEAT FLOW, q, IN MILLIWATTS PER SQUARE METER 

FIGURE 10.7.-Comparison of heat flow within 10 km of main trace of 
the San Andreal firnit (A, 0 and beyond 10 km (B, Dl for redm 3-6 
(A. B) and redon 7 (C, D) (see fig. 10.6 for locations); transitional 
regions 1 and 2 are not represented. Modified from Lachenbrueh and 
Sasa (1980). n, number of samples; a, mean heat flow, SE, standard 
mor. 
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We presume that a fault is a fracture with little 
cohesive strength that remains inactive until the natural 
shear stress T resolved along it exceeds its frictional 
strength T~ given by equation 15. This shear stress, which 
depends on the magnitudes of the principal stresses and 
on the angular relation between the fault plane and the 
principal stress directions (fig. 10.8), is given by (Jaeger, 
1956, p. 8) 

T = (vl - ma) sin 2 6  , 
2 

where it is assumed for convenience that the intermedi- 
ate-principal-stress direction (ua) lies in the fault plane 
(true if pi is independent of the orientation of this plane). 
In figure 10.8, v, is vertical, and v1 and v3 are the 
maximum and minimum horizontal principal stresses. 6 
is the angle formed by the fault normal and the direction 
of least compression (v3); it is also the angle between the 
fault trace and the direction of greatest compression (ul). 
To express the failure criterion (eq. 15) in terms of the 
stress field and fault orientation, we note that the 
effective normal stress. o;, in equation 15 can be written 
as (Jaeger, 1956, p. 8) 

FIGURE 10.8.-Conventions for discussing orientation of fault relative 
to direction of principal ati-eases: o,>%>oo, Arrows indicate direc- 
tion of relative movement along fault. 

With equations 15 through 17, the friction stress T~ that 
must be exceeded on a fault for it to slip can be 
determined if we know (1) the maximum and minimum 
principal stresses 01 and v3, (2) the fluid pressure P, (3) 
the coefficient of friction pi, and (4) the angle 6 describing 
the orientation of the fault relative to the principal-stress 
axes. 

As we increase the stress difference, in what direction 
(6)  will the Earth ultimately break, and what will be the 
stress on the failure plane? Clearly, the answer could be 
influenced by the existence of planes of weakness (Mc- 
Kenzie, 1969); for example, major preexisting faults or 
foliated country rock might result in directions with 
anomalously low pi. 

THE CASE OF EQUAL STRENGTH IN ALL DIRECTIONS 

We first assume that no such directional strength 
variation exists, that the rock is fractured in all direc- 
tions, and that all potential shear surfaces have the same 
coefficient of friction pi. In this case, the foregoing 
equations show that the trace of the favored fault plane 
will depart from the direction of maximum compression 
by an angle â‚¬l dependent only on the coefficient of 
friction. as follows: 

Note that generally eo<45" (the direction of the surface 
of maximum resolved elastic shear stress, eq. 16) because 
of the effects of normal stress on friction (Jaeger, 1956). 
With this additional relation (eq. 18), we can express the 
frictional strength T~ of a plane of orientation 6 in terms 
of the coefficient of friction and the effective-principal- 
stress components as follows: 

Tf - = 4 

v; 1 + pi cot 8 

Tf - = pi 

vÃ 1 - pi tan 6 
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To evaluate the frictional strength, the vertical stress 
is generally assumed to be a principal stress (reasonable 
because the Earth's surface supports no traction) equal to 
the rock column's weight, pas, an assumption supported 
by inplace stress measurements (McGarr and Gay. 1978). 
In this case, the vertical effective stress u; will be 

where p is the rock density, and the fluid pressure P is 
given by 

The value A=0 represents conditions in dry rock. For a 
typical open ("hydrostatic") hydrologic system, we have 
A-0.37 (= pn/proii, where p, is the density of water). As 
A-1, the fluid pressure approaches the weight of over- 
burden, and the vertical effective stress a; vanishes (as 
discussed below, this limit probably occurs only in the 
thrusting regime, where a, is vertical). 

The curves in figure 10.9 (referred to ordinate scale a t  
left margin) give the frictional strength normalized by 
the effective vertical principal stress for those cases in 
which the vertical stress is the maximum (dashed curve), 
average (solid curve), or minimum (dotted curve) princi- 
pal stress, respectively. The first right-hand ordinate 
scale gives the increase in frictional strength with depth 
(T~/z) for the usual assumption of hydrostatic fluid pres- 
sure (P=p&z). For typical values of p. from Byerlee's 
results (for example, 0.6-0.9), the frictional strength for 
normal and thrust faults increases with depth at rates of 
about 5 and 20 MPa/km, respectively (fig. 10.9). The rate 
of increase for strike-slip faults lies between these limits; 
a commonly used value, 8 MPa/km, is shown by the solid 
curve in figure 10.9. For an upper-crustal fault extending 
to 14 km depth, these increases would result in average 
friction (the value at a 7-km depth) of 35,56, and 140 MPa 
for normal, strike-slip, and thrust faults, respectively 
(see second ordinate scale on right, fig. 10.9). Such 
calculations provide the basis for the expectation of high 
fault stress from the analysis of laboratory results: These 
values are substantially greater than the 20 MPa upper 
limit for initial stress suggested from the analysis of 
heat-flow data in strike-slip tectonic regimes (horizontal 
dashed line, fig. 10.9). Note that the heat-flow limit 
would require psO.2 for the assumed conditions. 

THE CASE OF A WEAK DIRECTION 

The estimates of large friction from the fault model of 
figure 10.9 depend on three principal assumptions: (1) 
that the average coefficient of friction on real faults is 
comparable to typical laboratory values (p-0.6-0.9), (2) 
that the average fluid pressure throughout the depth of 
the fault is comparable to the weight of the overlying 
column of water (A-0.37, eq. 20), and (3) that the 
coefficient of friction (p.) is the same in all directions, so 
that the fault direction (On) is determined by the applied 
stress (eq. 18) and not by the orientation of a special plane 
of weakness. Partly in response to recent reports that the 
maximum horizontal principal stress is oriented nearly 
perpendicular to the San Andreas fault (Mount and 
Suppe, 1987; Zoback and others, 1987), we drop the last 
assumption and suppose that the fault occupies a very 
weak plane (which is assumed to contain the intermediate 
principal stress). Because of the anomalous weakness of 
this plane, the friction along it could be very low, 
consistent with the heat-flow data, and faulting could 
persist there irrespective of the ambient stress field. 

2 

COEFFICIENT OF FRICTION 

FIGURE 10.9.-Variation ofnormalized fault friction (left-hand ordinate 
scale) with coefficient of friction under three conditions for vertical 
effective stress (0;) for failure at optimum angle â‚¬I Increase in fault 
friction T, with depth s under hydrostatic fluid pressure ie (riven by 
right-hand ordinate scale, and mean friction TF  on a fault 14 km deep 
by scale on far right. Horizontal clashed line is upper limit of mean 
friction suggested by heat-flow constraint. 0; and 4, maximum and 
minimum horizontal effective principal stress, respectively. 
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According to the friction model (eq. 15), the two factors 
that might weaken the plane are either an abnormally low 
coefficient of friction or unusually high pore pressure. 
For now, we assume that each of these conditions can 
exist regardless of laboratory or hydrologic evidence. 

The first question we consider is whether a very weak 
fault can coexist with stronger faults such that both types 
are active, as may be the case along the San Andreas fault 
(for a closely related discussion, see Sibson, 1985). To 
address this question, it is convenient to express the 
crustal strength in terms of the ratio uilu; (Brace and 
Kohlstedt, 1980). From equations 19a and 19b, the 
condition at failure (eq. 16a) for a weak plane oriented a t  
an angle 0 to the direction of ul (fig. 10.8) is 

For isotropic strength, failure occurs a t  (eq. 18), the 
direction in which uilu; is a minimum for a given p: 

Faults a t  angles other than go support greater deviatoric 
stresses and the higher values of u[laÃ given by equation 
21a. 

The conditions necessary for the coexistence of active 
faults with different coefficients of friction are illustrated 
in figure 10.10, where the ratio of effective principal 
stresses at the point of failure is plotted as a function of 
the fault angle for various values of the coefficient of 
friction (eq. 21a). Suppose, for example, that the coeffi- 
cient of friction is only 0.1 in the direction of the San 
Andreas fault, whereas in all other directions it is 0.6. 
Because d-ilui must be a t  least 3.1 to cause faulting in the 
crustal environs, the low-strength San Andreas fault 
must be oriented a t  9 ~ 3 . 5 ~  or 9a81.5Â (fig. 10.10); 
otherwise, uilu; would be too low to cause slip in the 
stronger directions. In this example, then, the weak fault 
must be oriented either nearly parallel or nearly perpen- 
dicular to the direction of ul. 

In the context of the notion that the San Andreas fault 
is nearly perpendicular to the direction of u:, or a t  0-90- 
in figure 10.10, we note that a very low coefficient of fault 
friction is required. The strength curves for each value of 
p have two asymptotes where uflui Ã‘ m. These asymp- 
totes occur where the denominator of equation 21a 
vanishes; one asymptote is at 0=0, or ul parallel to the 
fault, for any value of p, and the other is at 0=200 (eq. 
81, or 0=90-tan p. Thus, the normal to any fault that 
fails in shear must be oriented a t  an angle of at least tan-1 
p from the direction of up For the four curves in figure 
10.10, the right-hand asymptotes are at 6=84.3, 73.3, 

i9.0, and48.0, respectively, for p=0.1,0.3,0.6, and 0.9. 
Fhus, if the fault trace makes an angle greater than 69', 
hen p must be less than 0.6 as long as the fluid pressure 
3 less than the least principal stress. 

More generally, enhanced pore pressure alone cannot 
ead to active faults nearly normal to u, unless P>uÃ§ in 
vhich case u;<0 and failure is likely to manifest itself as 
lydraulic fracturing rather than fault slip. 

SUMMARY 

To recapitulate, the simplest interpretation of earth- 
luakes in terms of the frictional fault model and labora- 
ory measurements of rock friction leads to fault stresses 
nany times larger than the limits suggested from heat- 
low and fault energetics. This interpretation depends on 
hree assumptions: (1) that the average coefficient of 
riction on real faults is comparable to typical laboratory 
ralues (p-0.6-0.9), (2) that the pore-fluid pressure 
hroughout the depth of faulting is comparable to the 
veight of the overlying column of water, and (3) that the 
ntrinsic resistance of the Earth to sliding is isotropic- 
hat is, no weak directions exist. To reduce the high 
'stirnates of friction obtained from rock mechanics to the 
ow ones obtained from heat flow. we must assume either 
imaller values of the coefficient of friction p or larger 

9. IN DEGREES 

'IGURE 10.10.-Failure criteria for various coefficients of friction as 
functions of fault angle Q. For fixed a,', (TO, and (J,, slip mil occur for 
all 0 between points where horizontal line delined by o{/(T; intersects 
curve defined by p. For example shown, if i72~'=3.1, then for 
u.=0.1, slip can occur at all angles between 3' and 82' but only at 
optimum angle 29.5' if p=0.6. Dashed curve, optimal failure angle 
â‚¬lo (q. 18). a,' and 06, maximumandmmmium horizontal effective 
principal stress, respectively. 
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values of fluid pressure P (see eq. 15). Of particular 
interest in this connection is reported evidence that the 
trend of the San Andreas fault in California might occupy 
an anomalous weak direction. According to Mount and 
Suppe (1987) and Zoback and others (1987), the fault 
plane is nearly perpendicular to the direction of maxi- 
mum compression (0-VE, fig. 10.10). a direction in 
which the resolved shear stress is very small. Such a 
condition could be consistent with the low friction re- 
quired by heat flow, while permitting high stresses to 
accommodate the subsidiary faulting observed on more 
favorably situated planes. This model, however, raises 
some basic questions regarding the mechanics of faulting; 
for the fault to slin. it must have a low shear strenrth. as &.  - .  
well as the low shear stress suggested by its orientation. 
If conventional friction theory applies, anomalously high 
fluid pressure along the fault cannot readily account for 
the required low friction because, unless p is unusually 
low, the fault becomes exceedingly resistant to shear 
failure as 0 begins to approach ir12 (fig. 10.10). 

ESTIMATION OF FAULT STRENGTH FROM 
INPLACE STRESS MEASUREMENTS 

In principle, measurements of the magnitude and 
orientation of crustal stress in the vicinity of the San 
Andreas fault should provide the most direct evidence of 
the forces acting to cause interplate motion there. 
However, some essential problems exist with this ap- 
proach. Because we have little understanding of the 
mechanics of the system, it is difficult to interpret the 
data. We are not dealing with alaboratory experiment in 
which a sample is loaded in a testing machine whose 
characteristics are well known; in such a situation, it is 
straightforward to use gages to estimate the magnitude 
of the load. In contrast to the well-controlled laboratory 
situation, we have little idea of the nature of the forces 
applied to the Earth's crust to cause a deviatoric state of 
stress and, in the case of tectonically active areas, slip 
across major throughgoing faults. We know neither 
where the forces are applied nor what is applying them; 
moreover, there is even debate about what the state of 
stress would be if only gravity were acting (McGarr, 
1988). 

In addition to the absence of a conceptual framework, 
there are numerous experimental difficulties in determin- 
ing the state of stress, that is, the magnitudes and 
orientations of the three principal stresses as functions of 
position within the crust. Data must he obtained from 
depths below the zone of weathering, in rock that is 
sufficiently strong to support deviatoric stresses. In 
granitic rocks, this requirement, in effect, necessitates 
stress measurements at depths of about 60 m or more, 

thus limiting the measurement technique to hydraulic 
fracturing, the only common procedure that can be used 
at such depths (Haimson and Fairhurst, 1970). 

The hydraulic-fracturing, or "hydrofrac,'' method in- 
volves isolating a section of a borehole and then pressur- 
izing this cylinder by pumping in fluid until a tensile crack 
forms and propagates into the previously unfractured 
rock. By monitoring the pressure-time history of the fluid 
in the isolated section, both the maximum and minimum 
horizontal stresses can be estimated (Hubbert and Willis, 
1957; Zoback and Haimson, 1983). This approach assumes 
that one of the principal stresses my is oriented vertically 
and can be calculated from the weight of overburden (eq. 
20). The other two principal stresses are the maximum, 
OH, and minimum, oh, horizontal stresses. In contrast to 
engineering usage, the convention adopted here is for 
compressional stresses to he positive because, in the 
Earth's crust, tensional stresses are rarely encountered, 
even at the surface. 

Although the uppermost crust near the San Andreas 
fault system has not been sampled as much for stress as 
for heat flow, enough inplace stresses have been meas- 
ured to provide an indication of the state of stress there 
and how it compares with crustal stresses in other 
tectonic settings. To date, 41 successful hydrofrac meas- 
urements have been made in the 12 wells shown in figure 
10.11 at depths of as much as 850 m. A total of 29 of these 
data, in wells along the Mojave reach of the fault (fig. 
10.110, were analyzed by McGarr and others (1982). 
Since that study, four stress measurements have been 
made at Black Butte (BB, fig. 10.110 in the Mojave 
Desert (Stock and Healy, 1988), the data from the Hi 
Vista well have been reanalyzed by Hickman and others 
(1988), and additional measurements have been made in 
central California (Zoback and others, 1980). Currently, 
stress measurements are being made at the Cajon Pass 
well near the southeast end of the Mojave reach of the 
San Andreas fault, with some observations at depths 
below 3 km. Because no clear picture has yet emerged 
(see Healy and Zoback, 1988), we have not incorporated 
the Cajon Pass results into this review. 

The state of horizontal deviatoric stress can be char- 
acterized in terms of two parameters: the maximum 
horizontal shear stress T,,, given by 

and the angle 0 between the trace of the fault and the 
direction of maximum horizontal compressive stress 
Under favorable conditions, both parameters can be 
determined by the hydrofrac technique. We have shown 
that if 8-45Â¡ then T,,, is entirely resolved onto the plane 
of the fault to produce its slip; as 0 approaches 0Â or 90e, 
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the resolved stress on the fault becomes arbitrarily small 
irrespective of the magnitude of im (eq. 16). 

.-"- 
Hughes HI v i m  MOJ8 
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0 50 KILOMETERS - 
EXPLANATION 

LKD + Well and measurement site 

- Fault-Dashed where approximately located. Arrows 
indicate direction of relative movement 

FIGURE 10.11.-Sketch maps of the Gabilan Range (A), central 
0 1  coast (B), and western Mojave Desert (0, showing 
locations of wells where stress measurements have been taken along 
the San Andreas fault wing the hydrofracturing technique. 

Evidence regarding the actual orientation of OH rela- 
tive to the strike of the San Andreas fault is contradic- 
tory. Observations favoring 0 distributed about 45", so 
as to cause dextral fault slip, were presented by McNal- 
ley and others (1978), Zoback and others (1980), Zoback 
and Zoback (19801, and Hickman and others (1988); 
however, these data, from the Mojave Desert, show 
considerable scatter. In contrast, Mount and Suppe 
(1987) and Zoback and others (1987) reviewed a broad set 
of data, including many borehole breakout orientations, 
that suggest 0-90Â¡ Oppenheimer and others (1988) 
came to a similar conclusion. An intermediate result was 
obtained by Jones (1988). who stated that us is oriented 
at 65' to the local strike of the San Andreas fault in 
southern California. Thus, currently, we know neither 
the preferred value of 0 nor whether such a value even 
exists. For the foregoing values of 0 (46', 65', or W0), the 
shear stress resolved on the fault (eq. 16) would be imp 

0.77im, or 0, respectively. In view of thisuncertainty, we 
leave 0 unspecified and describe what is known of T~ the 
upper limit to the shear stress that can be resolved on the 
fault. 

The first-order feature seen in data from the San 
Andreas fault zone (fig. 10.12) is a marked tendency for 
im to increase with depth. The solid line, a regression fit 
to all of the data, indicates a depth gradient of 8.3 
MPalkm, not significantly greater than the gradient of 
7.9 M P a h  reported by McGarr and others (1982) on the 
basis of 29 of the 41 data plotted in figure 10.12. We note 
that the observed depth gradient of T-, also agrees well 
with the curves for strike-slip faults (solid curves. fie. 
10.9) for a coefficient of friction of 0.6 or greater. in 
addition to the general increase in im with depth, 
considerable variation from one well to another and 
within individual wells is suggested by figure 10.12. 

Figure 10.13 shows that the departure of the measured 
values of im from the regression line in figure 10.12 does 
not vary systematically with distance from the San 
Andreas fault. The principal conclusion to be drawn from 
figure 10.13 seems to be that the magnitude of deviatoric 
stress is not measurably affected by proximity to the San 
Andreas fault. Thus, whatever effect the fault may have 
on the magnitude of the shear stress, it is either too 
subtle, too localized, or too deep to be recognized in the 
current data set. 

the Mojave Desert residuals, measured near a locked 
section of the San Andreas fault, and those in central 
California (fig. 10.11A), where the fault is creeping and 
presumably does not produce great earthquakes. If 
measurements were made to greater depths, some dif- 
ferences might appear, but at least in the topmost several 
hundred meters, the magnitude of shear stress seems to 
be largely independent of position along the strike of the 
San Andreas fault. 

.3 
We note that there is no detectable difference between 
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Having failed to discover any spatial relation between 
the San Andreas fault and deviatoric-stress magnitudes, 
we now consider the question of whether or not any 
detectable differences exist between the stress states 
measured near the San Andreas fault (fig. 10.12) and 
those measured elsewhere in different tectonic settings. 
A review of crustal shear stress by McGarr (1980) 
considered a large suite of stress data in "hard" rocks 
measured a t  depths extendmg to 3.6 km. The resulting 
regression line of 

- 

6 

c F F 
T,,, (MPaj-1.15+8.28z (ki s 0.6 - 

1 

EXPLANATION 
0.7 - Distance from 
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B MOJ2 4 
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D Lake Hughes 4 
E MOJ4 22 
F Hi Vista 32 
G MOJ5 34 

0.9 - H LKB 2 
I LKC 4 
J LKD 14 
K San Aide 3 
L BlackButte 18 

MAXIMUM HORIZONTAL SHEAR STRESS. Tm, IN MEGAPASCALS 

FIGURE 10.12.-Maximum horizontal shear stress asafunctionof depth 
z. Solid w a s i o n  line has been fitted to all data, and dashed line to 
measurements in crystalline rock only. See figure 10.11 for locations 
of wells. 

has a greater surface intercept but a similar depth 
gradient to the San Andreaa regression 

fitted to the crystalline-rock data in figure 10.12. The 
comparison between equations 23 and 24 is not entirely 
appropriate because the data used to develop equation 23 
revresent all three stress states: stresses measured in 
regions of strike-slip tectonics were not considered sep- 
arately by McGarr (1980) (see fig. 10.9). More recently, 
however, data measured in a 2,000-mdeep well in 
Cornwall, U.K. (Pine and others, 1983), permit quite an 
interesting comoarison. For both the San Andreas and 
the cornwall data sets, most of the stress observations 
are compatible with strike-slip tectonics; that is, u, is the 
intermediate principal stress. For most of the San 
Andreas and all of the Cornwall measurements, the rock 
is granitic. In contrast to the San Andreas system, 
however, the tectonic setting in Cornwall is presently 
inactive. The deviatoric stresses a t  Cornwall are believed 
to be a consequence of the Alpine orogeny, which 
apparently has caused the maximum horizontal stress to 
be oriented northwestward throughout much of Europe 
(for example, McGarr and Gay, 1978). 

The 12 data sets obtained by Pine and others (1988) 
indicate a stress state (fig. 10.14) surprisingly similar to 
that of the San Andreas fault (fig. 10.12). For the 
maximum shear stress, the depth gradient of 7.52 MPal 
krn is indistinguishable from its counterpart in the 
crystalline San Andreas crust of 7.46 MPaIkm, however, 
the surface intercept at Cornwall is larger. If the state of 
deviatoric stress is much the same in Cornwall as along 
the San Andreas system, then we must conclude that the 
plate-tectonic motion in California along the San Andreas 
fault has no expression in the shallow (1-2 km deep) 
stress field. Accordingly, much of what has been discov- 
ered about continental-crustal stress in general may 
apply to the crust adjacent to the San Andreas fault. 

This generalization implies that the applied forces 
which give rise to T,,, in the vicinity of the San Andreas 
fault are not specific to the Pacific-North American plate 
boundary. In terms of observed shear stress, a major 
active plate-boundary fault would be a t  least as likely in 
Cornwall, U.K., as in California from what we currently 
know of stress magnitudes, at depths down to a few 
kilometers. 

DISCUSSION 

From what we currently know of crustal stress and 
heat flow, neither is influenced by proximity to the San 
Andreas fault, the most conspicuous and best studied 
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plate-boundary fault on the continents. The measured 
horizontal shear stress increases rapidly with depth 
(approx 8 MPa/km), essentially as would be predicted 
from laboratory measurements of friction and the as- 
sumption that crustal stress is limited by the frictional 
resistance of fractures forced together by the weight of 
overlying rocks. From this consistency of independent 
observations, two large "ifs" lead to what seems to be a 
physical contradiction: (1) if these vertical stress gradi- 
ents persist throughout the depth of the seismogenic 
faulting layer (approx 12-15 km), then the average of the 
maximum horizontal shear stresses throughout the layer 
is quite large (approx 50 MPa); and (2) if the direction of 
the San Andreas fault is aligned with this maximum- 
horizontal-shear-stress direction, then the frictional heat 
generated by such stress during the documented fault 
motion (tens of kilometers per million years) should cause 
the background heat flow to double as the fault is 
approached. In 100 heat-flow measurements over a 
1,000-km span of the San Andreas fault, no such heat- 
flow anomaly has been observed. 

The contradiction stems from two separate lines of 
argument: (1) inplace and laboratory measurements of 
rock stress imply average fault stresses of about 50 MPa 
or more, and (2) the absence of a local heat-flow anomaly 
and the energy balance of the fault imply an average fault 
stress of about 15 MPa or less. At least one of these 
arguments must be wrong. We have outlined the major 
factors in each argument, and we shall now point out 
some possible loopholes and areas for further study. 

The energy-balance argument leading to the heat-flow 
constraint on fault stress could be invalidated if the 
neglected energy sinks turn out to be important, or if the 
heat-conduction model is unrealistic or inappropriate. 
The general energy argument assumes that fault slip 

produces only seismic radiation and heat. It supposes 
that the energy consumed by the grinding of rocks into 
fault gouge (Lachenbmch and Sass, 1980) or the heat 
absorbed by possible phase changes or chemical reactions 
is negligible, and that the energy of seismic radiation 
does not grossly differ from the estimates made by 
seismologists. The heat-conduction model assumes that 
the frictional heat production occurs in a near-vertical 
fault zone (whose width is small relative to its depth) 
extending throughout the seismogenic layer. Systematic 
nonconductive removal of frictional heat by circulating 
ground water could invalidate this model (see O'Neill and 
Hanks, 1980; Williams and Narasimhan, 1989), as could a 
grossly different fault geometry-for example, a fault 
whose lower half was continually being rejuvenated 
because of migration of the upper half away from it along 
an upper-crustal detachment surface (Namson and Davis, 
1988). All of these effects probably deserve further 
study. 

The mechanical argument leading to large fault stress 
is based on observations of inplace stress (to maximum 
depths of approx 1 km in the San Andreas fault zone and 
of approx 4 km elsewhere on the continents), on labora- 
tory measurements of rock friction and the efficiency of 
simulated earthquakes, and on downward extrapolation 
of these results through the seismic layer, on the 
assumption that fluid pressure is normal and frictional 
properties are uniform and isotropic. The consistency 
between the most frequently measured friction coeffi- 
dents and the inplace determinations of the vertical 
gradient of maximum shear stress is reassuring (solid 
curves, fig. 10.9; fig. 10.12); however, the downward 
extrapolation of these results to depths of 10 or 15 km is 
an uncertain step, with loopholes that could invalidate 
the high-fault-stress conclusion. 
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There are a t  least three such loopholes. First, the fluid 
pressure might increase with depth, as it is known to do 
in some sedimentary basins, approaching the minimum 
principal stress (Berry, 1973). Second, the friction coef- 
ficient at depth might be lower than average laboratory 
values; such lower values have been reported in some 
studies of gouge and other clay-size aggregates (Wang 
and others, 1980). Each of these effects could substan- 
tially lower the maximum stress at depth. Third, the 
frictional strength properties might be anisotropic, with 
the main trace of the fault occupying a weak direction. If 
so, the maximum stress at depth might be high, as 
maintained in the mechanical argument, but the shear 
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MAXIMUM HORIZONTAL SHEAR STRESS. Tm. IN MEGAPASCALS 

FIGURE 10.14.-Maximum horizontal shear stress T,,, as a function of 
depth 2 in granite near Cornwall. U.K. Data from Pine and others 
(1983). 

stress resolved on the fault might be very low, as 
maintained in the thermal argument. Under these cir- 
lumstances, the fault must be nearly parallel to a 
principal axis, as suggested by Mount and Suppe (1987) 
and Zoback and others (1987). Such a condition could be 
consistent with the low friction on the main fault required 
by heat flow, while permitting high stresses to accom- 
modate subsidiary faulting on more favorably situated 
planes with normal frictional properties. 

As mentioned above in the section entitled "Introdnc- 
ion," geothermal studies of the San Andreas fault have 
provided evidence for a very weak fault for two decades; 
;he meaning of this result depends heavily on the 
iirection of principal stresses in the fault zone and the 
nagnitude of the stress differences there. As we have 
ihown, existing evidence is contradictory, especially in 
;he Mojave Desert region. Many measurements of stress 
rear the San Andreas fault suggest that the fault trace is 
nclined a t  an intermediate azimuth (approx 45") to the 
arincipal-streas directions, and thereby imply that the 
'ault coincides approximately with the direction of max- 
,mum shear stress and that the heat-flow constraint could 
lot be satisfied unless horizontal shear stress (and stress 
iiierences) were low everywhere. In this case, both the 
San Andreas fault and active subsidiary faults with other 
mentations would have to be weak. If, however, the 
lorizontal-stress differences are large, the weak fault 
qu i r ed  by heat flow is a "zero shear stress" boundary 
wndition on the adjacent fault blocks that requires the 
hult to be almost normal to a principal-stress direction. 
[n this case, the heat-flow constraint could be honored on 
%n anomalously weak main trace, whereas subsidiary 
aults with other orientations and normal strength could 
ilso be active. 

Thus, the occurrence of a weak direction may reconcile 
Aservations of rock mechanics with the longstanding 
mplications of thennomechanical studies. I t  does, how- 
iver, raise several questions: 
1. Does the maximum-horizontal-principal-stress direc- 

tion form an intermediate angle with the trace of the 
San Andreas fault (as was formerly accepted and as is 
required by isotropic frictional properties), or is the 
maximum compression nearly fault normal, as sug- 
gested by more recent observations (Mount and 
Suppe, 1987; Zoback and others, 1987)T As we have 
pointed out, there is conflicting observational evi- 
dence on this issue. 

2. If the horizontal compressive stress is nearly fault- 
normal, what is the physical mechanism that permits 
the fault to slip under the small shear stress resolved 
on its direction? We have shown that the mechanism 
commonly invoked to explain a weak fault-namely, 
locally elevated fluid pressure-is not likely; howev- 
er, anomalously low coefficients of friction could 
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account for slip under near fault-normal compression 
if the frictional fault model is valid. 

3. How would such a weak plate-boundary fault evolve, 
and would its existence imply that the resistance to 
relative motion between the Pacific and North Amer- 
ican plates is negligible? What is the role of decon- 
pling and basal resistance? Lachenbruch and Sass 
(197% pointed out that strong shear stresses in the 
far field which mirht drive dextral slio between the 
plates cannot be balanced by a weakfault without 
invoking unexpected strength in the lower crust and 
drag (and possible decoupling or "detachment") be- 
neath the horizontal base of the faulting layers. If the 
faulted plate boundary should weaken as i t  evolves, 
then either such basal drag must develop near the 
fault,or the far-field stress must diminish to maintain 
the equilibrium condition. The best way to learn 
whether such basal tractions exist is to determine 
whether the shear stress resolved parallel to the fault 
diminishes as the fault is approached (Lachenbruch 
and Sass, 1973; McGarr and others, 1982). We have 
shown here that a transect normal to the San 
Andreas fault shows no such diminution, although the 
observations were much shallower (approx 1 km deep 
or above) than the depth of earthquakes; direct stress 
measurements at seismogenic depths (below 5 km) 
are needed. Whether or not such basal decoupling 
and drag exist near the San Andreas fault is funda- 
mental to our understanding of its earthquakes and of 
the nature of continental transform plate boundaries 
and their resistance to plate motion. 
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SUPPLEMENT: ADDITIONAL READING AND SOURCE MATERIAL 

ROBERT E. WALLACE, Compiler 

To help the reader find avenues into the voluminous 
literature about the San Andreas fault system, the 
following selected references are grouped into four sets: 
(1) maps, (2) review and reference publications, (3) 
puhlications of historical interest, and (4) publications of 
general interest. Many of these selected references have 
been included because they themselves have extensive 
bibliographies. The references in section 3 are limited to 
those pre-1965, except for Hill's review (1981) on the 
history of concepts. The references in section 4 are 
directed especially toward the layman or specialists in 
disciplines other than earth science. These suggested 
additional readings should be available in most earth- 
science libraries or from the publisher; many can also be 
found in larger public libraries. 

MAPS 

Bond, K.R., and Zietz, Isidore, 1987, Composite mag- 
netic anomaly map of the conterminous United 
States: U.S. Geological Survey Geophysical Investi- 
gations Map GP-977, scale 1:2,500,000. 

Dibblee, T.W., Jr., 1973, Regional geologic map of San 
Andreas and related faults in Carrizo Plain, Temblor, 
Caliente, and La Panza Ranges and vicinity, Califor- 
nia: U.S. Geological Survey Miscellaneous Geologic 
Investigations Map 1-757, 9 p., scale 1:125,000. 

Drummond, K.J., chairman, 1981, Pacific Basin sheet of 
Plate-tectonic map of the circum-Pacific region: Tul- 
sa, OMa., American Association of Petroleum Geol- 
ogists, scale 1:10,000,000. 

Engdahl, E.R., and Rinehart, W.A., 1988, Seismicity 
map of North America: Boulder, Colo., Geological 
Society of America: scale 1:5,000,000, 4 sheets. 

Geological Society of America, 1987, Gravity anomaly 
map of North America: Boulder, Colo., scale 
1:5,000,000, 4 sheets. 

- 1987, Magnetic anomaly map of North America: 
Boulder, Colo., scale 1:5,000,000, 4 sheets. 

Goter, S.K., 1988, Seismicity of California 1808-1987: 
U.S. Geological Survey Open-File Report 88-286, 

scale 1:1,000,000. 
Shaded relief map in color with earthquake epicenters in red. 

Jennings, C.W., compiler, 1958-66, Geologic atlas of 
California: Sacramento, California Division of Mines 
and Geology, scale 1:260,000, 27 sheets. 
This atlm contoins 27geologic map sheets that togetherco~titv,te 
the % d o &  Map of Califamin'' at a scale of l:25O,m. I&- 
motion sheets accompany each geologic map. A8 of 1989, the map 
aeries is being brought up to date, and the Santa Rosa Regional 
Geologic map series 2 A  (1982, 5 sheets) and San Bemardim 
Regional Geoloaic map series SA (1987, 5 sheets) have been 
completed. 

- compiler, 1975, Fault map of California with loca- 
tions of volcanoes, thermal springs, and thermal 
wells: California Division of Mines and Geology Geo- 
logic Data Map 1, scale 1:750,000. 
Thisis the principal map representation offaults in Califamin on 
a single map sheet. It contains a wealth of  information and is 
indispensable to anyone interested in the San Andreas fault. An 
updated edition is in preparation. 

- compiler, 1977, Geologic map of California: Califor- 
nia Division of Mines and Geology Geologic Data Map 
2, scale 1:750,000. 

- 1985, An explanatory text to accompany the 
1:750,000 scale fault and geologic maps of California: 
California Division of Mines and Geology Bulletin 
201, 197 p. 
A significant review of data. For example, plate 2 includes four 
maps: (1) structural provinces of Calijamia, (2) pamllelism 
between major Quatemar# faults, (3) relation of eavtlupde 
epicenters to faults, and (A) earthquake epicenters. 

King, P.B., compiler, 1969, Tectonic map of North 
America: Washington, U.S. Geological Survey, scale 
1:5,000,000, 2 sheets. 

King, P.B., and Beikman, H.M., compilers, 1974, Geo- 
logic map of the United States (exclusive of Alaska 
and Hawaii): Washington, U.S. Geological Survey, 
scale 1:2,500,000, 3 sheets. 

Real, C.R., Toppozada, T.R., and Parke, D.L., 1978, 
Earthquake epicenter map of California: California 
Division of Mines and Geology Map sheet 39, scale 
1:1,000,000. A map and tabulation of earthquakes of 
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magnitude 5 and greater, 1900-74. 

Simpson, R.W., Hildenbrand, T.G., Godson, R.H., and 
Kane, M.F., 1987, Digital colored Bouguer gravity, 
free-air gravity, station location, and terrain maps 
for the conterminous United States: U.S. Geological 
Survey Geophysical Investigations Map GP-953-B, 
scale 1:7,500,000, 2 sheets. 

Simpson, R.W., Jachens, R.C., Saltus, R.W., and Blake- 
ly, R.J., 1986, Isostatic residual gravity, topograph- 
ic, and first-vertical-derivative gravity maps of the 
conterminous United States: U.S. Geological Survey 
Geophysical Investigations Map GP-975, scale 
1:7,500,000,2 sheets. 

Stover, C.W., 1986, Seismicity map of the conterminous 
United States and adjacent areas, 1975-1984: U.S. 
Geological Survey &ophysical Investigations Map 
GP-984, scale 1:5,000,000. 
A standard reference depicting seismicity in the United States. 

REVIEW AND REFERENCE PUBLICATIONS 

Atwater, Tanya, 1970, Implications of plate tectonics for 
the Cenozoic tectonic evolution of western North 
America: Geoloeical Society of America Bulletin. v. 
81, no. 12, p. 3613-3536. 

- 
Develops the concept of the Pacific system of plates convew.ng 
with and undemding the North American plate. 

Crowell, J.C., ed., 1975, San Andreas fault in southern 
California: California Division of Mines and Geology 
Special Report 118, 272 p. 

Society of America Bulletin, v. 60, no. 4, p. 
1151-1197. 

Ernst, W.G., ed., 1981, The geotectonic development of 
California(Rubey volume I): Englewood Cliffs, N.J., 
Prentice-Hall, 706 p. 
Possibly the best general mview in one volume of the geologicand 
tectonics relations pertinent to the San Andreas fault syatern. 
More than 1,300 references listed in the back of the wiltme provide 
an inval*mMe source for further study. 

Hart, E.W., Hirschfeld, S.E., and Schuiz, S.S., eds., 
1982, Conference on Earthquake Hazards in the 
Eastern San Francisco Bay Area, Hayward, Calif., 
1982, Proceedings: California Division of Mines and 
Geology Special Publication 62, 447 p. 
A collection of 61 papers in  which the Hayward and Calaveras 
faults, and other smaller h m h e s  of the San Andreas fault 
system, receive cmisidemble attention. 

Hinze, W.J., Kane, M.F., O'Hara, N.W., Redford, M.S., 
Tanner, James, and Weber, Christian, eds., 1985, 
The utility of regional gravity and magnetic anomaly 
maps: Tulsa, Okla., Society of Exploration Geophys- 
icists, 454 P. 
A set of84 p a ~ p r o v i d i n g  i n f m t i o n  and gu1'Aince on the use 
a 4  interpre(atim ofgravity and magnetic-awmlg data,, as well 
0.8 regiowal maps. 

Kovach, R.L., and NUT, Amos, eds., 1973, Proceedings 
of the conference on tectonic problems of the San 
Andreas fault system: Stanford. Calif., Stanford 
University Publications in the Geological Sciences, v. 
13, 494 p. 
AH imprtant collection of 5S papers, representing the prevailing 
stateofknwrlntgeabout thesari Avdreo~ fault systemat thefiine 

Eaton, J.P., O'NeiU, M.E., and Murdock, J.N., 1970, 
Aftershocks of the 1966 Parkfield-Cholame, Califor- 
nia, earthquake: A detailed study: Seismological 

Aguidebook containing 29 papers and a useful preliminary fault 
and geologic map of smthem California at a awle of 1:750,000. 

Dibblee, T.W., 1967, Areal geology of the western 
Mojave Desert, California: U.S. Geological Survey 
Professional Paper 522, 153 p. 
Domments many ofthe bedrock features that characterize the San 
~ n d r e a s  fault system. 

Dicldnson, W.R., and Grantz, Arthur, eds., 1968, Pro- 
ceedinga of conference on geologic problems of San 
Andreas fault system: Stanford, Calif., Stanford 
University Publications in the Geological Sciences, v. 
11, 374 p. 
AÃ imiBi>rtBÃ§ ~o! i~! i ton of 4 7 ~ p e r s ,  rÃ§>re~t!ttn the prÃ§iÃ§iili 
iitiite of knowledge about the San A n d r m  fault systemat the tima 
of its publication. - 

An insight into the longer term history of the San Andreas fault 
system as indicated by the disruption of older rocks. 

Scholl, D.W., Grantz, Arthur, and Vedder, J.G., eds. 

of its publication. 

Oliver, H.W., 1980, Interpretation of the gravity map of 
California and its continental margin: California Di- 
vision of Mines and Geology Bulletin 205, 52 p. 
A general reference and bibliographic source of grow.'ty data. 

Pakiser, L.C., Jr., and Mooney, W.D., eds., in press, 
Geophysical framework of the continental United 
States: Geological Society of America Memoir 172. 
A co~~ect im of 84 dxg a i,,-t mm of ~i>t,j~ctÃ§ 
incisding atreas, tectonics, regional summmX,  and mathads. 

Ross, D.C., 1984, Possible correlations of basement rocks 
across the Sari Andreas, Sari Gregorio-Hosgri and 
Rinconada-Reliz-King City faults, California: U.S. 
Geological Survey Professional Paper 1317, 37 p. 
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1987, Geology and resource potential of the contiien- 
tal margin of western North America and adjacent 
ocean basins-Beaufort Seato Baja California (Earth 
Science Series, v. 6): Houston, Tex., Circum-Pacific 
Council for Energy and Mmeral Resources. 
A major source d u r n  abwd the continental m @ n  of North 
America. Includes 83 chapters c o n c d  with topics ravgiwf 
fawn tectonic and basin evolution to hydmear&on and metallic- 
mineral occwrrence and potential. 

Sharp, R.V., 1967, San Jacinto fault zone in the Penin- 
sular Ranges of southern California: Geological Soci- 
ety of America Bulletin, v. 78, no. 6, p. 705-729. 

Stewart, J.H., and Crowell, J.C., in press, Strike-slip 
tectonics in the Cordilleran region, western United 
States in Burchfiel, B.C., Libman, P.W., and Zo- 
back, M.L., eds., The Cordilleran orogen: Boulder, 
Colo., Geological Society of America. 
Areview of strike-slipfa%Its, imlvding the Sun Andmas fault, in 
the Western United States. 

Streitz, Robert, and Sherburne. R.W., eds.. 1980, Stud- 
ies of the San Andreas fault zone in northern califor- 
nia: California Division of Mines and Geology Special 
Report 140, 187 p. 
A valltdbit set o f  16 payers on subjects i w l d i n g  geology, 
geophysics, seismology, and engineen'wf. 

Sylvester, A.G., 1988, Strike-slip faults: Geological So- 
ciety of America Bulletin, v. 100, no. 11, p. 
1666-1703. 
An excellent review of  the concerst. recmitian. mechanics. ami 
behamorof^fnke-slip faults, mth n u i m v s  r e f m v c e ~  to the S o w  
Andreaa fault Includes an extensive bibliography. 

Ziony, J.I., ed., 1985. Evaluating earthquake hazards in 
the Los Angeles region-an earth-science perspec- 
tive: U.S. Geological Survey Professional Paper 1360, 
505 p. 
A vaJuable collection of I6 papers that review the state o f  the art 
about geologic hazards, rnw'ng from predicting ea-e 
faulting and p u n d  motion to Invuhlides, tsummit, and the w e  
of earth-sdence information. 

PUBLICATIONS OF HISTORICAL INTEREST 

Allen, C.R., 1967, San Andreas fault in San Gorgonio 
Pass, southern California: Geological Society of 
America Bulletin, v. 68, no. 3, p. 316-349. 

Anderson, P.M., 1899, The Geology of Point Reyes 
peninsula: Berkeley, University of California Publi- 
cations, Department of Geology Bulletin, v. 2, no. 5, 
p. 119-153. 

Bailey, E.H., Irwin, W.P., and Jones, D.L., 1964, 

Franciscan and related rocks, and their significance 
in the geology of western California: California 
Division of Mines and Geology Bulletin 183, 177 p. 
A classic paper in which the San And- fault receives c o d -  
m b l e  aftention and early tectonic model8 are presented, 

Branner, J.C., 1906, An authoritative opinion: Mining 
and Scientific Press, v. 92, p. 347. 

Crowell, J.C., 1952, Probable large lateral displacement 
on the San Gabriel fault, southern California: Amer- 
ican Association of Petroleum Geologists Bulletin, v. 
36, no. 10, p. 2026-2035. 

- 1962, Displacement along the San Andreas fault, 
California: Geological Society of America Special 
Paper 71, 59 p. 
Documents large-scale strike slip on the San Andreaa jault 
system. 

Eaton, J.E., 1939, Geology and oil possibilities of Cali- 
ente Range, Cuyama Valley and Carrizo Plain, Cali- 
fornia: California Journal of Mines and Geology, v. 35, 
no. 3, p. 255-274. 
Suggests 25 miles of strike slip on the San Andrew jault. 

Gilbert, G.K., 1907, The earthquake as a natural phe- 
nomenon, in The San Francisco earthquake and fire 
of April 18,1906, and their effects on structures and 
structural materials: U.S. Geological Survey Bulletin 
324, p. 1-13. 
Thispaperprovided the firstowmewofthe Son Awlreas fault m 
&hem C d t / m i o  From Gillmi'# field notes, heappears In have 
been thefirst to aporfci01e Ike imf s~ff"t/VQnce of  Ike fault 

Hill, M.L., 1981, San Andreas fault: History of concepts: 
Geological Society of America Bulletin, pt. 1, v. 92, 
no. 3, p. 112-131. 
A revim of the early development of comqts  about the sign@- 
c a m  of the San And- fault, especially the c m n t  of strike 
slip. 

Hill, M.L., and Dibblee, T.W., Jr., 1953, San Andreas, 
Garlock, and Big Pine faults, California: A study of 
the character, history, and tectonic significance of 
their displacements: Geological Society of America 
Bulletin, v. 64, no. 4, p. 44S-168. 
This classic paper was the first to provide data indicatiw of 
hundreds ofmiles of strike slip on the San And- fault. 

Hill, R.T., 1928, Southern California geology and Los 
Angeles earthquakes: Los Angeles, Southern Califor- 
nia Academy of Sciences, 232 p. 

Lawson, A.C., 1695, Sketch of the geology of the San 
Francisco peninsula: U. S . Geological Survey Annual 
Report 15, p. 439-473. 
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First use of the name "San Andmmfaidt." 

- chairman, 1908, The California earthquake of April 
18, 1906: Report of the State Earthquake Investiga- 
tion Commission: Carnegie Institution of Washington 
Publication 87, 2 v. 
This treatise on the 1906 eecrthquake cmtatn.l an ahndance of 
i m w n t  data about the San A n d m  fault. 

Noble, L.F., 1926, The San Andreas rift and some other 
active faults in the desert region of southeastern 
California: Carnegie Institution of Washington Year 
Book 25, p. 415-422.. 

- 1933, Excursion to the San Andreas fault and Cajon 
Pass: International Geological Congress, 16th, Wash- 
ington, 1933, Guidebook 15, p. 10-21. 

- 1964, The San Andreas fault zone from Soledad 
Pass to Cajon Pass, California, [pt I 5 oft Structural 
features, chap. 4 of Jahns, R.H., ed., Geology of 
southern California: California Division of Mines 
Bulletin 170, v. 1, p. 37-18. 

Oakeshott, G.B., 1959, The San Andreas fault in Marin 
and San Mateo Counties, in Oakeshott, G.B., ed., 
San Francisco earthquakes of March 1957: California 
Division of Mines Special Report 57, 127 p. 

Pack, R.W., 1920, The Sunset-Midway oil field, Califor- 
nia, part 1, Geology and oil resources: U.S. Geolog- 
ical Survey Professional Paper 116, 179 p. 

Pack, R.W., and English, W.A., 1915, Geology and oil 
prospects of Waltham, Priest, Bitterwater, and 
Peachtree Valleys, California: U.S. Geological Sur- 
vey Bulletin 681, p. 119-160. 

Reed, R.D., 1933, Geology of California: Tuba, OMa., 
American Association of Petroleum Geologists, 356 
P. 

- 1943, California's record in the geologic history of 
the world, in Geologic formations and economic 
development of the oil and gas fields of California: 
California Division of Mines Bulletin 118, p. 99-118. 
Does not mention strike slip on the San Andreas fault. 

Reed, R.D., and Hollister, J.S., 1936, Structural evolu- 
tion of southern California: American Association of 
Petroleum Geologists Bulletin, v. 20, no. 12, p. 
1529-1704. 

Reid, H.F., 1910, The mechanics of the earthquake, v. 2 
of The California earthquake of April 18, 1906: 

Report of the State Earthquake Investigation Com- 
mission: Carnegie Institution of Washington Publi- 
cation 87, 192 p. 
Develops elastic-rebound theory. 

Schuyler, J.D., 1896, Reservoirs for irrigation: U.S. 
Geological Survey Annual Report 18, p. 617-740. 

Steinb~gge, K.V., Zacher, E.G., Tocher, Don, Whitten, 
C.A., and Claire, C.N., 1960, Creep on the San 
Andreas fault: Seiimological Society of America 
Bulletin, v. 50, no. 3, p. 389-415. 
This paper was the first to report slow, continuo~is slip (creep) on 
ffie San And- fault. 

Taliaferro, N.L., 1938, San Andreas fault in central 
California [abs.]: Geological Society of America Pro- 
ceedings, 1937, p. 254-255. 
Concludes that homontal slip on the San And- foul1 is less 
than a mile. 

Vaughan, F.E., 1922, Geology of San Bernardino Moun- 
tains north of San Gorgonio Pass: Berkeley, Univer- 
sity of California Publications, Department of 
Geological Sciences Bulletin, v. 13, no. 9, p. 319-411. 

Vickery, F.P., 1925, The structural dynamics of the 
Livermore [California] region: Journal of Geology, v. 
33, no. 6, p. 608-628. 

Wallace, R.E., 1949, Structure of a portion of the San 
Andreas rift in southern California: Geological Soci- 
ety of America Bulletin, v. 60, no. 4, p. 781-806. 

Wilson, J.T., 1965, Anew dass offaults and their bearing 
on continental drift: Nature, v. 207, no. 4995, p. 
343-347. 
Develops the concept of a t r a y t o m  fault. 

Wood, H.O., and Buwalda, J.P., 1930, Horizontal dis- 
placement along the San Andreas fault in Carrizo 
Plain, California [abs.] : Pan-American Geologist, v. 
54, no. 1, p. 75. 

PUBLICATIONS OF GENERAL INTEREST 

Dewey, J.F., 1972, Plate tectonics: Scientific American, 
v. 226, no. 5, p. 66-68. 
A brief iÂ¥ntradnetio to the concepts of phte tectonics, including 
excellent disamm of  the geometry of the global plates. 

Iacopi, Robert, 1971, Earthquake country: Menio Park, 
Calif., Lane, 160 p. 
A review and guidebook about the San And- fault,  ten for 
the layman, but imludes useful maps and photographs of interest 
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to the scientist and l a p a n  alike. 

Jones, D.L., Cox, Allan, Coney, Peter, and Beck, Myrl, 
1982, The growth of western North America: Scien- 
tific American, v. 247, no. 5, p. 70-84. 
Refines the concept of plate tectonics has been refined to imIude 
the accretion of smaller blocks to the main cmtimntal masses. 
The San Andm8 fault swtemis involved with the mtvmS of bath 
larger and smatlerplans, 

Jordan, T.H., and Minster, J.B., 1988, Measuringcrustal 
deformation in the American West: Scientific Amer- 
ican, v. 269, no. 2, p. 48-58. 

Prfmidss ~fmif. ideae arid dnta a h t  funowestern Nmth America 
is being deformed. 

Schuiz, S.S., and Wallace, R.E., 1987, The San Andreas 
fault: Washington, U.S. Geological Survey, 17 p. 
Pamphlet providing a brief review for the lapam. 

Wesson, R.L., and Wallace, R.E., 1985, Predicting the 
next great earthquake in California: Scientific Amer- 
ican, v. 252, no. 2, p. 35-13. 
The science of earUmmke prediction has been evolving, and the 
Saw Andreaa fault system has beena taqpztof majorintereat. This 
paper mt6ev.s some progress that has been made. 
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7 EXPLANATION 

I Segment on which slip occurred during 
great earthquakes of 1857.1872. and 

1 
1906Ã‘Arrow indicate direction of 
relative movement 

t Segment on which slip occurred during 
smaller earthquake 

Segment on which fault creep occul 

SAN ANDREAS FAULT SYSTEM AND OTHER LARGE FAULTS IN CALIFORNIA 
Different segments of fault display different behavior. 





 

 

 

Memorandum 

Date:  July 6, 2020 

From:  Catalyst Environmental Solutions Inc. 

RE:  Heber 2 Project Description Information  

This information was copied directly from the Conditional Use Permit Amendment Application. None of the 
information provided in this memorandum is new or revised.  

Construction Schedule 

The proposed Project facilities are anticipated to take up to eight months to install, test, and become fully 
integrated with the existing system. Construction will begin immediately after all permits are secured.  

Construction Equipment 

Heavy construction equipment, including semi‐truck trailers, flatbed trucks, excavators/bulldozers, forklifts, 
roller, and cranes would be used to deliver and place the proposed facilities on the Heber 2 Project Site. 
Smaller powered hand tools, such as drills, compressors, and welding equipment would also be used. Employee 
vehicles would be used to transport workers to the Project Site and parked at the designated parking locations. 

Workforce 

The Project would require a temporary increase in labor force (15 workers) during the short‐term construction 
period (approximately eight months). The workforce is assumed to be from southern California and would 
likely not require accommodations.  

Site Preparation 

The Project Site was developed and graded during the original construction of the Heber 2 Complex in 1992, 
and its current condition is exposed soil and gravel.  To ensure the proposed facilities are situated on safe and 
stable surfaces, minor excavation and compaction activities would be performed. The top 18 inches of the 
Project Site’s exposed soil would be removed, extending approximately 5 feet beyond the proposed facilities. A 
minimum of 18 inches of CalTrans Class 2 aggregate based will be placed and compacted to the appropriate 
density (ASTM D1557). On‐site soil that has been piled during excavation will be used as backfill material, as 
necessary. Only those soils free of debris and deleterious matter would be used as backfill material. The 
proposed facilities would be placed on shallow‐spread footers and wall footers to support the structures. All 
site preparation and fill placement activities will be monitored by a qualified geotechnical engineer to detect 
undesirable materials and/or site conditions that may arise during site preparation. 

Demolition and Disposal 

As provided in the CUP application, the Application would apply the following demolition and disposal 
measures: 

 Workers would be required to properly dispose of all refuse and trash to prevent any litter on the site.  



 

 

 During construction, portable chemical sanitary facilities would be used by all construction personnel. 

These facilities would be serviced by a local contractor.  

 All construction wastes, liquid or solid, would be disposed of in compliance with all appropriate local, 

state, and federal disposal regulations.  

 Solid wastes would be disposed of in an approved solid waste disposal site in accordance with Imperial 

County Environmental Health Department requirements. Waste would be routinely collected and 

disposed of at an authorized landfill by a licensed disposal contractor.  

 All hazardous materials would be used, transported, and disposed of in accordance with applicable safe 

handling and disposal regulations. 

 

 

 

 



 

 

 

Records Index 

Date:  July 8, 2020 

From:  Catalyst Environmental Solutions Inc. 

RE:  Requested Documents for Heber 2 Repower Project Initial Study & Negative Declaration 

The index below provides an identification number for each document requested in support of the Heber 2 
Repower Project Initial Study and Negative Declaration (IS/ND).  The document number provided in the index 
table correlates to the file name for each requested document.  

Requested Document  Document No. 
Conditional Use Permit (CUP No. 06‐0006) under which the Project must 
obtain an amendment. 

H2RP‐1 

The Permit to Operate, issued to the Heber 2 Complex by the Imperial 
County Air Pollution Control District (“ICAPCD”). 

H2RP‐2 

The California Historical Resources Information System (CHRIS), 
managed by the California Office of Historic Preservation. 

H2RP‐3 (CONFIDENTIAL – NOT 
FOR PUBLIC RELEASE) 

Bryant, William A. and Earl W. Hart. 2007. Fault‐Rupture Hazard Zones 
in California, Alquist‐Priolo Earthquake Studies Zoning Act with Index to 
Earthquake Fault Zones Maps, Department of Conservation, California 
Geological Survey, Special Publication 42. 

H2RP‐4 

Olive, WW., et al. 1989. Swelling Clays Map of the Conterminous United 
States 

H2RP‐5 

Existing Water Permit  H2RP‐6 

Imperial County 2018 PM10 Plan and Imperial County 2018 PM2.5 
Plan. 

H2RP‐7 

ASTM International. 2019. Standard Test Methods for Laboratory 
Compaction Characteristics of Soil Using Modified Effort (DM1557). 

H2RP‐8 

California Air Resources Board (CARB). 2017. Ambient Air Quality 
Standards. 

H2RP‐9 

California Department of Fish and Wildlife. 2019. CNDDB Maps and 
Data 

H2RP‐10 (1 PDF, 2 Excel files) 

California Department of Industrial Relations (DIR). 2016. Safety and 
Health Protocol on the Job 

H2RP‐11 

California Department of Resources Recycling and Recovery 
(CalRecycle). 2017. Integrated Waste Management Plans 

H2RP‐12 

California Department of Toxic Substances Control (DTSC). 2010. 
Certified Union Program Agencies (CUPA). 

H2RP‐13 

California Department of Transportation (Caltrans). 2013. Technical 
Noise Supplement to the Traffic Noise Analysis Protocol. 

H2RP‐14 

California Department of Transportation. 2017. California Scenic 
Highway Mapping System. 

H2RP‐15 

California Department of Water Resources. 2003. California’s 
Groundwater. 

H2RP‐16 

California Office of Planning and Research. 2003. General Plan  H2RP‐17 



 

 

Guidelines. 

United States Environmental Protection Agency (EPA). 2015. National 
Ambient Air Quality Standards. 

H2RP‐18 

United States Geological Survey (USGS). 1990. The San Andreas Fault 
System, California, Robert E. Wallace, editor, U.S. Geological Survey 
Professional Paper 1515. 

H2RP‐19 

Detailed construction schedule.  H2RP‐20 

List of all construction equipment.  H2RP‐20 

Description of construction equipment: hp, engine tier, hours of 
operation per day over the duration of construction. 

H2RP‐20 

Number of workers and commute distance.  H2RP‐20 

Amount of demolition debris and its disposal location  H2RP‐20 

Amount of imported fill.  H2RP‐20 

Acres of grading  H2RP‐20 
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APPENDIX A 

 

Site Photographs  

(Collected on June 1, 2019 and June 13, 2019) 
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Photo 1 – western portion of development site.   Photo 2 – southwest portion of development site. 
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 Photo 3 – northwestern portion of development site.   Photo 4 – northern portion of development site.  
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 Photo 5 – central portion of development site.   Photo 6 – central portion of development site.  
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Photo 7 – northern portion of development site.  
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Biological Resources Clearance Memorandum 

Date:  June 3, 2019 

From:  Catalyst Environmental Solutions 

RE:  Biological Resources Clearance Survey for the Heber 2 Geothermal 
Repower Project 

  

INTRODUCTION 

The Second Imperial Geothermal Company (SIGC), a wholly owned subsidiary of ORMAT Nevada, Inc 
(ORMAT), owns and operates the Heber 2 Geothermal Energy Complex, which was originally 
constructed in 1992 and expanded in 2006. SIGC proposes to amend the existing Conditional Use Permit 
(CUP; No. 06‐0006) to install two water‐cooled ORMAT Energy Converters (OECs) to replace six old units 
from 1992; three 10,000 gallon isopentane above ground storage tanks; and, additional pipeline to 
connect the proposed facilities with the existing Heber 2 Complex (hereinafter, “Project”). All proposed 
facilities would be developed within the existing Heber 2 Complex and fence line. The proposed action 
also includes the extension of the permitted life of the entire Heber 2 facility (including the Goulds 2 and 
Heber South geothermal energy facilities) to 30 years (2019‐2049). The objective of the Project is to 
improve the efficiency of geothermal energy generation and refurbish the Heber 2 Complex to the 
original net generation of 33 megawatts (MW) gross. The total project footprint from developing the 
proposed facilities is approximately 4 acres, with all disturbances occurring within the existing power 
plant fence line.   

Th purpose of this technical memorandum is to verify the absence of any sensitive biological resources 
occurring on/near the proposed development site at the Heber 2 Complex in Imperial County and to 
demonstrate the proposed project’s compliance with applicable federal and state regulations.  

Project Location 

The Heber 2 Complex is located on private lands owned by ORMAT in southern Imperial County (Figure 
1). The proposed development would occur entirely on Assessor’s Parcel Number (APN) 054‐250‐031, 
which is a 39.99‐acre property. The address for Heber 2 is 855 Dogwood Road, Heber, CA 92249. 

Project Description 

Existing Facilities 

The existing Heber 2 Geothermal Energy Power Plant (Heber 2) was permitted for development under 
CUP No. 06‐0006 in 1996 and consists of the following facilities: 

 The Heber 2 Complex currently generates less than the 33 MW net generation capacity, the 
proposed improvements will restore the facility’s generation capacity to 33 MW of renewable 
energy.  
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 The Heber 2 Complex currently includes two injection wells, two six‐cell cooling towers, an 
electrical substation, emergency fire water pump, evacuation skid system‐vapor recovery 
maintenance unit, control room, office space, maintenance facilities, two 10,000 gallons 
isopentane storage tanks, piping, and ancillary equipment/facilities.  

 The parcel where the Heber 2 Complex site is located is approximately 40 acres and is enclosed 
by security fencing.  

 Operations personnel are present at the Heber 2 Complex during routine working hours (8am‐
5pm), and the facility is monitored 24 hours per day from the control room at the Heber 1 
geothermal power plant, approximately 1 mile to the east.  

Proposed Facilities 

SIGC proposes to install two new water‐cooled ORMAT Energy Converters (OECs); three 10,000 gallon 
above ground storage tanks; and, additional pipeline to connect the proposed facilities with the existing 
Heber 2 Complex (hereinafter, “Project”). This application also proposes to extend the permitted life of 
the entire Heber 2 Complex (including the related Goulds 2 and Heber South geothermal energy 
facilities) to 30 years (2019‐2049). The objective of the Project is to improve the efficiency of geothermal 
energy generation and refurbish the Heber 2 Complex to the original nameplate generation of 33 
megawatts (MW). The total project disturbance from developing the new OECs is approximately 4 acres, 
all within the existing power plant footprint and fencing.  Figure 2 provides a site plan of the proposed 
and existing facilities.  

The existing OEC units would be shut down, disassembled, and removed from the Heber 2 site likely 
immediately after the completion of the development of the proposed facilities, and no later than 5 
years after issuance of the CUP.  

The development site is completely devoid of any vegetation and is actively disturbed as part of ongoing 
energy generation operations at Heber 2. Appendix A provides photographs of the development site. 
Considering its current condition, site preparation for the installation of the proposed facilities would be 
limited to minor excavation and soil/gravel compaction.  

ORMAT Energy Converter‐1 (OEC‐1) 
The proposed OEC‐1 unit is a two‐turbine combined cycle binary unit, operating on a subcritical Rankine 
cycle, with isopentane as the motive fluid for the system. This system also consists of a generator, 
turbines, vaporizer, water cooled condensers, preheaters and recuperators, with the OEC served by the 
existing evacuation skid/vapor recovery maintenance unit (VRMU) for purging and maintenance events. 
The design capacity for the unit is 25.43 MW Gross.  

ORMAT Energy Converter‐2 (OEC‐2) 
The proposed OEC‐2 unit is a two‐cycle binary unit, operating on a subcritical Rankine cycle, with 
isopentane as the motive fluid for the system. This system also consists of a generator, turbines, 
vaporizers, water cooled condensers and preheaters, with the OEC served by the existing portable 
evacuation skid/vapor recovery maintenance unit (VRMU) for purging and maintenance events. The 
design capacity for the unit is 14.01 MW Gross. 

Three Additional Isopentane Above Ground Storage Tanks 
To support the new OEC units, three new ABSTs for additional isopentane supply would be installed. 
There are two existing ABSTs, and the new ABSTs would be sited adjacent to the existing tanks. Each 
ABST has a capacity of 10,000 gallons. 
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Construction Schedule 

The proposed developments are anticipated to take up to eight months to install, test, and become fully 
integrated with the existing system. Construction will initiate immediately after all permits are secured. 

REGULATORY FRAMEWORK 

Federal 

Endangered Species Act (ESA) of 1973 (16 U.S.C. 1531‐1544) protects federal listed threatened and 
endangered species from unlawful take (harass, harm, pursue, hunt, shoot, kill ,wound, collect, capture, 
trap or attempt to do so) or significantly modify habitat. If a proposed project would jeopardize a 
threatened or endangered species, then a Section 7 consultation with a federal agency could 
be required. 

Migratory Bird Treaty Act (50 Code Federal Regulations (CFR) 10.13) is a federal statute with several 
foreign countries to protect species that migrate between countries. Over 1000 species are listed and 
may not be disrupted during nesting activities. It is illegal to collect any part (nest, feather, eggs, etc.) of 
a listed species, disturb species while nesting or offer for trade or barter any listed species or parts 
thereof. 

Bald and Golden Eagle Protection Act (16 U.S.C. 668‐668c) protects bald and golden eagles from take 
(harass, harm, pursue, hunt, shoot, kill, wound, collect, capture, trap or attempt to do so) or 
interference with breeding, feeding or sheltering activities. 

Clean Water Act, 1972 (CWA 33 U.S.C. 1251 et seq.) regulates discharges into waters of the U.S. EPA is 
given the responsibility to implement programs to prevent pollution. 

State of California 

California Environmental Quality Act (CEQA) Title 14 CA Code of Regulations 15380 requires that 
endangered, rare or threatened species or subspecies of animals or plants be identified within the 
influence of the project. If any such species are found, appropriate measures should be identified to 
avoid, minimize or mitigate to the extent possible the effects of the project. 

Native Plant Protection Act CDFG Code Section 1900‐1913 prohibits the taking, possessing, or sale 
within the stare of any plant listed by CDFG as rare, threatened or endangered. Landowners may be 
allowed to take these species if CDFW is notified at least 10 days prior to plant removal or if these plants 
are found within public right of ways. 

California Fish and Game Codes 3503, 3503.5. 3513 protect migratory birds, bird nests, and eggs 
including raptors (birds of prey) and raptor nests from take unless authorized by CDFW. 
 
California Fish and Game Code Section 1600 (as amended) regulates activities that substantially diverts 
or obstructs the natural flow of any river, stream or lake or uses materials from a streambed. This can 
include riparian habitat associated with watercourses. 

State of CA Fully Protected Species identifies and provides additional protection to species that are rare 
or face possible extinction. These species may not be taken or possessed at any time except for scientific 
research or relocation for protection of livestock. 

Porter‐Cologne Water Quality Control Act (as amended) is administered by the State Water Resource 
Control Board (SWRCB) to protect water quality and is an avenue to implement California 
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responsibilities under the federal Clean Water Act. This act regulates discharge of waste into a water 
resource. 

EXISTING CONDITIONS 

Topography and Soils 

The entire Heber 2 project site contains Holtville silty clay, wet (63.2%) and Imperial‐Glenbar silty clay 
loams, wet, 0‐2 percent slopes (36.8%) (NRCS 2019). The proposed 4 acres of disturbance contains 
Imperial‐Glenbar silty clay loams, wet, 0‐2 percent slopes. The project site is relatively flat and located at 
approximately ‐5 below sea level. 

Vegetation 

No vegetation is present on the project site. The site is classified as “Agricultural and Developed 
Vegetation” and “Developed and Other Human Use” (USGS 2011). The project site is surrounded on all 
sides by farmland (Agricultural and Developed Vegetation). 

Jurisdictional Waters 

No wetlands or jurisdictional waters are located on the project site.  Man‐made channels are located 
along the southern (Central Main Canal ‐ classified as R2UBHx), northern and eastern (both classified as 
R4SBCx) property line of the project site (USFWS 2019c).  

Wildlife 

The project site is developed with an active geothermal plant. Due to lack of vegetation and water, no 
amphibians, fish, or reptiles are expected to occur onsite. Due to the developed and active nature of the 
site, no mammals or birds are expected to inhabit the site. Mammals including coyote (Canis latrans) 
and pocket gopher (Thomomys spp.) have been observed in the vicinity of the project but are not likely 
to occur onsite due to security fencing. Common bird species including red tailed hawk (Buteo 
jamaicensis), crow (Corvus spp.) pigeon (Columbia livia) have been observed in the vicinity of the project 
and could be transient visitors to the site.  

SENSITIVE AND SPECIAL STATUS SPECIES  
The potential for sensitive species to occur in the vicinity of the project site was evaluated using 
information from the U.S. Fish and Wildlife (USFWS) Information, Planning, and Consultation System 
(IPaC System); California Natural Diversity Database (CNDDB); and California Native Plant Society (CNPS) 
Rare Plant Program. 

Special Status Plants 

No federally listed threatened or endangered plant species have the potential to occur on or near the 
project site (USFWS 2019a).  

Five plant species listed by the CNPS have the potential to occur in the Heber quandrangle in which 
Heber 2 Complex is located (CNPS 2019): 

 Watson's amaranth (Amaranthus watsonii) 

 Abrams' spurge (Euphorbia abramsiana) 

 California satintail (Imperata brevifolia) 

 ribbed cryptantha (Johnstonella costata) 
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 winged cryptantha (Johnstonella holoptera) 

Special Status Wildlife Species 

No federally listed threatened or endangered wildlife species have the potential to occur on the project 
site and no critical habitat exists on or near the project site (USFWS 2019a, b). The following six 
migratory bird species are listed by IPaC as having the potential to occur on or near the project site: 

 Burrowing owl (Athene cunicularia) 

 Costa's hummingbird (Calypte costae) 

 Gila woodpecker (Melanerpes uropygialis) 

 Long‐billed curlew (Numenius americanus) 

 Rufous hummingbird (Selasphorus rufus) 

 Whimbrel (Numenius phaeopus) 

No California special status species are known to occur on the project site (CDFW 2019).  

 

BIOLOGICAL RESOURCES CLEARANCE SURVEY 

Methodology 

On Saturday, June 1, 2019, biologist Amy Plesetz conducted a biological compliance clearance survey of 
the ORMAT Heber Site 2 via pedestrian survey.  

Findings 

The area to be disturbed for the Heber 2 project is completely void of any vegetation. There is no 
suitable habitat for special‐status plant species. There are no tall trees that would encourage raptor 
nesting, no suitable habitat for burrowing owl, and no food source for hummingbirds. No wildlife or 
traces of wildlife, including nesting birds, were observed.  

The area immediately to the west of the proposed disturbed area is developed with solar panels with 
scarce disturbed‐like vegetation that does not provide suitable habitat for any special‐status or common 
species. Areas north and south of the proposed disturbed area contain geothermal plant facilities. Active 
farmland surrounds the entire project site. 

There may be suitable habitat for burrowing owl in the project vicinity, but this habitat is off‐site and 
more than 500 feet away.   

POTENTIAL PROJECTS IMPACTS 
No impacts to biological resources from the proposed project are expected due to the developed nature 
of the site, small project footprint, lack of vegetation and suitable habitat for wildlife, and lack of wildlife 
traces observed during the biological site visit (June 1, 2019).  

No canals or drain structures will be removed or impacted; therefore, there will be no impacts to 
jurisdictional waters. 
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RECOMMENDED AVOIDANCE, MINIMIZATION, AND MITIGATION MEASURES 

 Speed limits of 10 mph would be observed on the project site in order to minimize dust and 

avoid collision and incidental mortality of transient wildlife.  

 The site is void of vegetation; however, vegetation control, including invasive species 

eradication, will be controlled to prevent growth under/near the proposed facilities.  
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APPENDIX A 

 

Site Photographs  

(Collected on June 1, 2019 and June 13, 2019) 
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Photo 1 – western portion of development site.   Photo 2 – southwest portion of development site. 
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 Photo 3 – northwestern portion of development site.   Photo 4 – northern portion of development site.  
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 Photo 5 – central portion of development site.   Photo 6 – central portion of development site.  
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Photo 7 – northern portion of development site.  



 

 
 

Cardno  
 
801 Second Avenue  
Suite 1150 
Seattle, WA 98104 
USA 
 
Phone (206) 269-0104 
Fax (206) 269-0098 
 
www.cardno.com 

Technical Memorandum 

 
 
 

Dear Mr. Pogue: 

This technical memorandum describes the results of the cultural resources records review 
completed in June 2019 for the Heber 2 Geothermal Optimization Project. The project is located 
at 855 Dogwood Road, Heber, Imperial County, California. The project is in Section 33 of 
Township 16 South, Range 14 East of the San Bernardino Base & Meridian.   

The cultural resources records review was completed by Cardno, who requested a records 
search at the South Central Coastal Information Center (SCCIC) of the California Historical 
Resources Information System (CHRIS). The SCCIC records search included a review of 
archives containing archaeological site records and reports of cultural resource studies 
previously conducted near the project area. Other resources reviewed include the National 
Register of Historic Places (NRHP), the California Register of Historical Resources (CRHR), the 
California Inventory of Historic Resources, California Historical Landmarks, California Points of 
Historical Interest, and the Historic Property Data File. 

1.0 Review Results 
There are no previously recorded cultural resources (archaeological or historic) within the project 
area. One previously recorded cultural resource (CA-IMP-008166, Niland to Calexico Railroad) 
lies within 1.0 mile of the project area (Figure 1). The railroad, which is still in use today, was 
constructed between 1902 and 1904 by the Southern Pacific Company and runs 65 miles from 
Niland to Calexico. The railroad has not been evaluated for listing in the NRHP.  

There have been 23 surveys, records searches, and environmental impact reports completed 
within 1.0 mile of the project area. These are shown in Table 1 and Figure 2. Two of the studies 

Date June 28, 2019 

To: Ben Pogue, PMP, AICP 
Director of Environmental Planning & Natural Resource Management 
Catalyst Environmental Solutions 
315 Montana Avenue, Suite 311 
Santa Monica, California 90403 

From: Jennifer M. Ferris, MA, RPA 

RE Cultural Resources Records Review for the Heber 2 Geothermal 
Optimization Project  
Confidential – Not for Public Disclosure 
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(SCCIC report numbers IM-00115 and IM-00235) partially covered the current project area. None of these studies 
resulted in the discovery of cultural resources.  

Table 1.  Previously Conducted Studies within 1.0 mile of the Project Area.  

SCCIC 
Report 
Number 

Authors/ Association Year Title Associated 
Cultural 
Resources 

IM-00063 Von Werlhof, Jay, and Shrilee Von 
Werlhof/ Imperial Valley College 
Museum 

1976 Archaeological Examination of a Proposed 
Geothermal Testing Site near Heber, California 

None 

IM-00066 Von Werlhof, Jay, and Sherilee Von 
Werlhof/ Imperial Valley College 
Museum 

1976 Archaeological Record Search of the Heber, 
California, Region 

None 

IM-00075 Von Werlhof, Jay, and Sherilee Von 
Werlhof/ Imperial Valley College 
Museum 

1976 Archaeological Examinations of Certain 
Geothermal Well Test-Site Areas in the Heber, 
California, District 

None 

IM-00115 Von Werlhof, Jay, and Sherilee Von 
Werlhof/ Imperial Valley College 
Museum 

1977 Archaeological Examination of the Heber 
Anomaly Report Prepared For VTN Consolidated, 
Inc. 

None 

IM-00123 VTN Consolidated, Inc. 1977 Draft Environmental Impact Report for the Heber 
Geothermal Demonstration Project 

None 

IM-00185 Von Werlhof, Jay, and George E. 
Collins/ Imperial Valley College 
Museum 

1979 Archaeological Examinations of Proposed 
Geothermal Facilities near Heber, CA 

None 

IM-00192 VTN Consolidated, Inc. 1979 Draft Master Environmental Impact Report for a 
500-Megawatt Geothermal Development at 
Heber, Imperial County, California 

None 

IM-00199 Walker, Carol, Charles Bull, and Jay 
Von Werlhof/ Recon 

1979 Cultural Resource Study of a Proposed Electric 
Transmission Line From Jade to the Sand Hills, 
Imperial County, California 

None 

IM-00233 Walker, Carol, Charles Bull, and Jay 
Von Werlhof/ Recon 

1981 Cultural Resource Study of a Proposed Electric 
Transmission Line From Jade to the Sand Hills, 
Imperial County, California 

None 

IM-00235 Bureau of Land Management 1981 APS/SDG&E Interconnection Project - 
Supplement to the Draft Environmental Document 

None 

IM-00272 Sanchez, Miguel/ PBS & Associates 1982 Draft Environmental Impact Report - Current Land 
Use Plan, Heber Planning Unit 

None 

IM-00301 Welch, Patrick/ Bureau of Land 
Management 

1983 Cultural Resource Inventory for Thirty Proposed 
Asset Management Parcels in Imperial County, 
California 

None 

IM-00368 Imperial County Planning 
Department 

1987 Chevron Geothermal Company Of California 
Supplemental Project Information for the Auxiliary 
Production Facility Heber Geothermal Unit, 
Imperial County 

None 
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SCCIC 
Report 
Number 

Authors/ Association Year Title Associated 
Cultural 
Resources 

IM-00441 ENSR Consulting and Engineering 1990 Environmental Assessment/Initial Study for the 
Placement of Fiber Optic Facilities Between 
Salton Microwave Station And Calexico California 

None 

IM-00536 Burkenroad, David 1979 Phase One Regional Studies APS/SDG&E 
Interconnection Project Transmission System 
Environmental Study Cultural Resources: History 

None 

IM-00537 Wirth Associates, Inc. 1979 Phase One Regional Studies APS/SDG&E 
Interconnection Project Transmission System 
Environmental Study Cultural Resources: 
Archaeology 

None 

IM-00538 Imperial County 1979 Proposed Workscope Phase II Cultural 
Resources Studies APS-SDG&E Transmission 
Interconnect Project, Miguel to Sand Hills, Sand 
Hills to Pvngs 

None 

IM-00547 Cultural Systems Research, Inc. 1982 Draft Archaeological Research Design and Data 
Recovery Program for Cultural Resources Within 
the Mountain Springs (Jade) to Sand Hills Portion 
of the APS/SDG&E Interconnection Project 500kv 
Transmission Line 

None 

IM-00595 Cultural Systems Research, Inc. 1982 Mountain Springs (Jade) to Sand Hills Data 
Recovery Preliminary Report 

None 

IM-01080 Von Werlhof, Jay/ Imperial Valley 
College Desert Museum 

1999 Archaeological Examinations Of The Heber 
Facilities Sewer And Water Improvements Project 

None 

IM-01095 Garnsey, Michael/ ASM Affiliates 2007 Cultural Resources Study For The Proposed 
Mosaic Project, Imperial County, California 

None 

IM-01306 Wirth Associates, Inc. 1980 APS/SDG&E Interconnection Project 
Environmental Study Phase Ii Corridor Studies - 
Native American Cultural Resources Appendices 

None 

IM-01313 Wirth Associates, Inc. 1980 APS/SDG&E Interconnection Project (Phase II 
Corridor Studies) - Cultural Resources: 
Archaeology 

None 
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Figure 1 Cultural resources located within search radius. 



 
 

Heber 2 Geothermal Optimization Project: Cultural Resources Records Review        6 

 
Figure 2 Previously conducted cultural resources studies within search radius. 
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SECTION 1 Project Description 

The Second Imperial Geothermal Company, a wholly owned subsidiary of ORMAT Nevada Inc (ORMAT), 

owns and operates the Heber 2 Geothermal Energy Complex. The proposed Heber 2 Geothermal 

Repower Project (Project) is located at 855 Dogwood Road, Heber, California within unincorporated 

Imperial County. The Project includes the installation of two water‐cooled ORMAT Energy Converters 

(OECs) to replace six old units from 1992; three 10,000 gallon isopentane above ground storage tanks; 

and, additional pipeline to connect the proposed facilities with the existing Heber 2 Complex (Site). The 

total project disturbance from developing the new OECs is approximately 4 acres, all within the existing 

power plant complex and fence line. A vicinity map of the Project Site is included in Figure 1.  

The Project includes the replacement of six air‐cooled OECs with two water‐cooled OECs. The pre‐

Project pervious area is roughly 4 acres. The Project will result in less than 200 square feet of area 

converted in impervious surface area resulting from installation of equipment footings/foundations. In 

addition, no grading is proposed for the Project. Accordingly, the Project will not result in a change to 

the existing grade and stormwater flows and drainage will not be altered from existing conditions. 

Figure 2 illustrates the existing drainage facilities in the vicinity of the Project. Figure 3 provides a site 

plan of the proposed facilities. 

1.1 SITE LOCATION 
The Site includes approximately 4 acres within the Heber quadrangle of the U.S. Geological Survey 

(USGS) 7.5” topographic map, and sits within Township 16 South, Range 14 East of the San Bernardino 

Base and Meridian in Imperial County, California.  

1.2 LAND USE AND TOPOGRAPHY 

The Project is located on private lands owned by ORMAT in southern Imperial County as shown in Figure 

1. The Project site includes approximately 4 acres entirely within the Assessor’s Parcel Number (APN) 

054‐250‐031, which is a 39.99‐acre property. APN 054‐250‐031 is zoned as A‐2‐G SPA, for General 

Agriculture (A‐2), Geothermal Overlay Zone (G), and in the Heber Specific Plan Area (SPA). The Project 

Site lies at an elevation approximately 15 feet below mean sea level (msl) in the Imperial Valley region of 

the California low desert. The surrounding properties lie on terrain which is flat, part of a large 

agricultural valley.is The Site is currently vacant and unimproved. The Site is also devoid of vegetation 

and is actively disturbed as part of ongoing energy generation operations at Heber 2. Adjacent 

properties outside of the fenced operations yard consists of agricultural land to the north and a solar 

farm to the west. 

1.3 SITE GEOLOGY, HYDROGEOLOGY, AND SOILS 

The part of Imperial County containing Heber lies within the Pliocene to Holocene, Q Geologic Unit 

(McCrink et al. 2011). Three natural geomorphic provinces underlay Imperial County, including the 

Peninsular Ranges, the Colorado Desert, and the Mojave Desert. The Colorado Desert geomorphic 

province spans central Imperial County and contains the Salton Sea and the Imperial valley. This Basin 

and Range province, sometimes referred to as the Salton Trough, is composed of a low‐lying barren 
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desert basin located between alluvium‐covered, active branches of the San Andreas Fault containing 

Cenozoic sedimentary rocks and alluvial, lacustrine, and eolian deposits. The surface of sediments in the 

middle of the trough are about 275 feet below sea‐level (bsl) (Digital Desert, 2019). 

Surface water in the area of the Site consists of canals and agricultural drains operated and maintained 

by the Imperial Irrigation District. Canals adjacent to the Project Site include Date Drain No. 3, Date 

Drain No. 3a, Date Drain No. 3b, and Date Drain No. 3c as illustrated in Figure 2. These canals ultimately 

drain to the Alamo River, a tributary to the Salton Sea. Surface runoff within the Project Site occurs 

primarily as sheetflow across the lot generally to the north, eventually flowing into the adjoining ditches. 

The regional groundwater flow direction within the Imperial Valley is toward the Salton Sea, a closed 

basin with a surface elevation of approximately 225 feet below sea level. Groundwater flow in the 

Project area flows in a general northwest direction.  

Dry lean silty clays dominate the project site surface extending to approximately 4 to 5 feet below 

ground surface (bgs). These silty clays are underlain by moist stiff clays from approximately 6 ft to 38‐40 

ft bgs. Silty clay to clayey silt dominate 40‐50 ft bgs to the extent of geotechnical exploration (Landmark 

2019). 

1.4 HYDROMODIFICAITON APPLICABILITY 

As discussed above, the Project would result in less than 50 square feet of impervious area from pre‐

Project conditions. In addition, no grading is proposed for the Project or changes to the permeability of 

the Site. As such, the post‐development runoff volume, time of concentration, and peak flow velocity 

would not be altered from that of the pre‐development condition. 

1.5 POTENTIAL STORMWATER POLLUTANTS 

Table 1 summarizes expected stormwater pollutants of concern based on land use and site activities. 

Table 1. Pollutants of Concern 

Pollutant 

Potential to 
Impact 

Stormwater 
(Y/N) 

Additional Information and Comments 

Pathogens (Bacterial/Virus)  N  ‐‐ 

Nutrients – Phosphorous  N  ‐‐ 

Nutrients ‐ Nitrogen  N  ‐‐ 

Noxious Aquatic Plants  N  ‐‐ 

Sediment  Y 
Overland flows over unpaved surface may result in 

sediment in stormwater runoff 

Metals  Y 
Leaks/spills in Project area may result in metals in 

stormwater runoff 

Oil and Grease  Y 
Leaks/spills in Project area may result in oil and grease in 

stormwater runoff 
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Trash/Debris  Y 
Improperly disposed of trash/debris may result in trash in 

stormwater runoff 

Pesticides/Herbicides  N  ‐‐ 

Other  N  ‐‐ 
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SECTION 2 Best Management Practices 

This section describes the Best Management Practices (BMPs) that will be implemented and maintained 

throughout the life of the project. The BMPs will be used to prevent and minimize water pollution that 

can be caused by stormwater runoff. Table 2 details the BMPs selected to be implemented at the Site 

based on the potential pollutants. Note that the Site is within the existing operational footprint and is 

subject to the existing policies and programs implemented by ORMAT for the facility. Because the 

Project does not propose any changes to the existing stormwater volume, peak flow velocity, time of 

concentration or drainage patterns, no structural BMPs are proposed. 

Table 2. Non‐Structural Source Control BMPs 

Pollutant Source  Pollutant  BMP 

Ex
is
ti
n
g?
 

N
e
w
/R

e
vi
se
d
? 

Stormwater run‐
on and runoff 

Erosion, sediment, 
contaminated 
stormwater 

 Stabilize drainage with rocks, gravel, vegetation, 
or riprap 

 Provide perimeter control to isolate sediment 
(loose dirt). Includes earthen berms, fiber rolls, 
silt fence, etc. 

X   

Vehicle Track 
Out 

Sediment, Dust 
 Provide tracking control devise 
 Conduct street sweeping 

X   

Work Areas  Trash 
 Regularly monitor and clean trash 

 Provide employee training for good 
housekeeping 

X   

Equipment Areas 
(OECs, ITLUs, 
pipes)  

Isopentane, 
sediment 

 Control drainage patterns with berms 

 Use water truck for dust control 
 Conduct routine inspections 

X  X 

Stored materials 
and equipment 
maintenance 

Oil, grease, 
hydraulic fluid, anti‐
freeze, metals 

 Provide good housekeeping training 
 Store materials in secondary containment 

 Spill kit and response training 
X   

 

In addition to the activities listed above, ORMAT follows all approved operational guidelines that are 

currently in place. Temporary and permanent soil erosion control BMPs will be implemented in 

conformance with the BMP Fact Sheets provided in the CASQA Stormwater Best Management Practice 

Handbook – Industrial and Commercial (2014).  

2.1 NON‐STRUCTURAL BMPS 

The following are prevention practices utilized to minimize the probability of pollution of stormwater 

discharge. 
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2.1.1 Good Housekeeping 

As a component of this program, good housekeeping practices are performed so that facility is kept in a 

clean and orderly condition. Proper housekeeping practices include: 

 Periodic cleanup of equipment, as needed, based upon facility inspections, 

 Sweeping impervious surfaces, as needed, based upon facility inspections, 

 Proper waste disposal practices and covering of waste storage areas at all times, 

 Proper storage and covering of materials at all times, 

 Removal of any oil‐stained soil/gravel, especially around equipment locations and loading 

areas, 

 Cleaning of significant oil and grease stains on surfaces that drain to the stormwater 

drainage areas, and 

 Cleaning the exterior of oil containers on hydraulic machinery upon discovery of an 

accumulation of hydraulic fluid. 

2.1.2 Preventative Maintenance 

As a component of this program, operations and maintenance staff perform preventative maintenance 

of stormwater management devices to assure their proper operation.  Preventative maintenance of 

stormwater management devices includes the following: 

 Cleaning of accumulated sediment, potential contaminants, and debris from the Site;  

 Inspection of secondary containment structures as part of the regular daily visual 

inspections;  

 Maintenance and inspection of secondary containment structures, as needed, based upon 

inspections;  

 Daily inspection and maintenance of equipment and associated piping and valves as 

required by preventive maintenance procedures;  

 Inspection and maintenance of rainfall protection coverings for waste storage bins and 

receptacles on a periodic basis; and 

 A comprehensive preventive maintenance schedule is performed on all facility operations 

equipment as part of routine procedures. 

2.1.3 Spill Response 

Spill prevention and response is performed according to the facility's SPCC Plan . Copies of this plan are 

located in the on‐site ORMAT office. 

A limited amount of spill cleanup equipment is stored onsite.  This equipment is found within hazardous 

material storage areas.  Detailed information concerning spill cleanup equipment and resources is 

included in the SPCC Plan.   

The volume of containment areas surrounding each potential source is designed to hold the contents of 

a spill from the largest vessel / container. The SPCC Plan summarizes the capacity of potential sources 

and volume of the respective secondary containment areas.   
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2.1.4 Material Handling and Storage 

The primary hazardous material to be stored on‐site is isopentane. The additional isopentane will be 

stored in the appropriately designed (3x) 10,000 gallon above ground storage tanks, as well as the 

existing (2x) 10,000 gallon tanks. The isopentane is used as a motive fluid for geothermal energy 

generation and is not directly discharged, rather is released as an air emission. Therefore, the 

isopentane would not be directly exposed to stormwater. All other hazardous waste would be stored in 

55‐gallon drums and other Department of Transportation (DOT) approved packaging within a contained 

area located on the Site.  Stormwater that accumulates within the hazardous material and hazardous 

waste containment area is collected via vacuum truck and disposed of off‐site or recycled back into the 

production system.  A bill of lading, non‐hazardous waste manifest or uniform hazardous waste manifest 

is used to document all such shipments. 

2.1.5 Employee Training 

A combined annual Storm Water Compliance / SPCC Plan training program is conducted for the Pollution 

Prevention Team members and operations personnel.  Participants undergo stormwater management 

training for all areas and operations at this facility, as well as reviewing the spill response, control and 

countermeasure procedures.  Other stormwater training is done on an as‐needed basis. 

2.1.6 Waste Handling/Recycling 

At times, product or oily waste streams are transferred from the facility in 55‐gallon drums.  A bill of 

lading, non‐hazardous waste manifest or uniform hazardous waste manifest is used to document all 

such shipments.  Operations or contractor personnel closely monitor loading of transport vehicles.  

Collection and satellite accumulation containers for hazardous and non‐hazardous waste are kept 

covered to prevent contact with stormwater.  Appropriate spill control equipment and supplies are kept 

readily available in case of a spill. 

2.1.7 Record Keeping and Internal Reporting 

All inspection, sampling, maintenance, corrective action records, and any other information that is a 

part of this plan are maintained at the facility office.  All records are maintained for a period of at least 

three (3) years. 

2.1.8 Erosion Control and Site Stabilization 

Permanent BMPs used at the facility to prevent soil erosion include routing runoff along earthen swales 

or drainage areas, and preventing run‐off with berms along certain sections of the property line.  

Temporary BMPs used at the Site to prevent soil erosion include the use of sandbags, crushed rock, and 

silt fence.  These BMPs are used as and where needed, especially in areas that are undeveloped or in the 

process of being developed. 
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SECTION 3 Operation and Maintenance Plan 

The Heber 2 Geothermal Repower Project is located at 855 Dogwood Road, Heber, California. The 

following non‐structural water quality best management practices (BMPs) are proposed for the Project: 

 Good Housekeeping 

 Preventative Maintenance 

 Spill Response 

 Material Handling and Storage 

 Employee Training 

 Waste Handling/Recycling 

 Record Keeping and Internal Reporting 

 Erosion Control and Site Stabilization 

3.1 MAINTENANCE RESPONSIBILITY 

The Second Imperial Geothermal Company, a wholly owned subsidiary of ORMAT Nevada Inc (ORMAT) 

is the property owner and is responsible for BMP maintenance. Since ORMAT is the owner, no access 

agreement or easement is necessary to maintain the BMPs. ORMAT funds will be used to support 

Operation and Maintenance (O&M) activities to maintain BMP functionality. ORMAT maintenance staff 

are expected to perform the maintenance. 

3.2 MAINTENANCE ACTIONS AND FREQUENCY 

Maintenance actions are generally grouped into two categories: routine and intermittent.  

Routine Maintenance 

Routine inspections of the Project facilities and grounds will be performed annually. During these 

inspections staff evaluate if there is significant accumulation of trash, debris, or sediment that would 

need to be removed. Cleaning is done as needed based on the results of the inspections. The inspection 

frequency may be adjusted based on experience at the site (e.g., if inspections rarely find any material 

that needs to be cleaned out, then the inspection frequency can be reduced). 

Intermittent Maintenance 

Intermittent maintenance activities include more substantial maintenance that is not required as 

frequently as routine maintenance. The most likely form of intermediate maintenance is removal of 

sediment from existing drainage infrastructure and detention basins where necessary to maintain the 

capacity of the basins. Given that the Project Site is pervious and will not be graded or significantly 

altered and that rain is infrequent in Heber, this type of maintenance is expected to be required 

approximately once every year. 
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3.3 MAINTENANCE PROCEDURES 

During each maintenance visit, the maintenance crew will evaluate existing drainage paths and 

infrastructure by inspecting for the maintenance indicators in Table 3. When a maintenance indicator is 

observed, the action described in the “Maintenance Actions” column will be taken. 

Note that regardless of the projected maintenance type (routine or intermittent) described in the 

previous section, when a maintenance indicator is observed, the required maintenance action will be 

taken. For example, if significant sediment accumulation is observed in year three instead, then the 

accumulated sediment will still be cleaned out, even though the estimated frequency was once every 

year. 

Table 3‐1. Maintenance Indicators and Actions for BMPs 

Typical Maintenance Indicator  Maintenance Action 

Erosion due to concentrated 
stormwater runoff flow 

Repair eroded areas and make appropriate corrective measures such 
as adding berm or stone at flow entry points, or re‐grading as 
necessary. 

Accumulated sediment, litter, or 
debris 

Remove and properly dispose of accumulated materials, without 
damage to stormwater drainage structures. 

Standing water 
Remove any obstructions or debris or invasive vegetation, loosing or 
replace top‐soil to allow for better infiltration, or minor re‐grading for 
proper drainage. 

Obstructed inlet or outlet structures  Clear obstructions. 

Damage to structural components 
such as inlet or outlet structures 

Repair or replace as applicable. 
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Geotechnical Site Summary Memorandum 

Date:  July 2019 

From:  Catalyst Environmental Solutions ‐ Dan Tormey, P.G., Ph.D; Ben Pogue, 
M.P.A., P.M.P., A.I.C.P. 

RE:  Heber 2 Geothermal Repower Project – Geotechnical Site Assessment 

   

This technical memorandum provides a summary of the geotechnical conditions for the Heber 2 
project site, located at the Second Imperial Geothermal Company’s (a wholly owned subsidiary 
of ORMAT Nevada, Inc.) existing Heber 2 Geothermal Energy Complex at 855 Dogwood Road, 
Heber, California, in Imperial County. Site‐specific information was gathered from available 
online resources and extrapolated from the Geotechnical Report Update prepared by Landmark 
Consultants (Landmark, 2019). Landmark’s report provides an update to previous geotechnical 
reports conducted at the site (Landmark 2005, 2007) and reflects the adoption of the 2016 
California Building Code (CBC) and Imperial County’s geotechnical engineering standard of 
practice. 

Desktop reconnaissance was conducted to gather information on the geological‐geotechnical 
site conditions, soil conditions, seismic conditions, liquefaction potential, site stability, and 
stormwater infiltration potential. Collectively, this memorandum provides a comprehensive 
review of the  project site’s geotechnical conditions to support the development of a California 
Environmental Quality Act (CEQA) Initial Study/Negative Declaration (IS/ND), as opposed to an 
as‐graded, or as‐built geotechnical report. 

1.0  Geological/Geotechnical Site Conditions 
The part of Imperial County containing Heber lies within the Pliocene to Holocene, Q Geologic 
Unit (McCrink et al. 2011). Three natural geomorphic provinces underlay Imperial County, 
including the Peninsular Ranges, the Colorado Desert, and the Mojave Desert. The Colorado 
Desert geomorphic province spans central Imperial County and contains the Salton Sea and the 
Imperial valley. This Basin and Range province, sometimes referred to as the Salton Trough, is 
composed of a low‐lying barren desert basin located between alluvium‐covered, active 
branches of the San Andreas Fault containing Cenozoic sedimentary rocks and alluvial, 
lacustrine, and eolian deposits. The surface of sediments in the middle of the trough are about 
275 feet below sea‐level (bsl) (Digital Desert, 2019).  

2.0  Soil Conditions 
There are approximately 28 soil types found in the region of the project area (Aco, Antho, 
Carrizo, Carsitas, Chuckwalla, Cibola, Coachella, Fluvaquents, Gadsden, Gilman, Glenbar, 
Holtville, Imperial, Indio, Kofa, Lagunita, Laposa, Laveen, Mecca, Meloland, Niland, Orita, Ripley, 
Rositas, Salorthids, Superstition, Torriorthents, and Vint). Glenbar, Holtville, and Imperial parent 
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spoils are formed from fine‐textured, stratified alluvial basin deposits (ICPDS 2015). The clay 
material deposited during the formation of the Colorado River delta terrace is the original 
source of Holtville and Imperial parent soils. Many of the other soils were formed from fan 
sediment originating from large gullies created by runoff into the Salton Sea. Imperial County 
soils are characterized by hyperthermic soil temperature and aridic soil moisture regimes 
(Digital Desert, 2019).  

Dry lean silty clays dominate the project site surface extending to approximately 4 to 5 feet 
below ground surface (bgs). These silty clays are underlain by moist stiff clays from 
approximately 6 ft to 38‐40 ft bgs. Silty clay to clayey silt dominate 40‐50 ft bgs to the extent of 
geotechnical exploration (Landmark 2019). 

3.0  Seismic Conditions/Liquefaction Potential 
There are several active faults in the Imperial Valley, including the Brawley Fault Zone, San 
Jacinto Fault Zone (contains the Coyote Creek Fault, the Elmore Ranch Fault, and the Wienert 
Fault), the Elsinore Fault (contains the Laguna Salada Fault), the Imperial Fault, the San Andreas 
Fault Zone, and the Superstitions Hills Fault (ICPDS 2015). There are several mapped faults of 
the San Andreas Fault System across the valley, which is comprised of the San Andreas, San 
Jacinto, and Elsinore Fault Zones. Landmark (2019) employed a computer‐aided search 
approach to assess known faults and seismic zones within 36 miles of the project site. The 
Imperial Fault located 9.4 miles southwest of the project site was the closest mapped 
Earthquake Fault Zone. 

Earthquake hazard zones are characterized by areas susceptible to fault ruptures (ground 
surface breaks/cracks along a fault), liquefaction, and landslides. Ground shaking can occur 
during an earthquake, and its intensity is related to the proximity of the area to the fault, the 
focal depth, soil types, the location of the epicenter, and the size (magnitude) of the 
earthquake. Soils formed from alluvial deposits are more prone to ground shaking than dense 
materials such as bedrock. Moderate to strong ground motion could be expected in the project 
area; however, ground motions could vary considerably due to potential attenuation by rock 
and soil deposits, as well as the type of fault and direction of rupture (Landmark 2019). Soils in 
the project area were classified as Site Class D, which is characterized by a stiff soil profile. 
Further, Landmark determined a Seismic Design Category of D based on a Risk Category III.  

Liquefaction occurs when loosely packed, saturated soil or sediment at or near the ground 
surface loses its strength, which can lead to excessive settlement, ground rupture, lateral 
spreading, or failure of shallow bearing foundations (Imperial County 2015). Landslide and 
liquefaction zones have not been mapped in this area (ICPDS 2015); however, the Colorado 
River Delta region of southern Imperial County (including Heber) is a seismically active area. 
Landmark (2019) evaluated liquefaction potential at the project site using the 1997 NCEER 
Liquefaction Workshop methods. Due to the cohesive nature of the subsurface soils, 
liquefaction is not anticipated at the project site, and mitigation is not recommended. 

Several significant earthquakes have occurred in the vicinity with corresponding surface fault 
ruptures and liquefaction events (McCrink et al. 2011). Four earthquakes greater than 
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magnitude 5 were recorded near Heber, between 1915 and 1979. The El Mayor‐Cucapah 
earthquake (magnitude 7.2) that occurred throughout southern Imperial valley in 2010 caused 
widespread liquefaction near the towns of Calexico (immediately south of Heber) and El Centro 
(immediately north of Heber). 

4.0  Stormwater Infiltration Potential 
Encouraging stormwater infiltration by means of a stormwater management plan (SWMP) can 
improve water conservation by reducing evaporation and increasing groundwater recharge, as 
well avoiding erosion and potential damage to concrete foundations and slabs. Beneficial water 
quality of streams and rivers can also be maintained by preventing discharge of stormwater 
containing sediments and other materials. The City of El Centro and City of Imperial SMP 
provide best management practices (BMPs) for stormwater management by commercial 
businesses and industrial operations (City of El Centro and Imperial County 2013). 

Heber also has a Master Drainage Plan (established in 2006), although the town’s management 
of stormwater defers to the Imperial County Planning and Development guidelines and the 
county Public Works Department. The Imperial Irrigation District board adopted the Imperial 
Integrated Regional Water Management Plan (IRWMP) in 2012 (GEI 2012). The plan was 
developed to support the efforts to meet the County’s future water resource demands while 
conforming to California Department of Water Resources guidelines.  

Groundwater is encountered approximately 8 to 10 feet bgs at the project site (Landmark 
2019). Onsite infiltration potential (capacity of the most limiting layer to transmit water [Ksat]) 
ranges from very low to moderately low (0.00 to 0.06 inches per hour) (Holtville silty clay, wet; 
approximately 71% of the project site) to moderately high (0.20 to 0.57 inches per hour) 
(Imperial‐Glenbar silty clay loams, wet; approximately 29% of the project site). These soil types 
are also considered to be moderately well drained (NRCS 2019). Evaporation potential is 
considered poor at the project site. 

5.0  Site Stability 
The project site is located within the seismically active Imperial Valley and has the potential for 
ground disturbance based on soil and subsurface characteristics. Recommendations for the 
expansion project, including engineered design and earthquake‐resistant construction 
complying with the latest edition of the CBC for Site Class D are provided in Landmark’s 
updated geotechnical report (2019). 
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T E C H N I C A L  M E M O R A N D U M   

AIR QUALITY ANALYSIS SUMMARY FOR THE ORMAT 
HEBER 2 GEOTHERMAL REPOWER PROJECT 

PREPARED FOR: Ben Pogue, Catalyst Environmental Solutions 

PREPARED BY: Joel Firebaugh, Air Sciences Inc. 

PROJECT NO.: 246-2-1 

COPIES: Melissa Wendt, ORMAT Nevada Inc. 

DATE: August 12, 2019 

 
The Second Imperial Geothermal Company (SIGC), a wholly owned subsidiary of ORMAT 
Nevada Inc. (ORMAT), proposes to replace six existing water-cooled ORMAT Energy 
Converters (OECs) with two new water-cooled OECs at the Heber 2 Geothermal Energy 
Complex in Imperial County, CA. The project also entails installing three new 10,000 gallon 
above ground storage tanks to accommodate additional isopentane. The project will affect 
volatile organic compound (VOC) air emissions at the facility. The proposed changes are not 
expected to affect emission rates of other regulated pollutant emissions. 

1.0 Project Description 
The Heber 2 Complex is a geothermal power generation facility located on private lands owned 
by SIGC/ORMAT in southern Imperial County. The facility operates under Imperial County 
Air Pollution Control District (ICAPCD) Permit to Operate (PTO) #2217A-4. Heber 2 currently 
consists of six Integrated Two-Level Units (ITLU) which have a gross combined power output 
rating of 36 megawatts. PTO #2217A-4 also covers two adjacent, connected facilities to Heber 2: 
Goulds 2 and Heber South. These two facilities each consist of one ORMAT Energy Converter 
(OEC) with gross outputs of 10 and 12 megawatts, respectively. Ancillary equipment for the 
combined facilities includes cooling towers, an evacuation skid/vapor recovery maintenance 
unit (VRMU), motive fluid (MF) storage tanks, and diesel engines for emergency use.  

The proposed development would occur entirely on Assessor’s Parcel Number (APN) 054-250-
031, which is a 39.99-acre property. The address for Heber 2 is 855 Dogwood Road, Heber, CA 
92249.  

1.1 Proposed Development 

Development of the proposed project includes the installation of two new OEC units, 
manufactured by ORMAT, to replace the six existing ITLUs which were also manufactured by 
ORMAT in 1992. The total disturbance would be approximately 4 acres, entirely within the 
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existing Heber 2 site. The existing ITLUs will either be demolished or abandoned in place. The 
development site is completely devoid of any vegetation and is actively disturbed as part of 
ongoing energy generation operations at the Heber 2 Complex. Considering its current 
condition, site preparation for the installation of the proposed facilities would be limited to light 
excavation and soil compaction.  

ORMAT Energy Converter-1 (OEC-1) 

The proposed OEC-1 unit is a two-turbine combined cycle binary unit, operating on a 
subcritical Rankine cycle, with isopentane as the motive fluid for the system. This system also 
consists of a generator, vaporizer, water cooled condensers, preheaters and recuperators, with 
the OEC served by the existing evacuation skid/vapor recovery maintenance unit for purging 
and maintenance events. The design capacity for the unit is 25.43 MW gross.  

ORMAT Energy Converter-2 (OEC-2) 

The proposed OEC-2 unit is a two-cycle binary unit, operating on a subcritical Rankine cycle, 
with isopentane as the motive fluid for the system. This system also consists of a generator, 
turbines, vaporizers, water cooled condensers and preheaters, with the OEC served by the 
existing evacuation skid/vapor recovery maintenance unit (VRMU) for purging and 
maintenance events. The design capacity for the unit is 14.01 MW gross. 

Three Additional Isopentane Above Ground Storage Tanks 

To support the new OEC units, three new storage tanks for additional isopentane supply would 
be installed. There are two existing storage tanks at Heber 2 and one at Goulds 2. The new tanks 
would be sited adjacent to the existing Heber 2 tanks. Each of the new and existing tanks has a 
capacity of 10,000 gallons. 

2.0  Existing Air Emissions 
The Heber 2 facility is a minor source of air pollution and operates in compliance with all 
applicable air quality requirements and its permit to operate (PTO #2217A-4). Air emission 
sources currently at the facility include the geothermal power generating units, cooling towers, 
VRMU, and emergency diesel equipment. 

The existing power generating units (6 ITLUs and 2 OECs) have a combined gross power 
generating capacity of 58 megawatts. These units generate power by taking geothermal energy 
(e.g. heat) to vaporize liquid isopentane, which is the motive fluid that powers the turbines to 
create electricity.  

The primary air pollutant from the facility is isopentane, which is a VOC. Isopentane emissions 
occur due to maintenance, purging, and fugitive leaks. During maintenance, the unit is shut 
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down and the isopentane is evacuated before the system is opened for the necessary work to be 
performed. To evacuate the system, the liquid isopentane is transferred to storage tanks, and 
the remaining vapors are passed through the VRMU. The overall recovery rate of isopentane 
during evacuation is greater than 99.9%. However, trace quantities of vapors as well as liquid 
collected at low points in the system where the liquid cannot be completely drained result in 
VOC emissions when the unit is opened to the atmosphere. 

Purging is the process by which impurities are removed from the isopentane closed circuit. 
Contamination of the isopentane causes operating efficiency losses, so purging is performed on 
a regular basis. Vapors are passed through the VRMU and the isopentane is collected and 
returned to the system while other gases are removed.  

Fugitive losses of isopentane can occur due to failing seals, valves, flanges, etc. 

Current permitted emission limits for the facility are provided in Table 1. In addition to 
isopentane emissions, there are particulate emissions from the cooling towers as well as 
particulates, NOX, CO, SO2, and VOC emissions from the emergency diesel engines. Potential 
emissions of PM10, PM2.5, NOX, CO, SO2 and VOCs from the cooling towers and diesel engines, 
combined, are less than 2 tons per year for each pollutant.  

Table 1.  Facility-wide Isopentane Emission Limits 

Emission Source Isopentane Emission Limit 

1st Quarter (Jan – Mar) 185 lbs/day 

2nd Quarter (Apr – Jun) 137 lbs/day 

3rd Quarter (Jul – Sep) 137 lbs/day 

4th Quarter (Oct – Dec) 218 lbs/day 

Emissions are calculated on a quarterly average basis. 

3.0 Method for Predicting Emissions for Proposed Development 
The proposed changes to the facility do not include changes to the cooling towers or emergency 
diesel equipment. The only expected change to emissions from the proposed development is the 
isopentane emissions from the geothermal power generating units (OECs and ITLUs). 

Future potential isopentane emissions were estimated based on actual emissions from the 
facility for the previous two years. Isopentane emissions are related to the size of the system, so 
emissions were estimated by scaling the previous actual emissions according to the change in 
MF volume at the facility. The existing six ITLUs and two OECs have a combined volume of 
120,000 gallons, and the three MF storage tanks have a total capacity of 30,000 gallons. After the 
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proposed development, the combined volume of the existing and new OECs will be 111,000 
gallons, and the MF tanks will have 60,000 gallons total capacity. 

Maintenance and fugitive emissions were also adjusted for the decreased complexity of the new 
units. By replacing six smaller units with two larger units, the number of seals, flanges, pumps 
valves, etc. is reduced significantly. A 50% emission reduction factor was applied to account for 
the approximately 50% fewer potential sites for leaks and equipment failure. 

Isopentane emissions were estimated as follows: 

- Maintenance and purging emissions were estimated based on the worst-case quarterly 
emissions for maintenance and purging from the previous two years. These emission 
rates were scaled based on the ratio of the future OEC volume (111,000 gallons) to the 
existing ITLU plus OEC volume (120,000 gallons). Maintenance emissions were then 
scaled using the 50% reduction factor described above. 

- Fugitive emissions were estimated based on the worst-case quarterly emission rate over 
the last two years, scaled based on the total system capacity of the system including MF 
tanks (171,000 gallons proposed versus 150,000 existing). Emissions were then scaled 
with the 50% reduction factor described above. 

This emission estimation method is a reasonably conservative estimate (e.g. an overestimation) 
of future emissions. The new units benefit from improvements in the design and technology 
that have occurred during the decades since the existing units were constructed. These 
improvements reduce fugitive leaks as well as emissions during MF evacuation for maintenance 
but are not accounted for in the emission estimate. Additionally, these new units are expected to 
have lower emissions because the units they are replacing have higher maintenance 
requirements due to their age. 

4.0 Potential Emissions Summary for Proposed Development 
Previous actual isopentane emissions, estimated potential emissions, as well as emission limits 
in PTO #2217A-4 for the Heber 2 Complex are given below in Table 2. Note that the estimated 
emissions for the facility after the proposed development remain below the current permitted 
emission limits. The estimated emissions are reasonably conservative for the reasons described 
above. 
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Table 2. Actual and Potential Emissions for Heber 2 Facility 

 Facility Total Emissions 

Isopentane Emissions lbs / day tons / year 

Actual Emissions (2017 – 2018) 117.5 14.9 

Estimated Potential Emissions 64.5 11.8 

Emissions Increase -52.9 -3.1 

Current Permit Limit (varies) 137 - 218   

Proposed Permit Limit (varies) 137 - 202  

The currently permitted isopentane emission limits vary by calendar quarter. In quarters two 
and three, the limit is 137 pounds per day. In quarters one and four, additional facility 
maintenance is typically performed, which potentially increase emissions. The current limit for 
the first quarter is 185 pounds per day and the fourth quarter limit is 218 pounds per day. The 
proposed reduction in OEC total size from 130,000 to 121,000 will reduce the volume of 
isopentane that needs to be evacuated for maintenance operations. SIGC is requesting to reduce 
the isopentane emission limits by an amount equivalent to the reduction in OEC volume (7.5%) 
for the two quarter with higher maintenance emissions. The proposed limits are 171 and 202 
pounds per day for the first and fourth quarters, respectively. 

The proposed changes are not expected to affect emissions of other regulated pollutants. 

5.0 Air Quality Protection Measures 
ORMAT has implemented measures to limit air emissions at Heber 2. These measures include 
but are not limited to the following: 

- A water truck is used on site to control fugitive dust emissions. 

- A five mile per hour speed limit at the site further reduces fugitive dust emissions.  

- During windy conditions, additional watering is conducted to minimize wind-blown 
fugitive dust.  

- Equipment is operated according to best practices and maintained according to design 
specifications.  

- The OECs and ITLUs are inspected for leaks using specialized leak detection equipment 
during every shift, and leaks are repaired quickly.  
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- Any breakdown resulting in air emissions is reported to ICAPCD and corrected 
promptly (within 24 hours when possible).  

- The VRMU is tested annually to confirm proper function and high isopentane recovery 
rates. 
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