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*rr The Roosevel t Hot Springs Known Geothermal Resource Area (KGRA) 

i s  located along the west-central f lank o f  the Mineral Mountains i n  

southwestern Utah. The geothermal reservojr  i s  a hot-water dominated 

U system i n  f ractured p lu ton ic  and metamorphic rock. A pr inc ipa l  

purpose o f  t h i s  study was t o  determine the geometry and o r i g i n  o f  

f ractures as an a id  t o  developing a s t ructura l  model f o r  the 

W reservoir.  The resu l ts  may also be useful f o r  the design o f  

hydrofracture experiments a t  the Roosevel t KGRA. 

Three major normal f a u l t  trends are present i n  the Mineral 

Y Mountains. North-northeast trending fau l ts ,  inc lud ing the Opal Mound 

Fault,  form the center o f  low e lec t r i ca l  r e s i s t i v i t y  and high heat 

f l o w  anomalies. Major east-west trending structures such as the Hot 

u3 Springs Faul t  form st ructura l  boundaries f o r  the geothermal reservoir.  

I t s  also occurs i n  t h  

nducted by f i e l d  mapping o f  j o in t s ,  

Y 



u f rac tu re  f o l i a t i o n  occurs as a dense system o f  pa ra l l e l ,  open 

f ractures i n  coarse grained rocks o f  the pluton. 
U 

Paral le l ism o f  the 

f o l i a t i o n  wi th  macroscopic cool ing cracks and dikes has led  t o  the 

in te rpre ta t ion  tha t  the f o l i a t i o n  formed as a set  o f  extension 

fractures due t o  cool ing and contraction of the 

Two orthogonal o r  nearly orthogonal s 

W 

f 

j o i n t s  are present i n  a l l  l i t ho log ies  throughout most o f  the study 

area. Cataclasi te and hydrothermal a l t e ra t i on  along the j o i n t  

surfaces increases near shear zones. The j o i n t  rliorphology and the 

orthogonal pa t te  

formed as extens a1 fractures during coo l in  and u p l i f t  o f  the 

pluton. The amount o f  catac las i te  and hydrothermal a1 te ra t i on  along 

the j o i n t  surfaces increases near shear zones, suggesting tha t  

movement occurred along some o f  the j o i n t s  during, o r  subsequent to, 

t h e i r  formation . 

leads us t o  conclude tha t  most j a i n t s  i n  t h i s  set 

Y 

The t h i r d  major' j o i n t  set i s  found throughout the central  Mineral 

untains and consists o f  shallow t o  moderately dipping fractures. 

and evidence f o r  shear i s  again d i r e c t l y  re la ted t o  

proximity t o  shear t 
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I extension direction was found for 

ind iv idua l  site. Measured orientations were control 1 ed by outcrop 

fracture patterns rather t h a n  by regional stress field. All principle 

study area as a whole or for  any 
4 

W 

/ 

strains measured fell w i t h i n  10 degrees of an outcrop fracture. 

S 

the original measurements, while orientations o f  principal  strains 

r. 

s recorded upon second overcoring were consistently smaller t h a n  

* 

remained simi 1 ar.  - 
W 
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INTRODUCTION 

u 
Springs Known Geothermal Resource Area (KGRA) 

st-central f l a n  a1 Mountains i n  

Y e 1). The geothermal reservoir is a hot-water 

onic and metamorphic rock (Lenter and others, 

ary permeability has be devel oped through 

W f a u l t i n g  and fracturing of these otherwise impermeable rocks. A 

principal purpose o f  this study is t o  determine the geometry and 

genetics of f es and joints n the area as an a i d  t o  

3 understanding ructure of t geothermal system. 

se is t o  provid 
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w 
Y Figure 1: General geology of the Mineral Mountains (Modified from 

Carter and Cook, 1978; Nielson and others, 1978). 
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rson, 1971); or 3) originally steeply dipping 

normal faults which have been rotated by later normal faulting 

probable Precambrian age form the oldest 



U Mountains. The ex t rus ive  period has been dated by Evans and Nash 

(1978) a s  having occurred between 

present.  S i l iceous  sinter deposits cropping out along the Opal Mound 

Fau l t  form the youngest rocks i n  the range. Opal from the f a u l t  has 

been estimated by paleomagnetic methods as being less than .35 million 

nd .8 million y e a r s  before W 

.ij 

rends are present i n  t h  Mineral Mountains. 
w 

s the western boundary of a 

t rending  north-northeast  through the KGRA. Thermal grad ien t  and 

r e s i s t i v i t y  anomalies are centered on this f a u l t  ( S i l l  and Bodell, 

1977). East-west t rending h igh  angle  f a u l t s  have been mapped i n  the 

ountains ,  i n  Pass Canyon, and i n  Hot Springs Wash. 

imed major right-1 a t e r a l  stri ke-sl i p displacement for  

Ccd 

w 
i n  Pass  Canyon. The sense of displacement on the Hot 

s not been determined. Nielson and 0 t h  

t e  the sense 
V 
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Scope of this Study 

program has been conducted t o  understand the 

structural evolution of the reservoir and the development of 

fracturing in the Mineral Mountains. Field mapping of joint and dike 
- 
Y patterns was done etermi ne structura rientations and paleostress 

patterns. Surf ic  tests were conducted t o  

find the orientation and magnitudes f residual strains. Laboratory 

petrofabric analysis nd rock mechani s tests were r u n  to  understand 

the mechanical behavior of the rocks. 
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STRUCTURAL MAPPING 

Domain Selection 

Time limitations made i t  impossible t o  examine the entire Mineral 

Range. Efforts were concentrated i n  the structural province bounded 

on the nor th  by the east-west h i g h  angle f a u l t  south 

M i  1 1 ard-Beaver County 1, i 

i n  Pass and Cave Canyons Figure 1). These two tructures separate 

I 

, and on the south by the h i g h  angle f au l t s  

ineral Mountains from areas of distinctly different 

lithologies. Dominant rock types i n  the areas nor th  and south o f  the 

central Mineral Mountains are Paleozoic and Mesozoic sedimentary 

vision of the area in to  study domains was based 
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U Figure 2: Study domain locat ions in the Mineral Mountains. 
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Lj Dike Patterns 
w 

Nielson and others (1978) have mapped three major dike phases i n  

the central Mineral Mountains and determined relative ages through 

cross-cutti ng re1 a t i  onshi ps . The ol dest and most common dikes are 

. granitic i n  composition and aplitic or pegmatitic i n  texture. 

Thickness ranges from several centimeters t o  two hundred meters, and 

range from a few meters t o  a kilometer. The largest 

W 

v 
dikes occur i n  Domains 8 and 9 north of the Hot Springs Fault .  

Aplites and pegmatites are c m o n  throughout  the study area w i t h  the 

exception o f  the southeastern margin of the p lu ton  (Domain 1). In 

Domain 1 the only pegmatite found was a 1-2 meter t h i c k  dike which 

defines the contact between the plu ton  and the Paleozoic sedimentary 

rocks. Density of diking is irregular, h i g h  i n  some areas while 

absent i n  others w i t h  no apparent pattern. 

4 

Y 

Y 

Microdiorite dikes are found intruded along f a u l t  zones i n  the 

KGRA. Presence of microdiorite clasts i n  cataclastic f a u l t  material 

ers t o  a kilomete ow a f l o w  foliation. A 

, 



LJ the marbles and pa ra l l e l  t o  j o i n t i n g  i n  the pluton. 
w 

Dike or ientat ions have been compiled f o r  three regions i n  the 

central  Mineral Mountains (Figure 3) Domains 8 and 9 north of the 

Hot Springs Fault; Domain 5 i n  the KGRA south o f  Hot Springs Fault; 

and the pluton i n t e r i o r  i n  Domain 3. 

f a i r l y  constant. M ic rod io r i te  dikes have not been included i n  the 

rose diagrams because t h e i r  

f a u l t  patterns. Rhyo l i t i c  a 

because t h e i r  or ientat ions i n  any one area are s imi la r  and the 

r h y o l i t e  sample s i t e  was too small f o r  meaningful comparison. 

w 
I n  each region d ike trends are 

d i r e c t l y  cont ro l led by 
W 

W 
Figure 3 shows the three regions f o r  which the dike or ien ta t ion  

data was_ compiled. A strong north-south t rend o f  d ik ing  i s  present 

north o f  the Hot Springs Fault,  whi le t o  the south i n  the  KGRA a 
w 

north-northeasterly t rend i s  dominant. We do not see any strong 
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from replacement. Apl i tes i n  the study area are planar bodies w i th  

regular widths and constant o r ien ta t ion  character is t ics  tha t  Goodspeed 

(1941) a t t r i bu ted  t o  intruded dikes. The lack o f  evidence f o r  f l u i d  

f low c i t e d  by Condie (1960) i s  not  evidence against forcefu l  

in t rus ion  . Mesoscopic flow textures are absent because elongate 

c rys ta ls  or inc lusions are not found i n  the dikes, 

u 
6, 

v 

Ode (1957) and Nakamura (1977) out l ined the theoret ica l  basis for 
J 

def in ing stress or ientat ions based on d ik ing  patterns and l i n e a r  

alignment o f  volcanic centers, They claim that dike emplacement i s  

mechanically s im i la r  t o  propagation o f  a hydraul ic fracture. The 

hydrofracture o r  dike plane should be oriented noma1 t o  the minimum 

compressive stress and should contain the maximum and intermediate 

stresses (Hubbert and Wi l l i s ,  1957). Ode (1957) has shown tha t  dike 

patterns may be contro l led by a combination o f  regional tectonic 

stress and a l o  a1 stress f i e l d  produced by the i n jec t i on  o f  magma 

through a central  core. He successfully modeled the volcanic center 

and dike f i e l d  o f  Spanish Peaks, Colorado as an ex terna l l y  loaded 

e las t i c  p la te  containing a c i r c u l a r  hole with an in te rna l  

/ 

d 

i& 

w 
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I undergone several phases o f  eruption (polygenetic i n h i  s t e m i  no1 ogy) 

were fed by a central  pipe, while those w i th  only one phase o f  
3 

erupt ion (monogenetic) were usual ly fed by dikes formed along r i f t s .  

S i  nce monogenetic cones are a r e f  1 e c t i  on o f  deep seated dikes , they 

too should a l i g n  normal t o  the minimum compressive stress. Rhyol i te 

domes and f lows i n  the Mineral Mountains represent s ing le extrusive 

events (Evans, personal communication, 1979) and so can be used f o r  

stress in terpretat ion.  

U 

cd 

Local grav i ta t ional  e f fec ts  must be considered when in te rpre t ing  

dike patterns i n  areas o f  large topographic r e l i e f .  Fiske and Jackson 

(1972) found tha t  a dike system i n  Hawaii was more strongly af fected 

by grav i ty  than by act ive tectonic forces. Gravi tat ional  spreading of 

the shield volcano produced an extensional stress f i e l d  w i th  the 

minimum compressive stress horizontal Unfortunately, no estimate of 

r e l i e f  can be made f o r  the Mineral Mountains a t  the time o f  d ike 

emplacement. 

cd 

3 

Y 
Extension d i rect ions interpreted from dike patterns are east-west 

north of Hot Springs Faul t  and west-northwest i n  the KGRA. No 

rhyol i t e  domes . 
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u fractures varies b u t  is approximately one centimeter. Morphology of 
w 

the fabric  is dependent on whether there has been shear along the 

fractures. Where shear has not occurred, the fractures are roughly 

parallel and have l i t t le  alteration on their surfaces. Commonly, more \ 

t h a n  one preferred orientation is present a t  an outcrop. Where shear 

displacement has occurred, the fracture fo l i a t ion  appears as zones of 

W 

anastomosing fractures w i t h  hydrothermally altered and sl ickensided 
v 

surfaces. fracture density i s  much greater i n  the shear zone t h a n  i n  

the undisturbed rock. Evidence for shear occurs most frequently i n  

areas of intense f a u l t i n g ,  such as Domains 4,  5 ,  and 7. Where l i t t l e  

f a u l t i n g  has occurred, as i n  Domain 3 of the plu ton  interior, evidence 

for shear has not been observed. 

w 

Orientation of this fracture fabric  was d i f f i c u l t  t o  measure, so 
(3 

no extensive da ta  set was collected. I t  was noted t h a t  the 

orientation consistently conformed t o  t h a t  of the macroscopic j o i n t  

sets. 
w 

Grain sire, rather t h a n  rock composition, seems t o  have 

controlled whether t h i s  fo l ia t ion  or discrete mesoscopic j o i n t  planes 

n t o  the coarse 

es not have t h  

and so fracture more inten a t  lower stress levels. Grain size- 
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dependent rock strengths can be explained by the Griffith's theory of 

fracturing (Brace, 1964). Tensile strength of a crystal i s  inversely 

proportional t o  length of the Griffith crack i t  contains. The maximum 

length of a crack is the longest dimension of the crystal. As a 

result, small crystals have higher strengths, and fine grained rocks 

should be stronger t h a n  coarse grained. Th i s  result of elasticity 

theory has been sustained by laboratory testing. Coarse grained rocks 

fracture a t  lower stress levels t h a n  fine grained rocks i n  uniaxial 

and t r i ax ia l  compression tests (Paterson, 1978) . 

V '  
W 

w 

Brazil tests for tensile strength have been conducted on cores 
4 

from the Mineral Mountains. Cores w i t h  a diameter t o  thickness rat io  

o f  10 t o  1 were compressed along a diameter u n t i l  the rock fractured. 

Theoretical analysis of stress distributions i n  uniaxial ly  loaded 

cores has shown t h a t  the fracture forms as a result of a tensile 

stress oriented normal t o  the compression axis  ( W i  j k ,  1978) . The 

i le  strength of the core can then be calculated from the 

i d  

W 
compressive 1 oad a t  f a i  1 ure . 

ocks from the 

ef test s i te  5F 

rough 8 were taken 

stress re1 i ef test 
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factors like differences i n  mineralogy may be affecting the strengths L/ 
measured, a trend towards increasing strength w i t h  decreasing grain 3 

size i s  noted. 

The pervasive fracture foliation probably represents intense 
w extensional fracturing. Griggs and Handin (1960) classify brittle 

fractures as either shear fractures or  extension fractures. Shear 

fractures are characterized by slip along the failure surface and by 

an orientation approximately 30 degrees t o  the maximum compressive 

stress. Displacement on extension fractures is normal t o  the fracture 

surface. Extension fractures commonly form normal t o  the least 

compressive stress or  normal t o  the greatest tensile stress. 

~ 

L, 

c 

W 

The genetic classificiation of fractures based on field 

observations must rely on evidence for displacement along or across 

the fracture plane. In  the Mineral Mountains, shear t e  

fracture fo l i a t ion  are common i n  the vicinity of faul ts  

faulting i s  absent, as i n  Domain 3 of the plu ton  interior, there i s  no 

evidence for displacement along the fracture fabric. I t  is inferred 

t h a t  observed evidence 

due t o  fault-induced d i  

s 

W 

ear along fractures of this fd l ia t ion  i s  

ensi on fractures, 

e more dominant; b u t  

argest spacings are 

s of Domain 3 where most 
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U j o i n t s  i n  the f i n e  grained plutonic phases and gneisses have much 

greater densit ies, w i th  spacings seldom greater than two meters. 
W 

Jo in t  density i s  d i r e c t l y  related t o  proximity t o  fau l ts .  

2, j o i n t  spacing decreases from around 0.5 meters t o  less than a 

I n  Domain 

W 
centimeter w i th  decreasing distance t o  a major low angle fau l t .  

S imi lar  re la t ionships are found i n  Domain 5 o f  the KGRA. 

i n  Domain 8 however tha t  proximity t o  the Hot Springs Faul t  had no 

apparent e f f e c t  upon j o i n t  density. 

It was noted 

P 
W 

I 

Surfaces o f  these steeply dipping sets are general ly planar and 

open. As with j o i n t  density, morphology i s  d i r e c t l y  re la ted t o  

proximity t o  fau l ts .  The composition o f  the pluton i s  such tha t  small 

amounts o f  shear displacement form coatings o f  catac las i te  w i th  

greenschist grade hydrothermal a1 te ra t ion  on j o i n t  surfaces . Presence 

of ca tac las i te  on j o i n t  surfaces i s  therefore good evidence tha t  shear 

w 

ri, 

displacement has taken p l  ace . Catacl as t i c  an hydrothermal a1 te ra t i on  

o f  j o i n t  surfaces has been observed most f requent ly i n  areas o f  

intense fau l t ing,  such as i n  Domains 2 and 5. Throughout the res t  of 
u 

udy area shear textures on j i s  set are present a t  
I 

few scattered outcrops . 
i n  Figure 4, t l y  dipping j o i n t  sets 

he centra l  Mineral 

-south concentrations 

l o t s  f o r  Domains 2, 3,  7, 

the numerous 'large 

north-south apl i t i c  dikes t o  f rac tu re  no t o  t h e i r  contacts. The 
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apparent dominance o f  the east-west s t r i k i ng .  set i n  Domain 3 i s  not Ld 
w rea l  since north-south trending j o i n t s  are equally important but f o m  

much la rger  and less dense features. The only var ia t ion  from t h i s  

north-south and east-west trend i s  found i n  Domains 1, 5, and 6. The 

few steeply dipping j o i n t s  present i n  Domain 1 are oriented N30E86E; 

para1 le1 t o  the contact between p lu ton ic  and sedimentary rock. Jo in ts  

i n  Domain 5 o f  the  KGRA, and Domain 6 south o f  Hot Springs Faul t  t rend 

N59-70W, with et secondary north-south set e 

w 

r- 
W 

Unlike j o i n t  densities, or ientat ions o f  these steeply dipping 

j o i n t  sets are not af fected by proximity t o  fau l ts .  As i l l u s t r a t e d  i n  

Figure 4, j o i n t s  beneath a major low angle catac last ic  zone i n  Domain 

2 show the same pat tern as those unaffected by f a u l t i n g  i n  Domain 3 .  

High-angle j o i n t s  exposed i n  Wild Horse Canyon below the major shear 

zone mapped by Nielson and others (1978) t rend N60W, para l l e l  t o  the 

dominant t rend throughout the KGRA. Joints  near h i  gh-angl e f a u l t s  i n  

the  KGRA also maintain t h i s  strong N60W trend. 

Gd 

3 

These orthogonal o r  near ly orthogonal j o i n t  sets probably formed 6 

as extensional j o i n t s  during cool ing and contract ion o f  the pluton. 

harac ter is t i c  o f  tensional cool ing 
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L/ . they form para l le l  and perpendicular t o  the igneous contacts, mapping 

isothermal surfaces during cooling. I n  the Mineral Mountains the 
w 

I 

j o i n t s  are not always orthogonal, but var ia t ions can be explained by 

i r r e g u l a r i t i e s  i n  the contacts. 
W 

Relationships between j o i n t  and dike trends fu r the r  support the 

extensional o r i g i n  o f  these j o i n t  sets. Comparison o f  Figures 3 and 4 

shows tha t  j o i n t  or ientat ions are consistent ly normal o r  pa ra l l e l  t o  

loca l  d ike trends, Dikes represent structures oriented normal t o  the 

I d i rec t i on  o f  maximum extension , Structures or iented para1 1 e l  t o  

w 
extensional features are probably also extensional, i f  no large 

rotat ions i n  the s t r a i n  f i e l d  can be documented. As noted ear l ie r ,  

extension d i rect ions in fe r red  from dike patterns and l i n e a r  alignment 

o f  r h y o l i t e  domes show only east-west t o  west-northwest directed 

extension. No la rge rotat ions i n  extension d i rect ions have been 
u 

noted , 

Two observations seem t o  contradict  the in te rpre ta t ion  tha t  the 

steeply dipping sets are extension j o i n t s  formed dur ing cool ing and 

contract ion o f  the pluton. F i r s t ,  these sets occur i n  the gneisses as 

wel l  as the pluton. 

cool ing and contract ional  h i s to ry  s imi la r  t o  the pluton, I n  a 

s t ructura l  analysis o f  a pluton a t  Hanover, New Me ico, A ldr ich (1974) 

also found a se o f  f ractures i n  the sedimentary country rock which 

appeared t o  be very s imi la r  i n  or ien ta t ion  a 

It i s  doubtful t ha t  the gneisses underwent a 

appearance t o  cool i ng 

fractures i n  the adjacent pluton. 

ntry rock also formed i n  extension by doming during 

proposed tha t  t h i s  set 

v 
int rusion. This i s  a possible explanation f o r  occurrence o f  the same b/ 
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j o i n t  sets i n  both gneiss and grani te i n  the Mineral Mountains. An 

a l ternate suggestion i s  t ha t  the  gneisses have been extended by 

contract ion o f  the pluton. Osipov (1974) claimed that an i n t rus i ve  

rock should undergo 8 t o  14 percent volumetric contraction. When 

confined, 40 percent o f  the s t r a i n  i s  accommodated by f rac tu r ing  o f  

the pluton and surrounding country rock. Transferr ing contractional 

strain from the pluton t o  country rock requires some degree o f  welding 

along the contact. 

then the s t r a i n  may be rel ieved. It i s  s ign i f i can t  t ha t  steeply 

dipping j o i n t s  are only poorly developed a t  the contact between 

p lu ton ic  and sedimentary rock i n  Domain 1. Presence o f  a large 

pegmatite dike along the contact indicates p a r t i a l  decoupling o f  the 

pluton from the country rock during cooling, which may have inh ib i t ed  

the development o f  extension jo in ts .  

L, 
Y 

, 

V 

I f  the pluton can separate f rom t h e  country rock, k 

W 

w 

A more serious object ion t o  the in te rpre ta t ion  o f  the orthogonal 

j o i n t  sets as extensional structures i s  the observation tha t  t h e i r  

frequency increases dramatical ly w i th  decreasing distance t o  fau l ts .  

I n  Domain 2, f o r  example, spacin 

W 

t on fracture 

f rac tu r ing  i n  the Mineral Mountains was 

s i t u  stresses, 
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contro l led the or ien ta t ion  o f  f ractures i n  rocks. S i m i l a r l y ,  strength 
J k J  

w ,  anisotropies imposed on the rock during cool ing have contro l led the 

or ien ta t ion  o f  f a u l t  induced fractures. Increase i n  j o i n t  density 

towards f a u l t s  i s  then expl a i  ned by d i  spl acement re1 ated stresses 

f rac tu r ing  the rock along previous planes o f  weakness. 
W 

A second j o i n t  set common t o  many outcrops throughout the central  

Mineral Mountains i s  a group f shal l  ow t o  moderately d i  ppi ng 

fractures. A l l  l i t ho log ies  contain j o i n t s  o f  t h i s  set. As w i th  the 

other s ty les o f  f ractur ing,  appearance i s  dependent on whether shear 

icl 



f 

(I, 

30 

'L, between domains, as i s  expected from a shallow dipping set, but the 

west d ip  remains f a i r l y  constant. 

j o i n t s  d ip  t o  the south. 

*3 I n  the anomalous Domain 1 these 

The c l a s s i f i c a t i o n  o f  these low t o  moderate-angle j o i n t s  i n t o  a 

s ing le group i s  based on t h e i r  consist  

study area. A genetic c lass i f i ca t i on  would d is t ingu ish  three separate 

those formed as extension j o i n t s  due t o  cool ing and 
v 

t ion ,  those formed as extension j o i n t s  re la ted t o  unloading, 

and those formed as shear j o i n t s  due t o  f a u l t  displacement. 

Shallow dipping ! j o i n t s  i n  Domain 1 are probably e 
Y 

formed dur ing cool ing and contract ion o f  the pluton. Their planar and 

para1 le1  surfaces appear s imi la r  t o  the steeply dipping extension 

jo in ts .  Strong evidence supporting the c laim f o r  formation during 

pluton cool ing i s  t h e i r  o r ien ta t ion  pa ra l l e l  t o  the few r h y o l i t i c  
w 

dikes found i n  the domain. 

sheeting j o i n t s  

re la ted t o  unloading. No evidence f o r  shear displacement has been 
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e, strikes, however, are seldom para1 1 el t o  those of associated faults . 
Whether these joints are true shear fractures or extension fractures 

which underwent later shear displacement could not be determined . 
Development of Fracture Permeabi 1 i t y  

W 

Fracture permeab i t y  i n  the Roo a1 reservoir has 

been created by two or mechanisms: 

acturi ng re1 ated t o  coo 

nd 2)  fracturing initiated by f a u l t  displacements. 

Extensional fracturing takes the form of a ervasi ve fracture 

well as steeply dlpping  macro opi c j o i  n t  set so 

tudies i n  the 

rsonal comnuni c en interpreted t o  

o r  boundary, w ghly fracture rock overlying less 

sevelt area, particularly those of P o  

kilometers. It is 

t this 1.5 t o  

o f  extensional fra 
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STRAIN RELIEF MEASUREMENTS 

U In order t o  ga in  a d d i t i  1 information on the stress history,  

strain relief measurements were conducted a t  several sites i n  the 

Mineral Mountains. 

stresses could be detemi ned . 
Site Selection 

I t  was hoped t h a t  the present active and residual 

w 

Sites for  the strain relief tests were selected based upon ease 
w 

of access, topography and outcrop characteristics. The need for large 

amounts of d r i l l i n g  water confined the possible sites t o  those t h a t  

could be reached by truck. Preference was given t o  areas o f  low 

relief i n  order t o  eliminate any effects o f  topographic loading. The 

most important factors i n  s i te  selection were the outcrop and rock 

characteristics. Outcrops i n  which a j o i n t  provided a large, f l a t ,  

and roughly horizontal surface were important for good measurements. 

Y 

v 
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LJ outcrops were composed of blocks too small ‘for good measurements. The 

same is true for  most of the a p l i t i c  dikes. As a result, only two 

outcrops near the KGRA (labeled SF and MM) and two distant from i t  (CD 

and GR)  were chosen for study. Site locations and descriptions are 

Y 

i n  Appendix B and illustrated i n  Figure 5 

Method 

4 Foil resistance strain gauge rosettes were bonded t o  smoothed, 

ori zontal j o i n t  surfaces . Individual  el ements of the rosettes were 

sufficiently long t o  record strain over several g r a i n  diameters. 

v sealing t o  prevent water damage, two rose es were connected i n  

i t e  arms of a Wheatstone bridge circuit and balanced. One of the 

gauges was then overcored and the resulting strain release recorded. 

v other rosette compensated strains due t o  changes 
tenperature. In order t o  separate applied from res1 stresses each 

rosette was overcored w i t h  a 15 cm and a 7.6 cm barr 

I l l ies ,  1977). For a detailed description of this technique see Y 
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LJ scaled t o  represent the magnitudes of the maximum ( e l )  and minimum 

( e2 trains.  Axes are drawn pa ra l l e l  t o  the  or ientat ions 

o f  measured maximum and minimum extension direct ions.  Note from 

Figure 5 t h a t  no preferred extension d i rec t i on  has been found f o r  the 

Mineral Range as a whole o r  f o r  any ind iv idual  s i te .  Variat ions i n  

extension d i rec t i on  o f  as much as 90 degrees were recorded a t  one 

s i te .  Measured or ientat ions are control  l e d  by outcrop f rac tu re  

patterns ra ther  than any regional stress. The e l  d i rect ions f o r  cores 

GR4 and 5F2 f a l l  w i th in  one degree o f  the s t r i k e  o f  the c losest 

f racture.  With the  exception o f  cores GR2 and GR3, one o f  the 

pr inc ipa l  s t ra ins  f o r  every t e s t  l i e s  w i th in  10 degrees o f  a f rac tu re  

i n  the outcrop. The con t ro l l i ng  f rac tu re  i s  not  necessari ly the 

c losest o r  even a member o f  the best developed set. I n  the 

Precambrian gneisses s pr inc ipa l  s t r a i n  

d i rec t ions  than orphic fo l ia t ion .  I n  ge 

amount o f  scat ter  i 

the scat ter  i n  or ientat ions o f  steeply dipping j o in t s .  

V 

u 

Y 

mum extension d i rect ions i s  d i r e c t l y  due t o  . 
Y 

I n  the major i t y  of t e s t s  onducted maximum extensf on d i rect ions 



h, Table 2 sumarires the s t r a i n  magnitudes measured. A quick 
w 

examination shows the 1 arge var ia t ions i n  magnitudes recorded, not 

only between s i t es  but a t  one s i t e  as well  . A t  s i t e  GR, ranges i n  

s t r a i n  magnitude o f  200 t o  486 microstrains were measured upon i n i t i a l  

overcoring. This observation i s  consistent w i th  the  resu l ts  o f  other 

workers (Friedman , 1972) Grei ner and 11 1 i es ( 1977) reported ranges 

o f  f 20 percent i n  magnitude f o r  one o f  t h e i r  t e s t  s i tes.  A t  present, 

no estimate o f  t he  accuracy f o  

(J 

Y 
he magnitudes can be made* 

Engelder and Sbar (1977) demonstrated tha t  the  scat ter  i n  

magnitudes they measured was due t o  d i f f e r i n g  f rac tu re  densities. 

They found a good cor re la t ion  between increasing surface area o f  

outcrops bounded by steeply dipping fractures and increasing s t r a i n  

magnitude. No s im i la r  re la t ionship was noticed f o r  s t r a i n  r e l i e f  

v 
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Table 2: Results of Strain Relief Measurements 
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LJ suffered no fu r the r  deformat 
Y 

time required f o r  s t a b i l i z a t i o n  wa 

used i n  reconnecting the gaug 

type o f  response observed by Greiner a 

in terpreted t o  be e las t i c  release o f  a 

Uniaxial  compression tes ts  were conducted t o  t e s t  whether the 

ck was e last ic .  Typical resu l ts  (see Appendix 0 f o  

ests) I l l u s t r a t e d  i n  Figure 7 show t h a t  none o f  the  rocks acted 

e l  a s t i  c a l l  y under 1 oads o f  t o  350 bars. E the Precambrian 

gneisses which appear i n  t 
r 

w e t e n t  showed 

hysteresis and 'permanent deformation a f t  n l  oadi ng The 

of the curve i s  t yp i ca l  for loadin rocks a t  low 

V 

rface, and t h i s  f i r s t  mode of rock response 
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The di f ference between t h i s  long-period pat tern o f  s t r a i n  re1 i e f  6, 
and the f i r s t  s t y l e  o f  response noted may represent 1) a dependence of 

s t r a i n  release measured upon volume o f  rock released; o r  2) a long 

period d r i f t  i n  in te rna l  resistance o f  the Wheatstone Bridge. 

w 

Swolfs and others (1974) noted tha t  both the  or ientat ions and w 

magnitudes o f  s t ra ins  re l ieved were dependent on the volume o f  rock 

re1 eased by overcori  ng . Tu1 1 i s ( 1977) a1 so demons 

s t ra ins  should vary s ign i f i can t ly  f o r  various s i t e  domains released. 

We do not bel ieve tha t  the long-period response noted i n  lab  tes ts  

r e f l e c t s  a d i f ference i n  residual s t r a i n  d i s t r i b u t i o n  between 7.6 and 
, 

15 crn cores. The second corings o f  rosettes GR1 and GR2 were 

conducted i n  the f i e l d  and no long-peri6d responses were noted. 

addit ion, the s i m i l a r i t y  o f  s t r a i n  or ientat ions measured upon 15 and 

the  major i t y  of the tes ts  suggests t h a t  there 

i n  residual s t r a i n  d i s t r i bu t i ons  between the 

I n  
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quires only a knowledge of elastic moduli. Rocks i n  the Mineral 

Mountains do not behave el-astically under surficial conditions so 
6./ w 

43 

conversion of measured strains t o  stresses would be pointless and 

m i  sl eadi ng 
x 

Y 
None of the StrainsTmeasured were due t o  the release of any 

applied loads. Applied stresses are, as defined by Tullis (1977), 

arise w i t h i n  a body as a result of surface tractions on 

fts volume, or thermal gradients.' Uoight (1966) has defined residual 

stresses as "systems of stresses on the inside of a body which are i n  

equi 1 i brium, or approach equi 1 i brium, when neither normal nor shear 

w 

U 
are transmitted through i t s  exterior surfaces." Residual 

are "potentially recoverable elastic dis tor t ions of 

constituent crystal s or grains t h a t  sat1 sfy internal equi 1 i b r i  um 

conditions and t h a t  exist i n  a given volume of rock w i t h  no external 

loads across i ts  daries" (Friedman 

W 

dipping  j o  

horizontal stresses (s pendix 8) .  While not always visible a t  the 
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these stresses become "locked i n "  the grains. Subsequent up1 i f t  does 

not remove the load b u t  rather redistributes the stresses between the 

cement and original crystals, effectively storing an elastic stress. 

A similar mechanism could occur i n  plutonic rocks. When the magma 

crystallized t o  the po in t  t h a t  grains come i n t o  contact, the stress 

distribution would be similar t o  t h a t  i n  the uncemented sandstone. 

Stresses i n  the crystals would be different from the hydrostatic state 

i n  the remaining magma, and complete crystallization would lock i n  the 

grain stresses . 

U u 

,-. 
W 

3 

Tullis (1977) argues against residual elastic stress as a 
W 

mechanism for  strain relief. He modeled residual stresses as 

sinusoidally varying surface forces on a homogenous elastic block. By 

i n v o k i n g  the principle of St .  Venant, he shows t h a t  residual elastic 

stress can be measured by overcoring techniques only for  peculiar 

.geometries of stress d i s t r i b u t i o n .  He shows t h a t  even when these 

geometries occur, the measured stresses should be random. 

Y 

I - 
W 

I do not believe t h a t  residual elastic stress i s  the major strain 

mechanism operating in tests conducted i n  the Mineral Mountains. 



u fo l lowing overcoring. Nichols (1975), as wel l  as Engelder and others 
3 

1977), found tha t  t h e i r  maximum extension d i rec t i on  was normal t o  the 

dominant o r ien ta t ion  o f  microfractures i n  the t e s t  core. Engelder and 

. others (1977) also found t h a t  magnitude o f  s t r q i n  measured was -. 
V 

t l y  re la ted t o  the density o f  open microfractures. This 

mechanism has not been used t o  explain contractions o f  the rock af ter  

overcoring. Permanent c los ing o f  microfractures i s  not i n t u i t i v e l y  

reasonable. 
I 

Petrofabrics o f  selected cores were analyzed t o  t e s t  the 

microfracture hypothesis. Orientat ions o f  open cracks i n  quartz 

grains from three orthogonal s l ides were measured on the universal 

stage. Figure 9 shows the re la t ionship between outcrop j o in t s ,  

microfractures, and s t r a i n  r e l i e f .  For a l l  s i t es  except MM there i s  a 

good cor re la t ion  between the  or ientat ions o f  microfractures and 

W 

u 

Test core GR2 contains a great c i r c l e  d i s t r i b u t i o n  o f  

- ks t h a t  resembles the d i s t r i b u t i o n  o f  jo in ts .  Simi lar ly,  
w 

corre la t ives f o r  most j o i n t  sets can be found i n  the associated 

be found i n  p lo t s  
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Figure 9: Relat ionship between outcrop j o i n t  patterns, t e s t  
core microfracture or ientat ions and maximum extension 
direct ions.  

W ,- a. Stereographic pro ject ion o f  poles t o  101 microfract-  
ures i n  t e s t  core GR2. Contour in te rva ls  1, 2, 3, 
4, 5, max 5 percent per area. 

Stereographic pro ject ion o f  poles t o  50 j o i n t  planes 
a t  s i t e  GR. Contour in te rva ls  1, 4, 8, 12, 16, max 

Stereographic pro ject ion of poles t o  111 microfract-  
ures i n  t e s t  core SF1. Contour in te rva ls  1, 2, 3, 
4, 5, max 7 percent per area. 

W d. Stereographic pro ject ion o f  poles t o  36 j o i n t  planes 
a t  s i t e  SF. Contour in te rva ls  1, 4, 8, 12, 16, max 
19 percent per area. 

Stereographic pro ject ion o f  poles t o  99 microfractures 
i n  t e s t  core MM. Contour in te rva ls  1, 2, 3, 4, 5, 
max 6 percent per area. 

, 

b. 

Y 18 percent per area. 

c. 

e. 
w 



u 

v 
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Comments on Surficial Strain-Relief Techniques 

Results of in-situ strain re1 ief measurements 
u 

u 

Mountains have led t o  several conclusions about the 

of the technique and the success of i t s  application 

w KGRA. 

n the Mineral 

general useful ness 

t o  the Roosevelt 

First, empirical use o f  results from surficial strain relief 

tests has limitations. There has been success i n  predicting the 

orientations of hydrofractures where only one strong structural trend 

was present (Overbey and Rough, 1971). I t  has been demonstrated t h a t  

most rocks,in the central Mineral Mountains have two, nearly 

orthogonal, preferred weakness planes represented a t  the surface by 

joints. In-situ strain relief tests have mapped out &oth trends. 

From surficial tests alone there i s  no way t o  predict which plane of 

weakness an induced fracture would follow. Strain relief tests 

conducted on oriented core from wells should prove more definitive 

t h a n  surface techniques. 

4 

v 

w 

No prediction of hydrofracture orientation will be attempted from 3 

the strain relief tests because o f  the location of test sites. 

the choice of sites outside of the 

hese sites were atypical  of the KGRA as 

o f  strain gauge 
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c Li 
W 

gravitational stress. Most outcrops contain some sort of detachment 

planes (joints, bedding, etc.) which decouple the rock from the 

applied stress field. All strains measured i n  this and probably i n  

other surficial tests must  be residual. The good correlation between 

the results of surface tests and deeper hydrofracture experiments 

(Overbey and Rough, 1971) (Smith and others, 1976) does not indicate 

t h a t  the surface outcrops are influenced by the same stress field as 

a t  depth as claimed by Greiner and I l l ies (1977). 

rather t h a t  rocks a t  hydrofracture depths maintain the same 

anisotropies i n  strength t h a t  are present a t  the surface and t h a t  

w 

% 

I t  demonstrates 

Ir;t 
anisotropies more strongly control measured stresses t h a n  the ambient 

stress field. 

Last, neither the release of residual elastic stress (Friedman, 
i d  

1972), nor the permanent opening of microfractures (Nichols, 1975) I s  

a universally suitable mechanism for explaining the mechanics of 

strain relief. Residual elastic strain has been discredited on 
3 - 

theoretical grounds (Tu1 1 i s ,  1977), and by experimental results 

(Greiner and I l l ies,  1977; Engelder and others, 1977). We propose 

t h a t  the exact mechanism of strain relief will not be understood u n t i l  

a detailed study a t  microscopic and submicroscopic scales is  

conducted . 
. 

V 

w 
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W Joints o f  Domain 1 
w 

Fracture set 1 2 3 

rnarbl e marble 

pt uton p l u t o n  

N70-80W 59-72N N43-85W 17-31s u Or I en t a t 9 on not common 

N70-79E 48-56N N31-61W 18-26s 

Dens I ty 1 per J-3m 1 per J - l m  

v Cemen ted/Open cemented by calcite open 

Hydro t he rma 1 
a1 tera ti on none none 
on surface 

Genes i s extension extension 
- 

W 

Joints of Domain 2 
u 

1 2 3 Fracture set 

Ori en ta t l  on N80-90W 81-90s N15-27W 73-9OW N8-25E 17-21W 
yr9 

Dens i ty I per .02-.5m 1 per ,02-,5m 1 per 3-1m 

open 

none 

ex t ens i on 
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w 

Join ts  o f  Domain 3 

52 



Y 

I, * 
I 

. Joints of Domatn 5 

v Fracture set 1 -  2 

Orien tat4 on N59-6114 85-89s NlO-26E 32-45W 

Density 1 per 1-5m 1 per .l-lm 

Cemen ted/Open open most open 
Hydro t he rma 1 
a1 terati on present on m e  . present on some 
on surfaces 

Genesis extension shear 

v 

u 

Joints o f  Domain 6 
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3 

N2-10W 77-9OW 

1 per .1-.5m 

open 

present on some 

extension 

3 

N17-27E 65-78W 

i rregul ar 

open 

none 

extens ion 



w 

,_ b d  
I 

nts of  Domain 7 

Fracture set 1 

Orient a t i  on N81-83W 84-86s 

u 2 

N4-6W 86-9OW 

54 

3 

N17-21E 49-53W 
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Site GR 

Site GR is located along the eastern margin of the Mineral 
Li 

Y 

Mountains near a quarry i n  the SE 1/4 of the NW 1/4 of Section 20, T28S 

R8W. 

leucocratic granite. J o i n t i n g  a t  the outcrop consists of two shallow 

Measurements were taken on a h i l l t o p  outcrop o f  fine grained, 
Y 

dipping  sets, N20E-Nl3W 13-21E and N3-19E 21-31W, which have undergone 

some shear displacement. A few widely spaced steeply d ipp ing  

extension joints form open, released surfaces around the outcrops 

cored. Outcrop and j o i n t  patterns are shown i n  Figure 13. 

Measurements 1 and 2 were taken from the large f l a t  outcrop to the 

le f t  of the tree; while measurements 3 and 4 were taken from the 

Y 

W 



58 0 

i n  the gneiss i s  folded. Jointing a t  the outcrop consists of two 

steeply dipping  sets, N46-52W 84-90s and N3W-N83 81E-81W, and a 

shallowly west d ipping  set N22W-N28E 9-14W. The outcrop is cut 

by an approximately 15 an thick quartz-feldspar vein trending 

N24N 57E through the measured outcrop. The outcrop tested and 

j o i n t  patterns are.illustrated i n  Figure 15. Measurement 1 was 

taken from the far le f t  borehole, measurement 2 from the fa r  r i g h t  

borehole, and measurement 3 from the middle. 

Site CD 

LF 
Y 

* 

w 

Site CO is  located along the northwestern f l a n k  o f  the Mineral iu 
Mountains i n  the SW 1/4 o f  the NW 1/4 of Section 23, T26S R9W. 

Measurements were taken from a ridgetop block i n  a vertical aplitic 

w d i k e  trending N 

outcrop, N16W-N4E 70-90s and N18-74E 12-3OW. The block is to t a l ly  --. 

f 
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