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GEOLOGY AND SLOPE STABILITY IN SELECTED PARTS OF 
THE GEYSERS GEOTHERMAL RESOURCES AREA: 

A Guide to Geologic Features 
Indicative of Stable and Unstable Terrain 

in Areas Underlain by Franciscan and Related Rod(s 

B,y Trinda L. Bedrossianl 

SUMMARY OF FINDINGS 

Franciscan rocks in The Geysers Geothermal Re
sources Area(GRA) constitute a greatly deformed and 
chaotic assemblage of rocks known as melange which, 

. under natural conditions, poses problems to slope stabil
ity.Unstable conditions inherent'in the melange are ac
centuated by the steepness of slopes, . chemical alteration 
of the rocks, and numerous faulfand shear zones. Adverse 
effects that may be .experienced- with development of me
lange terrain can, however, be mitigated if potential prob
lem areas are recognized before deVelopment begins and 
if good engineering geology·and engineering practices are 
followed. 

Competent formational units, ridge tops, flat ground, 
competent masses of rock embedded in melange matrix, 
and naturally buttressed landslides may be relatively fa
vorable to site stability. Geologic features and processes 
that could pose problems to site stability and that there
fore warrant detailed site studies prior to development 
within the area include: landslides, erosion, sheared me
lange matrix, hydrothermally altered rock, unfavorably 
dipping bedding planes, faults and shear zones, sheared 
serpentinite, mines and mine tailings, subsidence, and ex
pansive soils. Other factors and processes that may affect 
slope stability and therefore should be considered prior to 
development include earthquake shaking, surface and 
ground water, vegetation, and human activities related to 
road, well pad, and power plant site preparation and con
struction. 

RECOMMENDATIONS 

1. Environmental documents required by governmental 
agencies involved with the planning, design, construc
tion, and maintenance of engineering works in The 

Geysers.ORA sho.uld provide basic engineering geo
logical data pertaining to: a) distribution and engi
neering properties of rocks and soils; b) structural 
features of the rocks including attitude of bedding and 
location of fault·and shear zones; c) characteristics of 
topographic relief; d) distribution and effects of 
ground water conditions; e) geodynamic processes 
(such as slope movements, erosion, and seismic 
phenomena) . 

2. Engineering geological maps and reports prepared for 
parts of The Geysers GRA underlain by Franciscan 
terrain should take into consideration the unstable 
conditions inherent in the melarige. The following 
geologic features and processes warrant particular at
tention. 

A. Landslides. Detailed site investigations within 
areas of land sliding should identify: (1) type of 
movement, (2) degree of activity, (3) areal ex
tent and depth of landsliding, (4) rates of move
ment, and (5) relative slope stability of rock 
units within the areas mapped. Roads, well pads, 
and power plants should not be constructed in 
areas of active or potentially active sliding. The 
undercutting of the toes, loading of the heads, 
and alteration in drainage of landslides should be 
avoided. 

B. Erosion. Erosion control measures should be de
signed to provide protection for exposed soils in 
graded areas and the control of drainage from 
rainfall and springs. 

C. Sheared melange matrix. Because the inherently 
weak, easily eroded melange matrix characteris
tically shows evidence of sporadic landslide 

I Geologist, California Division of Mines and Geology, San Francisco, CA. 
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movements and slower but more continuous 
downhill creep, the potential for slope failure in 
all areas underlain by ,melange matrix should be 
thoroughly assessed prior to development. 

4. Other factors that should be considered in preparing 
engineering geologic reports for The Geysers GRA 
include: 

D. Hydrothermally altered rock. Because hydro- A. Earthquake shaking. All structures should be de-
thermally altered rocks contain various clays signed to withstand shaking forces from the max-
with strengths that may differ according to envi- imum credible earthquake (see Appendix H) 
ronmental conditions, investigations made prior without serious failure and resultant injuries or 
to development in areas-of hydrothermal altera- loss of life. 
tion should include analyses of altered minerals B. Surface and ground water. Because changes in 
to determine the nature of any clays that may be both surface water and ground water conditions 
present. can create undesirable changes in slope stability, 

E. Unfavorably dipping bedding planes. Construc- qetailed geological site investigations within The 
tion in areas where bedding planes dip in the Geysers GRA should, where appropriate, in-
same direction as the slope of the land should be clude information concerning the distribution 
based upon sound engineering practices. and amount of surface and subsurface water, in-

F. Faults and -shear zones. Because rocks within filtration conditions, direction and velocity of 
fault and shear zones are generally weak and ground-water flow, depth to water table and its 
shattered, special consideration should be given range of fluctuation, chemical properties (pH, 
to development within or across such zones. To salinity, presence of pollutants) , and the relation-
avoid potential losses due to fault displacement, ship of the water to existing topographic and 
active faults and shear zones should be identified geologic conditions. 
and accurately located through detailed geologic C. Vegetation. Detailed site investigations in burned 
mapping, seismic study, trenching, drilling; and/ areas, and in undisturbed areas, should take into 
or geophysical work. consideration rock-soil-plant relationships and 

G. Sheared serpentinite. Because highly sheared ser- the effect that heavy rainfall during short periods 
pentinite is extremely prone to erosion and of time may have upon the site if vegetation is 
downslope movements, special consideration destroyed. 

- ------slrnuld-be-given-ro-anas.'ohhis-materia:l-where-------B-. -Human-ae~ivities,,",Any-number-ef-faat0r-s-l'elated--
development is proposed. to the human development of Franciscan terrain 

H. Mines and mine tailings. Mines and mine tailings could lead to potentially unstable slope condi-
within areas of proposed development should be tions. If recognized prior to development of the 
identified. If possible, detailed cross-sections land, most adverse effects can be avoided or cor-
showing locations of underground workings rected. Several suggestions for the preparation 
should be included. The drilling of wells into or and review of engineering geological reports are 
through open tunnels should be avoided. Adits of presented by Bacon and others ( 1976); the Com-
abandoned mines should be properly sealed. Be- mission on Engineering Geological Maps 
cause of their unstable nature, development on or (l976); and in Appendices G through L of this 
downslope from mine tailings should be avoided. report. 

I. Subsidence. Although the magnitude of subsid
ence in The Geysers GRA: is small, surveillance 
of The Geysers steam field should continue so 
that any significant vertical movements can be 
detected and corrected. 

1. Expansive soils. Appropriate laboratory testing of 
soils should be completed for each -site prior to 
development so that adverse effects caused by ex
pansive soils can be avoided. 

3. Although competent formational units, ridge tops, 
flat ground, competent masses of rock embedded in 
melange matrix,_ and naturally buttressed landslides 
may be relatively favorable to site stability, any inter
ference with the delicate natural balance between 
such factors as natural slope angle, ground water, 
vegetation, and surface loading could disturb the rela
tive stability of these areas. For this reason, detailed 
site-specific geological studies prior to development 
of these areas should assess the effects of construction 
and recommended methods of minimizing adverse 
effects. 

The results of the CDMG study are presented here as 
a guide to planners, staffs of permitting agencies, develop
ers, and professionals and non-professionals involved in 
road, geothermal well, and power plant siting. With the 
help of this guide, they may recognize geologic features 
indicative of stable and unstable conditions within Fran
ciscan terrain and, through an understanding of geologic 
conditions, may better evaluate the effectiveness of engi
neering practice that may be employed to mitigate adverse 
conditions encountered. 

INTRODUCTION 
/ 

The Geysers Geothermal Resources Area (GRA) com
prises approximately 10,500 acres of land 75 to 90 miles 
(120 to 145 kilometers) north of San Francisco in the 
Coast Ranges.ofSonoma, Lake, and Mendocino Counties. 
The western part of the area is dominated by the rugged, 
northwest-trending Mayacmas Mountains which reach 
elevations of about 4000 feet (1200 meters); the eastern 
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part of the area is characterized by volcanic domes, cones, 
and flows. Although there are no geysers in The Geysers 
GRA, numerous fumeroles and hot springs indicate the 
presence of vast amounts of natural heat below the Earth's 
crust. A still-heated, magma chamber located beneath vol
canic rocks southwest of Clear Lake is believed to supply 
the heat for geothermal phenomena throughout The Gey
serssteam .field (Chapman, 1975). Geothermal energy 
from The Geysers G RA is being used to generate electric
ity to meet a growing demand·for power in northern Cali-

.fornia. 

The area of major production within The GeysersG RA 
is of interest to the California Division of Mines and Geol
ogy (CDMG) .becauseit is underlain by rocks of the 

. 'Franciscan assemblage. These rocks are notorious 
throughout the California Coast Ranges because they are 
generally unstable under natural conditions. Combined 
with the rugged topography of the Mayacmas Mountains, 
Franciscan rocks in The Geysers area. are particularly 
vulnerable to hazardous conditions caused by land insta
bility"both .natural and manjnduced. Although CDMG 
is not.a . regulatory agency for geothermal development, 
through its role in the development of geologic informa
tion it can serve to expedite regulatory review processes by 
directing attention to the basic geologic problems in The 
Geysers GRA. Adverse effects that may be experienced 
with development of the land can be mitigated if potential 
problem areas·are recognized before aeyelop'mentbegins 
and if good engineering geology and engineering practices 
are followed. . 

Purpose and Sc()pe 

To encourage the safe, economic and, expeditious devel
opment of geothermal resources inThe Geysers G RA, the 
CDMG·conducted a~4~monthstudy' of various gecilogic 
and' topographic features related' to the stability' of Fran
ciscan terrain in The Geysers GRA. The Study consisted 
of investigations of geologic and topographic features 
throughout The Geysers GRA, and geologie mapping at 
a scale of 1:12,000.of approximately 1500 acres (600 hec
tareS) of landslide terrain within the canyon of Big Sul
phur Creek in the vicinity of the Btickeye mine (see plate 
1). The area mapped during this study was selected be
cause: (1) it is an ar'ea of potential future geothermal 
development, and (2) it illustrates that large areas 
mapped as landslides on regional scales (McLaughlin, 
1974, 1975b; McNitt, 1968a) may contain zones of vary
ing slope stability and, therefore, should be mapped in 
more detail prior to development of the land. 
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. GEOLOGY 

Regional Geology 

The Geysers G RA is generally divided into two major 
physiographic zones ( Bacon and others, 1976): the 
Mayacmas Mountains zone and the Clear Lake zone (fig
ure 1). The geology of various parts of these areas has 
been mapped at regional scales-by: Bailey (1946), Blake 
and others ( 1971), Brice ( 1953), Gealy ( 1951), Goff and 
McLaughlin (1976), Hearn and others (1975), Jennings 
and Strand (1960), Koenig (1963), McLaughlin (1974, 
1975b), McNitt (1968a, 1968b), Swe and Dickinson 
(1970), and Yates and Hilpert (1946). 

The Mayacmas Mountains zone, which includes the 
Harbin Mountain-Middletown area, is composed primar
ily of marine sedimentary and volcanic rocks of the Fran
ciscan assemblage and of the Great Valley sequence. Both 
units are Jurassic to Cretaceous in age (see Appendix A 
for age in millions of years) . These rocks have been folded 
and faulted into a series of rugged, northwest-trending 
ridges and valleys. Also present in the Mayacmas Moun
tains zone are Tertiary marine sedimentary rocks south
east of Clear Lake, Pliocene volcanic rocks near Mount St. 
Helena, and scattered exposures of Pliocene to Holocene 
non-marine sedimentary rocks. 

The Clear Lake zone, which includes the Clear Lake, 
Boggs Mountain, and Cobb Mountain volcanic areas, is 
characterized by volcanic domes, cones, and flows of 
Pleistocene age. These rocks overlie eroded surfaces of 
Great Valley and Franciscan rocks and Late Pliocene to 
Pleistocene fluvial and lake deposits of the Cache Forma
tion. An area of unusually low gravity (figure 2) centered 
near the Clear Lake volcanic rocks indicates the presence 
of a hot, intrusive magma chamber at depth (Chapman, 
1975) . 
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Figure 1. Index map of The Geyser.; Geothennal Resources Area ( GRA) 
showing The Geyser.; steam field and the Mayacmas Mountains and 
Clear. lake physiographic zon!,s. Compiled from Bacon and other.; 
(1976) and Hanna ( 1975). 

Franciscan Melange 

Franciscan rocks in The Geysers GRA constitute a 
greatly deformed and chaotic assemblage of rocks-known 
as melange (Hsu, 1968). Resistant blocks and slabs of 
sandstone, shale, and conglomerate with lesser amounts of 
greenstone, chert, and various metamorphic rocks are em
bedded in a highly sheared matrix of gray to black shale 
and other weak, gouged rock material. The blocks and 
slabs of resistant rock range from less than a foof (30 
centimeters) to more than 5 miles (8 kilometers) in 
length. The combination of disrupted rock masses and 
sheared matrix represents one or more great, ancient fault 
zones in which broad areas of old bedrock were broken 
and sheared as the result of the interaction betweenre
gional-scale plates of the earth's crust driven in opposing 
directions by forces deep wi thin the Earth (Rice and oth
ers, 1976). Serpentinite and other metamorphosed igne
ous rocks commonly are associated with the Franciscan 
melange. Because "the iow strength of the fine-grained 
melange matrix is a major factor contributing to landslid
ing, the recognition of melange, wherever it is present, is 

very important to the understanding of slope stability 
problems. 

Melange terrain is characterized by the presence of scat
tered outcrops of hard rock projecting out of rugged 
grassy slopes. At higher elevations, the slopes between the 
scattered outcrops are covered with chaparral. Although 
the unsheared masses of coherent rock embedded within 
the melange matrix tend to have high to very high strength 
characteristics, they rarely show evidence of continuity 
between outcrops. The intensely sheared melange matrix 
that encloses the coherent rock masses is inherently weak 
and erodes easily. In addition; the melange matrix com
monly weathers to clay-rich, highly expansive soils -
soils that swell when wet and shrink when dry. These soils 
creep downslope as a result of the swelling and shrinking 
processes and contribute to the formation of landslides 
that commonly occur on such slopes. Clearly the matrix, 
being the weakest component, controls the over-all stabil
ity of slopes underlain by the melange. The sharp differ
ences in inherent strength characteristics of various 

-components oflhe meiange resultinirreguiar topography
and highly erratic slope stability characteristics in areas 
underlain by this material. 

o IOkm 
~--~--~ 

LEGENO 

~ ~~~~Z~:fu!r~~ee deposita lIS] Fr:~6c~~Cb~~ge ~ Serpentinite 

~. Cenozoic volcanics D GSee~u~~~~e! J Gravity contour 

Figure 2. Generalized geology and location of the negative gravity anom
aly that indicates a still-heated magma chamber at depth. Modified from 
Chapman and Bishop <.1970) and Isherwood ( 1975) . 
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Geology and Geomorphology of 
Big Sulphur Creek Canyon 

Big Sulphur 'Creek canyon is a narrow, deeply incised, 
northwest-trending valley that transects the center of The 
Geysers steam field. Big Sulphur Creek, the structurally 
controlled stream that runs through the canyon, origi
nates about 5 miles (S kilometers) west of Middletown 
near the southeastern end of the GRA and flows north
westward to a 'point north of Cloverdale' where it joins the 
Russian River, AtThe Geysers ReSort, 'Big 'Sulphur Creek 
is at an elevation of1600 feet (4gS meters). Rugged slopes 
on each side of BigSulphurCreek extend upward to ridge 
tops that reach 'elevations of: over 3000 feet (900 meters) . 
In places, the slopes are inclined as much: as 70 degrees. 
In the vicinity of The Geysers Resort, slopes on both sides 
of Big Sulphur Creek are characterized by massive land
slides (photo 1), Somewhat smaller slides upstream to
ward the Little Geysers area have been mapped by Bailey 
(1946), McLaughlin (1975a, 1975b), and McNitt 
(196Sa) . 

Geologic: formations 'within Big Sulphur Creek canyon 
fall into two distinct groups that differ greatly in age'and 
rock type. The older group of rocks is composed primarily 
of pre--Tertiary (older than ,65 'million 'years) sandstone, 
shale, conglomerate, greenStone, chert,serpentinite, and 
high-grade metamorphic rocks associate<hvith the ,Fran
Ciscan' assemblage. These rocks form most of the ridges 
and spurs along Big Sulphur Creek canyon. Also included 
in this'group aremuchyounger(Ho 3'million-'--year-old) 
reSistant blocks and'masses of silica carbonate rock that 
have formed as a result 'of hydrothermal· alteration of 
serpentinite along fault zones. Mantling the slopes and in 
places 'filling portions of the valleys between ridges and 
spurs is the second and younger group of rocks composed 
largely of unconsolidated surface deposits of late Tertiary 

Photo 1, Typical I~ndslide terrain along Big 
Sulphur Creek north 01 The Geysers Resort, 
The Dewey mine and Thermogenics. _ Inc, 
steam wells are to the west 01 Big Sulphur 
Creek (right center) . View looking south. 

and Quaternary age (younger than 5 million years), These 
deposits include landslide debris, alluvium, colluvium, 
and terrace deposits. The nearest exposure of Clear Lake 
volcanic rock in the vicinity of The Geysers steam field is 
the rhyolite ridge of Cobb Mountain, approximately 5 
miles (S kilometers) northeast of Big Sulphur Creek. Gen
eralized descriptions and some of the engineering charac
teristics of major geologic units in 'parts of The Geysers 
GRA underlain by Franciscan terrain are presented .in 
Table .1. More detailed ·descriptionsoUhe 'rocks are pre-
sen ted in Appendix.B. ' " 

Most of the production of geothermal energy at The 
Geysers has been confined .to Big Sulphur Creek canyon 
and to the canyons of small tributary creeks in a zone that 
extends 'approximately 5 rriiles (S kilometers) lin a north
west direction from the, Little Geysers area, to the Big 
G~ysers area near The Geysers'Resort. Both the Big Gey
sers and;Little'Geysers are characterized by fumarole ac
tivity(photp2) and by hot springs (photo 3) that vent 
for several miles along Big Sulph ur'Creek, _ Another series 
of·hot springs is 10cated.2 miles (J.Hdlometers) east in 
the :Castle Rock and Anderson Springs area (Koenig, 
1969) . 

A northwest-trending'fauit zonew hichcrossesiFrancis
can rocks 'intheyieiriityof Big Sulphur Creek,riiasbeen 
the dominant factor-in controlling.thelocation ofthermal 
areas in the Mayacmas Range {McNitt; 1960). According 
to McNitt this .fault :zone also controlle<bthe location of 
mercury rriineralizationin the easteFn,and~estern'Mayac
mas _quiCksilver districts.' Several.moderatelydipping (300 

to 40'1), northwest~trendingJaults.that'cut across Big Sul
phurCreek near The ;Geysers.Resort are delineated by 
prominent.areas of hydrothermal alteration ( photo 4) on 
the north side of Big Sulphur Creek canyon (McLaughlin, 
1975a). Microearthquakeactivity in this part of the steam 
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field appears to be related to this set of faults. A promi
nent, intensely altered serpentinite body (photo 5) ex
tends for more than 8 miles (13 kilometers) along the 
north side of Big Sulphur Creek canyon. According to 
McLaughlin (1976), the base of the serpentinite is a north 

Photo 2: Fumarole in hydrothermally,altered'rocks north of Geyser C~nyon 
near The Geysers Resort. Photo by Donn Ristau. 

Photo 3. ,Hot springs and, fumaroles ,in, hy
drothermally altered rocks ,of, the -little Gay, 
sers area. 

-west-trending, steeply dipping (N 45°to 600 E) fault that 
is traceable in the subsurface to just south of Cobb Moun
tain. A series of less prominant northeast-trending faults 
cuts the canyon in a number of places (photo 6). A de
tailed discussion of the possible formation of these faults 
is presented by McNitt (1960). 

The present configuration of ridges and valleys within 
and near Big Sulphur Creek canyon reflects the major 
structural framework of the area, which is controlled by 
northwest-trending folds and faults formed between 37 
and 90 million years ago as rocks of the Great Valley 
sequence were shoved over rocks of the Franciscan assem
blage. The rocks, weakened by repeated deformation, are 
highly sheared and fractured in most places. The deeply 
incised canyons (photo 7) and steep slopes along and 
adjacent to Big Sulphur Creek probably were formed dur
ing late Tertiary and early Quaternary times, when re
gional uplift increased existing stream gradients and 
caused rapid erosion of canyons and over-steepened 
slopes. Remnants of at least two distinct terrace levels 
(photo 8) in several areas along Big Sulphur Creek indi
cate that former stream base levels were higher than at 
present. 

The relatively deep, massive landslides along portions 
of Big Sulphur Creek canyon may have formed approxi
mately 15;000 to 20,000 years ago, during Pleistocene 
time, when a considerably wetter-than-present climate 
(Dwyer, 1972) contributed to the weathering of shattered 
bedrock on oversteepened slopes ,and to increased erosion 
by the, stream at the base of, the slopes. One episode of 
landslide. movement, believed to have occurred 
13,000 ± 160 years ago, is.represented by' the age dating ,of 
carbonaceous material recently found in the rotational 
depression of a landslide on the western slopes, of Cobb 
Mountain (R. McLaughlin; U.S, Geological Survey, 1978, 
personal communication). Major seismic activity related 
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to regional deformation and volcanic activity in the area 
at the time also may have contributed to the downslope 
movement of large masses of rock within Big Sulphur 
Creek canyon, Although many of the massive ancient 
slides may be stable now, much more recent, shallow 
laodsliding and erosion along .their toes and around their 
relatively large benches are signs that, under certain con
ditions, parts of these slides have moved and could move 
again. Present4iay seismic activity in The Geysers, G RA 
(plate 1 A') is eviderice that the entire region is still tectoni
cally'active (Bufe and others, 1976; Chapman, 1975; 
Hamilton and Muffler, 1972; and Lange arid Westphal, 
1969) . 

CHARACTERISTICS OF STABLE 
TERRAIN 

Although the Franciscan assemblage generally is unsta
ble under natural conditions, several geologic features 
within The Geysers"GRA maybe relatively favorable to 
site stability: (1) competent formational units, (2) ridge 
tops, (3) flat ground, (4) competent masses ofrockem
bedded in melange matrix, and (5) naturally buttressed 
landslides. Any interference with the delicate natural bal
ance between such factors as natural slope angle, ground 
water,vegetation, and surface loading could disturb the 
relative stability pf t~ese areas. For this reason,detailed 
'sitespt:9ffic geOlogical studies should 'be made before a,Py 
developD;lent of theSe areas begins. . , ' 

Competent Formational Units 

Throughout The Ge~Sl!rs G RA, relatively thick, homo
geneous bodies of rock- within the Franciscan melange.; 

.. -. - '. . ~ 

Photl' 5. Prominent serpentinite unit that ex
tends along the north side of Big Sulphur 
Creek canyon. The base of the serpentin!te 
marks a northwest-trending fault that is trace· 
able in the subsurfac'e to somewhere just south 
of Cobb Mountain. Minerals present in the 
serpentinite include antigorite, chlorite, talc, 
actinolite, tremolite, and cummingtonite. 

~~oto 4. Zones of hydrothermal alterationJiight areas) north of ,The Gey. 
strs \ Resort . Several northwest-"trending faults thaLcUt, across Big Sulphur 

"Creek,nilar The Geysers Resort are delineated by'Jarge, light colored areas 
of extensive hydrothermal alteration. 
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Photo 6. Sod die at the top of a greenstone ridge just east of the Buckeye 
mine. The saddle marks a small northeast-trending fault zone that cuts across 
the canyon of Big Sulphur Creek. View to the n.ortheast toward Squaw Creek. 

Photo 7.. Deeply incised canyon along Big Sulphur Cleek south of The 
Geysers Resort. At this particular location, the stream has carveda·steep 
channel ( lower left to upper right of photo) in metamorphosed graywacke 
and greenstone rocks. 

have easily recognizable upper and lower boundaries that 
can be traced in the field and represented as separate rock 
units on small-scale geologic maps (on the order of 1 :24,-
000). In some places, these large, persistent rock units 
have been strong enough to withstand the various tectonic 
forces to which the area has been subjected and, thus, are 
considered to be competent. 

In general, the Franciscan rocks that appear to be most 
competent are: (1) relatively uniform, unweathered, low 
to moderately fractured graywacke and metagraywacke; 
(2) massive greenstone, mostly as hard basaltic flow rock; . 
(3) massive chert; (4) hard, blocky serpentinite; (5) silica 
carbonate; and (6) hard, unweathered rocks of the blue
schist facies (see table 1). Although most of these rocks 
possess features that are relatively favorable to site stabil
ity, the degree of competency within the units may vary 
considerably from site to site. Under certain conditions, 
such as severe earthquake shaking, some of the rocks 
could become incompetent. According to Gary and others 
( 1972) , a volume of rock may be competent or incompe
tent any number of times during its deformational history, 
depending upon the environmental conditions. 

Ridge Tops 

Ridge tops throughout The Geysers GRA appear to be 
relatively stable. In most places, the ridges are formed by 
the more competent formational units descr!bed above. 
Near The Geysers Resort, PG&E Power Plant~nits 7 and 
8 and Union Oil Company Well D.x.-29 (photo 9) are 
located on a relatively stable ridge top underlain primarily 
by greenstone. Detailed geological site investigations may 
show that otber ridge tops and spurs (photo 10) in The 
Geysers GRA are relatively stable areas for future devel
opment. 

Flat Ground 

The flat bottoms of some valleys in The Geysers GRA 
may be relittively stable where they are not bounded by 
steep slopes, landslides, and fault zones, and where they 
are not affeCted by erosion, subsidence, or the undercut
ting of streams. ~me of the large, flat benches, formed by 
massive, ancient landslides similar to those along Big Sul
phur Creek, also may be relatively stable under normal 
conditions. These areas are, however, part of the landslide 
terrain and should be regarded with extreme caution. 
Small landslides and erosion around the sides of the 
benches and seismic activity in the area could cause larger 
-scale landslide movements. Detailed geologic site investi
gations should be made prior to any development on flat 
ground in valley bottoms and on natural benches. 

Competent Masses of Rock 
Embedded in Melange Matrix 

Enclosed within the highly sheared matrix of the Fran
ciscan melange are blocks and slabs of resistant rock that 
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Photo 9. PG.&E Power Plant Units 7 and Band 
Union Oil Co",p'any well D.X.-29 located on a rela

'tively stable g'reenstone ridge on the northeast side of 
, Big Sulphur Creek canyon in the' vicinity of The Gey-
sers Resort. 

Photo B. Terrace deposits along Big Sulphur Creek r 

just south of The Geysers Resort. The two distinct 
terrace levels are evidence that the stream once 
flowed at higher elevations. 

Photo 10. Greenstone spur just northeast of the 
Buckeye mine. Spurs such as this represent relatively 
stable ground for future development. Detailed geo
logical site investigations should be conducted to as
sure that no locally adverse conditions are present. 



1980 GEOLOGY AND SLOPE STABILITY-THE GEYSERS GRA 11 

Photo 12. Wildhorse 2 Well. Drilled in 1967, before present-day technol
ogy was available, the Wildhorse 2 Well did-not prove-enough steam for 
commercial production, so was abandoned. Although the well itself was 
drilled through more than 7000 feet of relatively stable graywacke sandstone 
( photo 11) , the area above the well site is prone to landsliding. Photo by 
Donn Ristau. 

bedding planes, (6) faults and shear zones, (7) serpenti
nite, (8) mines and mine tailings, (9) subsidence, and 
(10) expansive soils. These features warrant particular 
attention in all detailed site specific studies made prior to 
development within the area. 

Landslides 

A landslide is the downhill movement of earth materials 
under the force of gravity. Movement can be very rapid or 
so slow that changes in position are noticeable only over 
a period of weeks or years. 

Landslides range from several square feet to several 
. square miles in area and from less than a foot to several 
hundred feet in thickness. Landslides generally are di
vided into four categories (table 2) on the basis of the type 
of landslide movement: falls, slides, flows, and complex 
landslides (combinations of falls, slides, and flows). Sub
divisions of these categories are based on the type of 
material involved, presence or absence of a dominant 
planar geologic structure, and amount of water saturation. 

Photo 13. Massive a"cient landslide in the vicinity of the Wildhorse 2 Well. 
Large, resistant blocks of sandstone (left and right center) may act as 
buttresses preventing "'-ajor landslide movement near the toe of the slide. The 
Wildhorse 2 Well was drilled through the knocker shown in the upper left side 
of the photo ( see photo 11 for close-up) . The small landslide scarp ( to the 
right of trees in left lower center) indicates recent -smalkcale landslide 
activity (see photo 15) between the two resistant block:tWhoto by Donn 
Ristau. 'dtt~ 

Falls 

Rock and soil falls in The Geysers area occur most often 
in closely fractured rocks along steep canyon slopes, quar
ry walls (photo 42), and steep road cuts (photos 14 and 
32). The rock materials usually fall during heavy rainfall 
or after periods of alternate freezing and thawing of water 
within joints and fractures in the rock. Falls also may 
result from the excavation of resistant rock at the base of 
the steep slopes. In some places, fallen rock fragments 
remain at the foot of the slope, forming talus deposits 
(photo 42). Although the falls generally are small, they 
can be !hazardous, especially along the roads. 

Slides 

A more common type of landslide in The Geysers area 
is the slide - an intact land mass that has moved down
slope along a planar or curved slip surface known as the 
slide plane or surface of rupture. Individual slides range 
from less than 100 feet (30 meters) to more than a mile 
(1.6 kilometers) in length and from several feet to more 
than 125 feet (37.5 meters) in depth. Some of the slides 
have become relatively stable over the years, while others 
continue to move at various rates each year. As with falls, 
movements in slides usually take place during the wet 
winter and spring months. The principal constituents of 
slide debris are clayey soils; small, angular rock fragments; 
and large, angular to subangular blocks 'of Franciscan 
rock. Extensive sliding is present in areas underlain by 
sheared melange matrix and in sheared and shattered 
rocks associated with fault zones. 
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Table 2. Classification of landslides, modified from Leighton ( 1966). 

Type Definition Characteristics 

FALLS Rockfalls Free falls of soil and rock, local rolling, bouncing, Occurs ch iefly on steep slopes. Rockfalls commonly 
Soil falls or sliding. result from loosening or undermining of outcrops of 
Coastline falls resistant rocks. 

SLIDES Planar slides Lateral and downslope movement of partly intact Planar slides common in bedded Cenozoic-Mesozoic 
( block glides) masses due to: A) failure along downsloping pia· rocks. Rotational slides common in thick surficial depos· 
Rotational slides nor ge~logic structure ( planar slide) , or B) failure its and massive Cenozoic and Mesozoic. rocks. 

and rotation along curved slip surface. 

flOWS Slow flows Vi'sco~s flows of completely fragmented material, Move downslope in channels as tongues of mud and 
Fast flows saturated with water. 
Underwater flows 

COMPLEX Combination of falls, Combinations of the above. 
slides, and flows 

Most slides exhibit a characteristic topography (figure 
3). Rock and soil materials from the upper end of the slide 
have been excavated from the original ground surface and 
carried downslope toward an area of deposition near the 
base or toe of the slide. The slide surface at the top or head 
of the slide usually is marked by a series of relatively 
continuous, curved or spoon-shaped cracks. During the 
winter rainy season, water collects along these cracks, 
saturates the underlying rock materials, and may cause 
additional movement along the slide plane. As slide 
materials continue to move away from the undisturbed 
ground surface, scarps are formed at the head of the slide. 
Movements along active slides generally expose fresh slide 
debris in the scarp areas (photo 15) and prevent the 
growth of vegetation. The scarps of older or less active 
slides may support a substantial amount of vegetative cov
er(>r'may be highly dissected by long periods of erosion. 
The use of dissected scarps to determine the relative age 
of slides in The Geysers area should be regarded with 
some caution, however, because rapid erosion of. slope 
materials during the rainy season often disguised the true 
recency of slope movement. 

As slide material is separated from the rest of the slope 
and moves downward, it may be impeded by various fac
tors such as friction, occasional reversed gradients, and 
the dense consistency of the mass itself (Krynine' and 
Judd, 1957). If the slide debris is in a relatively fluid 
condition, it may spread smoothly onto the adjacent ter
rain. If the debris is only slightly fluid or if the topography 
prevents further expansion of various slide components; a 
series of bulges and flat, step-like benches may develop 
throughout the slide; giving it a hummocky appearance 
(photo \6). Sag ponds; perennial seeps or springs (photo 
17), pressure ridges, terracettes, transverse and radial 
cracks, and disturbed vegetation are present on many slide 
surfaces. In some places, the recency of slide movement 
can be inferred from the curvature of tree trunks or from 
the roots of trees exposed along slide fissures. 

debris; similar to stream flow. Some begin as slides. 
Velocity depends on water content, type of debris, and 
slope angle. 

Falls may occur from the steep scarp of a slide. Slides 
may disintegrate downslope into a flow. 

MAIN SCARP - A $~eep surface on undisturbed ground around the periphery of the slide, caused by 
mo .... ement of 'slide material away from the undisturbed ground. The projectic;m of the scarp surface 

under the disturbed material becomes the surface of rupture. MINOR. SCARP - A steep surface of 
the disturbed material produced by djfferential movements within the sliding mass. HEAD - the upper 

ports of the slide material along the contact between the disturbed material and the main scarp. TOP 
- Th~ highest point of contact between the disturbed material and the main scarp. FOOT - The line 
of intersection ( sometimes huried) between the lower part of the surface of rupture ~nd the original 
ground,surface. TOE - The margin of disturbed material most distant from the main scarp. TIP - The 
point on the toe most distont from the top of the slide. FLANK - The side of the landslide. CROWN 
- The mat~rial·th~t-is ·still in place, practically undisturbed, and adjacent to the highest parts of the 
main scarP. ORIGINAL GROUND SURFACE - The slope that existed before the movement which is: 
being considered took place. 

Figure 3. Parts of a landslide. After Eckel ( 1958) . 



1980 GEOLOGY AND SLOPE STABILITY-THE GEYSERS GRA 13 

Photo 14. Fallen. rock, soil, and Jrees, along steep ,roadcut .. in c1ose.ly frac· 
tured greens!~ne'- .. ',' .' 

. '. ' 

Photo 15. Relatively fresh scarp of a small slide in th'e' toe oia ';'uch larger 
ancient landslide ( photo 13) . Recent movement of the slide has prevented 
the growth of grass along the scarp. 

Photo i 6~' Humin~cky terrain ~t the head of a small land~lide north of The 
.'G;'yseis Resort;'" 

Photo 17. Natural spring where ground water table intersects slope of hill 
( center of photo near person) . Springs such.as this are, common throughout 
The Geysers area and may contribute to landsliding, especially during the 
rainy season when the ground water table is high. Photo b( Donn Ristau. 
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As a slide moves, rock and soil materials deposited at 
the base of the slide characteristically form a convex, bul
bous-shaped toe. Occasionally, the toes may be cut by 
radial cracks formed as the materials push outwards. In 
many places, large, resistant blocks of Franciscan rock 
have accumulated at the slide toes and, where securely 
fixed, act as natural buttresses to further slide movement. 
In other places, the toes of slides have at one time or 
another protruded into stream channels and blocked or 
deflected water flow. Subsequent removal of the toes of 
these slides, either by stream erosion or by activities of 
man, has periodically reactivated slide movement. 

Flows 

Flows are composed of unconsolidated rock and soil 
materials that once possessed a degree of fluidity that 
enable them to move continuously as a viscous liquid. 
According to K rynine and Judd (1957), a solid earth 
mass may become fluid ( 1) by simple addition of water, 
(2) because of a series of shocks as occurs to thixotropic 
clays during earthquakes, and (3) because of disturbance 
of the internal structure of the clays or cohesive soils 
within the mass. Because flows usually develop under 
saturated conditions, they, like other landslides, tend to 
move during periods of intense rainfall. Flows range from 
dense, dough-like mixtures to quite fluid suspensions. The 
latter generally are produced when a rapidly moving 
stream of storm water washes loose rock and soil materials 
into a valley or depression (photo 18). Some flows in The 
Geysers area begin as slides or near the surface of slides. 
Generally, they are relatively thin compared to the total 
depth of the slide and may lack the continuous crack 
characteristically present at the heads of slides. 

Some flow, movements take the form oJ,soil or'bedrock 
creep in which the upper strata ofa:soil;soih-rock;orrock 

mass slowly move downslope causing gradual but con
tinuous deformation of earth materials just a few feet 
below the ground surface Titled trees (photo 19) and 
fence posts (photo 20) may indicate creep. 

Complex Landslides 

In The Geysers GRA, some of the large areas that have 
been mapped as landslides (plate lA) at regional scales 
(Bailey, 1946; McLaughlin, 1974, 1975b;,and McNitt, 
1968a) actually consist of numerous individual landslides 
varying in type, size, and degree of activity. Those that 
have encroached upon orie another and coaleSced display 
many features comparable to those associated with gla
ciers. The large amphitheater-like heads of some of the 
slides resemble glacial cirques, and low, linear mounds 
along their lower margins resemble lateral moraines. Bai
ley and Everhart (1964) described similar features in 
landslides in Franciscan terrain within the New Almaden 
quicksilver district, Santa Clara County. 

Geologic mappirig at a scale of 1:12,000 in a small area 
near the Buckeye mine (plate IB) indicated that land
slides of at least three orders of magnitude, with varying 
degrees of slopestllbility,existwithin Big Sulphur Creek 
cany()n. Massivelandslides,~hich may have 'formed dur
ing Pleistocene time, host several orders of smaller land
slides which,in turri, are dissected by erosional features 
suchas'rillingand gullying (photo 21). As elsewhere in 
The Geysers GRA, some of the landslides appear to be 
dormant while others show evidence of very recent activ
ity. Resistant ridges and blocks of Franciscan bedrock, 
which seem to be relatively stable, separate many of the 
larger slides. On the basis of the complexity of the geology 
in this small area, similar complexity - undisturbed bed
rock, as well as landslides of several orders of magnitude, 
types, shapes; and; sizes ~ can be expected tb exist in parts 

Photo 18, Debris' flow in greenstone, ol'lhe 
top of the ridge just northeast oHhe.8uckeye 
mine. Rock and soil materials that once flowed 
from the small valley ( upper right) probably 
formed a fluid mass during a former period,of 
intense rainfall. Water. from the slopes above 
the valley has carved a small erosion gully 
through the center of the flow. 
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Photo 19. Leaning oak. Tilted trees may be evidence 
of recent slide activity or of slower, downhill creep of 
underlying rock and soil materials. If the age of the 
trees is known, the recency of slope movement can 
sometimes be estimated. 

Photo 21. Toe of massive ancient landslide dissect
ed by smaller landslides and gullies. 

';., . 

. ( 

Photo 20. Tilted fence post on hummocky terrain. 
Offset·· fence; posts, like tilted trees, can· be used in 
some places ·to determine recency of landslide activ
ity. 

15 
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of The Geysers previously mapped as landslides at re
gional scales. Detailed site investigations within areas of 
complex sliding should take into consideration a number 
of additional parameters such as: (1) type of movement 
- falls, slides, flows; (2) degree of activity; (3) depth of 
landslides; (4) rates of movement; and (5) relative slope 
stability (see plate 1 C) of rock units within the areas 
mapped. 

Factors and Processes Affecting Landslide Movement 

Landslide movement is affected by several interrelated 
factors and processes. The two main factors that, either 
together or independently, increase the potential for land
slide movement are: ( 1) an increase in the weight of slope 
materials as water or overburden is added, and (2) a 
decrease in shear strength (resisting force) of slope 
materials, usually as a result of excess moisture'or chemi
cal changes within the rocks and soil. The factors and 
processes that contribute to landslide development by in
creasing weight and/or reducing the shear strength of 
slope materials are summarized in Appendix C. 

In The Geysers GRA, landslide potential is increased 
by: 

(1) high relief and steeply inclined slopes which, in places, display 
concave, water--<ollecting topography and unfavorably dip
ping bedding planes; 

( 2) the undercutting of steeply inclined slopes either by stream 
erosion or activities of man; 

( 3) weak rock and soil materials, including melange, highly frac
tured, sheared, and hydrothermally altered rocks, and serpen
tinite units; 

( 4) a large number of faults and shear zones; 

( 5) relatively high annual rainfall and ground water levels which, 
in places, cause the'saturation of slope materials, erosion, and 
the expansion, of clay-rich, soils; 

( 6) removal of vegetation either by fire or activities of man; 

( 7) shocks and vibrations caused by earthquakes, e;plosions, and, 
large machines which, temporarily disturb the intergranular 
bonds within rock andsoii materials and cause a decrease in 
cohesion; 

( 8) other activities of man such as road building; the excavation 
of mines;' improper loading of slopes with buildings, machin
ery i and 'fjll;'and:withdrawal of steam and ground water which 
could lead to subsidence. 

In general, landslides can be anticipated: 

( 1) in areas where landsliding already has taken place; 

( 2) on slopes where bedding planes or joint surfaces in rock 
materials are oriented in the same direction as the slope; 

(3) on steeply inclined slopes where lateral support of slope 
materials liasbeeri removed by stream erosion and/or human 
activities; 

( 4) in zones of highly sheared or hydrothermally altered rock; and 

( 5) on slopes that are improperly drained or exposed to erosion 
by removal of vegetation. 

Damage due to landslides can be reduced or prevented 
by avoidance, selective removal, or stabilization of land
slides in areas undergoing development; and by regulation 
of construction practices to include proper techniques for 
drainage control in all areas of construction, particularly 
road cuts, well pads, and power plant sites. In all cases, the 
first and critical step is the recognition of existing land
slides. This can be accomplished through detailed geologic 
mapping, trenching, drilling, seismic studies and, in some 
cases, photo interpretation of surface geologic conditions. 

Erosion 

Erosion involves the weathering and removal of materi
al from one site and its deposition at another. Within The 
Geysers GRA, many erosion problems are associated with 
soft rocks oflow permeability, moderate to steep slopes, 
areasoflittkor-no vegetatiori, and large amounts of rain
fall concentrated during short periods of time; Areas un
dergoing relatively rapid erosion, are characterized by 
sheet erosion" rilling,anogullying (photo 21). 

The rocks" most prone to erosion in The Geysers area 
appear to' be: (1)the,shearedand,shatteFed~melange ma
trix; (2) highly weathered: sandstone,greenstone, and 
schistose rock; ( 3) ilighly fractured anrl"sheared serpenti
nite;, (4) broken, rock and soiFassociatedwith landslide 
debris; (:5) mine tailing;: deposits; (6)' sheared and frac
tured rocks within fault zones; and,(7) rocks affected by 
intense hydrothermal alteration' (see tabli!, l) . 

.. ~" . '." ~:, ~ .. ~;~ .. ~,.": ..;i:·, . 

Excessive: Jrosioil{On~steep;slopescommonl y prod uces 
steelfsided;guiliesand:ravinesCphoto'22)\incn~aSes sedi
ment load'in the streams,'createS irregtilai:Sui-faces, and 
removes lateral support from parts of the slopes, thus 
increasing the possibility of slope movement. The removal 
of vegetation on cut, fill, and other graded surfaces in
creases the potential for erosion in these areas, especially 
during periods of heavy rainfall. Animal trails (photo 23) 
also contribute to surface erosion, especially ~9n steep 
slopes where they collect water and direct its .movement 
during heavy rains. Heavy rainfall after extended periods 
of dryness also may cause the rapid;dissection of fresh 
landslide scarps. Sheet erosion, rilling, and, in some cases, 
gUllying features on the scarps sometimes conceal the re
cencyof landslide movement and give the false impression 
that the landslide is much older than it is. 

Within The Geysers G RA, several deep gullies and 
many smaller gullies parallel to the roads have been 
formed by erosion as a result of improper drainage control 
(photo 24). Where the gullies have become enlarged and 
water has saturated underlying materials, the roads either 
have started to slide or have been washed out (photo 25). 
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Photo 22. Steep-sided ravine caused by erosion of steep slopes in ancient 
landslide debris. 

Photo 23. Cattle trails (background) near natural spring where animals 
come for water. During the rainy season, the trails may collect water and thus 
contribute to surface erosion of the slopes. 

Photo.24. C;:ulvert'draining.into topof·dirt road leading to Wildhorse 2 
Well. Water from this culvert has. cut through landslide debris and colluvium 
and probably has contribut~d to ~.r~sion along the road (photo 25) . 

Photo 25. Erosion along dirt road leading to the Wildhorse 2 Well. The road 
was cut in 1967 to allow access to the well pad but is now impassable by 
car as result of this and similar erosion in other places along the road. 
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In many places, minor cost remedial work, such as the 
proper use of surface drains, is being used to reduce these 
erosion problems and deter future damage that would be 
more costly to repair. In other places, much more exten
sive remedial work may be required (photos 26 and 27). 
Erosion control measures in The Geysers G RA should be 
designed to provide protection for exposed soil in graded 
areas and the control of drainage from rainfall and 
springs. 

Sheared Melange Matrix 

Melange in parts of The Geysers GRA is characterized 
by scattered large and small outcrops or masses of hard, 
resistant Franciscan rock embedded in, and separated 
from each other by, an intensely sheared or crushed ma
trix of shale and gouged rock. Because the inherent 
strength characteristics of the various melange compo
nents differ greatly, slopes underlain by these materials 
exhibit highly variable degrees of stability. 

Unsheared masses of coherent rock enclosed within the 
melange matrix usually have high to very high strength 
characteristics and tend to,berelatively stable where they 
are embedded sufficiently deeply in the matrix so that they 
are not dislodged by its downslope movement. On the 
other hand, the intensely sheared melange matrix, which 
is inherently weak and easily eroded in most places, 'com
monly weathers to yield a clay-rich soil that swells when 
wet and shrinks while drying. As a result, steep to moder
ately steep slopes underlain by melange matrix character
istically show evidence of sporadic landslide movements 
and slower, downhill creep. A disi·upted, rugged topogra
phy (photo 28) forms on the slopes as resistant rock 
masses, and' more, easily weathered s\lil:-covered sand
stones and shales, form hummocks and'subdiied;depres
sions over the relatively ,unstable melange matrixa8' it and 

Photo 27, Close-up of horizontal drains 
used to dewater slope shown in photo 26 and 
stabilize landslide materials on the slope, 

Photo 26. Remedial measures taken by Union Oil Company to ,control 
erosion and landslide movement along roadcut northeast of Big Sulphur 
Creek canyon. Benching ( center) , surface drains ( upper center) , horizontal 
drains,( :Iower center),,;:and ,seeding,( white area) have been used to dewoter 
the,slope;,A>total:of 15 horizontal dfains; reaching more thon 100 feet (33 
meters) into'thelslope"collect,land'redii'ect wat;;r'! photo 27) . Grass, red
wood;, fir,pinejarid"toyon,seeds and 'seedlings are t1eld"in'place by a 
biod~g~?dable mesh,~ndfibernetting. ' 
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its soil cover migrate downslope. The potential for slope 
failure is increased by differential movement across 
boundaries between matrix material and inclusions in the 
Franciscan melange; by the introduction of water into the 
matrix, whiCh increases weight and decreases shear 
strength of the crushed material; and by the removal of 
vegetation, which accelerates infiltration and destroys the 
network of roots that bind weak soil materials together. 
All of these factors operate in other terrains, but their 
effect on melange units seems to be more severe (Bacon 
and others, 1976). An engineering geology assessment of 
each construction or well site is necessary to assess the 
potential for slope failure within the melange terrain. 

Hydrothermally Altered Rock 

Areas of hydrothermal alteration at The Geysers can be 
divided into two general categories: (1) those marked by 
the presence of relatively resistant silica-carbonate rock, 
formed by the hydrothermal alteration of serpentinite dur
ing middle and late Tertiary times; and (2) zones of recent 
hydrothermal activity that are marked by hot springs, 
springs containing hydrogen sulphide, and by areas of 
surface rock alteration. 

Silica-carbonaterock,-which.usuaqyjs associated with 
,mercury ore deposits, is:somewhaCmore'resistant to ero
sion than most rocks in the area and, therefore, does not 
itself pose a serious threat to slope stability; However, 
most of the silica-carbonate rock appears to lie along the 
edges of serpentinite units where the serpentinite is more 
highly sheared than elsewhere (possibly offering easy-pas
sage-to ascending solutions) ,or along shear zones located 
more centrally within the serpentinite masses (Bailey, 
1946). Thus, these areas should be regarded with some 
caution. 

Photo 28. Rugged hummocky topography 
characteristically formed by landsliding in 
Franciscan melange. Photo by Donn Ristau. 

Hydrothermal alteration at The Geysers is character
ized-by the bleaching of the rocks which subsequently 
reduces.or prohibits growth of vegetation. Alteration near 
The Geysers Resort appears to be most extensive in the 
graywacke and melange units, but other rocks, including 
conglomerate, greenstone, chert, serpentinite, alluvium, 
and landslide deposits, are hydrothermally altered locally 
(photo 29). 

A prominent zone of recent hydrothermal activity ex
tends almost the entire length of Big Sulphur Creek from 
the Cloverdale and Buckeye mines, approximately 3 miles 
( 4.8 kilometers) northwest of The Geysers Resort, to the 
Castle Ro~k and Anderson Springs areas, approximately 
1 mile (1.6 kilometers) east of the Little ·Geysers. The 
zone trends nearly parallel to the large serpentinite unit on 
the north side of Big Sulphur Canyon and crosses various 
rock units within the Franciscan assemblage. Areas of 
hydrothermally altered rock, marked by areas barren of 
vegetation, can be observed readily along the Cloverdale 
Geysers Road between the Cloverdale mine and The Gey
sers Resort (photo 4). Bailey ( 1946) , McLaughlin (1974, 
1975b), and Yates and Hilpert (1946) have mapped other 
areas-of- -hydrothermal-alteration, -both along -the -main 
zone of present hydrothermal activity and at considerable 
distances from it. 

Bleaching of the rocks results from the removal of iron, 
which may be redeposited .asa carbonate, an oxide, or a 
sulfide (pyrite) . According ,to Bailey and others (1964), 
alteration may -a1s01ead to the development of closely 
spacedveinlets of quartz, dolomite, calCite, and siliceous 
limonite. In :some places, feldspars in graywacke sand
stone are converted to clay minerals (Bailey,. 1946; Bailey 
and others, 1964). In areas of extreme alteration, quartz 
is removed so that the final product is largely.clay. 

Bailey and others (1964) reported that the particular 
clay mineral formed from hydrothermal alteration of 
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graywacke varies from place to place. Some graywackes 
have been altered to kaolinite, some mostly to montmoril
lonite; in others the end products are chlorite, mica, talc, 
pyrite, and various silica-rich minerals. Samples collected 
during the present study from hydrothermally altered 
rocks near The Geysers Resort and in the vicinity of the 
Buckeye mine contained a variety of minerals including 
kaolinite, montmorillonite, beidellite, vermiculite, chlor
ite, and mica (appendix D). 

The presence of various clays, combined with the rather 
moth-eaten appearance of rocks in zones of extensive hy
drothermal alteration, indicates a potential for slope insta
bility in these areas. Although the strengths of the clays 
may differ according to environmental conditions, type of 
minerals present, and degree of alteration of the rocks, 
hydrothermal alteration in areas already subject to landsl
iding and gully erosion increases the potential for slope 
failure. Indeed, in some places such failures probably were 
initiated in zones of weakness formed as a result of the 
hydrothermal alteration (photo 30). Detailed geologic 
investigations made prior to development in these areas 
should include analyses of altered minerals to determine 
the nature of any clays that may be present. 

Photo 29. Hydrothermally altered melange and conglomerate along Big 
Sulphur Creek near The Geysers Resort. Photo by Donn Ristau. 

Unfavorably Dipping Bedding 
Planes. 

Bedding is the arrangement of sedimentary rocks in 
layers (or beds) of varying thickness and character; a 
bedding plane is the planar surface that visibly separates 
each layer of rock from the layers above and below it. In 
most places, the bedding plane forms a zone of weakness 
between each layer. 

Sedimentary beds generally are deposited horizontally, 
but through geologic time can be moved by uplift, folding, 
and faulting in such a manner that they will dip at an angle 
either opposed to the general slope of the land or in the 
same direction as the general slope of the land. Beds that 
dip in the same direction as the slope of the land are 
potentially unstable because when they are not buttressed 
their bedding planes form zones of weakness along which 
movement can occur. The removal of slope materials at 
the base of the slope increases the likelihood of downslope 
movement. 

Photo 31 shows an outcrop of thin-bedded chert on the 
southwest side of Big Sulphur Creek that dips in the same 

Photo 30. Landsliding and steep. gullying in hyrothermally altered rocks 
along Big Sulphur Creek just north of it~ junction with Geyser Canyon. 



1980 GEOLOGY AND SLOPE STABILITY-THE GEYSERS GRA 21 

direction as the slope of the hill. Chert at the base of the 
outcrop .has been' removed, probably during road con
struction. Although the rock itself is fairly competent, 
weathering along the:bedding planes and' along joints 
(fractures inthe rock, in this case mostly perpendicular to 
the bedding plane) has caused·blocksofchertto breakoff 
and slide downhill. Downslopejointing, in both bedded 
and un bedded rocks,can;causesimilarproblems'ifsupport 
at the base of the slopeis',removed(photo 32). While most 
beds are deposited horizontally, s()meare deposited on 
existing slopes or.afteftheunderlying units have -been 
tilted. In' The· Geysers 'area,mine tailings from. the Buck
man (Dewey) mine were. deposited downslope ofthe mine 
workings. At the base of the slope, these tailings are pres
entlybeingundercutbyBig Sulphur Creek (photo 33). As 
aresult,smalllandslides,throughout the tailings have 
begun to move, and,newscarpshaveformednear the top 
of the slope.(l'hot034). . . 

Although downslope movement caused by the removal 
of support at the base of smaller areas may be controlled 
with . adequate 'buttressing (photo 35), wise engineering 
practices should be used in areas characterized by unfa
vorably dipping bedding planes. 

Faults and Shear Zones 

A fault is a fracture in the crust of the' earth along which 
the sides have moved or been displaced, relative to each 
other, in a direction parallel to the fracture. Shear zones 
form as rocks are crushed and brecciated in zones where 
fault movement has occurred. Movements along faults can 
be sudden, as during an earthquake, or relatively slow as 
in fault creep - the gradual ground distortion and move
ment along a fault not accompanied by significant earth
quakes. Although many of the faults in The Geysers area 
are considered to be inactive, they nevertheless form zones 
of weakness that may contribute to numerous kinds of 
slope stability problems such ,as landsliding and erosion. 
For this reason, faults and shear zones should be recog
nized, mapped, and, where possible, avoided in areas of 
future development. 

Major faults and shear zones in The Geysers GRAtend 
to follow the general northwest trend of the Franciscan 
rocks and, in many places, are marked by the presence of 
se~peIitinite. Some of these fault zones control the location 
of thermal areas in the Mayacmas Range and also are 
associated with zones of mercury mineralization. Figure 4 
shows some of the more promhlent fault zones in the area, 
but mO£e detailed geologic maps such as those prepared 
by Bailey (1946) , McL~ughlin (1974, 197 5b), and 
McNitt (1968a) should be consulted for exact locations. 
On aerial photographs, the larger faults and shear zones 
may be recognized as distinct linear features sometimes 
associated with valleys, areas of extensive landsliding, 
zones of hydrothermal alteration, and other elongate light 
areas that support only grass and a few scattered trees. On 

~ CenOlolc volcanics 
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Figure 4. Major fault zones associated with the Franciscan assemblage in 
The Geysers area. Modified from Koenig (1963) and Mclaughlin ' 
( 1974). 

the ground, the fault· zones are characterized by such fea
turesas highly sheared and shattered rock, sag ponds, 
offset streams, scarps, distinct differences in rock type, 
hydrothermally altered areas including fumeroles and hot 
springs, saddles along ridge tops (photo 6) , slickensided 
surfaces, and, in many places, landslides. 

Many of the smaller faults and shear zones in The Gey
sers area d() not show such marked northwest alignment 
with the general structural trend of the area and usually 
cannot be recognized on aerial photographs. On the 
ground, the small faults are best observed in road cuts and 
in stream canyons, but they cross nearly all areas in which 
rock is exposed. In many places, these faults are marked 
only by small cracks that have slickensided walls; else
where. they are represented by small unconformities 
(photo 36) or zones in which rock units have been offset. 
Along some of the small faults, there are narrow zones of 
gouged rock (photo 37) or vein lets filled with quartz or 
calcite. Because these faults may be poorly exposed or lack 
continuity, they may be overlooked. Although some of 
them are too small to be included on maps at regional 
scales, they should be delineated in areas mapped for spe
cific site studies. 
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Photo 31. Thin"'-bedded chert dipping in same direction as slope. Photo by 
Donn Ristau. 

Photo 33. . Tailings from th~ Dewey mi~e deposited parallel to the slop... At 
the bottom of the slope, the tailings are cut by Big Sulphur Creek. As a result, 
small landslides throughout the tailings have begun to move and new scarps 
have formed near the top of the slope ( photo 34) . 

Photo 32. Rockfall in greenstone undercut by road. 

Photo 34. Old tailings from the Dewey mine. Note relatively fresh landslide 
scarps at the top and midway down the tailings. Photo by Donn Ristau. 
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Photo \35. . Bim~ssingof. small landslides along ;tiie • Ge~~~~Healdsburg 
Road. -' 

Photo 37. Gouged rock at fault contad between serpentinite and green· 
stone near the Little Geysers area. 

Photo 36. Small fault in roadc"t nea.Wildhorse 2 Well. Small scale faulting 
such as this may· cause' stability problems locally,> 
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Sheared Serpentinite 

Sheets, lenses, and irregularly shaped masses of serpen
tinite in The Geysers area display varying degrees of inter
nal shearing and alteration. Typically, the units consist of 
large, rectangular to rounded blocks of hard, slightly to 
intensely fractured serpentinite separated or surrounded 
by a more intensely fractured to highly sheared matrix of 
serpentinite. The serpentinite blocks may be as large as 10 
feet (3 meters) in size but generally are smaller. In some 
places, a highly sheared, nearly schistose serpentinite 
(photo 38) forms between the blocks. 

The proportion of blocks to matrix largely determines 
the stability and engineering properties of serpentinite 
(Neilson, 1976). Massive serpentinite bedrock, which 
generally does not show a block aspect, is little sheared 
and relatively resistant to erosion. The closely fractured to 
shattered, blocky serpentinite is more prone to erosion and 
becomes less stable as the proportion of matrix to blocks 
increases. Highly sheared to entirely sheared serpentinite 
is extremely prone to erosion and downslope movements 
(photo 39) . Small blocks of rock that have been complete
ly serpentinized and intensely sheared may not be well 
exposed but nevertheless are particularly prone to lands 1-
iding. Extremely sheared, gouged rock along fault zones 
that separate serpentinite from other rock types is also 
highly erodible and prone to unstable conditions that lead 
to extensive landsliding. According to Bailey and others 
(1964), highly sheared,serpentiiiitefuay ~ssesssuc!i a 
high degree of plasti¢ityt1:tat:landsJiQ~,will Jlow in areas 
of low slope as~ell.as ,iil,sl~per;,ter.r·iil1;Thevariability 
of rock properties' (blocky versus sheared) ; particularly 
over short.dista:Jices,reQuires~special consideration. be 
given to~:ar4S.of$roposed development within serpenti-
nite~· ". . .... ". . 

Mines clOd Mine Tailings 

Mercury (quicksilver) mines in The Geysers GRA are 
located in areas generally divided for easy reference into 
three geographic districts: (1) the Western Mayacmas 
district, (2) the Eastern Mayacmas district, and (3) the 
Clear Lake district. Detailed descriptions of these three 
districts and the mines within them are presented by sev
eral authors including Bailey (1946), Bradley (1918), 
Davis (1976), Forstner (1908), Holmes (1965), Honke 
andVer Planck (1950), Ransome and Kellog (1939), and 
Yates and Hilpert (1946). 

Mercury is no longer being produced from mines in The 
Geysers G RA; however, the stability of abandoned mines 
and mine tailings should be evaluated prior to siting any 
geothermal development in the area~ Most of the mines are 
located in fault zones' associated with serpentinite and 
hydrothermaIiy altered sedimentary rocks of the Francis
can assemblage. The complex crushing of the serpentinite 
and the fracturing of sedimentary rocks has formed zones 

of weakness along which ascending hydrothermal solu
tions could escape and ultimately react with other miner
als to form mercury ores. Because these ores were 
deposited nearthe surface of the Earth's crust, most of the 
mercury mines associated with them are relatively shallow 
(less than 3000 feet or 900 meters deep) . Extensive mining 
of ores within,zones of inherently weak rock, both under
ground and at the surface, has rendered many of the aban
doned mines and mine tailings potentially unstable. 
Underground workings similar to those of the Cloverdale 
mine (figure 5) form an intricate web of shafts, stopes, 

Photo 38. Close-up of slickensides in sheared and shattered serpentinite 
of photo 6. 

Photo 39. Highly sheared serpentinite along the Geysers-Healdsburg 
Road. The intensely sheared rock is particularly prone to erosion and down
slope movements. 
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and tunnels under steep canyon slopes. In places, the pas
sageways have caved and, .locally, present possibilities of 
collapse at the surface. The drilling of wells into or 
through open tunnels could cause additional hazardous 
conditions, such as loss of drilling fluids. 

At the surface, several of the mine workings are covered 
by landslide debris. In some places, surface workings that 
have not been reclaimed (photo 40) and mine tailings 
(photo 34) are exposed to erosion and potential down
slope movements. Although many of the landslides origi
nating in the mine dumps are small, movement of the 
waste rock may carry with it the upper 5 to 10 feet (1 to 
3 meters) of underlying hillside (Bailey and Everhardt, 
1964). Other hazardous conditions prevail where the adits 
of the abandoned mines are not properly sealed (photo 
41). Laws and regulations pertaining to such hazardous 
excavations are summarized by the California Resources 
Agency (1972). 

To insure the safety of human lives as well as the safe 
and economic development of land underlain by mercury 
mines, geologic site investigations should include detailed 
cross-sections of underground mine workings and, if pos
sible, their exact locations. Geologic maps and block dia
grams of many of the mines have been published by 
CD MG. Records from other mines may be available from 
county offices and/or libraries (Appendix E). 

In addition to mercury mines, The Geysers area con
tains a number of other mines (plate lA) and several 
small quarries that are used locally as sources of material 
for road construction (photo 42). Excavation of highly 
broken or crushed rock from the quarries should be done 
in such a fashion as to prevent hazardous rockslides and 

Photo 40. Surface workings of the Cloverdale mine ( upper center) viewed 
from the Buckeye mine. The Cloverdale mine was the largest producer of 
mercury ore in the Western Mayacmas district. The ore, found principally in 
hydrothermally altered chert, yielded a total of 17,500 flasks. 

Photo 41. Open adit of the Buckeye mine. Cinnabar was mined from a 
northeast dipping lens of contorted chert. Mine adits such as this should be 
properly sealed ta assure maximum safety. 

other types of uncontrolled downslope movement "along 
the quarry walls. 

Subsidence 

Subsidence is the local mass movement that involves the 
gradual downward settling or sinking of the earth's sur
face due to natural geologic processes or man's activities 
such as the removal of subsurface solids, liquids, or gases 
(Gary and others, 1972). According to Alfors and others 
(1973), subsidence occurs as pore pressures are reduced 
in reservoirs by fluid withdrawal, the weight of the over
burden is graoually transferred to the reservoir rocks, and 
poorly consolidated claystone and shale layers are com
pacted. 

For many years, subsidence caused by the withdrawal 
of steam from The Geysers area either did not exist or was 
imperceptible. Within the last 4 years, studies made by the 
U.S. Geological Survey, Water Resources Division, Sub
sidence Research Center, indicate that in some places the 
land has subsided a few millimeters (B. Lofgren, U.S. 
Geological Survey, 1977, personal communication). Be
cause the magnitude of subsidence is so small, the impact 
of potential subsidence on slope stability is minimal. 
However, surveillance of The Geysers steam field should 
continue so that any vertical movements taking place can 
be detected and corrected. 

Expansive Soils 

Expansive soils are earth materials that greatly increase 
in volume when they absorb water and shrink in volume 
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when they dry out. Expansion is most often caused by the 
attraction and absorption of water into expansible crystal 
lattices of clay minerals such as mon tmorillonite and illite. 
Although not common, expansive rocks are also known; 
these are claystones or altered volcanic tuffs which con
tain large proportions of montmorillonite (Alfors and 
others, 1973). Movements under various parts of build
ings or structures placed on expansive soils can cause 
foundation cracks, warping of windows and doors, and 
distortion of various structural portions of the buildings. 
Expansive soils may also contribute to slope failure where 
the clays have absorbed enough moisture to become plas
tic and move downslope. 

Appropriate laboratory soils testing should be com
pleted for a given site in The Geysers GRA prior to devel
opment so that the adverse effects caused by expansive 
soils can be avoided or eliminated. U.S. Soil Conservation 
Service and U.S: Forest Service maps may provide re
gional expansiveness ratings for various soil types, but 
specific site evaluations should be conducted by a soils or 
foundation engineer. Remedial methods could require re
moval of expansive soil and backfilling with stable soil or 
cement. 

Photo 42. Steep-walled greenstone quarry, east of the Buckeye mine, used _ 
locally as 0 source of rock for road cover. Talus debris from frequent small 
rock fall, has colleded at the ba,e of the steep quarry wall. 

OTHER FACTORS AND 
PROCESSES AFFECTING 

SLOPE STABILITY 

In addition to the geologic features described above, 
several other factors and processes may affect the degree 
of slope stability within The Geysers G RA. Detailed geo
logic site investigations prior to development within the 
area should take into consideration: ( 1) earthquake shak
ing, (2) surface and ground water, (3) vegetation, and 
(4) human activities related to road, power plant, and 
well pad construction. 

Earthquake Shaking 

Earthquake shaking generally results from the release 
of seismic energy during periods of sudden displacement 
along a fault. In most areas, ground shaking is potentially 
the most hazardous geologic factor during an earthquake 
because: ( 1) it is the most widespread effect of any given 
earthquake and thus affects the most people, and (2) it is 
present to some extent in all earthquakes. Shaking gener
ally increases in severity with increasing earthquake mag
nitude. 

Earthquake shaking can be described in both quantita
tive (measurable) and qualitative (descriptive) terms. 
Quantitative factors include duration, acceleration, ampli
tude, and frequency of ground motion. Earthquakes of 
high Richter magnitude (Appendix F) generally produce 
ground motions of longer -duration, higher acceleration 
and amplitude, and a greater percentage of lower fre
quency waves (Housner, 1970). Engineers use thesequan
titative data in the design of structures to provide 
resistance to damage from earthquake shaking. 

In qualitative terms, earthquake shaking can be de
scribed as a high, moderate, or low intensity. As indicated 
in the Modified Mercalli intensity ratings (Appendix F), 
higher magnitude earthquakes generally produce higher 
shaking intensities over wide areas and may result in 
greater and more widespread damage. 

During an earthquake, the intensity of ground shaking 
at a particular location will depend on partly interrelated 
variables such as: ( 1) earthquake magnitude; (2) shortest 
surface distance from the causative fault; (3) depth of 
earthquake focus; (4) source mechanism of the earth
quake; (5) local geologic conditions including type and 
thickness- of soil, surficial, and bedrock units; and (6) 
topography and general geologic structure of the region. 

The most probable sources of major earthquake shaking 
within The Geysers GRA are two recently active fault 
zones to the southwest of the steam field. These are: (1) 
the Maacama fault zone along The Geysers G RA bound
ary, and (2) the Healdsburg fault about 4 miles (6.5 
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kilometers) to the southwest of The Geysers GRA: In 
1969, magnitude 5.6 and 5.7 earthquakes on the Healds
burg fault damaged Santa Rosa, 15 miles ( 25 kilometers) 
south of The Geysers. Both the Maacama and the Healds
burg faults trend northwestward, parallel to most of the 
large faults within The Geysers GRA, and show right
lateral movement (Bacon and others, 1976). The occur
rence of a great earthquake (greater than magnitude 8) 
along the San Andreas fault zone, 29 miles (40 kilome
ters) southwest of the steam field, could also produce 
significant rock accelerations within The Geysers GRA. 
Accounts of the 1906 San Francisco earthquake (Lawson 
and others, 1908) of magnitude 8.3 indicate that ground 
shaking was great enough to do considerable structural 
damage to buildings in the Clear Lake area. 

A number of active, northwest-trending faults within 
The Geysers-Clear Lake area were recently mapped by 
Donnelly and others (1976) and could cause major earth
quake shaking. According to Donnelly and others, a fault 
near the southwest edge of the Clear Lake volcanic field 
can be traced for at least 11 miles ( 18 kilometers) through 
Cobb Valley where it connects with the Collayomi fault, 
which extends southeastward to Lake Berryessa. The 
northwest extension of the Collayomi fault zone has offset 
volcanic rocks in the area approximately one-quarter mile 
(0.4 kilometer) within the last 400,000 years. Recent ac
tivity within the Big Sulphur Creek fault zone is indicated 
by tilted alluvial deposits and numerous microearth
quakes ( Bufe and others, 1976; Chapman, 1975; Donnelly 
and others, 1976; Hamilton and Muffler, 1972; and Lang 
and Westphal, 1969). According to Hamilton and Muffler 
( 1972), microearthquakes are not caused by steam extrac
tion, but are inherent within the same geologic environ
ments that create geothermal sources. Epicenters of 
earthquakes that occurred in The Geysers GRA between 
1969 and 1976 are plotted on Plate 1. 

Earthquake shaking can disturb the equilibrium state of 
slopes by breaking intergranular bonds and decreasing the 
internal shearing strength of the slope materials. Slope 
stability is further reduced during earthquake shaking if 
saturated slope materials are temporarily transformed 
into a fluid mass. Damage caused by a reduction of slope 
stability at a particular site would depend upon a number 
of variables such as the earthquake magnitude and dura
tion, location of the epicenter, the stability of slope materi
als, and the number and quality of manmade structures. 
Because it is impossible to prevent, control, or accurately 
predict earthquakes, detailed geologic site investigations 
should include a list of known active faults in the area; 
their distances from the proposed site; type of displace
ment; and the Richter magnitudes, recurrence intervals, 
and peak bedrock accelerations that could be expected if 
a maximum credible earthquake (Appendix H) on the 
fault should occur. All structures associated with develop
ment of The Geysers G RA should be designed to with
stand shaking forces without serious failure and resultant 
injuries or loss of life. 

Surface and Ground Water 

An average of 57.3 inches ( 145.5 centim~ters) of rain 
falls in The Geysers GRA each year, mostly between the 
months of November and April. During very wet years, 
as much as 97.6 inches (247.9 centimeters) of rainfall 
have been recorded at the U.S. Weather Service station 
near The Geysers Resort (R. Chappell, Union Oil Com
pany, 1977, personal communication). Part of the rain 
collects as surface water and runs off directly along drain
age courses; the rest infiltrates the ground or evaporates. 

Periods of concentrated precipitation, especially during 
years of heavy rainfall, tend to reduce the stability of the 
rocks and slopes in various ways. If the volume and veloc
ity of surface runoff is great enough, it may cause exten
sive erosion of weak soil and rock materials and lead to the 
formation of slope wash deposits, steep-sided gullies and 
ravines, and increased sedimentation in streams. In
creased water levels and velocities in stream channels may 
cause the erosion of stream banks and subsequent removal 
of lateral support from slopes bordering the streams, thus 
increasing the possibility of slope movement. In addition, 
excess water along fractures in steep rocky cliffs may dis
turb the cohesion of rock and soil particles, widen existing 
fissures, and lead to rock or soil falls. Likewise, water 
collected along landslide scarps may decrease cohesion 
and internal friction of slope materials and lead to addi
tional slope movement. 

Water that is absorbed into the ground changes the 
strength of the soil and bedrock by increasing the bulk 
density of the slope materials, by increasing pore water 
pressure, by causing the cementing agents in the soil and 
rock to go into partial chemical solution, and, under cer
tain conditions, by lubricating potential planes of failure 
(Cleveland, 1971). On steep slopes where the ground
water table breaks through the surface (photo 17), seeps 
and springs contribute additional moisture to slope 
materials and decrease their cohesive strength. This 
change in strength, regardless of any removal of support, 
can lead to landslide movement. 

Because changes in both surface-water and ground
water conditions can create undesirable changes in slope 
stability, detailed geological site investigations within The 
Geysers G RA should include information concerning the 
distribution and amount of surface and subsurface water, 
infiltration conditions, direction and velocity of ground
water flow, depth to water table and its range of fluctua
tion, hydrochemical properties (pH, salinity, presence of 
pollutants), and the relationship of the water to existing 
topographic and geologic conditions. 

Vegetation 

Vegetation influences slope stability by ( 1) intercepting 
rainfall and regulating its infiltration into slope materials, 



~~- --~- ---~~~~~~~~~~--------------------------

1980 GEOLOGY AND SLOPE Sf ABILITY-THE GEYSERS GRA· 29 

(2) absorbing considerable moisture that is infiltrated into 
slope materials, and (3) binding soil and rock together 
through its root· system, lhus increasing the· over4ill 
strength of the underlying earth materials. The extra 
strength imparted by plant roots may retard landslide 
movement and allow steeper slopes to develop in forested 
areas than in more barren areas where landslide move
ments yield gentler slopes. (Rahn, 1969). If the plant 
cover is removed, the strength of underlying earth materi
als is decreased, and slope failures may ensue. 

The distribution of different types of vegetation in por
tions of The Geysers· G RA underlain by Franciscan ter
rain is influenced in part by the character of the 
underlying soils and rocks, by the availability/of water, 
and by altitude. Broad areas, particularly at higher alti
tudes such as ridge tops, are covered by brush or chaparral 
~ a dense head-high growth of dull-green shrubs inter
mixed with small trees. Chamise, manzanita, ceanothus, 
bay, and scrub oaks' are common in these· brushlands. 
According to Cleveland (1971), chaparral generally pre
fers reIativelystrong rocks not normally prone to slide. 
For example, chamise often grows in areas of little or no 
soil cover underlain by greenstone (photo 43) , while man
zanita characteristically predominates in areas underlain 
by blocky .serpentinite'(photo 44). Scatteredthroughout 

Photo 43. Chamise growing in shattered greenstone with little or no soil 

cover. 

Phato 44. Manzanita growing on blocky serpentinite. 

the area are patches of grassland supporting wild oats, 
thistle, and, along zones of moisture, a few oaks, scrub 
oaks, and buckeye trees. The grasses tend to grow' on weak 
soils and bedrock (Cleveland, 1971) such as' highly 
sheared serpentinite, melange matrix, and zones of hydro
thermal alteration. Some of the wetter upland areas and 
wetter parts of stream valleys support pine forests com
posed largely of knobcone pines and cypress. 

In most places, the removal of vegetation by fire or by 
activities of man destroys the balancing influence that 
various plant groups have on slope stability. Areas that 
have been burned or denuded of vegetation by mechanical 
means are most vulnerable to erosion and landsliding.dur
ing periods of heavy rainfall. Heavy precipitation collect
ing as surface water causes excessive gUllying in areas of 
least resistance and sometimes flows over the surface of 
the slopes rather than in established channels. Loose soil 
and rock debris on these slopes may be collected and 
concentrated into slow creeping mudslides or highly mo
bile mudflows· comparable to the Big Sur mudflow of 1972 
(Cleveland, 1973). Bedrock landslides are less-likely to 
occur than mudflows because high surface runoff reduces 
the water available for ground saturation; only along ma
jor drainage courses, where excess waters undermine 
slopes, would massive slides be expected (Cleveland, 
1971) . 
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Although fire reduces the potential for slope stability in 
most places, recurrent fire is an important factor in the 
growth dynamics of chaparral and one to which it is high
ly adapted (Muller and others, 1968). Such adaptions 
include post-fire seedling establishment and rapid regen
eration from surviving underground parts (Sampson, 
1944). According to Axelrod (1958), fire has influenced 
the growth of chaparral since Miocene time, when fires 
were started by lightning and spread over large areas. 
When chaparral burns, the leaves, twigs, and small 
branches are consumed; larger branches are killed but 
remain standing (photo 45). Because the fires commonly 
occur during the dry season, new plant growth is virtually 
nonexistent until the next rainy season begins (McPher
son and Muller, 1969). At that time the shrubs sprout new 
growth from previously inactive buds in the root crowns 
(photo 46) and numerous herb specieS, which dominate 
the aspect of the chaparral in the first post-fire growing 
season, germinate in large numbers (Muller and others, 
1968; McPherson and Muller, 1969). Over the next few 
years, the shrubs recover rapidly, begin to secrete toxins 
that inhibit herb growth, and gradually become the domi
nant chaparral species once again. 

Geysers . area, landowners set numerous small 
year to create passageways for the deer and 

, and to encourage new growth upon which 
C-l',,,"o,tpp,rl,.-Because-root systems of thechapar

ra ' not destroyed, it may be unlikely that slope failures 
will occur in these areas solely as a result of burn. Howev
er, the destruction of chaparral foliage and other foliage 

Photo 45. Burned chaparral in greenstone colluvium. Because the root 
systems of the chaparral are not destroyed, it may be unlikely that slope 
failure in this area will occur solely as a result of bum. However, the iack of 
foliage could lead to increased surface runoff during periods of heavY rainfall 
and, depending upon the nature of underlying earth materials, cause slope 
failure during the wet seasons. Photo by Donn Ristau. 

Photo, 46: New growth sprouiing fr~m burned chaparral. The new leaves 
repre~ent approximately 1.5 years of growth. 

may temporarily increase surface water runoff and, de
pending upon the'nature of underlying earth J1laterials, 
may lead: to potentially unstable slope conditions,during 
the wet seasons. Detailed geologic site investigations' in 
burned areas, as well as in·undisturbedareas,shouldtake 
into consideration, rock~oiF-plimt reliitionships and the 
effect that heavy rainfall during short periods oftime may 
have upon the site if vegetation is destroyed. 

Human Activities 

In The Geysers GRA, human activities such as road 
construction, the excavation of power plant foundations 
and well pads, and the addition offill materials, may affect 
slope stability by interfering with the delicate natural bal
ance between such factors as slope'angle, ground water, 
vegetation, and surface loading of rock and soil materials. 
The removal of vegetation during construction activities 
,increases the potential for surface erosion and subsequent 
landsliding in areas where lateral support of slope materi
als is removed. Bulldozers and other heavy equipment add 
weight to slope materials which may locally cause the 
compaction of soils, a decrease in water infiltration rates, 
and an increase in surface runoff during the rainy season. 
In addition, vibrations from such equipment could disturb 
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cohesion in weaker earth materials, and, under saturated 
conditions, lead to sudden changes in slope stability. The 
redistribution of water, by alteration of natural drainage 
patterns and from construction of large impermeable sur
faces that divert and concentrate rainfall runoff, locally 
may accelerate erosion. Geothermal steam and waste 
materials, such as drilling muds and cement, accidentally 
released or spiIled during well-drilling and construction 
operations, could cause the chemical alteration of under
lying earth materials and alter the growth of vegetation. 

Movement along slopes known to be active can be 
monitored with an inclinometer or Slope Indicator (photo 

47). In many places, movement can be retarded or com
pletely eliminated by dewatering a slope with adequate 
surface and horizontal drains (photo 27). In other places, 
erosion can be reduced by replacing vegetation on cut 
slopes (photos 26 and 48) or, under severe conditions, 
holding vegetation in place with straw mulch, wire net
ting, jute mesh, or plastic. Several other measures that can 
be used to mitigate problems associated with naturally 
unstable terrain have been recommended by Bacon and 
others (1976). Although some mitigative procedures are 
very expensive, they may be quite effective. All develop
ment, however, should be preceded by detailed geologic, 
soils, and engineering analyses. 

Photo 47. Typical inclinometer of Slope Indicator (Slope Indicator Com· 
pany, 1977) used to measure slope movements. A pendulum-activated 
transducer enclosed in a watertight torpedo (A) is lowered into a nearly 
vertical casing (B) installed at a particular site. The transducer measures the 
inclination from vertical of the casing at frequent depth intervals. Changes 
in casing inclination with time can be translated into a deformation versus 
depth curve which varies with time. From these curves, it is possible to 
calculate the rate of movement in the slope. Numerous developers at The 
Geysers have recently installed similar instruments to monitor slope move· 
ments at particular sites. Photo 47A courtesy of" Slope Indicator Company. 
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Photo 48. 'Replanting efforts made by Union 
Oil Company after a geothermal well blowout 
at this site in March 1974 (Bacon, 1976). 
More than 2000 trees were planted around 
the blowout area ( lower right) . Photo taken 
in December 1976. 
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APPENDIX A 

Geologic Time 

ATOMIC 

RELATIVE GEOLOGIC TIME TIME 
millions " of years TIME OF APPEARANCE OF DIFFERENT FORMS OF LIFE 

Era Period Epoch 
before 
presenl 

Holocene 

Quaternary 0.011* 

Pleistocene Ice age, evolution of man. 

2-3 

Pliocene Age of mammoths. 

5-7"* 

Cenozoic Miocene Spread of anthropoid apes. 

23-26** 

Tertiary Oligocene Origin of more modern families of mammals, grazing animals. 

37-38 

Eocene Origin of many modern families of mammals, giant mammals. 

53-54 

Paleocene Origin of most orders of mammals, -early horses. 

65 

Cretaceous Late Appearance of flowering plants; extinction of dinosaurs at end; appearance of.a 

Early 
136 

few modern orders and families of mammals_ 

Late Appearance of some modern genera of conifers; origin of mammals and birds; 
Mesozoic Jurassic Middle height of dinosaur evolutlon_ 

Early 190-195 
Late 

Triassic Middle Dominance of mammal-llke reptiles. 
Early 225 

Permian Late Appearance of modern Insect orders. 
Early 

280 
Late 

Dominance of amphibians and of primitive tropical forests which formed coal; Pennsyl· Middle Carbon· vanlan earliest reptiles. 
fferous Early 

Systems Mlsslsslp. Late Earliest amphibians. . 
plan Early 

345 
Late 

Paleozoic Devonian Middle Earliest seed plants; rise of bony fishes. 
Early 395 
Late 

Silurian Middle Earliest land plants. 
Early 430-440 
Late 

Ordovician Middle Earliest known vertebrates. 
Early 500 
Late 

Cambrian Middle Appearance of most phyla of Invertebrates. 
Early ---

Precambrian Origin of life; algae, worm burrows. 

Modified from Bedrossian, T.L., 1971, Fossils-the living past: Califomia Geology, v. 24, no. 1, p. 234. 

"11.000 years. Ziony 9/ 8/. (1973). 

"Geological Society of London (1964). Berggren (1972). 
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APPENDIX B 

Description of Rock Units In The Geysers GRA 
Underlain By Franciscan Terrain 

By Trinda l. Bedrossian' 

FRANCISCAN ROCKS 

Franciscan rocks in The Geysers area constitute a great
ly deformed and chaotic assemblage of rocks known as 
melange. The major rock types found within Big Sulphur 
Creek Canyon are summarized below (see also Table 1 
and Plate 1 of this report). A more detailed description of 
Franciscan rocks throughout the Coast Ranges is present
ed by Bailey and others (1964). 

Sandstone and Shale 

Throughout the Coast Ranges, a special type of sand
stone called graywacke forms nearly 90 percent of the 
assemblage of Franciscan rocks (Bailey and others, 1964). 
Graywacke is not quite as abundant in The Geysers area, 
but it nevertheless forms the greatest volume, and is the 
most persistant, of the Franciscan rock types. In the gray
wacke, individual sand grains, ranging from fine to coarse 
in size (Wentworth scale), are poorly sorted and angular 
rather than rounded. Silt and clay-sized particles fill all 
the spaces between the larger grains. Most of the sand 
grains are quartz, feldspar, and fragments of schist, vol
canic rock, chert, and shale. The matrix consists primarily 
of chlorite and sericite. According to McLaughlin (1974), 
carbonized plant material is present locally along bedding 

. planes. 

The lack of sorting in the graywacke gives it a "dirty" 
appearance. Fresh or unweathered exposures of the hard, 
resistant rock are usually medium gray in color, but may 
range from light to dark gray to bluish or greenish gray. 
Upon weathering, the sandstone becomes light brown to 
buff in color but is still fairly hard and resistant in most 
places. On highly weathered surfaces, such as those ex
posed in shallow roadcuts, the rock becomes a pale orange 
color and crumbles easily (photo B 1) . 

Graywacke in The Geysers area is thin-bedded or mas
sive. In many places, the graywacke is separated by thin 
lenses or beds of hard, dark gray to black shale (photo B2) 
which splits very easily. According to Bailey and others 
( 1964),the shale has a mineral composition quite similar to 
the graywacke. 

In some parts of The Geysers area, graywacke has been 
subjected to various kinds of alteration. Most of the meta
graywacke formed by low-grade, regional and load 
metamorphism closely resembles unaltered graywacke. In 
some cases, however, the graywacke has been sufficiently 
metamorphosed to contain discernible new minerals 

(such as pumpellyite and lawsonite) or to have developed 
a slight to moderate degree of schistosity. Hydrothermal 
alteration, which leads to the bleaching of the sandstone, 
also has modified graywacke in areas ranging in size from 
a few square feet to nearly a square mile (2.5 square 
kilometers). Hydrothermally altered graywacke can be 
found near some of the mercury mines but is more pro
nounced along zones of more recent hydrothermal activity 
and characteristically contains closely spaced veinlets of 
quartz and calcite. 

Several characteristics of the graywacke, such as the 
great thickness of individual beds, the angularity of sand 
grains, and the lack of sorting, indicate that the sediments 
were deposited very rapidly, possibly by turbidity cur
rents, in a deep water environment. 

Conglomerate 

In some parts of The Geysers area, hard, resistant beds 
of conglomerate, typically a few tens of feet thick and a 
few hundred feet long, are interbedded with graywacke; 
The matrix of the conglomerate is graywacke and is gener
ally regarded as being the same as the surrounding gray
wacke units (Bailey and others, 1964). In some of the 
conglomerates, rock fragments within the matrix are 
rounded pebbles, approximately 2 inches (5 centimeters) 
to 11/2 feet (46 centimeters) in size, composed of quartzite, 
black chert, various quartz and feldspar porphyries, dio
rite, and the minor amounts of other lithic types that were 
not formed originally as part of the Franciscan assemblage 
(photo B3). Elsewhere the conglomerate contains more 
angular fragments of graywacke, chert, and schist identi
cal to corresponding rock types in the Franciscan assem
blage (McLaughlin, 1974). 

According to Bailey and others (1964), conglomerate 
is relatively rare in assemblages of Franciscan rocks, yet 
it is so widespread that it is noted in nearly every quadran
gle in which Franciscan rocks are mapped. Even though 
they form a very minor part of the Franciscan assemblage, 
the conglomerate lenses provide clues to the origin and 
depositional environment of the rocks. Their rare yet 
widespread occurrence, their coarseness in relationship to 
the small size of the lenses, and the unsorted nature of the 
matrix indicate that the conglomerates may have formed 
as stream deposits that were later deposited on the ocean 
floor and then redeposited by turbidity currents. 

I Geologist, California Division of Mines and Geology, San Francisco, CA. 
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Photo 82. Eastward dipping sandstone and shale exposed 
along Big Sulphur. Creek. Alternating competent (sandstone) and 
incompetent (shale) units such as these may contribute to the 
instability of overlying rocks where the units dip in the same 
direction as the slope. Photo by Donn Ristau. 

Photo 81. Highly weathered sandstone exposed in shallow roadcut. Note 
the light color and crumbly nature of the weathered surface. 

Photo 83. Three to 100foot ( 1-3 meter) thick conglomerate bed exposed 
along 8ig Sulphur Creek approximately .25 mile ( .4 kilometer) south of The 
Geysers Resort. Rounded pebbles within the graywacke matrix are composed 
of quartzite, black chert, and various quartz and feldspar porphyries. 

37 
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Greenstone 

The name greenstone is commonly used by California 
geologists as a catch-all term to describe altered volcanic 
flows, dikes, sills, plugs, agglomerates, and tuffs associated 
with Franciscan and other geologically ancient rocks. 
Greenstone in The Geysers area comprises slightly to 
moderately metamorphosed, gray to greenish gray, spilitic 
basalt. The basalt occurs as massive flow rock, tuff, brec
cia, diabase, and pillow lavas - accumulations of sepa
rate, hardened, ellipsoidal masses of lava either packed 
closely together or separated by a thin matrix (photo B4)., 
The pillows accumulated deep beneath the sea as highly 
fluid lava, erupting onto the sea floor, reacted with sea 
water to form large pillow-shaped masses that fell back 
around the volcanic vent. The surfaces of the pillows 
solidified rapidly as they came into contact with the water, 
forming a fine-grained or glass rind around a coarser 
interior. The rind, however, remained thin enough to yield 
under the weight of the overburden to cOnform to the 
shapes of earlier pillows onto which they settled. Most 
pillows in The Geysers are approximately two feet (61 

Photo 84. Pillow lavas exposed along 8ig Sulphur Creek north of The 
Geysers Resort. The elipsoidal pillows accumulated deep beneath the sea as 
highly fluid lava, erupting onto the sea floor, reacted with sea water to form 
large pillow-shaped masses that solidified rapidly as they came into contact 
with the water. Photo by Donn Ristau. 

centimeters) long and one foot (30.5 centimeters) across, 
although many are longer or smaller, and sperical or ir
regular instead of ellipsoidal. 

Greenstone in parts of The Geysers area contains 
phenocrysts of oligoclase feldspar and augite in a fine
grained matrix of feldspar chlorite and magnetite (C. 
Chesterman, CDMG; 1977, personal communication). 
Also associated with some of the greenstone are vesicles 
that formed as gases escaped. during the eruption of the 
lavas. As the lava cooled and solidified, bubbles of these 
escaping gases, consisting mainly of water vapor, were 
trapped in the rock. Some of the cavities left in the rocks 
remain vacant, while others are filled with various carbon
ate minerals. 

Unweathered greenstone generally is very hard and re
sistant, but moderately weathered greenstone fractures 
easily into small pieces (photo B5). Highly weathered 
greenstone, on the other hand, generally is very soft, 
crumbles easily, and commonly is reddish brown in color. 

Chert 

Chert is a hard sedimentary rock composed primarily 
of silica and is characteristically thin-bedded. Most of the 
chert beds are separated from each other by thin films or 

. layers of shale which usually are the same color as the 
chert. In some places, the chert is massive rather than 
thin-bedded and exists as isolated bodies or in association 
with the bedded chert. In The Geysers area, red, green, 
and white thin-bedded chert (photo B6) occurs in thin 
lenses ranging from about 2 feet (0.61 meters) to approxi
mately 200 feet (61 meters) in thickness (McNitt, 1968). 
Many of the chert lenses are associated with greenstone 
and, when they are too thin to map on a regional scale, are 
included with the greenstone. 

According to Bailey and others (1964) , chert· isgeneti
cally related to greenstone as a result·ofthe chemical all:d 
biological precipitation of silica during undersea volcamc 
eruptions. As hot lava and sea water come into contact at 
great depths, the silica content in the water is raised con
siderably above saturation level so that silica is deposited 
rapidly and abundantly. The abundance of silica in the 
water also results in a proliferation of siliceous , single
celled organisms called Radiolaria (photo. B7). Because 
silica-filled tests of Radiolaria are common in much of the 
chert,these rocks are often.called Hradiolarianchert". The 
tiny organisms can be seen with the help ofa· hand lens 
as small, colorless, circular or bell-shaped specks; Radio
laria from a prominent 20G-foot-thick lens' of radiolarian 
chert near The Geysers Resort indic~te that the. lens was 
Late Jurassic ( 140 million years old) in the lower half, 
and Late Lower Ci-etaceous( 100 million years old) in the 
upper half (McLaughlin, 1975a) ~ According to 
McLaughlin, the apparent depositional break in this chert 
was caused by faulting or by a period of nondeposition. 
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Photo B5. Moderately weathered greenstone that has become closely frac
tured and broken into small pieces. 

Photo B6. Thin-bedded chert exposed in the bank of Big Sulphur Creek 
north of The Geysers Resort. . 

Photo B7. Radiolarians similar to those found in the 
radiolarian chert in The Geysers GRA. According to Pes
sagno (1973) the radiolarians are late Jurassic (Tithoni
an) in age. Species include: (A) Poronoello n. sp.; (B) 
Conocoryommo m mogimonno (Rust); and (C) Tripo
cyelio trigonum Tust. Marker an each photo equols 100 
microns. Photos courtesy of Emile Pessogno, Jr.; originally 
published in Bedrossian (1974). 



40 CALIFORNIA DIVISION OF MINES AND GEOLOGY SRl42 

Sedimentary Breccia 

Sedimentary breccia is composed of large (greater than 
sand size or 2 millimeters in diameter), angular, and bro
ken rock fragments that have been derived from pre
existing rocks and that have been transported for some 
distance from their place of origin before being cemented 
together in a finer-grained matrix (Gary and others, 
1972) . Breccia is similar to conglomerate except that most 
of the fragments have sharp instead of rounded edges and 
corners. 

In The Geysers area, sedimentary breccia mapped by 
McLaughlin (1974, 1975b) contains rock fragments rang
ing in size and roundness from angular blocks up to sev
eral tens of feet long, to well-rounded pebbles less than 
one inch (2.5 centimeters) in diameter. Angular frag
ments are primarily composed of radiolarian chert, vol
canic breccia, schist, and graywacke; pebble- to 
boulder-size, well-rounded fragments are composed of 
porphyritic greenstone, dark chert, and quartz. The ma
trix in which these fragments are enclosed is chiefly tuffa
ceous shale or mudstone that has been sheared but 
nevertheless shows original sedimentary bedding. 

Sedimentary and Tectonic Melange 

Rocks mapped by McLaughlin (1974, 1975b) as sedi
mentary and tectonic melange are sheared shale and 
gouged rock that enclose resistant, tectonically emplaced 
blocks and masses of Franciscan rocks too small to be 
shown individually on a regional scale. 

Serpentinite 

Serpentini(e and related ultramafic rocks that intrude 
the sedimentary and volcanic rocks of the Franciscan as
semblage are found in The Geysers area along major fault 
boundaries and in shear zones. The most prominent ser
pentinite body in the area is the mass that separates Fran
ciscan rocks from Great Valley rocks along the Coast 
Range thrust. This mass of serpentinite varies in width 
from less than 1 mile (1.6 kilometers) to 5 miles (8 kilo
meters) (Bailey and others, 1964). According to Bailey 
and others ( 1970), the serpentinite has been regarded by 
most geologists as having been injected between the two 
walls of the thrust fault as a cold intrusion squeezed up 
from the upper mantle. Smaller sheets, lenses, and irregu
lar shaped masses of serpentinite intrude other shear zones 
associated with faults and landslides within the Francis
can melange. 

Serpentinite varies in appearance according to mineral 
composition, degree of serpentinization, abundance of 
shears, and local climatic conditions. In The Geysers area, 
much of the serpentinite is characterized by greenish
gray, polished, slick, or waxy fragments of rock lying in 
a crumbled matrix (photo B8). The smooth surfaces are 
the result of small movements of one fragment against 
another as is common in shear zones. Most of the serpenti-

Photo BS. Highly sheared and weathered serpentinite along.the.Geysers
Healdsburg Road near.the top·of the southwestern slope of Big.Sulphur Creek 
canyon, 

nite in: the Franciscan rocks has been altered from a type 
of intrusive igneous rock known as peridotiti!. Mineralsin 
the peridotite, mostly pyroxenes and olivine rioh in mag
nesium and iron; have been partly to completely replaced 
by a number of serpentine minerals such as chrysotile, 
clinochrysotile, and orthochrysotile (McLaughlin, 1974). 
In some areas, however, serpentinite has been altered from 
another type of igneous rock, known as dunite, which is 
composed primarily of the mineral olivine. In the large 
slab of serpentinite on the north side of Big Sulphur Creek 
near The Geysers Resort (photo 6), dunite has been al
most completely altered to serpentine and related minerals 
such as antiogorite; chlorite, talc, actinolite, tremolite, 
and cl,lmmingtonite (McLaughlin, 1974; McNitt, 1968). 

Silica-Carbonate Rock 

Steeply dipping, tabular, silica-carbonate deposits, 
formed by the hydrothermal alteration of serpentine, are 
present along fault zones and in association with thermal 
springs throughout The Geysers. As indicated by' its 
name, silica-carbonate rock is composed of one or. more 
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silica minerals - quartz, opal, or chalcedony - and a 
magnesium carbonate. In some places, the carbonate has 
directly replaced water in the original serpentine, thus 
leaving a unit volume of silica and magnesium equivalent 
to that of the serpentine; in other places, the silica-,carbon
ate rock is almost entirely silica (Bailey and others, 1964) . 
Chromite, which is unaffected by changes the rock has 
undergone, can be seen·in some of these rocks with a hand 
lens. The shiny black chromite crystals can be used to 
distinguish weathered silica-carbonate rock from weath
ered greenstones. 

Where silica-carbonate rock is abundant, it forms resist
ant "reefs" or trains of rubble. According to Bailey and 
others (1964), the rock may be very hard and dense or, 
where it has lost most of its carbonate by weathering, it 
may be reduced to a porous network of silica veinlets 
stained with residual iron oxides. At The Geysers, these 
veinlets, range from 0.5 millimeters to 20 millimeters in 
thickness and give a crude foliation to the rock which 
resembles the original structure of the sheared serpentinite 
(McNitt, 1968). 

According to Bailey and others (1964) and McNitt 
(1968), the formation of the silica-carbonate rocks was 
not related to the original process of serpentinization, but 
rather to periods of mid-Tertiary and younger vulcanism. 
Because many quicksilver deposits in the Coast Ranges 
are associated with silica carbonate rocks, Bailey and oth
ers believe that silica carbonate formation may be one 
stage of the hydrothermal process that later deposits cin
nabar. Although some of silica-carbonate rocks in The 
Geysers area contain cinnabar; not all quicksilver deposits 
that were mined in the area were found in silica- carbonate 
rocks. 

Metamorphic Rocks 

Metamorphic rocks in The Geysers area are predomi
nantly altered graywackes, greenstones, and cherts of the 
blueschist facies (Bailey and others, 1964; Blake and oth
ers, 1967). These rocks occur as tectonic blocks or locally 
as thin bands or small, irregular lenses, usually within 
sheared melange matrix or adjacent to serpentinite. Rocks 
of the blueschist facies characteristically contain lawso
nite, jadeite, glaucophane, and other minerals formed by 
metamorphism at high pressures. Garnet and sphene also 
are present in some of these rocks. The parallel, planar, or 
layered arrangement of the minerals within these meta
morphosed rocks enables some of them to be split readily 
into thin flakes or slabs (photo B9) . According to Bailey 
and others (1970), Franciscan rocks were sheared and 
converted to blueschists as they were thrust beneath rocks 
of the Great Valley sequence during Late Jurassic and 
Early Cretaceous times. 

SURFACE DEPOSITS 

Unconsolidated surface deposits overlie Franciscan 
rocks throughout a large portion of The Geysers area and, 
in places, fill the lower parts of valleys between ridges and 
spurs. These deposits include landslide debris, colluvium, 
alluvium and terrace deposits. 

Landslide Debris 

Landslide debris in The Geysers area consists of uncon
solidated rock and soil materials that have moved down
slope en masse at a moderately rapid to very rapid rate 
(one foot [30 centimeters] or more per year). The types, 
causes, and effects of landslide movements in The Geysers 

Photo B9. Blueschist' near the Little Geysers 
area. Rocks of the blueschist facies character
istically contain lawsonite, jadeite, glauco
phane, and other minerals formed by 
metamorphism at high pressures. 
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area are discussed above (See: Part VI, Characteristics of 
unstable terrain). 

In general, landslide debris is a chaotic mixture of 
clayey soil, small angular rock fragments, and large angu
lar to subangular blocks of rock. The soil and rock frag
ments are derived from the chemical and mechanical 
weathering of underlying rock units and from shearing 
and fracturing caused by downslope movement. Larger, 
more resistant blocks of Franciscan rock, scattered ran
domly throughout many of the landslides, tend to ac
cumulate with subseauent landslide movement at the toes 
of the slides. Some of these blocks are removed by seasonal 
flood waters and erosion, while others remain fixed in 
position and act as buttresses in preventing further land
slide movement. 

Colluvium 

Many slopes and small valleys in The Geysers area are 
mantled with colluvium. This unconsolidated debris (soil 
and rock material) results from the gradual downhill 
movement of these slope derived materials and any con
tained water. At the base of steep slopes and cliffs, colluvi
um commonly forms talus. The colluvium is generally 
very poorly sorted, angular, and contains a high percent
age of coarse gravel- and· cobble-sized fragments. In 
places, colluvium derived from areas containing green
stone includes appreciable amounts of resistant chert. 

Alluvium 

Stream deposits called alluvium consist primarily of 
unconsolidated, rounded gravel, sand, and clay with occa
sionallarge boulders up to several tens of feet in diameter. 
According to McLaughlin (1974), some deposits along 
faults are hydrothermally altered and cemented by iron 
oxide, opalline silica, sulfur, calcite, and other spring 
deposits. 

Terrace deposits 

Terrace deposits in The Geysers area consist of uncon
solidated to semi-consolidated older alluvium (photo 
B 10) containing gravel, sand, and clay from local bedrock 
sources. At least two levels of terrace deposits in Big Sul
phur Creek (photo 8 in text) have been dissected by the 
stream so that they are exposed at elevations generally 5 
to 10 feet ( 1.5 to 3 meters) above the most recent allu
vium. In some places, the terrace deposits overlie landslide 
debris. This is an indication that the toe of a former land
slide once blocked the natural stream course and caused 
a temporary local rise in water level. The water was, in 
some cases, redirected and cut new channels into the un
consolidated deposits. In other places, terrace deposits lie 
beneath landslide debris (photo B 11), indicating that the 
stream is actively down-cutting its channel and could 
possibly cause <the reactivation of former slides. 

Photo B 1 O. Stream terrace gravels.along Big 
Sulphur Creek. Photo by Donn Ristau. 
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Photo B 11. Terrace deposits (bottom of photo) overlain by landslide de
bris near the junction of Big Sulphur Creek and Geyser Canyon. The landslide 
debris can be distinguished from terrace deposits by the angularity of the 
rock fragments in the slide matrix. 
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APPENDIX C 

Factors and Processes Affecting Landslide Potential 

The following three tables describe the various natural 
factors and processes and various human factors which af
fect la-ndslide potential. In the case of human factors. 
corrective measures that will minimize human impact are 
also listed. 

These data- were adapted from Leighton (1966) and 
Rogers and Armstrong (1973). 

Table 1-1. Natural factors affecting landslide potential. 

Natural factor Description 

Weak rock or soi I Weakness may be due to: A) significant concentration of expansive clays; B) preponderance of 
poorly consolidated or unconsolidated material; C) preponderan!ie of fine-grained materials; D) -
local shearing along faults; E) widespread shearing throughout units. 

Orientation of geologic structure Downslope inclination of zones or planes of weakness increase landslide potential. Planes of 

High water content 

High slope angle and high 

Schematic illustration 

weakness include: A) bedding planes between strong and weak rock layers or bedding plane 
within weak rock units; B) joints in rock uniis; C) plunge of axial plane of folded rocks. 

High water content can increase landslide potential and may be due to: A) retention of water 
preferentially in fine-grained material and on north-facing. sun-shaded slopes; B) period of in-
tense local rainfall during period of high seasonal rainfall. 

relief Steep slopes and high relief (elevation difference between ridges and vlllleys) in mountainous 
terrain may increase landslide potential when combined with weak bedrock or surficial units; 
for example. a stream eroding downward rapidly into weak units. producing locally steep. un-
stable slopes_ 

Table 1-2. Natural processes affecting landslide potential. 

Definition of process 

SOIL CREEP 

Lateral and downslope movement of soil mantle 
at a slow rate in response to gravity. 

BEDROCK CREEP 

Plastic deformation (lateral and downslope) and 
fracturing of bedrock -at a-slow rate beneath the 
soil zone--in response to gravity_ 

SU BSI DENCE-SETTLEM ENT 

Movement is essentially vertical downward in 
response to gravity; may produce uneven (dif
ferential) settling of ground surface_ 

Characteristics 

No definite slip surface; essentially continuous 
movement in clay-rich soil. periodic movement in 
talus material. 

No definite slip surface; produces open
structured materials; downslope bending of 
bedrock common; forms slowly. 

Occurs in organic. heterogeneous. open
structured deposits; compaction- may result from 
oxidation of organic-rich deposits. such as peat. 
or slow decay of intermixed vegetation in land
slide debris. 
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APPENDIXC (continued) 

Table 1-3. Human factors affecting landslide potential. 

Causes and effects Corrective measures to minim ize 
increase in landslide potential 

GRADING 

Grading can increase landslide potential by: steepening of slopes; 
removal of downslope support during exc~vation; addition of 
weight upslope during filling; utilizing improperly compacted fills; 
utilizing fills containing compressible clay-rich material or 
organic debris. 

Design for minimal grading. Cut slopes at 1.5'1 or less. Construct 
compacted fills using proper nonorganic materials. Use buttress 
fills or keyed fills to provide downslope support if necessary. 

LOADING 
(addition of weight to slope) 

Loading of slope by construction of buildings, roads. swimming 
pools. etc .. can increase landslide potential by exceeding bearing 
strength of soil and underlying material--especially if underlying 
material is porous and compressible (peat, recent landslide debris, 
abandoned' dump debris. or uncompacted fill containing 
vegetative debris). 

Design buildings, etc .. in accordance with soil and subsoil bearing 
strengths (taking into account strength-reducing effects of added 
water from septic tank effluent, garden watering, etc.). 

REMOVAL OF VEGETATION 

Vegetation removal can increase landslide potential by: removing 
"anchoring effect" of root network in soil; exposing soil to direct 
impact of rainfall, resulting in increased erosion; locally in
creasing water saturation- in soil (adding water that would have 
been transpired by the removed vegetation). 

Minimize vegetation removal. Plant ground covcr on naturally 
bare or cut slopes; under severe conditions. hold planting in place 
with straw. mulch, wire net. jute mesh. or plastic. Replace 
vegetation of low transpiration rate (grass) with plants of high 
transpiration rate (trees). 

WATER 

Addition or redistribution and concentration of water can increase 
landslide potential locally. Sources of additional water include 
septic tank effluent, gar·den watering. and leakage from swimming 
pools. Redistribution of water results from altering natural 
drainage and from construction oj" large impermeable surfaces 
(roofs. patios. paved surfaces) that divert and concentrate rainfall 
runoff and locally accelerate erosion. 

Minimize "water-adding activities"; locate septic tank leach field. 
etc .. away from edge of S{eep slope. Include natural drainage in 
design. Divert surface runoff away from head and face of"cut 
slopes if possible. Minimize construction of large impermeable 
surfaces; direct runoff from such surfaces into natural drainage. 
Plant high-transpiration vegetation on cut slopes and cleared 
areas. 
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APPENDIX D 

Hydrothermal Alteration And Its Effect On Soil 
Stability In The Geysers Area 

By Glenn A. Borchardt' 

Eighteen samples were collected from The, Geysers area 
to determine the effect of hydrothermal alteration on soil 
stability. Five of the samples were from landslide deposits 
near Pacific Gas and Electric Power Plants 5 and 6. 
Two samples were from melange matrix, two from a fault 
zone within greenstone, one from mud flow debris, one 
from a greenstone quarry, six from altered and unaltered 
graywacke, and one from hot spring deposits near the 
Little Geysers area. 

The results (table D1) show kaolinite to be the most 
important result of hydrothermal alteration in The Gey
sers area. This confirms the work of Bailey, Irwin, and 
Jones ( 1964, p. 37), who mentioned that smectite (mont
morillonite) was formed as well. There is some evidence 
for smectite formation in altered materials at The Geysers, 
but this could be confused with montmorillonite from soil 
weathering of mica. Hydrothermal alteration of gray
wacke apparently changed chlorite to kaolinite. The 
quartz, feldspar, and mica in graywacke appears to be 
unaffected by moderate hydrothermal alteration. 

At The Geysers, greenstone appears to weather to stable 
soils containing amorphous clay. A landslide associated 
with greenstone had vermiculite as the major constituent 
of the clay fraction. Coincidently, fault gouge in green
stone had pr~ominantly vermiculite arid mica. Possibly, 
the rare landslides in greenstone are associated with the 
faulting that produces this vermieulite and mica. This 

should be evaluated in more detail for stability studies on 
greenstone which is generally the most stable formation in 
The Geysers area. 

Hydrothermal alteration of melange and graywacke ap
pears to convert chlorite to kaolinite. Both chlorite and 
kaolinite are nonexpanding minerals. There would be no 
theoretical reason to expect more landslides in kaolinitic 
materials than in.chloritic materials. Hydrothermal areas 
simply have high water contents that reduce the shear 
strength of whatever material is present. Hydrothermal 
activity in greenstone occurs primarily in faulted areas. 
Apparently, these faulted areas have soils containing the 
moderately expansive clay, vermiculite. In the California 
Coast Ranges, vermiculite is more often associated with 
landslides than kaolinite (Borchardt, 1977). 
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Table 01: Soil Data (Sample locations plotted on Plate 1) 

Prepared by GLENN BORCHARDT 

I CLAY MINERALOGY BY XRD 

I 
I .~ i t: 

I CDMG 

,.!;l 
=t 'll 

~ .~ 0 ::. 
.§ .\:! :.§ I SAMPLE ~ t: 
0 0 

~ ~ DESCRIPTION NO. ~ 

244176 

245176· XX XXX 
LANDSLIDE 

DEBRIS 
246176" 

247176 XXX 

248176 X XXX 

249176 XXX 
MELANGE 

250176 X 

251176 X 
FAULT ZONE 

252176 X 

MUDFLOW 253176 XXX 

GREENSTONE 255176 X XXX 

256/76 X ? 

257176 X XX 
GRAYWACKE 

258176 X ? 

259176 X XX 

ALTERED 2ro/76 XXX 

GRAYWACKE 261/76 XX XXX 

HOT SPRING 17/77 XXX 

X Trace 
XX Intermediate 

XXX Abundant 

• Some 7A peak survived 550C heating 
•• Contains clay and silt (flocculated) 

..: 
tJ 
~ PHYSICAL TESTS FOR SOILS SOIL CLASSIFICATION 
'll 

~ Particle Size Distribution Afferberg limits A4 ... 
~ ~ .~ ... 'll e ~ ::::: .~ GRAVEL' SAND2 SILT CLAY LL 3 PL 
1..0 tJ ~ ~ t: ~ 
~ 

.\:! '- ~ 'll 6 ~ CQ ..!:: % of less than 2mm 

XXX 

X 9.2 21.1 49.1 29.8 67.7 28.5 

X 4.5 flocculated 48 . .' 28.7 

X X X 62.5 63.6 24.0 12.4 33.6 20.3 

X X 63.7 50.4 33.5 16.1 44.3 24.5 

XXX 6.7 29.3 18.6 52.1 63.5 29.1 

XX XXX XXX 67.8 48.3 39.6 12.1 27.8 19.9 

XXX X 80.6 65.3 24.7 10.0 41.2 32.0 

XXX 18.0 39.9 46.0 14.1 41.0 30.5 

X X 58.0 55.4 23.8 20.8 34.7 25.1 

XXX X 27.5 52.0 30.6 19.4 28.2 15.1 

XX XX 

XX ? 

XX XX 

XX ? 

16.5 33.0 39.8 27.2 38.5 19.5 

X X 11.1 29.9 37.8 32.3 45.0 20.2 

'Gravel = greater than 2 mm as a percent of total air dry weight 

'Sand = 2.()(X)...{).063 mm. silt = 0.063-D.002 mm. clay = less than 0.002 mm 

'LL = liquid limit (%moisture at which soil changes from plastic flow to liquid 
flow) 

PL = plastic limit (% moisture at which soil begins plastic flow) 
PI = plasticity index (LL - PL. related to degree of soil expansibility) 

PI Unified 
% Field Texture Soil 
Moisture (USDAJs Class 6 Expansivity 

39.2 1.32 43.2 cI CH 0- high 

19.6 - 30.2 - ML C - moderate 

13.3 1.07 4.9 gsl CL C 

19.8 1.23 8.3 gl CL C 

34.4 0.66 17.2 c CH 0 

7.9 0.65 4.8 gl CL B - marginal 

9.2 0.92 6.9 gsl ML C 

10.5 0.74 7.1 I ML C 
9.6 0.46 5.6 gscl ML C 

13.1 0.63 3.1 I CL C 

19.0 0.70 4.4 cI CL C 
-

24.8 0.77 3.6 cI CL C 

'A = clay activity index (PI/%c1ay. related to % montmorillonite in clay) 

'USDA = U.S. Department of Agriculture textural designations 

'CH = inorganic clay of high plasticity 
CL inorganic clay of medium plasticity 
MH inorganic silt of high compressibility 
ML = inorganic silt and clay of low to medium compressibility. 
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APPENDIX E 

STATE OF CALIFORNIA THE RESOURCES AGENCY DEPARTMENT OF CONSERVATION 

DIVISION OF ~ALIFORNIA 
~INES AND GEOLOGY 

DIVISION HEADQUARTERS 
RESOURCES BUILDING 

ROOM 1341 
1416 NINTH STREET 

SACRAMENTO CA 95814 

CDMG NOTES NUMBER 31 

SEARCHING FOR RECORDS OF MINES AND MINERS 

CURRENT RECORDS OF MINES 

See the sections on the California Division of Mines 
and Geology, the California Secretary of State, County Of
fices, and the U. S. Bureau of Land Management (below). 

HISTORICAL RECORDS OF CLAIMS OR PEOPLE 
ASSOCIATED WITH MINING 

Most people are surprised that the Division of Mines 
and Geology does not have all records of mining done 
since the Gold Rush; but the State Mining Bureau, our 
predecessor, was not formed until 1880 and even such 
records as we have are not complete. 

It is a very complicated story, historically and legally; 
records were not kept for the most part, and many of those 
that were kept have been lost. Also bear in mind that there 
were 27 counties in 1850 while there are 58 now. 
Therefore, a cl<iim located in Mariposa County in 1850 
might be in Mono, Merced, Madera, Fresno, Inyo. Tulare, 
Kings, Kern, or- San Bernardino County today. 

If you have a general idea where the person lived or 
where the claim was located, you have a distinct advantage 
because minfrtg claims are filed with the County Offices 
and there is no statewide master list. Your task is never
theless formidable because tens of thousands of 
prospectors have filed more than a million mining claims 
in the 120 + years since Californ ia became a State. See the 
sections on the California Division of Mines and Geology, 
County Offices, and U. S. Bureau of Land Mangement. 

If you don't know where the person may have lived or 
where the claim may have been located, you will have to 
start with Libraries; but, if you know the commodity 
mined, see the California Division of Mines and ·Geology 
section, too. 

SOME SOURCES OF INFORMATION 

California Division of Mines and Geology 
Publications of the California State Mining Bureau 

and the California Division of Mines, former names of this 
agency, contain some records of old mines--Iocation and 
geology of mine site, sometimes the name of the operator, 
and some general production statistics (specific production 
statistics must be obtained from the owner or operator). 
These publications are found in many local libraries. 

If you know the commodity mined, look in California 
Division of Mines and Geology publications on that sub
ject; they sometimes describe specific properties. If you 
know the county, the California Journal of Mines and 
Geology and Reports of the State Mineralogist contain many 
reports on the mines and mineral resources of the in
dividual counties. Refer also to the more recent County 
Report se ries. 

California Secretary of State 
If the mining company was incorporated in California 

or was qualified to do business in California as a cor
poration, the Secretary of State's Corporation Index File 
(II 1 Capitol Mall, Sacramento 95814) will contain its 
current legal status. 

Californ ia Department of Corporations 
The Central Index of the Department of Corporations 

(107 South Broadway, Room 8117, Los Angeles 90012) 
may have a record of the company if it has issued stock. 

County Offices 
To obtain inform ation on ownersltip, extent of the 

property, tax data, and legal descripti<Jn, you should visit 
the offices of the County in which the claim was located. 
Although it is possible to write to the Recorder or the 
Assessor for information, lack of personnel and time may 
cause a very long delay. 

County Recorder 
All official documents pertaining to mining claims 

are filed with the County Recorder--Iocation notice, 
deed, quitclaim deed, affidavit of proof of annual 
labor, leases, options, contracts, and notices of 
nonresponsibility. A search of the records may be 
time-consuming because of the vast. number of 
documents on file. Only a few of the-County 
Recorders have cross references and indexes to 
records on mining claims; some (Riverside, for in
stance) file claims chronologically--one after another, 
just as they come in. 

There are no maps available from official sources 
showing locations of unpatented mining claims; the 
boundaries of such claims generally have not been 
surveyed and cannot be plotted accurately. The 
Recorder's Office is the best source of names and 
addresses of current owners of unpatented claims. 

Some official records of early-day organized 
mining districts still exist and are on file with County 
Recotders. These districts were organized by the 
miners themse Ives during the frontier days prior to the 
establishment of Federal and State mining laws. The 
miners drafted by-laws defining the size of claims, 
assessment work required, and the territorial 
jurisdiction of the district. The importance of the 
districts diminished after the passage of the Federal 
Mi'ning Acts of. 1866 and 1872. 

County Assessor 
Maps (called plats) showing the location of 

patented claims, names and addresses of those to 
whom the property is assessed, and tax records are 
filed with the- County Assessor's Office. The Assessor's 
Office is the best source of the name and address of 
the current owner of a patented mining claim. 
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Libraries 
There are many books on the history of mining in 

California and the West, some of which contain extensive 
biographies of prominent early-day Citizens. The following 

-libraries have especially good Californiana collections and 
are open to the public: 

San Jose Public Library, Los Angeles Public Library, 
Oakland Public Library, Pasa'dena Public Library, 
Pomona Public Library, Sacramento City-County 
Library, San Diego Public Librar.y, San Francisco 
Public Library; State Library, Sacramento; Sutro 
Library, San Francisco; Bancroft Library, University 
of California. Berkeley; University of California at 
Los Angeles Library; California Division of Mines 
and Geology Library, Ferry Building, San Francisco. 

Local libraries may have hard -to-find or even rare 
material about their own areas. The Huntington Library in 

Pasadena is open to qualified scholars with permission. 

There are many historical societies in California the 
most famous of which is the California Historical So~iety 
in San Francisco. The Society of California Pioneers 
specializes in the period before 1860. These organizations 
issue books and periodicals which may be consulted in 
their libraries. 

U. S. Land Office, Bureau of Land Management 

The Land Offices have some records of patented 
mining clairiJs--plats showing locations, legal descriptions, 
applicati<ins for patent, survey plats and notes, and title 
certificates. The northern California office is at 2800 
COllage Way, Sacramento 95825; the southern California 
office is at 1414 University Avenue, Riverside 92507. 

MFD:3/73 



50 CALIFORNIA DIVISION OF MINES AND GEOLOGY SR142 

APPENDIX F 

HOW EARTHQUAKES ARE MEASURED 
Vibrations produced by earthquakes are detected, recorded 

and measured by instruments called seismographs. These devices 
may amplify ground motions beneath the instruments to over 
one million times, transcribing the motion into a zig-zag trace 
called a seismogram. From the data expressed in seismograms, 
the time, epicenter, and focal depth of an earthquake can be 
determined and estimates can be made of its relative size and the 
amount of energy that was released. 

The severity of an earthquake is generally expressed in two 
ways. The magnitude of an earthquake, as expressed by the 
Richter magnitude scale, is a relative measure that depends on 
the maximum trace amplitude registered on a standard instru
ment called a Wood-Anderson torsion seismograph. When an 
earthquake is recorded, the greatest excursion of the zig-zag 
trace is measured and compared with that of a standard refer
ence earthquake corrected to the same epicenter to station dis
tance. The result is a number the size of which directly 
corresponds to the size of the earthquake relative to the standard 
earthquake. The standard reference earthquake is defined in a 
way such that a magnitude zero earthquake produces a max
imum trace amplitude of .001 millimeter at a distance of 100 

RELATIONSHIP BETWEEN 
E)\\RTHQUAKE 
MAGNITUDE 
AND ENERGY 

The volumes of the spheres are roughly 
proportional to the amount of energy 
released by earthquakes of the magni
tudes given, and illustrate the exponential 
relationship between magnitude and ener
gy. At the same scale the energy released 
by the San Francisco earthquake of 1906 
(Richter magnitude 8.3) would be repre
sented by a sphere with a radius of 110 
feet. 

RICHTER 
MAGNITUDE 

I 

0'·': .... . .' 

.... :.: ... j:!~ 

kilometers. With appropriate distance corrections, the magni
tude value is constant and hence an effective means of size 
classification. The intensity as expressed by the Modified Mer
calli intensity scale, is a partly subjective measure which depends 
on the effects of a quake such as damage at a particular location. 

RICHTER MAGNITUDE SCALE 

The Richter magnitude scale, named after Dr. Charles F 
Richter, Professor Emeritus of the California Institute of Tech
nology, is the scale most commonly used, but often misunder
stood. On this scale, the earthquake's magnitude is expressed in 
whole numbers and decimals .. However, Richter magnitudes can 
be confusing and misleading unless the mathematical basis for 
the scale is understood. It is important to recognize that magni
tude varies logarithmically with the wave amplitude of the quake 
recorded by the seismograph. Each whole number step of magni
tude on the scale represents an increase of 10 times in the meas
ured wave amplitude of an earthquake. Thus, the amplitude of 
an 8.3 magnitude earthquake is not twice as large as a shock of 
magnitude 4.3 but 10,000 times as large. 
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Richter magnitude can also provide an estimate of the amount 
of energy released during the· quake. For every unit .increase in 
magnitude, there is a 31 fold increase in energy. For the previous 
example a, magnitude 8.3 earthquake releases almost one million 
times more energy than one of magnitude 4.3. 

A quake of magnitude 2 on the Richter scale is the smallest 
quake normally felt by humans. Earthquakes with a Richter 
magnitude of 7 or more are commonly considered to be major. 

MODIFIED MERCALlI INTENSITY SCALE OF 
1931 

The first scale to reflect earthquake intensities was developed 
by de Rossi ofItaly, and Forel of Switzerland, in the I 880s. This 
scale, with values from I to X was used for apout two decades. 
A need for a more refined scale increased with the advancement 
of the science of seismology, and in 1902 the Italian seismologist, 
Mercalli, devised a new scale on a I to XII range. The Mercalli 
Scale was modified in 1931 by AmericailSeismologists Harry O. 
Wood and Frank Neumanri to tak:e irito'account modern ,struc
tural features: 

I Not felt except by a very few under especially favorable 
circumstances. 

II Felt only by a few persons at rest, especially on upper 
floors of buildings. Delicately suspended objects may 
swing. 

III Felt quite noticeably indoors, especially on upper floors 
of buildings, but many peopoe do n'ot recognize it as an 
earthquake. Standing motor cars may rock slightly. Vi
bration like passing of truck. Duration estimated. 

IV During the day felt indoors by many, outdoors by few. 
At night some awakened. Dishes, windows, doors dis
turbed; walls make cracking sound. Sensation like heavy 
truck striking building. Standing motor cars rocked no
ticeably. 

V Felt by nearly everyone, many awakened. Some dishes, 
windows, etc., broken; a few instances of cracked plaster; 
unstable objects overturned. Disturbances of trees, poles 
and other tall objects sometimes noticed. Pendulum 
clocks may stop. 

VI Felt by all, many frightened and run outdoors. Some 
'heavy furniture moved; a few instances of fallen plaster 
or damaged chimneys. Damage slight. 

VII Everybody runs outdoors. Damage negligible in building 
of good design and construction; slight to moderate in 
well-built ordinary structures; considerable in poorly 
built or badly designed structures; some chimneys bro
ken. Noticed by persons driving motor cars. 

The Richter magnitude scale has no fixed maximum or mini
mum; observations have placed the largest recorded earthquakes 
in the world at about 8.9, and the smallest at -3, Earthquakes 
with magnitudes smaller than 2 are called "micro-earthquakes." 
Richter magnitudes are not used to estimate damage. An earth
quake in a densely populated area, which results in many deaths 
and considerable damage, may have the same magnitude as an 
earthquake that occurs in a barren, remote area, that may do 
nothing more than frighten the wildlife. 

VIII Damage slight in specially designed structures; consider
able in ordinary substantial buildings, with partial col
lapse; great in poorly built structures. Panel walls 
thrown out offrame structures. Fall of chimneys, factory 
stacks, columns, monuments, walls. Heavy furniture 
overturned. Sand and mud ejected in small amounts. 
Changes in well water. Persons driving motor cars dis
turbed. 

IX Damage considerable in specially designed structures; 
well--<lesigned frame structures thrown out of plumb; 
great in substantial buildings, with partial collapse. 
Buildings shifted off foundations. Ground cracked con
spicuously. Underground pipes broken. 

X Some well-built wooden structures destroyed; most ma
sonry and frame structures destroyed with foundations; 
ground badly cracked. Rails bent. Landslides considera
'ble from river banks arid steep slopes. Shifted sand, and 
mud. Water splashed (slopped) over banks. 

XI Few, if any, (masonry) structures remain standing. 
Bridges destroyed. Broad fissures in ground. Under
ground pipelines completely out of service. Earth slumps 
and land slips in soft ground. Rails bent greatly. 

XII Damage total. Practically all works of construction are 
damaged greatly or destroyed. Waves seen on ground 
surface. Lines of sight and level are distorted. Objects are 
thrown upward into the air. 

The Modified Mercalli intensity scale measures the intensity 
of an earthquake's effects in a given locality, and is perhaps much 
more meaningful to the layman because it is based on actual 
observations of earthquake effects at specific places. It should be 
noted that because the data used for assigning intensities can be 
obtained only from direct firsthand reports, considerable - time 
weeks or months - is sometimes needed before an intensity map 
can be assembled for a particular earthquake. On the Modified 
Mercalli intensity scale, values range from I to XII. The most 
commonly used adaptation covers the range of intensity from the 
conditions of "I-not felt except by very few, favorably situated," 
to "XII--<lamage total, lines of sight disturbed, objects thrown 
into the air." While an earthquake has only one magnitude, it 
can have many intensities, which decrease with distance from the 
epicenter. 
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COMPARISON OF 
MAGNITUDE 

AND 

INTENSITY 

APPENDIX F ( continuedf 

. Richter 
Magnitude 

'2 I-II 

3 III 

4' IV-V 

S VI-VII 

Expected Modified Mercolli 
Maximum Intensity (at epicenter) 

Usually detected only by instruments 

Felt indoors 

Felt by most people; slight damage 

Felt by all; many frightened and nID out-

It is difficult to compare magnitude and intensity because 
intensity is linked with the particular ground and structural 
conditions of a given area, as well as distance from the earth
quake epicenter, while magnitude depends on the energy' 
released at the focus of the earthquake. 

6 VII.:..VIII 

doors; damage minor to moderate 

Everybody runs outdoors; damage moderate 
to major 

THE RICHTER SCALE 

To determine the magnitude of an 
earthquake: w,e connect on the chart, 

A. the maximum amplitude recorded by 
a standard seismometer, and· 

B. the distance' of . that seismomet~r 
from the epicenter of the earthquake 
(or the ditTerencein times of arrival 
of the P and S waves) by a straight 
line, which crosses the center scale at 
the magnitude. 

- - A unit change in magnitude corre
sponds to a decrease in seismogram 
amplitude by a factor of ten. 

..... Definition of a magnitude 3 earth
quake. 

7 IX-X Major damage 

8+ X-XII Total and. major damages 

After Charles F. Richter. 1958; Elementary Seismology. 

AMPLI TU DE 
23 mm (A) 

------S-P.24 sec (B) 

50 

40 6 

~3~0 ____ -----5~----------~ 

2-0-------4 --------100 
~O 

.. la· .. ······ ........ :, ............ · .. ·3· 
.............. . ....... . 

40 4 

20 2 
0-5 

DISTANCE S- P 
km -sec 

2 

o 
MAGNITUDE 

--

AMPLITUDE 
mm 

Photo-diagram illustrating how seismologists determine earthquake magnitude using a 
Wood-Anderson seismograph recording and a magnitude determination chart. Courtesy 
of California Institute of Technology. 
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APPENDIX G 

STATE OF CALIFORNIA THE RESOURCES AGENCY 

~ALIFORNIA DIVISION OF 
~INES AND GEOLOGY 

CDMG NOTES 

DEPARTMENT OF CONSERVATION 

DIVISION HEADQUARTERS 
RESOURCES BUILDING 

ROOM 1341 
1416 NINTH STREET 

SACRAMENTO CA 95B14 

NUMBER 37 

GUIDELINES 
GEOLOGIC/SEISMIC 

TO 
REPORTS 

The following guidelines are taken from "Geology 
and earthquake hazards:' Planners guide to the seismic 
safety element" prepared, by Grading Codes Advisory 
Board an d Build ing Code Com m ittee of the Sou them 
California Section, Associ,Hion of Engineering Geologists, 
July, 1973. They are reprinted here courtesy of the 
Association of Engineering Geologists. 

I. Introduction 

This is a suggested gu ide or form at for the seism ic 
section of engineering geologic reports.' These reports 
may be prepared for projects ranging in size from a single 
lot to a m aster plan for large acreage, in scope from a 
single family residence to large engineered structures, 
and from sites located on an active fault to sites a sub
stantial distance from the nearest known active fault. 
Because of this wide variation, the order, format, and 
scope should be flexible and tailored to the seismic and 
geologic conditions, and intended land use. The follow ing 
suggested format is intended to be relatively complete, 
and not all items would 'be applicable to small projects or 
low risk sites. In addition, some items would be covered 
in separate reports by soil engineers, seism ologists, or 
structural engineers. 

II. The Investigation 

A. Regional Review 

A review of the seismic or earthquake history of the 
region should establish the relationship of the site to 
know n faults and epicenters. This would be based 
primarily on review of existing maps and technical 
literature and would include: 

I. Major earthquakes during historic time and 
epicenter locations and magnitudes, near the 
site. 

2. Location of any major or regional fault traces 
affecting the site being investigated, and a 
discussion of the tectonic mechanics and other 
relationships of significance to the proposed con
struction. 

B, Site Investigation 

A review of the geologic conditions at or near the site 
that might indicate recent fault or seismic activity. 
The degree of detail of the study should be com-

patible with the type of development and geologic 
com p lex ity, The in vestigation shou Id include the 
follow ing: 

I. Location and chronology of local. faults and 
the amount and type of displacement estimated 
from historic records an d stratigraph ic relation
ships. Features normapy related to activity such 
as sag ponds, alignment of springs, offset bed
ding, disrupted drainage systems, offset ridges, 
faceted spurs, dissected alluvial fans, scarps, 
alignment of landslides, and vegetation patterns, 
to name a few, should be shown on the geologic 
map and discussed in the report, 

2. Locations and chronology of other earth
quake induced features caused by lurching, set
tlement, liquefaction, etc. Evidence of these 
features should be accompanied with the 
follow ing: 

a. Map showing location relative to 
proposed con struction. 

b. Description of the features as to length, 
width and depth of disturbed zone, 

c. Estimation of the amount of disturbance 
relative to bedrock and surficial materials. 

3, Distribution, depth, thickness and nature of 
the various unconsolidated earth materials, in
cluding grouFld water, which may affect the 
seismic response and damage potential at the site 
should be adeq uately described. 

C. Methods of Site Investigation 

I. Surface investigation 

a. Geologic mapping, 

b. Study of aerial photographs. 

c. Review of local ground water data such 
as water level fluctuation, ground water 
barriers or anomalies indicating possible 
fau Its, 

2. Subsurface investigation 

a. Trenching across any known active 
faults and suspicious zones to determ ine 
location and recency of movement, width of 
disturbance, physical condition of fault zone 
materials, type of displacement, and 
geometry. 
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b. Exploratory borings to determ ine depth 
of unconsolidated materials and ground 
water, and to verify fault-plane geometry. In 
conjunction with the soil engineering 
studies, obtain sam pies of soil and bedrock 
material for laboratory testing. 

c. Geophysical surveys which may indicate 
types of materials and their physical proper
ties, ground water conditions, and fault 
displacements. 

III. Conclusions and Recommendations 

At the co~ pletion of the data accum ulating phase of 
the study, all of the pertinent information is utilized in 
forming conclusions of potential hazard relative to the in
tended land use or development. Many of these con
clusions w ill be revealed in conjunction with the soil 
engineering study. 

A. Surface R itpture A long Faults 

I. Age, type of surface displacement, and 
amount of reasonable anticipated future 
displacements of any faults within or im
mediately adjacent to the site. 

2. Definition of any areas of high risk. 

3. Recommended building restrictions or use
lim itations within any designated high risk 
area. 

B. Secondary Ground Effects 

I. Estimated magnitude and distance of all 
relevant earthquakes. 

2. Lurching and shallow ground rupture. 

3. Liquefaction of sediments and soils. 

4. Settlemen t of soils. 

5. Potential for earthquake induced landslide. 

IV. Presentation of Data 

Visual aids are desirable in depicting the data and 
may include: 

A. General data 

I. Geologic map of regional and/or local 
faults. 

2. Map(s) of earthquake epicenters. 

3. Fault strain and/or creep map. 

B. Local or site data 

I. Geologic map. 

2. Geologic cross-sections illustrating 
displacement and/or rupture. 

3. Local fault pattern and mechanics relative to 
existing and proposed ground surface. 

4. Geophysical survey data. 

5. Logs of exploratory trenches and borings. 

V. Other Essential Data 

A. Sources of data 

I. Reference material listed in· bibliography. 

2. Maps and other source data referenced. 

3. Compiled data, maps, plates included or 
referenced. 

B. Vital support data 

I. Maximum credible earthquake. 

2. Maximum probable earthquak~ .. 

3. Maximum expected bedrock acceleration. 

c. Signature and license number of geologist 
registered in California 

JES 8/73 
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STATE OF CALIFORNIA THE RESOURCES AGENCY DEPARTMENT OF CONSERVATIC 

OF ',.~' ALIFORNIA. DIVISION 
, . IN'ES AND GEOLOGY 
.. .. .. 

'CDMG,NOTE 

DIVISION HEADQUARTER 
RESOURCES BUILDIN, 

ROOM 13~ 
1416 NINTH STREE 

SACRAMENTO CA 9581 

NUMBER 4 

,RECOMMENDED .. . . '. ' 
GUIDELINES 

MAXIMUM CREDIBLE FOR D'ETERMfNING THE 

AND THE MAXIMUM PROBABLE EARTHQUAKES 

The following guidelines were suggested by the 
Geotechnical Subcommittee of the State Building Safety 
Board on 3 February 1975 to assist those involved in the 
preparation of geologic/seismic reports as required by 
regulations of the Californi'a Administrative Code, Title 
17, Chapter 8, Safety of Construction of Hospitals. 
COMG is currently using these guidelines when reviewing 
geologic/seismic reports. 

Maximum credible earthquake 

The maximum credible earthquake is the maximum 
earthquake that appears capable of occurring under the 
presently known tectonic framework. It is a rational and 
believable event that is in accord with all known geologic 
and seismologic facts. In determ ining the maximum 
credible earthquake, little regard is given to its probability 
of occurrence, except that its likelihood of occurring is 
great enough to be of concern. It is conceivable that the 
maximum credible earthquake might be approached more 
frequently in one geologic environment than in another. 

The following should be considered when deriving 
thc maximum credible earthquake: 

(a) The seismic history of the vicinity and the geologic 
province; 

(b) the length of the significant fault or faults which can 
affect the site within a radius of 100 kilometers; (See 
COMG Preliminary Report 13); 

(c) the type(s) of faults involved; 
(d) the tecton ic and/or s truct ura I h is tory; 
(e) the tectonic and/or structural pattern or regional set

ting (geologic framework); 
(f) the time factor shall not be a parameter. 

Maximum probable earthquake 
(functional-basis earthquake) 

The maximum probable earthquake is the maximum 
earthquake that is likely to occur during a 100-year in
terval. It is to be regarded as a probable occurrence, not 
as an assured event that will occur at a specific time. 

The following should be considered when deriving 
the "functional-basis earthquake": 

(a) The regional seismicity, considering the known past 
seismic activity; 

(b) the fault or faults within a 100 kilometer radius that 
may be active within the next 100 years; 

(c) the types of faults considered; 
(d) the seismic recurrence factor for the area and faults 

(when known) within the 100 kilometer radius; 
(e) the mathematic probability or statistical analysis of 

seismic activity associated with the faults within the 
100 kilometer radius (the recurrence information 
should be plotted graphically); 

(f) the postulated magnitude shall not be lower than the 
maximum that has occurred within historic time. 

PY A, JES, R WS 2!75 
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APPENDIX I 

STATE OF CALIFORNIA THE RESOURCES AGENCY 

OF ~LIFORNIA DIVISION 
~INES AND GEOLOGY 

CDMG NOTE 

DEPARTMENT OF CONSERVATION 

DIVISION HEADQUARTERS 
RESOURCES BUILDING 

ROOM 1341 
1416 NINTH STREET 

SACRAMENTO CA 95814 

NUMBER 44 

RECOMMENDED GUIDELINES FOR 
PREPARING ENGINEERING GEOLOGIC REPORTS 

The following guidelines are required for engineering geologic reports submitted to the Departm~nt of Public Works. County of Ven
tura. This information was originally printed in California Geology, November 1974. These guidelines are an example of "State-of-the-Art". 
and all the elements should be considered during the; preparation and review of geologic reports: Item V was provided by the Southern 
California Section. Association of Engineering Geologists; the State Building Safety Board; and the California Division of Mines and 
Geology. 

I. GEOLOGIC MAPPING 

A. Each report must be a product of 
independent geologic mapping of the sub
ject area at an appropriate scale and in 
sufficient detail to yield a maximum return 
of pertinent data. In connection with this 
objective. it may be necessary for the 
geologist to extend his mapping into ad
jacent areas. 

B. All mapping should be done on a 
base with satisfactory horizontal and. ver
tical control-in general a detailed 
topographic map. The nature and source 
of the base map should be specifically in
dicated. For sub-divisions. the base map 
shou Id be the same as tha t to be used for 
the tentative map or grading plan. 

e. Mapping by the geologist should 
reflect careful attention to the lithology. 
structural elements. and three
dimensional distribution of the earth 
materials exposed or inferred within the 
area. In most hilI'side areas these materials 
will include both bed rock and surficial 
deposits. A clear distinction should be 
made bet ween observed and inferred 
features and relationships. 

D. A detailed large-scale map nor
mally will be required for a report on a 
tract. as well as for a report on a smaller 
area in which the geologic relationships 
are not simple. 

E. Where three-dimensional' relation
ships are significant but cannot be 
described satisfactorily in words alone. the 
report shou Id be accom pan ied by one or 
more appropriatel y posi tioned st ruct ure 
sect ions. 

F. The locations of test holes and 
other specific sources of subsurface in
format;'on should be indicated in the texi 
of the report or. better. on the map and 
any sections that are submitted with the 
report . 

II. GENERAL INFORMATION 
Each report should include definite 
statements concerning the following mat
ters: 

A. Location and size of subject area. 
and its general setting with respect to 
major geographic and geologic features. 

B. Who did the geologic mapping 
upon which the report is based. and when 
the mapping was done. 

e. Any other kinds of investigations 
made by the geologist and. where per
tinent. reasons for doing such work. 

D. Topography and drainage in the 
subject area. 

E. Abundance. distribution. and 
general nature of exposures of earth 
materials within the area. 

F. Nature and source of available 
su bsu rface inform ation. Suitab Ie ex
planations should provide any technical 
reviewer with the means for assessing the 
probable reliability of such data. (Sub
surface relationships can be var.iously 
determined or inferred. for example. by 
projection of surface features froin ad
jacent areas. by the use of test-hole logs. 
and by interpretation of geophysical data. 
and it is evident that different sources of 
such information can differ markedly from 
one another in degree of detail and 
reliability according to the method used). 

III. GEOLOGIC DESCRIPTIONS 

The report should contain brief but com
plete descriptions of all natural materials 
and structural features recognized or in
ferred within the subject area. Where in
terpretations are added to the recording of 
direct observations. the bases for such in
terpretations should be clearly stated. 

The following check list may be useful as a 
general. though not necessarily complete. 
guide for descriptions: 

A. Bedrock-igneous. sedimentary. 
metamorphic types. 

I. Identification as to rock type (e.g .. 
granite. silty sandstone. mica schist). 
2. Relative age. and. where possible. 
correlation with named formations 
(e.g.; Rincon formation. Vaqueros 
sandstone ). 
3. Distribution. 
4. Dimension features (e.g.; thickness. 
outcrop breadth. vertical extent). 
5. Physical characteristics (e.g.; color. 
grain size. nature of stratification. 
foliation. or schistosity. hardness. 
coherence). 

6. Special physical or chemical 
features (e.g.,; calcareous or siliceous 
cement. concretions. minerai deposits. 
alteration other than weatliering). 
7. Distribution and extent'of weather 
zones; significant differences between 
fresh and weathered rock .. 
8. Response to natural surface and 
near-surface processes (e.g.; raveling. 
gullying. mass movement). 

B. Structural features-stratification. 
foliation. schistosity. folds. zones of con
tortion or crushing. joints. shear zones. 
faults. etc. 

I. Occu rrence and d ist ribution. 
2. Dimensional cha racteristics. 
3. Orientation. and shifts in orien
tation. 
4. Relatiwe ages (where pertinent). 
5. Special effects upon the bed rock. 
(Describe the conditions of planar 
surfaces). 
6. Specific features of faults (e.g.; 
zones of gouge and breccia. 'nature of 
offsets. timing of movements); are 
faults active in either the geological 
sense or the historical sense? 

C. Surficial (unconsolidated) 
deposits-artificial (manmade). fill. 
topsoil. stream-laid alluvium. beach sands 
and gravels. residual debris. lake and pond 
sediments. swamp accumulations.' dune 
sands. marine and nonmarine terrace 
deposits. talus accumulations. creep and 
slopewash materials. various kinds of 
slump and slide debris. etc. 

I. Distribution. occurrence. and 
relative age; relationships with 
present topography. 
2. Identification of materials as to 
general type. 
3. Dimensional characteristics (e.g.; 
thickness. variations in thickness. 
shape). 
4. Surface expression and correlation 
with features such as terraces. dunes. 
undrained depressions. anomalous 
proturberances. 
5. Physical or chemical features (e.g.; 
moisture content. mineral deposits. 
content of expansible clay minerals. 
alteration. cracks and fissures. 
fractures). 
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6. Physical characteristics (e.g.; color. 
grain ·size. hardness. compactness. 
coherence. cementation). 
7. Distribution and extent of 
wea thered zones; significa nt d if
ferences bet ween fresh and weathered 
material. 
8 .,Response .to na tural surface and 
near-surface processes (e.g:; raveling. 
gullying. subsidence. creep. slope
washing. slumping and sliding). 

D. Drainage-surface water and 
groundwater. 

I. Distribution and occurrence '(e.g.; 
streams. ponds. swamps. springs. 
seeps. subsurface basins)." 
2. Relations to topograph'y. 
3. Relations to geologic features (c.g.; 
previous strata. fractures'. faults). 
4. Sou rces and permanence. 
5. Variations in amou nts of water 
(e.g.; intermillent springs and seeps., 
floods>. 
6. Evidence for earl ier occurrence of 
water at localities now dry (e.g.;, 
vegetation. mineral deposits. historic 
records). 
7. The effect of water on the proper
ties of the in~placematerials. 

E. Features of special significance (if 
not already included in foregoing descrip
tions). 

I. Features representing accelerated 
erosion (e.g.; cliff reentrants. 
badlands. advancing gully heads). 
2. Features indicating subsidence of 
selliement (e.g.; tissures. scarplets. 
offset reference features. historic 
records and measurements). 
3. Features indicating creep (e.g.; 
fissures. scarp lets. distinctive pallerns 
of cracks ,and/or vegetation. 
topographic bulges. displaced or 
tilted reference features. historic 
records and measurements). 
4. Slump and slide masses in bedrock 
and/or surficial deposits; distribution. 
geometric characteristics. correlation 
with topographic and geologic 
features. age and rates of movement. 
5. Deposits related to recent floods 
(e.g.; talus aprons. debris ridges. 
canyon-blillom trash). 
6. Act ive faults and thei r recent ef
fects upon topography and drainage. 

APPENDIX I ( continued) 

IV. THE BEARING OF GEOLOGIC 
FACTORS UPON THE ~TENDED 
LAND USE 

Treatment of this general topic. 
whether presented as a separate section or 
integrated in some manner with the 
geologic descriptions. normally constitutes 
,tlie principal contribution of the report'. It 
involves both (I) the effects of geologic 
features 'upon the proposed grading. 
construction. and. land use. and (2,) the 
effects of these proposed modifications 
upon future geological processes in the 
area. 

The following check list includes the 
topics that ordinarily should be 
considered in submilling discussion. 
concl usions. and recom mendat ions in the 
geologic reports: 

A. General compatibility of natural 
features with proposed land use: Is it 
basically reasonable to develop the subject 
area? 

I. Topography. 
2. Lateral stability of earth materials. 
3. Problems of flood inundation. 
erosion. 'and deposition. 
4. Problems caused by features or 
cond,itions in adjacent properties. 
5. Otlier general problems. 

B. Proposed cu ts. 
I. Pred iction of what materials and 
structural features will be 
encountered. 
2. Prediction of stability based on 
geologic factors. 
3. Problems of excavation (e.g.; 
unusually hard or massive rock. 
excessive now of groundwater). 
4. Recommendations for reorienta
tion or repositioning of cuts. 
reduction of cut slopes. development 
of compound cut slopes. special 
stripping above dayl ight lines. but
tressing. protect ion against erosion. 
hand ling of seepage water. set backs 
for structures above cuts. etc. 

C. Proposed masses of fill. 
I. General evaluation of planning 
with respect to canyon-filling and 
sidehill masses of till. 
2. Comment on suitability of existing 
natural materials for fill. 

3. Recommendations for positioning 
of fill masses. provision for 
underdrainage. bUllressing. special 
protect ion against erosion. 

D. Recommendations for subsurface 
test ing and e xplora tion. 

I. Cuts and test holes needed for 
additional geologic information. 
2. Program of subsurface exploration 
and test ing. based upon geologic 
considerations. thaI' is most likely to 
provide data needed by the soils 
engi neer. 

E. Special recommendations: 
I. Areas to be left as natural ground. 
2. Removal or bullressing of existing 
slide masses. 
3. Flood protect ion. 
4. Protection from wave erosion 
along shorelines. 
5. Problems of gro undwate r 
circulation. 
6. Position of structures with respect 
to active faults. 

V. SEISMIC CONSIDERATIONS 

The following published guidelines 
shou Id be considered when preparing 
seismic information. 

I. CDMG Note No. 37. "Guidelines 
to Geologic/Seismic Reports". 
2. CDMG Note No. 43. 
.. R ec om me n d ed G u id e I in es fo r 
Determ ining the Maximum 
Credible and the Maximum Probable 
Earthquakes". 

VI. DOCUMENTATION AND 
IMPLEMENTATION 

A. The report shou Id consider as the 
minimum requirement. Chapter 70. 
Uniform Building Code (1973). Refer'to 
California Administration Code. Title 25. 
Section 1090. Excavation and Grading. 

B. All material in the report should 
be relevant to the purpose of the report. 

C. All statements should be 
docu men ted by references or by accu rate 
field observat ions. 

D. Areal photos (originals or suitable 
copies) should be included to document 
any discussion on landslides and faults. 

E. The method(s) of field analysis 
should be discussed in a lucid manner. 

PY A. JES; 4/75 
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APPENDIX J 

CALIFORNIA DIVISION OF 
MINES AND GEOLOGY 

1416 Ninth Street, Room 1341, Sacramento CA 95814 Phone: 916-445-0514 

SR142 

CDMG 46 
NOTE 

GUIDELINES FOR GEOLOGIC/SEISMIC CONSIDERATIONS 
IN ENVIRONMENTAL IMPACT REPORTS 

The following guidelines were prepared by the Division of Mines and Geology with the cooperation of the 
State Water Resources Control Board to assist those who prepare and review environmental impact reports. 

These guidelines will expedite the environmental reView process by identifying the potential geologic 
problems and by providing a recognition of data needed for design analysis and mitigating measures. All 
statements should be documented by reference to material (including specific page and chart numbers) 
available to the public. Other statements should be considered as opinions and so stated. 

1. CHECKLIST OF GEOLOGIC PROBLEMS FOR ENVIRONMENTAL IMPACT REPORTS 

Could Ihe project or a geologic IS tn.s concluSion 
GEOLOGIC PROBLEMS event cause environmental problems? documented in 

attached reports? 
PROBLEM ACTIVITY CAUSING PROBLEM NO YES ENVIRONMENTAL PROBLEMS NO YES 

Fault Movement 

Liquefaction 

Landslides 

Differ-ential Compaction! 

EARTHQUAKE Seismic Settlement 

DAMAGE Ground Rupture 

.Ground Shaking 

Tsunami 

Seiches 

Flooding 

(Failure of Dams and Levees) 

Loss of Access 

LOSS OF MINERAL Deposits Covered by Changed 

RESOURCES Land·Use Conditions 

Zoning Hestrictlons 

Change in Groundwater Level 
WASTE DISPOSAL Disposal of Excavated Material 

PROBLEMS 
Percolation of Waste Material 

Landslides and Mudflows 

SLOPE AND!OR FOUNDATION Unstable Cut and Fill Slopes 
INSTABILITY Collapsible and Expansive Soil 

Trench-Wall Stability 

Erosion of Graded Areas 

EROSION, SEDIMENTATION, Alteration of Runoff 

FLOODING Unprotected Drainage Ways 

Increased Impervious Surfaces 

Extraction of Groundwater. Gas, 
LAND SUBSIDENCE Oil, Geothermal Energy 

Hydrocompaction, Peat Oxidation 

VOLCANIC HAZARDS 
Lava Flow 

Ash Fall 
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APPENDIX J (continued) 

II. CHECKLIST OF GEOLOGIC REPORT ELEMENTS 

REPORT ELE.~ENTS 

A. General Elements Present 
1. Desc ription and map of project. 
2. Desc ription and map of site. 
3. Desc ription and map of pertinent off-site areas. 

B. Geologic Element (refer to checklist) 
1. Are all the· geologic problems mentioned? 
2. Are all the geologic problems adequately described? 

C. Mitigating 'Measures 
1. Are mitigating measu res n'ecessary? 
2. Is sufficient geologic information provided for the 

proper design of mitigating measur",s? 
3. Will the failure of mitigating measures cause an 

irreversible environmental impact? 

D. AUematives 
1. Are· alternatives necessary to reduce or prevent the 

irreversible environmental impact mentioned? 
2. Is sufficient geologic information provided for the 

proper consideration of alternatives? 
3. Are all the possible alternatives adequately described? 

E. Implementation of the Project 
,. 1. Is the geologic report signed by a registered geologist?* 

2. Does the report provide the necessary regulations ~nd 
performance criteria to implement the project? 

*ReqUired for interpretive geologic IIJformatlon. 

III. PUBLISHED REFERENCES (selected) 

A. California Division of Mines and 
Geology Publications 

for determining the maximum 
credible and the maximum probable 
earthquakes. 1975. 

1. Allors. J.T .. et ai., 1973. Urban geology. 
master plan for California: Bulletin 
19B. 

2. Greensfelder. R.W" 1974. Maximum 
credible rock acceleration from 
earthquakes in California: Map Sheet 
23. 

3. Jennings. CW .. 1973. Preliminary fault 
and geologic ·map: Preliminary 
Report 13. 

4. Oakeshott. G.B .. 1974. San Fernando. 
California. earthquake of 9 February 
1971. Bulletin 196. 

5. Note No. 37. Guidelines to 
geologic/seismic reports. 1973. 

6. Note No. 43. Recommended guidelines 

7. Note No. 44. Recommended guidelines 
for preparing. engineering geolog ic 
reports. 1975. 

B. Note No. 45. Recommended guidelines 
for preparing mine reclamation plans. 
1975. 

B. Other Publications 

1. Allen. CR. el al" 1965. Relationship 
between seismiCity and geologic 
structure in the southern California 
region: Bulletin of the Seismological 
Society of America. v. 55. no. 4. 

2. Bolt. BA and Miller. R.D .. 1971. 
Seismicity of northern and central 

IV. PUBLIC AGENCIES WITH GEOLOGIC· DATA 

Source 

Libraries and Geolog y and Engineering Departments of California Universities 

California Institute of Technology 

California Division of Mines and Geology (Sacramento. San Francisco. Los Angeles. CAl 

California Department of Water Resources (Sacramento. CAl 

California Department of Transportation (District Olfices) 

County Soil & Water Conservation Districts 

County Engineer and Departments of Building and Safety 

County Highway Department 

County Flood Control District 

U.S. Geological Survey (Menlo Park. CAl 

U.S. Corps of Engi neers (District Eng ineer) 

U.S. Bureau of Reclamation (Regional Offices) 

U.S. Soil Conservation Service and Forest Service 

yes 

0 
0 
0 

0 
0 

0 
0 

0 

0 

0 

0 

0 
0 

no 

0 
0 
0 

0 
0 

0 

0 
0 

0 

0 
0 

0 
0 

California. 1965-1969: Bulletin of the 
Seismological Society of America. v. 
61, no. 6. 

3. California Department of Water Resour
ces. 1964. Crustal strain and fau II 
movement investigation: Bulletin No. 
116-2: 

4. Coffman, J.L and von Hake. CA. ed .. 
1973. Earthqu ake history of the 
United States: U.S Department of 
Commerce. Publication 41-1. 

5. . ed .. 1974. United States 
earthqu akes. 1972: U.S. Departmen' 
of Commerce. . 

6. Hileman. J.A .. et ai.. 1973. Seismicity of 
the southern California region. 1 
January 1932 to 31 December 1972: 
California Institute of Technology. 
Contribution 23B5. 

Data Needed 

Seismicity Geology Ground Soils Water 

X X X X 

X 

X X 

X X 

X 

X 

X X X 

X 

X 

X 

X 

X 

X 
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CALIFORNIA DIVISION OF 
MINES AND GEOLOGY 

APPENDIX K 

CDMG 
NOTE 

CHECKLISTS FOR THE REVIEW OF GEOLOGIC/SEISMIC REPORTS 

48 

The following checklists, "Review of the Geologic Data" and "Review of the Seismic Data", were prepared for the purpose of 
determining the adequacy of geologic/seismic hospital site reports that are prepared by consulting engineering geologists, submitted 
to the Office of Architecture and Construction, and reviewed by the Division of Mines and Geology. This review procedure is required 
by regulations of the California Administrative Code, Title 17, <;:hapter 8, Safety of Construction of Hospitals. In addition, CDMG 
Notes 37 and 43, which are referred to in the regulations, provide guidelines on the preparation of geologic seismic reports. 

A. REVIEW OF THE GEOLOGIC DATA 
Project -------_____________ Location ___________ File No. 

_________ Review No. Reviewed by Date Reviewed 

SUPPORT DATA 

1. Surface geologic information and 
map (minimum scale map 1:24.000) 

2. Subsurface geologic information 
and map (detailed geologic cross
section) 

3. Faults mapped within or adjacent to 
site 

4; Magnitude and distance of all rele
vant faults within lQ(}-km radius 

5. . Potential for liquefaction (ground 
water and soil' condition) 

6. Potential for seismic settlement and 
differential compaction 

7. Potential for landsliding 

8. Potential for earthquake-induced 
flooding 

9. Potential for tsunamis 

10. Potential for seiches 

11. Bibliography 

12. Report prepared or signed by Engi
neering Geologist certified in Califor
nia 

13. If the site is within an Alquist-Priolo 
Special Studies Zone. was the study 
conducted in accordance with the 
procedures established by local gov
ernment? 

14. Has the City or County Seismic Safety 
and Safety Element of the General 
Plan been considered during the 
preparation of this report? 

15. Has the engineering geologist indicat
ed that he visited the site and verified 
the support data? 

REVIEW OF REPORT INDICATES THAT 

COMMENT 
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APPENDIX K (continued) 

B. REVIEW OF THE SEISMIC DATA 

Project ____________________ Location ___________ File No. 

Reviewed By __________________ Date Reviewed _________ Review No. 

REVIEW OF REPORT INDICATES THAT 

I~~f 
SUPPORT DATA .~~" ~(j b" b ~o 

~<f"o" " ~o "" ~ t!' a-" a-~""Q?30 :?3 .. 
,," '"' ~ «,t::'..l.." (j ?3 , 

1. Location of site (latitude and longitude) 

2. Maximum c.redible earthquake 

3. Maximum credible rock acceleration· 

4. Maximum probable earthquake 

5. Maximum probable rock acceleration· 

6. Potential for liquefaction 

7. Potential for ground lurching and amplification 

*Required for dynamic analysis considerations on foundation and structural stability. 
"Refers to ground acceleration .as stated in the Opinion No. CV73/204, 7/11/74, of the 
Office of the Attorney General. 

COMMENT 

61 

, 
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APPENDIX L 

~LIFORNIA DIVISION OF 
~INES AND GEOLOGY 

CDMG NOTE 

DIVISION HEADQUARTERS 
RESOURCES BUILDING 

ROOM 1341 
1416 NINTH STREET 

SACRAMENTO CA 95814 

NUMBER 49 

GUIDELINES FOR EVALUATING THE HAZARD OF SURFACE FAULT RUPTURE 

These guidel ines are to assist geologists 
who investigate faults relative to the 
hazard of primary surface rupture. Subse~ 

quent to the passage of the Alquist-Priolo 
Special Studies Zones Act (1972), it has 
oecome apparent that fault investigations 
conduc~ed in Cal ifornia are frequently 
incomplete or otherwise inadequate for the 
purpose of evaluating the potential of 
surface fault rupture. It is further 
apparent that statewide stardards for 
investigating fault~ do not exist. 

The investigation of sites for the 
possible hazard of surface fault rupture 
is a deceptively difficult geologic task. 
Many active faults are complex, consisting 
of mUltiple breaks. Yet, the evidence for 
identifyi~g active fau~t t~ac~s is gener~ 
ally subtle or obscure and the distinction 
between recently active and long-inactive 
faults may be difficult to make. Once a 
structure is sited astride an active fault, 
the resulting fault-rupture hazard cannot 
be mitigated unless the structure is re
located, whereas when a structure is placed 
on a landslide, the hazard from landsliding 
often can be mitigated. Further, it is 
impractical from an economic, engineering, 
and architectural point of view to design 
a structure to withstand serious damage 
under the stress of surface fault rupture. 
Thus, the evaluation of a site for the 
hazard of surface fault rupture is a 
difficult and del icate procedure. 

Because of the complexity of evaluating 
surface and near surface faults and because 
of the infinite variety of site conditions, 
no single investigative method will be the 
best, or even useful, at all sites. None
theless, certain investigative methods are 
more helptul than others in locating faults 
3nd evaluating the recency of activity. 

Thp evaluation of a given site with 
regard to the potential hazard of surface 
fault rupture is based extensively on the 
:oncepts of recency and recurrence of 
faulting along existing faults. In a 
jeneral way, the more recent the faulting 
the greater the probability for future 

faulting (Ziony and others, 1973). 
Stated another way, faults of known 
histo~ic aciivity during the last 200 
years, as a class, have a greater proba
bility for future activity than faults 
classi-fied as Holocene age (last 11,000 
years) and a much greater probabil ity of 
future activity than faults classified as 
Quaternary age (last 2-3 million years). 
Moreover, future faulting generally is 
expected to recur along ~re-existing 
faults (Bonilla, 1970, p. 68). ;~o doubt 
there are andwill be exceptions to this, 
because it is not possible to predict the 
precise surface location of a new fault 
where none existed before. 

As a practical matter, fault investi
g~tions sho~ld be directed. at the problem 
of locatingexistingfault·s anlthen
attempting tB evaluate the recency of 
their activity. It is pointed out that 
data are obtained both from the site and 
outside the site area. The most direct 
method of evaluating recency is to observe 
(e.g. in a trench or road cut) the young
est geologic unit faulted and the oldest 
unit that is not faulted. Recently active 
faults also may be identified by direct· 
observation of young, fault-related topo
graphic features in the field, on aerial 
photographs, or on remotely obtained 
images. Other indirect and more inter
pretive methods are identified in the 
outl ine below. Some of these methods are 
discussed in Taylor and Cluff (1973), 
Sherard and others (1974), Slemmons (1972), 
Bonilla (1970), and Wesson and others 
(1975), but no comprehensive manual on 
the subject of fault investigation and 
evaluation exists at this time. Other 
specific and general guidel ines on fault 
investigations and evaluations are 1 isted 
in the Selected References below. 

The fol lowing annotated outl ine 
provides guidelines for a complete fault 
investigation th~t may be appl ied to any 
project site, large or small. Fault in
vestigations may be conducted in conjunc
tion with other geotechnical invpstigations 
(see CDMG Notes 37 and 44). Although not 
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all investigative techniques need or can economics of a project, but also on the 
level of risk acceptable for the proposed 
structure or development (Joint Committee 
on Seismic Safety, 1974, p. 9). Obviously, 
a more detailed investigation should be 
made for hospitals, high-rise bui Idings, 
and other critical or sensitive structures 
than for low-density structures such as 
wood-frame dwellings that are comparatively 
safe. The conclusjons drawn from any given 
set of data, however, must be consistent 
and unbiased. Recommendations must be 
clearly separated from conclusions, since 
recommendations are not totally dependent 
on geologic factors. The final decision 

be employed in evaluating a given site, 
the outl ine provides a check-I ist for 
preparing complete and wei I-documented 
reports. Since most reports on fault 
investigations are fi led with and reviewed 
by local or State government agencies, it 
is necessary that the reports be adequately 
documented and carefully written to faci 1-
itate that review. The importance of the 
review process is stressed here, because 
it is the reviewer who must evaluate the 
adequacy of reports, interpret or set 
standards where they are unclear, and 
advise the governing agency as to thei r 
acceptabi I ity. as to whether, or how, a given project 

should be developed I ies in the hands of 
the owner and the governing body that must 
review and approve the project. 

The scope of the investigation is 
dependent not only on complexity and 

Suggested Outline for Geologic Reports on Faults 

The fol lowing subjects should be addressed, or at least considered, in any geologic 
report on faults. Some of the investigative methods I isted below should be carried out 
well beyond the site being investigated. However, it is not expected that all of the 
methods identified would be used in a single investigation. 

I. Text 

A. Purpose and scope of investigation 

B. Geologic setting 

C. Site description and conditions. Include information on geologic units, 
graded and fi I led areas, vegetation, existing structures, etc., that may affect 
the choice of investigative methods and the interpretation of data. 

D. tlethods of investigation 

I. Review of publ ished and unpubl ished I iterature and records concerning 
geologic units, faults, ground-water barriers. etc. 

2. Interpretation of aerial photographs and other remotely sensed images 
to detect fault-related topography, vegetation and soi I contrasts, and 
other I ineaments of possible fault origin. 

3. Surface observations, including mapping of geologic units and structures, 
topographic features, springs, deformation of man-made structures, etc., 
both on and beyond the site. 

4. Subsurface investigations 

a. Trenching and other extensive excavations to permit detailed and 
direct observation of continuously exposed geologic units and features 
which must be carefully logged (see Taylor and Cluff, 1973). 

b. Borings and test pits to permit collection of data on geologic units 
and ground water at specific locations. Data points must be sufficient 
in number and adequately spaced to permit val id correlations and inter
pretations. 

5. Geophysical investigations. These are indirect methods that require a 
knowledge of specific geologic conditions for reliable interpretations. 
They should seldorl, if ever, be employed alone without knowledge of the 
geology. Geophysical methods alone never prove the absence of a fault nor 
do they identify the recency of acti~ The types of equipment and 
techniques used should be described. 
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a. Seismic refraction 

b. Magnetic intensity 

c. Other (e.g. electrical resistivity, seismic reflection, gravity) 

6. Other methods should be included when special conditions permit, or 
requirements for critical structures demand, a more intensive investigation. 

a. A.erial reconnaissance overfl ights. 

b. Geodetic and strain measurements, microseismicity monitoring, or 
other monitoring techniques. 

c. Radiometric analysis (e.g. Cl4 K-Ar), stratigraphic correlation 
(fossi Is, mineralogy), soil profil~ development, paleomagnetism 
(magnetostratigraphy), or other age-dating techniques to identify 
the age of faulted or unfaulted units or surfaces. 

E. Conclusions 

1. Location and existence {or absence) of hazardous faults on or adjacent 
to the site. 

2. Type of faults and nature of anticipated offset: direction of relative 
displacement, and maximum displacement that is possible. 

3. Probabi 1 ity of or relative potential for future surface displacement. 
The I ikelihood of future ground rupture can seldom be stated mathematically, 
but may be stated in semiquantitative terms such as low, moderate, or high. 

4. Degree of confidence in and I imitations of data and conclusions. 

F. Recommendations 

1. Set-back distances from hazardous faults, if appropriate. State and 
local law may dictate minimum standards (e.g. see Hart, 1975). 

2. Need for additional studies. 

3. Risk evaluations relative to the proposed development--opinions are 
acceptable. But'remember that the ultimate decision 'as to whether the 
risk is acceptable I ies with the governing body. 

1 I. References 

A. Literature and records cited and reviewed. 

B. Aerial photographs or images interpreted--l ist type, scale, source, index 
numbers, etc. 

C. Other sources of information including well records, personal communications, 
and other data sources. 

III. 11 lustrations--these are essential to the understanding of the report and to 
reduce the length of text. 

A. Location map--identify site locality, significant faults, geographic 
features, seismic epicenters, and other pertinent data; 1:24,000 scale is 
recommended. 

B. Site development map--show site boundaries, existing and proposed structures, 
graded areas, streets, exploratory trenches, borings, geophysical traverses, and 
other data; recommended scale is 1 inch equals 200 feet, or larger. 
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C. Geologic map--shows distribution of geologic units (if more than one), 
faults and other structures, geomorphic features, aerial photo 1 ineaments, and 
springs; on topographic map 1 :24,000 scale or larger; can be combined with 
I I I (A) 0 r I I I (B). 

D. Geologic cross-sections, if needed to provide 3-dimensional picture. 

E. Logs of exploratory trenches and borings--show details of observed features 
and conditions; should not be general ized or diagrammatic. 

F. Geophysical data and geologic interpretations. 

IV. Appendix--supporting data not included above (e.g. water well data). 

V. Signature and registration number of investigating geologist. 

Selected References 

Association of Engineering Geologists, 1973, Geology and earthquake hazards -- Planners 
guide to the seismic·safety element: AEG, Southern California Section, 44 p. 
(See Section lion Evaluating the Problem.) 

Bonilla, M.G., 1970, Surface faulting and related effects in Wiegel, R.L. (Edit.), 
Earthquake Engineering, Prentice-Hall, Inc., Englewood Cliffs, N.J., p. 47-74. 
(Contains an extensive bibl iography on surface faulting, fault patterns and types, 
width of fault zones, creep, etc.) 

Cal ifornia Division of Mines and Geology, 1973, Guidelines to geologic and seismic 
reports; CDMG Notes 37. 

California Division of Mines and Geology, 1975, Recommended guidel ines for preparing 
engineering geologic reports, CDMG Note 44. 

Hart, E.W., 1975, Fault hilZard zones in California: California Division of Mines 
and Geology, Special Publ ication 42, 37 p. (revised yearly; information on state 
law and zoning program for regulating development near hazardous faults). 

Joint Committee on Seismic Safety, Cal ifornia Legislature, 1974, Meeting the earthquake, 
challenge: Cal ifornia Division of Mines and Geology, Special Publ ication 45, 223 p. 

Sherard, J.L., Cluff, L.S., and Allen, C.R., 1974, Potentially active faults in dam 
foundations: Geotechnique, v. 24, no. 3, p. 367-428, Institute of Civil Engineers, 
London. 

Slemmons, D.B., 1972, Microzonation for surface faulting in Proceedings of the Inter
national Conference on Microzonation,' Seattle, Washington, October 30 - tlovember 3, 
1972, p. 348- 361 . 

Taylor, C.L., and Cluff, L.S., 1973, Fault activity and its significance assessed by 
exploratory excavation in Proceedings of the Conference on T~ctonic Problems of the 
San Andreas Fault System: Stanford University Publ ication, Geological Sciences, 
v. XI I I, September 1973, p. 239-247. 

Wallace, R.E., 1975, Fault scarp geomorphology and seismic history, north-central 
Nevada (abstract): Geological Society of America, Cordilleran Section, 7lst Annual 
Meeting -- Abstract with Programs, v. 7, ~o. 3, p. 385. 

Wesson, R.L., Helley, E.J., Lajoie, K.R., and Wentworth, C.M., 1975, Faults and future 
earthquakes in Studies for Seismic Zonation of the San Francisco Bay region: U.S. 
Geological S~vey Professional Paper 941-A, p. A5-A30. 

Ziony, J.I., Wentworth, C.M., and Buchanan, J.M., 1973, Recency of faulting; A widely 
appl icable criterion for assessing the activity of faults: World conference on 
Earthquake Engineering, Fifth (June 1973), Rome, Italy, p. 1680-1683. 
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Table I Generalized Descriptions and Some Engineering Characteris llcs of Major Geologic Units In Parts or the Geysers GRA Underlain by FrancIscan T~rrain · 
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PLATE 1B AND 1C: GEOLOGY AND RELATIVE SLOPE STABILITY OF A SMALL AREA 
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By Trinda L BMrossian, 1976 (see plate lA for locatiOn) 
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PLATE 1 

PLATE 1A: PRELIMINARY GEOLOGIC MAP OF THE GEYSERS STEAM FIELD 

AND VICINITY, SONOMA COUNTY, SHOWING LOCATIONS 
OF LANDSLIDES, EARTHQUAKE EPICENTERS, AND MINES 

Geology by Robert J. Mclaughlin, 1974, U.S. Geology Survey 

Reprinted with the author's permission with overlays showing the 
locations of landslioes, earthquake epicenters, ami mines. 
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MAP EXPLANATION 

GEOLOGY 

! Oal I Alluvium (Quaternary) 

® Landslide deposits ( au~ternary) 
[]I] Terrace deposits (Quaternary) 

! Qvr I Volcanic rocks of Cobb Mountain (Early Pleistocene) 

~ Silica carbonate rock (Late Tertiary and Quaternary) 

ITQb ! Volcanic rocks of Caldwell Pines (Early Pleistocene or Late Pliocene) 

~ Unnamed gravels (Late Tertiary) 

GREAT VALLEY SEQUENCE 

I KJs I Kno)(viHe formation(?) (Late Jurassic (Tithonian) - Early Cretaceous (Valanginian)? 

I Kjv I Basalt and diabase (Late Jurassic) 

IKJgdl Diabase and gabbro of Geyser Peak and Mount St. Helena (Late Jurassic) 

~ Serpentinite (jurassic?) - Ass igned to ophiolite where overlain by KJgd and Kjv: locally contains gabbroic 

inclusions altered to rodingite mineral assemblages (rd) 

Imuml Metamorphosed ultramafic rock (antigorite ± actinolite ± talc ± chlorite) 

FRANCISCAN ASSEMBLAGE 

~ Graywacke flysch unit of Little Sulphur Creek (lower Structural Unit) (Textural Zone 1) 

Sedimentary and Tectonic melange (Intermediate Structural Unl:) 

~ Sedimentary breccia, differentiated locally 

~ Graywacke, shale, minor conglomerate (Textural zone 1 to 2) 

[§J Greenstone, largely basaltic pillow flows, pillow breccia, tuff, and diabase 

rn Chert 

DO Limestone 

~ High grade blueschist rocks present as tectonic inclusions 
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EARTHQUAKES NEAR THE GEYSERS, CALIFORNIA 

M .GE. 0 1969-1976 
Compiled by Charles R. Real , California Division of Mines and Geology 

Epicenter locations provid ed by U .S. Geological Survey, Menlo Park, Office of Earthquake Studies 
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INDEX TO MINES 

Compiled by George Saucedo, 

California Di\lision 01 Mines and Geology 

• MINE LOCATIONS NOT FIELD CHECKED 

MERCURY MINES 26. Mercury Mining Co. 
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Almaden, Incandescent and Tunnel Site Group 
27. Missouri Mine 
28. Mohawk Mine 

Anne Belcher Mine 
29. Napa Prospect 

Bacon Consolidated (Eugenie) 30. Occidental and Healdsburg Group 
Big Injun Mine 31. Pontiac Group 
Black Bear Mine (formerly Kentucky) 32. Rattlesnake Mine 
Black Oak # 1 33. Socrates Mine (formerly Pioneer) 
Basion Group 34. Sonoma Group (formerly Crown Point, Sonoma 
Buckeye Mine (formerly Mount Vernon) Consolidated, Old Sonoma, New Sonoma) 
Cinnabar King Group 35. Young Denver Mine 
Cloverdale Mine 
Clyde Mine 
Contact Mine OTHER MINES 
Crystal Mine (formerly Pacific) 
Culver-Saer Mine 36. Baker Ranch (Manganese) 
Denver and Hope Mines 37. Cornucopia (Copper) 
Dewey's Mine 38. Foss Ranch (Manganese) 
Eagle Rock Mine 39. Geyser Road (Unspecified Stone Products) 
Esperanza Mine (formerly Bright Hope) 40. Geyser Quarry (Crushed and Broken Stone) 
Eureka Mine (formerly Flagstaff ) 41. l ucky Strike (Manganese) 
Great Northern Group 42. McDonald Property (Manganese) 
Hurley Prospect 43. Pine Flat (Manganese) 
Jumbo Mine (formerly Double Star Prospect) 44. Pine Flat Road (Unspecified Stone Products) 
Kissack Prospect (formerly Amazon, Amazon 45. Red Hill Claim (Chromite ) 
Mail, Big Chief, Squaw, Big Squaw) 46. The Geysers (Mineral Springs) 
Last Chance Mine 47. Warner and Clark Claim (Chromite) 
Lookout Group 48. Warner Property (Manganese) 

PLATE 1C: RELATIVE SLOPE STABILITV 

ZONE 1. Most stable - resistant rock exposed or covered by shallow colluvium or soil; includes 

relatively broad or level areas along ridge tops or valley bottoms that may be underlain by weak 

materials but occupies a relatively stable position; also includes narrow ridge and spur crests 

underlain by relatively competent bedrock but flanked by steep, potentially unstable slopes. 

ZONE 2: Moderately stable - includes areas of slopewash and large, ancient landslides that may 

have reached relatively more stable positions than landslides classified in Zone 3. Tends to be 

stable unless disturbed by man's activities. 

ZONE 3: Least stable - includes most Holocene landslides, whether active or not, and slopes on 

which there is substantial evidence of downslope creep, gullying , and hydrothermal alteration; 

should be considered naturally unstable, subject to potential failure even in the absence of man's 

activities. 
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