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ABSTRACT s

Roosevelt Hot Springs geothermal grea is located in the Mineral Mountains of

“southern Utah. The geothermal reservoir is formed by systems of faults and joints in

Cenozoic plutonic and Precambrian metamorphic rocks. Low-angle denudation faults
dipping between 5° and 35° to the west form an important component of the reservoir's

structure. These faults developed simultaneously with steeply dipping faults, some of

* which merge into denudation faults at depth. .Hydrothermally altered cataclasite—

preserved in the fault zones indicates that faulting occurred under brittle conditions in

the presence of chemically reactive fluids.

- G'ently westward dipping joints provided planes of. weakness along which the.
denudation faults nuc_leatéd. The aw)erage coefficient of slidipg friction along the faults
was less than 0.5 and‘probably ranged between o.]5and 0.4. The maximum depth for

formation of the denudation faults was estimated as 4 km.

- Hydrothermal alteration along the faults and joints hydrolyzed silicate minerals and

also produced phyllosilicétes, including clay minerals and sericite. The chemical
alteration may have sig‘nificarx’clj,7 decreased the resistance to sliding , This -

process was a necessary prerequisite for the formation of faults dipping as gently as 10°.

Hydrothermal alteration in the present geothermal reservoir is similar to that

observed in the exhumed denudation faulté, indicating that the frictional resistance along

faults and joints in the reservoir could be significantly lower than along similar
structures in unaltered granitic rock. Studies of the structural stability of the reservoir

as a consequence of fluid withdrawal and reinjection should consider possible mechanical



effects of hydrothermal alteration.

INTRODUCTION

-

Low-angle normal faulting is commonly associated with Cenozoic deformation in

the Basin and Range Province of the western United States (Armstrong, 1971; Davis and

" Coney, 1978). The faults may develop in either brittle or ductile environments of

deformation depending on their depth in the erust and local geothermal gradients.-
Denudation faults form an important type of low-angle normal fault associated with the

movement of cover rocks from uplifting highlands toward adjacent valleys or grabens.

Denudation faulting results in extensive brittle deformation in the fault plates with

cataclasis, jointing and the development of high-angle normal faultsxthat often merge
into gentﬁly dipping decollement surfaces at depth. o : | .

E Infox“'mation about the frictional behavior of denudation faults is importént_to—solving
problems in regional tectonics‘ as well as reservoir engineering. Denudation faulting is
common 'in volcano-tectonic rift provinces, such as the Basin and Range Province.
Therefore, understanding the mechanics of these gently dipping normal faults is a
fundamental problem in regional tectonies. Also geothermal and petroleum reservoirs
may exist in denudation fault plates and the frictional behavior of the faults could
strongly affect production-induced seismieity and reservoir stimulation experiments.

Knowledge of the depth at which denudation faulting is initiated has impoftant

economic as well as tectonie implications. The intense brittle deformation in the fault

plates is ideal for the development of fractured reservoirs that may contain commercial

quantities of petroleum or geot'hermal fluids (Kostura and Ravenscroft, 1977; Nielson and)
others, 1978). The potential volume of .a reservoir will be directly related to the
maximum depth of low-angle faulting.

There are several ways to estimate the maximum depth of denudation faulting. In™-

some areas, fault plates derived from an uplifted region are faulted over Cenozoic valley



fill (Armstrong, 1971). Knowledge of the local stratigraphy ean then be used to estimate
the original thickness of the plate or stack of fault plates, whichever is the case. In

other areas, the position of the basal fault is not certain and one must either directly or

" indirectly measure the thickness of the zone of‘ faulting using geological or geophysiecal

techniques. Alternatively, one may attempt to use calculations based on known fock
properties and mechanical principles to constrain the maximﬁm depth of faulting in &
specific environment. This latter approach may aid in the ifxterpretatioﬁ of geological
and geophysical surveys made in the terrane.

Recent advances in our knowlédge of rock properties and the magnitudes of stress in
the crust [;rbvide new impetus to investigate the mechanies of low-angle normal

faulting. An extensive amount of information is now available from laboraory testing

concerning rock properties under brittle conditions and, in particular, the behavior of

‘anisotropic rocks containing crack arrays, joints and faults (Patérson, 1978; Logan,

1980), Furthermofe, the results of field studies in part of the Basin and Range Province

~ _suggest that laboratory data can be successfully extrabolated to geological environments

in the upper crust (Zoback and Zoback, 1980). Finslly, the results of many stress
measurements allow one to estimate stress gradients at depths' up to several kilometers

(Jamison and Cook, 1980; MeGarr, 1980).

GEOLOGY OF ROOSEVELT HOT SPRINGS GEOTHERMAL SYSTEM
Roosevelt Hot Springs geothermal area is located in the west-central flank of the
Mineral Mountains of southern Utah (Figure 1). The mountain range is formed by a

Tertiary felsic plutonic complex that was intruded into Precambrian metamorphic rock

-. and Paleozoic strata (Earl, 1957; Liese, 1957; Condie, 1960; Sibbett and Nielson, 1980).

The geothermal reservoir is formed by a complex system of faults and joints that
developed in the Precambrian and Cenozoic crystalline rocks after consolidation of the

plutonic complex (Lenzer and othefs, 1976; Ward and others, 1978, Niglson and others,



-

11978). Nielson and others (1978) suggest that much of the reservoir's permeability was. .

‘a large denudation fault at a locality just south of the geothermal area. Displacements

developed by refracturing of older denudation 'fault,z‘ones during the more recen{, high-
angle normal faulting.
Low to moderate angle denudation faults occur throughout the Mineral Mountains

but are most common in the geothermal area along the west-central flank of the range

". (Sibbett and Nielson, 1980). The faulting post-dated granitic dikes intruded 12-13 my

ago (Evans, 1980) and pre-dated the extrusion of rhyolitic domes and flows dated &t 0.4-
0.5 m.y. (Evans and Nash, 1978). Most denudation faulté in the geothermal area dip
towérd the west between 5° and 35° in Precambrian 'mvetamorphic and Tertiary plutonic
rock (Figure 2). Some of these fauits have listric geometries with the dip steepening up-
section to as much as 65° (Nielson and others, 1978). The denudation fault plates are cut
by numerous northwest trending faults that dip between 70° and 90° (Figure 1, 2). Mahy
of fhese faults root in denudation fault zones at depth, proving that rhovements on the |
high and low-angle faulfs occurr}ed simulltaneously (Nielson and others, 1878). The fault
plates also contain many small, gently to moderately westward dipping faults that
formed by shearing along joints.

: . -
The amount of displacement on the faults is generally difficult to determine due to

/

the lack of marker units in the erystalline rock. The geometry of the denudation faults

and the associated high-angle fault set irdicates that movement Was toward the west or

‘southwest. This direction of movement is also indicated by slickenside orientations in

many of the smaller fault zones (Yusas and Bruhn, 1979). Nielson and others (1978)
estimated 610 m of displacement in a S80°W direction frbm offset lithologies on part of ) W b\'@\al., .
Cpggan
on many of the smaller faults formed by st:ucturally reac;tivated joints are likely to bev
several meters or less. _ |

The faults contain hydrothermally alter;ed cataclasite in zbnes up t§ 15 m thick

indicating that deformation proceeded under brittle conditions.. The moét_ abundant



alteration minerals are clays, se‘riéite, chlorite and epidote. In somerareas, micrd—_diorite»
and rhyolite dikes were injected along_the faults and _subsequéntly deformed as the result
of renewed movement (Nielson_ and o’thers, 1978§'Yu§as and Bruhn, 1979).

| The youngest faults in the geétherm_al area consist of steepiy dipping normal faults -
that locally cut Quaternary debosits (Figure 1; Petersen, 1975). Another s.et of faults
trends éastv;ard, cutting acrogs’ the strike of the mountain range. Little is known abOut
the 'history of this la,tt‘er fault sef, although east trending fai;ﬂts may form important
structures in the géothermal reservoir (Ward and others, 1978).

Joints represent an important éomponent of the reservoii“s strueture and provide
passageways for water infiltrating into the geothermal system. The joint system is
relatively homogeneous throughout the centrai Mineral Mountains; generally qoﬁsisting of

three major joint sets (Figure 3, 4; Yusas and Bruhn, 1979). Two sets of steeply dipping;
"'sub-orthogonal extension joints trendA northward and eastward, occurring roughly para‘ilel
and perpendicular' to the strike of the contacts between the igneous and country rocks.
_Joint spacing is variable, ranging from 1 m to 30‘ m inthe more structurally coherent
barts of the plutonic complex to less than a centimeter in areas where intense faulting
has oceurred (Yusas and Bruhn, 1879). In these latter areas, many of the joints have
undergoqe shear displacements and now consist of hydrothermally altered, anastémosing
fractures with slickensided surfaces. o o

‘The third major joint set consists of gently to moderately westward dipping joints
that generally have smboth, planar'surfacgs (Figure 3, 4). Joint spacing ranges f'rom 0.1
to‘ 1.0 m m unfaulted parts of the plutonic cémplex to as little as 10 em ih highly faulted
regions. In these latter areaﬁs, the joints sub~parallel the denudation faults and many of
., them contain hydrothefmally altered cataclasite formed by shearing.

It is important to note that the" joint system in the Precambriaﬁ rocks is similar to -
that in the pluton. This indicates that the ancient and complex structural fabr'ics in the |

metamorphie rocks did not control joint attitudes. _‘ - .

Vd



We determined the micro-crack fabric in quartz grains from a numbef of samples
coHected in the plutonic complex and Precambrian country roeck. The fabrics.ar.e
orthorhombic and consistently oriented between the various sites. There is good
correlation between the orientations of micro—c-racks and joints in outecrops from which
the samples were collected (Figure 5). Orthorhombic cfack fabries are often found in
" erystalline rz.'ocks vand presumablyl reﬁecf the eff_ects of applied and residual stress r‘elease»
during uplift and decompression (Scﬁoltz and Kazinski, 1979). Notably, principal residual
stress orientations in outcrops of Mineral Mountains' granite ahd gneiss generally
corféspond with joint orientations, and, to-a 1e§er degree, with thelmicro‘-crack

orientations (Fig. 5; Yusas and Bruhn, 1974).

MECHANICS OF LOW-ANGLE NORMAL FAULTING

" Stress orientations: The Late Cenozoic stress field in the Mineral Mountains has ~

' been extensional with a vertical ma_ximur‘n principal compressivé stress [01) and a west
to southwest trending minimum vprinéipal compressive stress (03) . The‘mountain range
is located in the transition zone between the Basin and Range Provinee and Colorado
‘Plateau (Figure 1, Stokes, 1979). Regional extension in this part of the transition zone
may have begun as ea_u'ly as 26 m.y. ago and was certainly underway by 20 m.y. ago
(Rowley and others, 1978). The onset of extension was marked by an abrupt change from
regional éalc-alkaline volecanism tc; bi-modal basalt-rhyolite volcanism accompanied by

the formation of north-trending horsts and grabens. This style of tectonism, which

indicates a regionally vertical F has continued to the present.

The orientations of igneous dikes, faults and aligned rhyolite domes in the Minéral
Mountains indicate that since at least 12 m.y. ago the local stress field was similar in
orientation to the' regiongl field (Table 2). This means that the denudation faultsj
apparently form gd at angles in excess of 45° to '01; at much larger angles than ar

commonly observed in rock deformation experiments (Paterson, 1978) and field studies



(Hoebs and others, 1976).

| Information about the angle between paleo~ ‘°1 and a specific fault can be
determined from the attitudes_of extension fractures in the wall rock, because op was
: orientea down the dip of the north trending extension fractures that developed during

faulting while oy Was perpendicular to them. We have studied the extension fractures

at several locales where a denudation fault is exposed. In genere.l, the Ae_xtlensior'i |
fractures in the wall rock dip between 70° and 90° west, ‘regardless of the dip of the
fault. This indicates that the angle betiveen oy and the segments of .denud‘ation faults
" dipping 10° to 20° west was as large as 70° to 80°. | o —
Rock properties: A failure envelope for unaltered Mineral Mountain g'ramte is

which i9 prelmiaeavy);
presented in Figure 6. The envelope is construceted from the results of three trx-ax1a1

- compression tests by Pratt and Sxmonson (1976) and tensile strength tests by Yusas and
Bruhn (1979). The coheswe strength (C) is 20 MPa and the coefﬁclent of internal frlctlon
(pi) ranges between 1.6 and 0.6 with increasing confining pressure. The uniaxial
_compressive strength (So) is 121 MPa. : ‘
A tensile strength of 5 +2.4 MPa was determined from twenty Brazil tests on
sampvles collected by Yusas and Bruhn (1979). The large standard deviation in the test
results reflects a strong grain size dependence ih tensile strength. Eight of the samples
had average grain diameters of 1 mm and an average strength of '6.§i 1.7 MPa, while the
other samples with 2 mm average grain dimensions had a tensﬂe strength of only 2.5%0.6 |
MPa. Presumably, this decrease in strength with inereesed grain size reﬂects the
presence ef longer flaws or eracks in the larger grains (Brace, 1964). Griffith crack
theory prediets that the rock with bigger grains should be weaker; as is commonl)7
-, observed in strength tests. o
There are several lines of evidence suggesting that the failure envelope (Figure 6) is
' sufficiently representative of the different igneous and metamorphic rovcbks in the Mineral

Mountains to justify its use in investigating the tectonics of denudation faulting. Firstly,



the envelope's geheral shape and the magnitudes of the parameters C,ui and So are well
within the range of test results on common quartzo—feidspathic igneous and metamorphic
rocks (Obert and Duvall, 1967; Jaeger and Cook, 1976). Seeondly, the youngest normal
faﬁlts along the western flank of the range dip SetWeen 70° and 75° to depths of at least
‘a kilometer (Figure 2). This dip angle 'would correspond to internal friction coefficients
(ni)of 1.19 to 1.73 for the metamorphic and igneous rocks cﬁt by".the faults. These
values are in agreement with the experimentally determined value of 1.6 (Figure '6) for
the _granite samples at low confining pressure. Also, it should be noted that the joint and
rﬁicfo—crack fabries in the granitic rocks are identical to those in the Precambrian .
gneiss, and the results of Brazil tests on Precembrian gneiss with 1 nim"ayerage grain
dimensions gave an average tensile strength of 6.7% 0.6 MPa for fouf samples;
essentially identieal to the tensile strength of the igneous rocks with similar grain sizes :
(Yﬁ'sas and Bruhn, 1979:).

Compositionally, rhost of the igneous and metamoi'phic rocks in the mountain range
are quartzo-feldspathic and individﬁal samples from one phase often overlap in
composition with those of other phases (Nielson and ot/hers, 1978). This similarity in
‘eomposition is probably the underlying cause fer the relatively homogeneous mechanical
properties inferred from the field and laboratory data. It should be noted, however, that
Nielson and others (1978) found a greater intensity of faulting in the Tertiary hornblende
gneiss than in other units and the amount of cataclasis was much less in the biotite-rich

gneisses than in the other rocks.

Fault mechanics: Hypotheses for the origin of denudation faulting must account for

the simultaneous evolution of the denudation faults, the northwest st'riking faults that dip
steeply between 70° and 90° (Figure 2) and the 'locally intensive shearing along the gently
westward dipping joint eet. If o 1> was vertieal, as we heve inferred from geological o
dafa (Table 1), then the steeply dipping faults could be predicted given the failure

envelope in Figure 6 and sufficient shear stresses to cause faulting. However, the gently



.dipping denudation faults would not be‘ex_pected to develop.

The fact that steeply dipping faults formed during dénudation faulting' places an 7
important constraint on the na‘t‘ure of the deviatoric stresses. In some areas the steeply
- dipping faults cut across vertical extension fractures, indicating shear failure of the

rock. But, in other localities, the extension joints contain cataclasite, suggesting that

extensional failure was followed by shearing. In either cése, the deviatoric stresses must

have been of sufficient magnitude to cause the simultaneous developmeﬁt of both high
and 10w¥angle faults. _ |
The most probable explanatioﬁ for the development of faults at angles greater than
45° to o is that the rock was anisotropie, with preferentially oriented planes of .'
weakness. Either joints or plan.ar arrays of micro-cracks are the most probable causes of
such strength anisotropy in erystalline rocks (Walsh and Brace, 1964; bJaeger and Cook,
| '1976; Paterson, 1978).' We suggest that the gently to mo_derately westward dipping joints
and micro-crack ﬁrrays in the Mingral Mountains formed planes of weakness along whiéh
_the denudation faults nucleated. This would explain why many of the gently dipping
5oints have locally undergone shea.ring, particularly in the vieinity of major denudation
faults. |
Shearing along faults or joints will be greatly faci]jtafed by excessive pore fluid
'préssures (Hubbert and Rubey, 1959). However, we suspect that’thé average pore
pressure during denudation faulting was - near the hydrost'aticvalue. This arises
from the observation that extensive jointing and high-angle faulting occurred |
simultaneéusl& with movement on the denudation faults. The process of continued
fracturing in the denudation fault plates should héve érogressively increased .the fracture
-, petmeability of ;che rock, and consequently, maintained the pore pressure near - ' |
hydrostatic. |
The potential effects of rock friction on the mechanics of denudation faulting can be

" investigated usirig experimentally derived data on the frictional properties of joints and
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faults., Coefficien;s of friction for sliding along pre-cut surfaces in felsie rocks generally.
vary between 0.5 and 0.8 (Jaeger and Cook, 1976'; Paterson, 1978) and between 0.6 and
1.0 for sliding on artificia]iy formed shear surfaces (Paterson, 1978). The equation that
is mbst representative for repeated sliding on pfe—ekisting surfaces is
Tg = 0..85 O where Tg = shear stress to initiate sliding and on - effective normal - |
T streés_ across the surface (Byerlee, 1978). This equation holds over lérge ranges in rock |
composifion, gouge thickness, coﬁfining pressure, pore pressure, temperature and _étrain
rate in the laboratory at nbr_mal stresses to 2 Kb. If Ur; > 2 Kb, is estimated as 0.6.

.‘Jamison and Cook (1980) have psed the results of stress tests in the dppermost crust
to estimate fhe cohesive strengths and friction coéfficients of hétural faults and joints. :
They found that the cohesive strength (C) was nearly iero and that coefficients of sliding
frietion (pi) ranged between 0.22 and 0.65. | | ' |

| The work of Byerlee (1968) aﬁd Jamison and Cook (1980) suggests that we need to
consider the effects of varying the friction coefficient between 0.85 and 0.2 in
controlling the orientations of denudation faults. The étrength of an anisotropic rock
varies as a function of the angle (8) between 01 and the weakness plane (Jaeger and
‘Cook, 1976). The differential stress needed to fail the rock can be found from the
following eciuation which is derived fr'o.m the discussion of Jaeger and Cook (1976, p. 25-

26).

, (1—Ps cot 25 -Ms/sin %) - 2C/sin 2%
(1) (01—0'3) =0'1 [1 - (lq)lscot 26 + }(S/Sin 26)

"In thlS equation C is the cohesive strength and s the coefficient of sliding friction
for the plane of weakness; g is ;che angle between ¢ 1 and the perpendicular to the
plane. If o 1 Is verticél, as assumed in this study, then g is also the dip angle of the
plane of weakness.

The rock strength given by equation (1) can be normalized with respect to the
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strength given by the failure envelope (Figure 6) for coherent rock lacking a throughgoing
anisotropy plane and plotted against & to produce the curves shown in Figure 7. These
curves represent several different values for the frietion éoefficient (us) on the
weakness plane and show how the normalized strength of the rock (Ac*) varies as a
function of the dip angle of the amsotropy plane ( o is assumed-to be vertlcal)

A graph like that in Figure 7 can be constructed for any depth of interest if the
vertical shear stress and pore pressure gradients are known.’ ‘McGarr (1980) reports
maximum shear (T oy) Stress variations with depth in erystalline rock based on
hydrofracture stress tests. The_eqxiation Trex = A + Bz can be fitted to hydr;)fracturing
data, where A and B are constants and Z is éepth in kilometers. For 15 measurements in
extensional regions A = 1..00 * 3.76 Mfa and B=6.69 £1.93 NPg/km while the
average values for 59 measurements from 'both extensional and compressional regimés :
-'ére A=521,15MPa and B = 6.59 ¥ 0.95 Mp«./lm. Consequently, we assume that

Yag LUt TH o/ Kom
the paleo—shear stres in the Mineral Mountains can be estimated from the equatlon for
extensional regions. Also, we suggest that the pore pressure values included in our
éalculafions must be ne«rly *\VJW-‘*‘*"".”"based on the geological arguments discussed
previously. Notice that Figure 7 has been constructed for a depth of _2 km. A pore |
pressure. equal to 125% of the hydrostatic value is required to cause high and low-angle
| faulting simultaneously. | o
| "The curves in Figure 7 can be used to determine the minimum dip angle (  min) for
- an anisotropy plane along which sliding can oceur given a specific coefficiént of
ffiction. This is due to the fact that high-angle normal faulting occurred in the
denudation fault plates simultaneously x;«'ith slip on the denudation faﬁlts. Mechanica]ly,‘
.. this means that thg intersection of the U-shaped strength curve with thé line
Ao* = 1 lies directly above the miﬁimum possible dip angle‘ (6émin) for a low-angle
fault. For example, 6min in Figure 7 is «+ 5.5°,‘14° and 22_° for faults with friction

- coefficients (){s’)of 0.1, 0.3 and 0.5, respectively.
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We constructed graphs like Figure 7 for depths between 2 km and 5km with
friction coefficients ranging between 0.1 and 0.6. In each case we.detérminéd
6 min and ﬁsted the results in Table 2. The minimum depth of - 2 km was selected
because the known thicknesses of preserved fault piates s o.bo';{—,, Z1.5km (Nielson and
othefs, 1"978). The pore pressure née'ded to initiate high-angle faulting at any depth is
" limited by the geémetry of the failure envelope for intact fock and the principalkstress
difference, which is fixed by'thev assumed shear stress gfadient.

- Inspection of Table 1 shows that B > 0.5 is too 1varge‘, because there is field
evidence that the angle between o4 and some of the larger denudation féults wés 70° or
greater, requiring that gmin < 20°. An upper bound .fbr the frictidn coefficient must be
in the range 0.4 < Hg < 0.5. . This upper bound is muech lower thaﬁ'the commonly.
cited values of Mg > 0.6 found for sliding on faults in the laboratory (Byerlee, 1978) but
is within the range of frietion coefficients éstimated from stress tests (Jamison and |
Cook, 1980). o

We have attempted to‘estimate.‘a lower bound fof the friction coefficient by
calculating the resisting forees acting on one of the preserved denudation fault plates
"(.Fig. 2). The two-dimensional geometry and dimensions of the ple;‘c(ét g.est)aken from eross
sectiqp B-B' of Nielsqn and others (1978). The basal denudation fault has been offset
along younger, high-angle faults, but we Suggest that the numerous low-angle joints in
the fault plate probably provide potential slip-surfaces connecting the larger segments of
‘the old fault. The subsurface structure along fhe western margin of the mountain range
is from the seismic refraction work of Gertson and Smith (1979). The pore pressure in
the geothermal field is assumed to be 4hydrostatic.

‘The fnethod of analysis is & modification of Janbu's (1954) "method of slices" for
calculating the factor of safety on a non-circular fau{t. We have introduced new terms
into Janbu's original équations to account for the effects of tectonic shear stresses and

resisting forces due to abutting of the fault plate against valley fill (Appendix 1). The
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_.coefficient. of friction is found by setting the graﬁitational and tectonic driving forces
equal to the resisting forces-caused by the weight of the valléy fill and fricfional
resistance along the non-cifculai' fault surface. This assumes that the fault plate is in
. stafic equilibrium Secause there is no geological evidence for conterhporary movement
on the low-ahgle fault. Satisfying the assumption provides a lower bc;und estimate for
the fmctlon coefficient (u ), 1f the eohesion of the faultl“sneghglble ‘The calculation
suggests that By = 0.3 isa reasonable estlmate for a lower bound on the coefficient of
frietion, but we must emphasize that a large number of assumptlons were required to
1-,; Fefomic Stresses are motcomsideved, s> 0.5 {Tabla 3)
arrive at this estimate.” We suggest, then, that the coefficient of sliding friction along
the denudation faults was on the average, less than 0.5 and probably greater than 0./
The data in Table 2 can be used to estimate the makimum depth for'denudation
faulting. Unfortunately, the assumed shear stress gradlent during faulting is speculatlve
| and 6 min is a slowly varying function of depth. Therefore, the "maximum depth of -
faulting” estimate is poorly constrained. Large segments of the denudation faults
_apparently formed at angles between 70° and 80° to él ; this cc;rresponds to g min as
small as 10°. If the coefficient of »sliding frieiton .(us) was x0.20r greater, then the

maximum depth of faulting was probably constrained to _depths at or above 4 km (Table
. 2)

- DISCUSSION |

The suggestion that the very gently dippinig’ denudation faults formed at depths
above 4 krﬁ: agreesb with the results of a magnetotelluric survey in the geothermal area by
Wannamaker and others (1 980), who concluded that & marked decrease in the iritensity of
- .fracturing presently occurs at a depth between 1.5 and 2 km. Also, the seisme refraction
study of Gertsonv'and Smith (1979)’ir-1-dicated a marked increase in p-wave velocity from
4.0 km/sec to 5.5 km/sec at depths of 1.5 to 2 km. Their fesult Seems consistent with an

abrup{ decrease in fracture intensity at depth although part of the refraction profile was

o~
~
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located along a major east-trending vertical fault and thus the veloeity structure may

. pr\esevut_i qry
fracturing with depth may represent _the“lower bound*for denudation faulting.

not be representative of the denudation fault system. The transition in the intensity of 7

Nielson and others (1978) suggested thét plétes of crystalline rock could have beenj
faulted .6ver valley fill aiong some of the denudation faults. We have not taken
_ topographic stresses into account in this study since the paleo-topography 6f the

mbﬁntain range and its history of uplift are not known with any certainty. Howevér, thé
shallow depths at which denudatioﬁ faultihg is expected to occur and the relafively low
coefficients of sliding friction that we have estimated suggest that their ﬁypothesis is
mechanically feasible. This is not. surprising, given ‘ﬁhe fact that crystaﬁine rocks have
clearly been emplaced over valley fill by denudation faulting at a nufnber of localities in
the western U.S. (Davis and Coney, 1978):

.'The recjuired pore pressure of 125% hydrostatic to céuse faulting is die'tated by the
experimental failure envelope (Fig. 6) and the assumed shear stress gradient of Tyax =
IMPe + 7 MPa./Km. The required poré pressure wduld be less if the strength of the intact

rock was lower than that predic?ed by the failure envelope. .This is likely, since
laboratory determined rock strengths are liable to be upper bound values for the stréngth
of rock during natural deformation. However, we could only speculate on what a
reasonable modification of the fﬁilure envelope should be. Such speculation is not
warranted given the additional uncertainty of the "best estimate™ shear stress gradient
taken from the work of MéGarr (1985). -

Catéclastite in »the major faults and along sheared joint surfaces is hydrothermally -
altered. to assemblages of clay minerals, chlorite, sericite and epidote (Nielson and
ofhers,’ 1978; Yusas and Bruhn, 1980). Inspection of thin sections indicates several phases
of mineral growfh and fault movement (Nielson and others, 1978; Sibbett and Nielson,
1980) and striated fault surfaces are coated with the alteration minerals. This evidence

proves that hydrothermal alteration occurred during faulting. Many of the phyllosilicates
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formed by reactions between feldspar and ﬂuid, causing a significant decrease in modal
feldspar. | |

There is experimental evidénce suggesting that friction along the joints and fau_lts

- may ha;ze been lowered as the result of hvdrothermal alteration. Trace amounts of water
have been known to signif icanf1§ decrease the strengtﬁ of silicates in both brittle and ,

~ ductile regimes of 'deformatioh (Logan, 1980; Tullis, 1980). Exteﬁsive rock-water
interaction along joints and faults would hydrolyze silicate minerals and ‘drasticaily
affect the frictional properties of rock. | Unfortunately, most laboratdry studies of roék
friction have not investigated the evffeéts of a chemically reactive fluid phase, although
hydfotherm‘al alteration is ubiquitous in mahy fault zones. \

The results of a few laboratory experiments indicate that alteration causing an
increase in phyllosilicates accompanied by & decrease in modal feldspar may cause a
significant reduction in the resistance of rock surfaces to sliding (Wang and Mao, 19v79-),
Water saturated clays influence sliding behavior in two ways: first, the magnitudes of

‘Stre&ses transmitted through the framework of the mineral grains may be réduced due to
ihe low permeability of phyllosilicate aggregates and secondly, the intrinsic fricti§na1
properties of clay particles may be altered by changing the state of hydration of ions on
. the surféce of each pafticle (Wang and Mao, 1979; Wang, 1980). Laboratory studies on
the stétic and kinetic coefficients of sliding friction of saturated chiorite and ‘muscovite
aggregates indicate ug = 0.26 , about three times less than these coefficients for

' microcline feldspar (us= 0.77 Horne and Deere; 1962). More recent experiments at
confining pressures to 30 MPa by Wang and Mao (1979) Q_D | |
indicate W = 0.08, 0.12, 0.15 and 0. 22"shdmg on joints filled w1th saturated
*.montmorillonite, kaohnlte, chlorite and illite, respectively. Natural clay gouge from
part of the San Andreas fault zone ﬁas frictional coefficients of 0.2 to 0.3 in the same
types of .experiments._ It is important to note that these frictioﬁ coefficients may partly

‘reflect localized, high pore pressurés in the saturated mineral aggregates due to their
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low permeability; although Wang and Mao's (1979) prelimiﬁary conclusion was that their
- experimental design probably allowed time for the establishmént of equih'briu»m pore
pressure between the joint filling and granodiorite test sample. Regardless, these
experiments suggest that alteration mineral assémblages like those found in the faults
and joinfs in the Mineral M»oun,tains could drastically reduce the resisfancé to sliding
. relative to that along unaltered granitic surfaces. We would‘ expect friction along the
natural surfaces to be somewhat- higher than indicated by the laboratory experiments on
pure phyllosilicate aggregates, given the fact that the obsérved alteration did not
consume all of the host rock and is heterogeheously ,distributed.. Also; any excess pore
pressures localized along joints or faults would have‘ much longer tim es to decay than in
laboratory tests. B |
The rock friction estimates of Mg <0.5 have potentially important implications for

exp10itation of the present geothermal system. Hydrothermael alteration along joinfs and
faults in the geothermal reservoir is continuing at the present and the mineral |
assemblages are similer to those foﬁnd in the exhumed denudation faults (Parry and
others, 1978). This implies that the resistance to sliding on joints and faults in the
reservoir might be considerably lower than in the surrounding unéltered granitic rock. A
thorough investigation of the mechanical effects of this alterétion is needed in order to
aid in engineering studies of the potential structural stability of the reservoir during

large scale fluid extraction and re-injection.

CONCLUSIONS |

Denudation faults in the Mineral Mountains developed by shearing along an evolving
set of gently dipping joints and cracks. The a\}erage coefficient of friction along the |
faults was less than 0.5 and probably in the range of 0“.‘15to 0.4. The maximum depth for
formation of the faults is estimated as 4 Km; although this estimate is poorly

constrained.
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The estimated friction coefficients aré lower than the commonly cited \'/alues of

W2 0.6 determined in laborétory faulting tests. Howéver, our estimates are Sim¢lav &
the range of values cited by Jamison and Cook (1980) for friction on natural faults and
joints in the uppermost crust (0.22 >H < 0.65). We speculate that the resistance to
sliding on faults, joints and cracks was reduced by hydrothermal alteration. Chemical
reactions between the fluid and wall rock probably resulted in hy_drolyza";ion of silicates,
with the pbtential ‘for drastically altering the mechaniéal be\h.avior of the minerals.
Furtherm’ore‘, phyllosilicates formed while modal feldspar decréased and there is
laboratory evidence sﬁggesting that this process couid have resulted in drastic redﬁctions -
in friction due to ionic repulsion of some clay minerals and localized excessive pore
~ pressures in the phylliosilicate aggregates. Hydrothermal alteration is ubiquitous in many
féult zones and much work needs to be done in investigating the effects ‘of chémically

reactive fluids on rock friction.
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APPENDIX I

An estimate of the lower bound for the static coefficient of sliding
friction is found by assuming that the cross-section of the large
denudation fault p]éte in Figure 2 is in_static equilibrium. Ptesumab]y;
the many gently dipping joints in the fault plate provide potential planes
of weakness connecting'thé segments of the fault where it is off-set
by younger, normal faults. The fluid pressure is aésumed to be ‘hydrostatic .
and the maximum shear stress at any given depth is estimated from the .
equationjrmax = 1’MPa.+ 7 MPa/km (MéGafr, 1980). The résisting_and driving
forces are resolvéd into.horiZOnta1_componénts and set equal by adjusting
the magnitude of the friction coefficient (jus) on the fault using the
non - circular fault analysis of Janbu ( 1954). We have added a term to
Jénbu's equation to account for tectonie shear stress on the fault plane.

The fault plate is divided into six segments of meaniheight (hi),
length (4x;), and uhit width (Fig. 8). The weight per unit volume of
crystalline rock is estimated as 26.5 kg/m3 and that of the ai]uvium as
22.5 kg/m3 . The cohesive strength of the fault is considered to be

Ow

" negligible,folling the results of Jamison and Cook (1980).

The equat1on to be solved = or Mg is: ¢ -
Z (Pi-ui)aXi LR = |/1C Wi tand; + T sin2d; AX{
1 Ne ° i1 7
\‘;f' ~— o Ne—
resasfm? Fevee ’ . dvun»vy Fo"tt

Pi'=gighi 5 pi = density and g =|gravitational acceleration].
U{ = pore pressure at depth h{ .
Wiy = weight of segment "i".
di = average d1p ang]e of segment "i". . |
ffft= maximum shear stress at depth "he found fromirhax =1 MPa + 7 MPa/km.
~ fo = correction factor to allow for 1nter-segment forces. This factor :

is found by taking the ratio d/L (Fig. 8) and consulting

Figure 114 of Hoek and Bray (1977). Here, f, = 1.013.



Ni= (1 +A5tan¢g) coszdf;.
R = force due to valley fill abutting against the western eﬁd,'of
the fault plate ‘(Fig. 8).R=k We Za, where W = average weight
~per unit volume of the Tertfary and Quaternary véHey fill

, (2) o : .
(~23.5 knewtons/m3 ). The depth“o the fault is 1070 m.

The tectoﬁié shear stress term (7¢ si_n2&:£X) for each segment is
found by ca]cu]atingTi for eéch segment and resolving it to find thé
shear stress on the fault dipping at ahg]e{i. The maximum principal
compressive stress is assumed to be vertical. The total shear force on
the fault segment is Ti sin 26£;Ax;/‘cdsc{;. The hori;onta] component'.of ;
this force is (771 sin 2 idxi/ cosd;) x(cosdi)=7'1‘ siﬁ 2 Axi; The
remaindér of the equation is dérive;i and discussed by Janbu (1954) 'and

~ Hoek .and Bray (1977). The results are presented in Table 3. .



TABLE I: PALEO-STRESS FIELD AT ROOSEVELT HOT SPRINGS KGRA
TIHE | STRESS ORIENTATION GEOLOGIC EVIDENCE

QUATERNARY O, - VERTICAL . NORTH-NORTHEAST STRIKING
O - WEST TO WEST-NORTHWEST NORMAL FAULTS IN ALLUVIUM;

0,4-0,5 MY, ** 05 - EAST-WEST RHYOLITE DOMES ALIGNED
' | | | NORTH-SOUTH, |

DENUDATION O, - VERTICAL o HIGH & LOW-ANGLE NORMAL
FAULTING 4 ’ -
R 0, - WEST TO WEST-SOUTHWEST FAULTS STRIKING NORTH TO
| | © NORTH-NORTHWEST.

g M,v.* } = VERTICAL | STEEPLY DIPPING RHYOLITE
| Oy = WEST TO WEST-NORTHNEST DIKES STRIKING NORTHWARD,

C12-13 Miv,* O - VERTICAL STEEPLY DIPPING GRANITIC -
(3 - WEST TO WEST-NORTHWEST DIKES STRIKING NORTHWARD,

* K/AR paTES FroM Evans (1980),
#% /AR patps FROM Evans AND dash (1978),

‘(] - MAXIMUM PRINCIPAL COMPRESSIVE STRESS,
O - MINIMUM PRINCIPAL COMPRESSIVE STRESS,



TABLE 2: MINIMUM DIP ANGLE FOR DENUDATION FAULTS AS A FUNCTION OF
- THE COEFFICIENT OF FRICTION AND DEPTH OF FAULTING

0.l

" FRICTION COEFFICIENT (4)

- 0.6

02 03 04 0.5
20(~55 | 7 | 14| 17° | 22° | 26°
- 30 6 | 9 | 15" | 18" | 23" | 27
E | : PRI I
T 40/~6.5 | 10" |~155 | 19 | 24" | 28°
o ] |
D' N o : o - y Ov‘ o o
55| 7° |~10.5°] 16° | 20° | 25° | 29

'NOTE:PORE PRESSURE REQUIRED TO
' CAUSE DENUDATION FAULTING

IS ABOUT 125%
IF Tmax = | MPa+ 7 MPa/Km.

HYDROSTATIC




TABLE 3: LOWER BOUND ESTIMATE FOR STATIC COEFFICIENT OF FRICTION

Case 1: J max = 1 MPa + 7 MPa/km

Coefficient of friction (/{5) Ratio of resisting to drivinﬂofces *%
| 0.1 ~ | 0.2 |
0.2 - | 0.6
0.3 - : 0.8
0.4 o o 1.1
0.5 1.3

Case 2: We set tectonic stresses _equa] to zero and consider only body forces.

Coefficient of friction ( HS) “Ratio of resistihg to driving forces ** -
0.1 | 4 0.5
0.15 X
0.2 _ . 1.3

** NOTE: The ratio of resisti’ng to driving force equals one if the fault
is in static equﬂib'm'um.‘ Thus, for case I/u;is greater than 0.3

while for Case 2 /1/{5' is greater than 0.15.
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FIGURE CAPTIONS

Figure 1. Location map of Mineral Mountains a_nd geologic map of Roosevelt Hot Springs
geothermal area. Geology after Evans and others (1978) and Nielson and others
(1978).

| Figure 2. East-west cross section across part of Roosevelt Hot Springs geothermal area
(after Nielson and others, 1978). Small cataclastic zones are schematic. The line of
section is indicated in Figure 1. \

Figure 3. Summary diagfam of average joint orientations in the ecentral Mtneral
Mountains. Each field contains the average joint orientations for several domains of
similar structure. The data repreeents over 2000 measurements that are reported in
Yusas and Bruhn (1979). Data are plotted on a lower hemisphere, stereographic
projection | o

Flgure 4. Cartoon showmg the typical Jomt and mesoscopic fault geometry in the
Roosevelt Hot Springs geothermal area. Note the mcreased intensity of fracturing

] adjacent to the faults. :
Figure 5. Relations between the orientations of joints and microfractures in granite and
' gneiss outcrops. The data. are plotted on lower hemisphere stereographic projetions
~ and contoured by the Schmldt method. Contour intervals in percent per 1% area
are: a,c,e=1,2,3 “596 b&d=1, 4 8"011296 end f=1,5,9, and 15%. The
" maximum horizontal extension axes determined from in-situ residual stress tests are
indicated by the 1arge‘arrows.. The original deta may be found in Yusas ond Bruhn ‘_
(1979). -

Figure 6. Failure envelope for unaltered Mineral Mountain's granite. Compression tests
by Pratt and Simonson (1976§,and tertsion tests by Yusas and Bruhn (1979).

Figure 7. Estimated strength of Mi.'neral Mountein granitic rock cohtaininglanisotropy

planes with zero cohesion and friction coefficients between 0.1 and 0.5. Ac* is the

strength (01-03) of the anisotropy plane divided by the strength of intact rock that



25

lacks a through-going plane of weakness. This latter strength is represented by the
failure envelope in Figure 6. The Figure is discussed in the text.
Figure 8. Fault plate geometry used to calculate the lower bound coefficient of fricition

(us) . The figure is discussed in the text and Appendix 1.
~
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