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Fore\'Jord 

Petro l og i c al te rat ion stud i es of t he s i x shal low t herma l gr adient hol es 

(S-8, SR2 , SR2A , 00- 9, H-2, and H- l; Pl ate I) in Di xie Vall ey were under

ta ken as part of subccntract DE-AC08-79ET27006 . The compl et i on of thi s work 

by Mackay Mi nerals Research Insti t ute personnel was accomp l i shed primarily 

un de r- the summer fu ndi ng program sponso red by Southl and Royalty Compa ny. The 

data and co nc l us ions in th i s report summar-ize t he f i na l eva l uat i on of the 

sh allow gradi ent hol es with res pect to the hydrothermal al tera ti on i n Dixie 
Vall ey . Th e results \'J i ll be appended to the f ina l repor t on t he Geothermal 

Reservoir Assessment of Di xie Vall ey to en l arge and enhance the da t a base fo r 

devel opi ng a mode l of the Di xie Vall ey Geothermal Syst em. 

Mackay Minera ls Research Insti t ute pe rsonnel res ponsi ble for thi s report 

i nc lude : Graduate Research Fell ows Tom Bard and Rus Ju ncal, and Principal 

Investigators D. Burton Slemmons , El aine J . Bell and Lawrence T. Larson . 
Tom Bard was pri marily responsi bl e for t he pe t rol ogi c al tera t i on analysi s, 
with assistance prov ided by Rus Juncal. Technical .guidance was provi ded by_ 

D. B. Sl elmlorrs . E. J. Bell and L. T. La rson supervi sed preparation of t he 
following report and provi ded t ech ni ca l and ed i to r ial rev iew . We acknowl edge 
the valuab l e ass i st ance of Keith Papke, Nevada Bureau of Mines and Geology, 

fo r his ai d in devel opi ng techniques for cl ay minera l ana lysis and identifi 
cation. 

The fo ll owi ng report provides a conci se te xt supplemented by the neces sa ry 

graphi c dis play of data. To facili ta te textua l read i ng and the necessary 

referenc ing and cross-referenci ng of data, all fi gures are presented at the 

end of t he repo r t . 
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I. Work Accomplished 

The analys is and interpretat ion of drill cuttings from the six thermal 

gradient holes (S-8, SR2, SR2A, H-l, H-2, 00-9) are comp lete . The purpose of 
t his investigation was to detect, describe and interpret the observed altera
tion effects as they relate to the present hydrothermal system in Dixie Val l ey . 
Interpretations regarding correlations between the thermal grad ien t holes are 
al so presented. The results of this inves tigation are presented in Se ction 

III. Results . The loca t i ons of these thermal gradient holes are shown on 
Pl ate 1. 

Following an initial bi nocular examination of the dri ll cuttings to de
termine gross lithology from each of the wells, thin sect ions were made for 

each one hundred foot interval. These sections were then examined t o determine 
specific lith ologies, mineral relationships and distributions of the rel ative 
amount of alterat ion. 

Sel ected samp1es analyzed by ·x-ray diffrac tion included 45 whole-rack 
samples i.(lJ d 36 ori ented sampl es of the fine fraction (less th an 8.0 phi; Folk, 
1974). Twenty-two of th e oriented samples were t reated with . ethylene glycol 

and heat , then rerun for confirmation of specific minerals. The diffraction 
patterns were interpre ted to identify mineral s and establish their distribution 

with respect to ~epth, temperature, and lithology . 

An examina t ion of available water chemistry data of the six thermal 

gradient holes, ch iefly sample DV-30 from SR2A, is incorporated i nto the in
terpretation of the altera tion mineralogy. Additionally, spring and other 
water samples near t he gradient holes were assumed to approximate the water 
chemistry where specific samples were not available. 

I I. Prob 1 ems Encountered 

Problems and difficulties in interpreta tion include the follmving: 

1) distinguishing 'in situ' alterati~n from weathering and alteration 
that occurred prior to deposition of the alluvial sediments; 

2) h e heteroge neous nature of the alluvium and the differential responses 

of the var i ous 1 itho 1 ogi es to the processes of weatheri ng, trans portation, and 
altera tion by hyd rothe rmal f luids; 

3) lack of specific water chemistry data; 
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4) diffi culties and comp l exiti es of t he cl ay mine ra l ana lys i s ; and 

5 ) the uncer tainty of obtai ning re prese ntat ive s amples. 

II 1. Res ults 

Ge ne ral Strati gra phy 

Wi l de n and Speed (1974) desc r ibed se ve n roc k gr oups within the Di xie Valley 

r eg i on . Th ese include: Upper Tr i assic me tas ed i ments ; Mi ddle Ju ras s ic quartz 

are nite , m&fi c vo l cani c rocks , and gabb roic rocks; t1i oce ne rhyol ites ; a nd Plio -

ce ne and younger sed i mentary rocks , basa lt, and andes ite . A fe\'J lithol ogies 

present i n t he allu via l s ampl es such as granite and apli t e are distinc t ly aty p

ica l of the l ocal St ill wa ter Range source area. Th e mos t abundant rock types 

are the s ilicic t o i nte r med i ate volca nic r ocks a nd t he diorite/gabb r o. Although 

outc rops of t he Uppe r Tri as sic metasediments are present in t he St ill wate r 

Range, they are consp i cuo us ly r are or abs ent in t he all uvia 1 se di ment s e ncou n

t ered in the s i x t hermal gradien t holes. 

Fi gures 1 th r ough 6 dep ict the lithologic logs for the si x t hermal grad i e nt 

ho 1 es , and Figures 7 t hrough 12 sh ow the di s t ribu t ion of vari ous minera t pl1as (!s 

and altera tio n as a f uncti on of depth, lithol ogy and temperature. None of t he 

six therma l grad ient holes pene trated bedrock, although all of the well s, ex

cept H·· 2, encountered interv a ls of relative;ly homogeneous material, su ggesting 

dist illct litho l.og i c units. Th ermal gradi en t hole ·S-8 penetrated a pproximately 

300 feet of i nterca la ted li t hi c and vitr ic tuff (Figure 13-1 4 ) and andesite . 

This ma t er i al i s rel ative ly fresh al th ough alteration is apparen t in much of the 

rock as ev i denced by devi tr ification and clay mine ral deve lopme nt. The x- r ay 

diffraction data f or S-8 are anema10us and will be pres ented in the di s cuss i on 

of t he clay mi ne ra logy . The rma l gr adient hole H-l encount ered a homoge neous 

diorite / gabbro uni t a t approximately 1125 feet, continui ng to a dep t h of about 

1430 fee t , wher e the home gene ity decreases sharply. The upper portion of the 

unit is mo r e altered than the centra 1 porti on . A gabbroi c uni t with an unus

ually high magnetite content was reported at ap pro xi mat ely 1145 feet ; and a 

metasedi mentary uni t was encoun t ered from 1470 feet to total depth of t he we 11 

at 1500 feet ( Ke plinger a nd Associates, 1978). The existence of this meta

sedimen t ary uni t is not substantiated by analysis of the drill cuttings . 

Rather , alluvi a l s edi me nts appear to increase in abundance below 1450 feet 

( Fig ure 6). Th erma l gradient holes SR2, SR2A and 00-9 also pene trated inter

vals of incre as ed homogene ity (Figu res 2-4), altho ugh the amount of admi xed 
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all uvium proh i bits a defi ni te concl us ion that these i nt erva l s represent dis
tinct li thologi c units . Lac k of contact me t amor phic effects in the alluvial 

materia ls bounding th e diorite/gabb ro suggest tha t th e unit was not in t ruded 
into the allu vi um . The structural and st rati graphic relationship of th i s 
diorite/ gabbro uni t suggests tha t it may represent a landslide block al though 
concl us ive evidence is l ack ing. 
Rock Ty pes and Alterat ion Effects 

The dr il l cuttings f rom the s ix therma l gradient holes contai n various 
lithologies but exhib it a simil ar al terat ion assemblage . The minera l ass em
blage cons is t i ng of albite , se r i ci te, ch lorite , calcite , quartz and cl ay miner
als along with i ron oxides and hydroxi des was present i n nearly every samp le 
examined . This particular assemblage i s characte r isti c of the propylitic al
tera ti on descr ibed by Coa t s (1940 ) f or al te red vo l cani c rocks of th e Comstock 
Lode. Coats attribut es the origin of t his propyl itic alte rat ion to hydrot hermal 
alterati on at rel ati vel y hi gh temperatures . 

The bas ic mi ne ra l assemblage descr ibed above has been noted elsewhere i n 
geothermal areas. Work by Brown and. Ell j s . (1970 ): a t Ohaki ::Broadl ands , ·New _Zea
land, fou nd hornble nde and biotite rep laced by chlorite, il l i te (K-mica), cal
cite , qua r tz, or pyrite , with pl agiocl ase replaced by alb ite, il l i te, adu l ar i a, 
epi do te, calcite, wai raki te , and quartz in rhyoliti c and tuffaceous vo lcani c 
rocks . Steiner (1968) at Wairakei , New Zealand , des cribes fe rromagnesian min
erals alteri ng to chlorite, mi caceo us cl ay minerals , quartz , calcite, epi dote, 
and pyrite with plagioclase altering to montmori llonite , micaceous clays , ca l 
cit~ , epidote , quar tz, and K-feldspar in tuff, andesi te , and ignimbri te. Wo rk 
by Schoen and Wh ite (1965) at St eamboat Springs , Nevada, i dentifies hornblende 
alteri ng t o mi xed-layer ill i te/ montmorill onite cl ays, cal ci te, epidote and K
fe l ds par in aci dic to i ntermediate volca nic rocks . 

Thus, t he observed al terat ion mi nera l assemb l age i n t he si x t hermal 
. gr~dien t holes is consistent wi th hydrothermal al teration products character

istic o ~ othe r geoth erma l areas . However, t his does not appear to be a resu l t 
of activity presently occ urring i n the shallow alluvi um within Dixi e Vall ey. 
Rather , the alluvium appears to have acquired the mineral assemblage from a 
source area affected by an episode of hydrotherma l al te ra ti on prior to ero -
s io n and depos i ti on. Evidence fo r a .previous pe ri od of in te nse hydrotherma l 
al terat ion is fo und along the lower por t ion of t he eastern front of the St i l l
water Ra nge in th e i mmediate area of the t hermal gradient ho l es . This zone of 
al t era tion i s t he source area for much of t he altered alluvi al sediments . 
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Al biti zation (det ermined by the Mi che l -Levy method ) affec t s t he pl agi o- . 

cl ase in the vol can i c rocks and to a l ess er degree in the di orite/gabbro. 

This process renders the pl agiocl ase phenocrysts less translucent and the 

twinning becomes diffuse (fi gures 15-22 ). The exi stence of ab undant al bite 
is als o supported by x-ray diff raction dat a from 45 whol e rock samp l es of 

the alluv ia l mate ria l . Albi ti za tion is the pro ces s whereby t he original Ca-

rich plag ioclase is . con verted t o the Na-rich end member of the series: 
albite . Thi s process re l eas es Ca ions wh i ch are probably incorporated i nt o 

the format i on of ep idot e , cal ci te , and/o r Ca montmor i ll on i te, all of wh i ch 

were observed i n the dr ill cut t i ngs . 
Figures 7 t hrough 12 show the p~ rcen t 

t ion of dep t h, l i t hol ogy, and t emperature . 
pl agi oclase al terat ion as a f un c
The al t erat i on of pl ag iocl ase t o 

sericite (i l l ite or K-mi ca) : clay is pervas ive and i n some cases comp le te 
as it consumes ent i re .crystal s l eaving only a ghost of t he or i gi na l crys t al 
(Figures 15- 22) . The process of sericitization is t ho ught to ind i cate al tera

t ion by alka l i ne so l ut ions at hi gher co ncent rat ions of. po tash (K20) (Turne r 

and Verhoogen, 1970). Water samples f rom-grad ient ~ole SR2A (s ampl ~ DV ~ 30 ) 

indicate a re l at ively hi gh concent rat ion of t his el ement; however , t he 
measured pH is 6.9 i ndica ting nea r- neutral conditi ons . On the other hand, 

the various surface and spr ing water samples have pH values ranging from 8. 0 
to . 8. 5 i ndi cat i ng more alkaline .conditions. Sample DV-30 proba bly rep resent s 

a mi xture of deeper , more acid wa t ers migrati ng upwa rd with downward percol a

t ing al ka line near-surface waters. Hyd ro thermal al t era tion of pl ag i oc lase to 
seric i te has been descri bed at Santa Rit~ , New Mexico (Kerr and ot hers , 1950). 

Pl ag iocl as e is al so al t ered t o an ep ido t e mi nera l (Fi gures 23-38). Some 

of the dior i te/gabb ro i s saus su r iti zed , although i n many i ns t ances the epi 
dote and/ or cli no zoi site/ zo isite is coa rs ely cryst alli ne . This replacement 
more often t akes pl ace in t he cores of the pl agi oc lase crystals . Rep l acement 
of plagiocl ase by cl ay an d lesser calci te is common ly developed i n the ground
mass of the finer-gra ined inte rmedi ate volcani c rocks and has l argely masked 
much of the ori gina l t exture . Small phenoc rysts of pl ag ioclase often merge 

wi t h t he gro un d mass . The glas sy matr ix of some of the mo re acidic volcanic 

rocks now cons i st s of chlori te , calcite , qua rtz ~ al bi te, and clay . Fine 
opaque granul es di ssemi nated th roughout many of the roc ks are commonly 
altered to l imon i te and hema ti te and probably rep resen t magnetite deri ved f rom 
an ea r li er al t era t i on ep isode . . 

• 
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The s i gnif i cance of t he di st r ibution of the pe rcent pl ag ioclase al t era

tion as shown in Fi gures · 7 th rough 12 is un ce r t ain . No di st inct patte rn 

occurs that is related to depth , t empe rature or cl ay mineral di st r ibut ion . 

In H- l the plagiocl dse appears t o be rel at ed to rock type (dio r ite/gabbro, 

Fi gure 12) . In t he i nt erval 900 to 1200 feet, the percent plag iocl ase alter
ation steadily i ncreases (Figures 29-30). The interval 1200 to 1400 feet 

shows a sharp decrease in pl ag ioclase alteration indicat i ng the hole pene

trated fres h rock (Fi gures 31-32). From this evidence, it appea rs t ha t the 
upper surface of t; J"i s pos s ible di or ite/gabbro unit is highly altered whereas 
the i nterma l port ions of the uni t are considerabl y less altered. None of the 

other wells hovJever exhi bit a di stinct relationship between the percent 

plagioclase al terat i on and lithology - - due to t he heterogenei t y of the allu
via l sediments . As ment i oned above , the various rock types represented in 

the all uvi al sed i ments respond differently to alteration and weat he r i ng. The 
vol can i c roc ks i nvari ably show a greater degree of plagioclase altera t ion to 
seric i te! cl ay and epidote than the diorite/gabbro. Any quant itative inter
pretat ion and/or co rreTation of the alteration minera logy of the alluv ia l 

sediments he tween t he thermal gradi ent holes or in anyone of t he hol es would 
require extensi ve knowl edge of the source rock and sediment composition - 
such data is not present ly available. 

Th e al terat ion of the ferromag nesian minerals, including clinopyroxene, 

horn bl ende an d bi otite, i s pervasive and generally complete except in in t er

val s where a homogeneous rock unit is encounte red (e.g., H-l, 1200 - 1400 

feet ) . Or i gi na l clinopyroxene in the diorite/gabbro is completely repl aced 

by hornblende wh i ch someti mes OC CUt'S as large poikilitic crystals (Figures 33-
34) and rare ly as phenoc rys ts i n the volcanic rocks . More of ten, ho rnbl ende 
and biotite are comp l ete ly repl aced by chlorite. Magnetite and lesse r amoun t s 
of epidote and calc i t e are al so de r ived f rom the alteration of hornblende. 
In the few sampl es in which ho rn blende does occur , it is usual ly the green 
pl eochro ic var i ety , altho ug h brown and i nt ergraded green and brown varie t ies 

are not uncommon . Mu ch of the green hornbl ende appears bleached. This may 
be due t o a loss of i ron to the formation of disseminated and crystalline mag

net i te wi th whi ch it is assoc i dted. The iron .de r ived from the alteration 

of these mi nera ls and pyrite is responsible for the pervasive limonite and 
hematite . The pres ence of these mineral s indicat es that a la rge amount of 
ox i dation took pl ace pr i or to depos i t i on of the alluvi um . Pos t- depositional 

ox i dation , however , canno t be ru led out . 

• 



6. 

Th e distribut i on and amount of pyrite varies with regard to depth and 
t empe ratu re, as well as rock type . Where it does occur , it is commonl y i n 

the sili cic volcanic rocks. In some of the hol es (e.g., SR2A, 280 - 300 

feet; 00-9, 500 - 560 fe et ) it i s quite abundan t , but may also be present in 
only minute amounts, or comp letely absent. Conclusive evidence for secondary 

pyrite (i .e ., pyri te on l imonite) has no t been fou nd in the alluvial sedi ments . 

Vein and f racture fill ma t eri al in the alluvi al sedi ment s consi sts pre
domi nant ly of calcite and qu art z with lesser amounts of epidote and possibly 

l aumon t ite , although th is has not been confirme d by x-ray diffraction. The 

Ca-zeolite l aumont i t e i s fairly common in ot her geothermal areas (Steiner, 

1968; Browne and Ellis, 1970 ; Ellis and Mahon, 1977). The Ca fo r the la umon

tite may have been derived f rom the alte ration of hornbl ende or Ca-rich 

plagioclase. The volcan ic f ragment s generally exhibit mo re veining, altho ug h 

veins in the diori te/gabbro are not uncommo n (Figures 35-40). The formation 
of these ve i ns occurred prior to deposition . The alluvium shows no sign of 
cementation by crys t all i ne an d/o r amorphous qua r tz _or calcite as has been 

described elsewhere-, such as in Roosevelt Hot 5prings, utah (Ballantyne , 1978). 

This i s further evidence t ha t the effects of the present hydrothermal sys-
tem on the alluv i al sedi men t s in Di xie Valley are minimal and that most of 

the observed altera tion i s a product of a prior period of hydrotherm-al altera
tion be fo re depos ition of the sediment s. 

A phenomenon t hat is observed in certain int erval of gradient holes SR2, 

SR2A , 5-8 and 00- 9 (Fi gures 1- 4) and which may be an indication of present 
or recent hydrotherma l act ivity is the occurrence of aggregat es of felsic and 

lithic fra gments loosely cemented by CaC03. Th ese completely dis agg regate 
with the app l icati on of dilute HCl. The availa ble water chemistry -data indi
cate that calcite is essenti ally in equilibrium, or only slightly saturated 
in sample DV-30 . The data also show t ha t Ca and HC03 ions are quite abundant 
(Table 2, Water Chemis t ry ). Data for the spr ing and surface water samples 

show them t o al so be sl ight ly saturated with respect to these el ements. Pre
Cipitation of cal ci te may be governed ~ bj - - t h~ ~ re a e ti6n~ Ca++ + HC0 3- - 

CaC0 3 + H+ . Th us, given a high concentration of HC03 and Ca, the precipita

tion of cal cite will be favored. In sample DV-30 for SR2A, this appears to 
be the cas e and the CaC03 cemen t ed aggregates do occur. However, there is no 
conclusi ve ev-idence fo r post-depositiona l hydrothe rma l activity with the 
poss ible except ion of the deve l opment of certai n cl ay minerals, partucu1arly 

the montmori l l on i t e cl ays . 
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Cl ay Miner:al ogy 

Figures 7 t hrou gh 12 s how the distribution and relati ve amounts of the 

various cl ay mineral s as a f unction of depth, lithology and t emperature , as well 

as percent pl agi oclas e al te r ati on for each of the thermal gradient holes . Re l a

ti ve cl ay abundance is here interpreted as being proportional to the peak i n

tensity; th is can al so be in f lue nced by a number of other f actors , including: 

orientatio n, crystallin ity, typ e of c l ay, and sample reproduci bility. Thus 

the conc l usi ons an d inte rp retations presented below must be vi ewed with dis 

creti on. 

Overall , a cons picuous correlation between t he six thermal gradient holes 

is lack i ng with respect to clay mine r al zonation. This is probably due to the 

nature of t he alluvi a l s edi ments and the lack of correl ative horizons , and 

t he late ral and vertica l variation with i n the sedi ments. However, in SR2 

(490 fee t), in SR2A (700 feet), in S-8 (450 fee t ), and possibly in H-l (800-

900 fe~t ) there ap pea rs to be a rough correlation with specific _cl~y ~ineral 

abunda nce and distri bu tion . . These zones of lost circul a tion (Fj gures 7-9, 12) 

i - fL" Kf:?d by inversions i n the t emperatu re gradients whi ch in other geothermal 

areas, s uch as Ha irakei (Steiner, 1968), i ndicate fault or fra cture zones. 

The cl ay minerals which were identified by x-ray diffraction are kaolinite, 

i 1 "Ii te , Na (l:l d Ca and/orMg montmorill onites, mi xed-l ayer ill i te/ montmori 11 on

ite, chlori te , and an anomalous occu r rence of what is referred to as 'vermicu

lite-l i ke ' and mi xed illite/vermiculite clays ( K. Papke, pers. commun., 1979; 

Table 1) . As me ntioned above, the variable chemical and structural compos ition 

of clay minera ls makes i dentification very difficult. X- ray diffracti on analy

ses must be supp l eme nted with other techniques such as heat treatment and the 

use of or ganic liquids. However. even these confirmi ng tes t s are no t conclu

sive . For ins tance, heat treatment of a sample at 560°C for one-half hour 

dps troys the s t ructure of kao 1 i ni te. but it has been reported that the s truc

t ure of chlo ri t e may a lso collapse. Because both have a reflection at 7.l~, 

their iden t ification is uncertain, especially if the 14~ peak for chlorite 

'i s present . 

The utility of argillaceous a l teration products for des cribing zonation 

due to hydrotherma l action has long been recognized. Many ore deposits have 

been di scove red by the argillaceous a l teration halo around them. Although 

compl ex , t he 11lf':'c hani sm of clay minera l alteration is similar for hydrothe rma l 

action assoc i ate d I'l'i t h a geo therma l system. The study of the alte ra t ion produc ts 



Mi ne ra 1 

Na-montmori llonite 
Ca and/o r Mg mo ntmorillonite 
Mixed Na-Ca-Mg Mon tmori llonite 
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in the allu vial sediments of the thermal gradient holes is compli cated by the 

diff iculty of distinguish i ng be tween hypogene and superge ne produc ts. It is 
quite probab le that the two are s uperimpo sed upon one ano t her . Kao linite , fo r 
example, i n some i nstances may be formed as a hy pogene product and later by 

supergene al tera tio n of some other cl ay minerals (Gri m, 1968). Stei ner (1953, 
1968) s tudied i n detail the hydrothe rmal rock alteration of Wairakei in New 
Zealand . He found a surfi ci al zone of kaoli nite and alunite wh ich grades 
into a zone dominated by smec t ite cl ay whi ch in tur n gives way to zeolite 
and adularia. At greate r depths, sericite is formed . Ste i ne r concluded t hat 
the initi al hydrotherma l agents are qcidic and become neutralized and then 
alkaline as they proceed to the surface. The surficial kaolinite is bel ieved 
to be in part produced by sup erge ne alteration. Thes e zones are temperature 
dependent. Thus , an understandi ng of th e clay minera ls can be an important 
fa ctor i n determining the ch aracter of a hydrothe rmal system. 

S-8 
The cl ay mineral content of gradient hole $-8 (Figure 7) is- unique compared 

to the others because of the occurrence of what is beli eved to be vermicul i te 
and mixed-layer chlorite/vermiculite and/o r illi t e/vermicul teo Hayashi and 
others (1 961) identifi ed smectite, vermiculite, and randomly interstratified 
combina ti ons of chlorite-vermiculite and regular inters tratified combinations 
of smec t ite-vermiculite in basaltic rocks from Japan. S-8 is also unique with 
regard to the rocks encounte red as the hole only penetrates about 100 fee t of 
all uviUfi: and then remains in intercalated silicic to intermedi ate volcanic 
rocks to t otal depth (Fig ure 1) . The location of S-8 is very close to the 
range fron t f au l t and the visible zone of intens ely altered rocks along the 
range front (Pl ate 1). 

Fi gure 7 shows the sharp increase in vermiculite-like cl ay (l00-200 
feet) which i s di re ct ly re l ated to the transiti on f rom alluvi al sediments to 
an intercalated t uff-andesite sequence . The ve rmiculi te is probably derived 
from the alteration of ma fic minerals (biotite, hornble nde) as evidenced by 
t he absence of these minerals in the rocks. It i s quite li kely that the ver
mi culite-li ke cl ay is actual ly randomly interstratified mixed-layer chlorite/ 
vermiculite or possibly randomly interstr~tified illite/vermiculite. 

Ill ite , as well as kaolinite and chlor ite, is more abundant in the upper 
100 feet and probably represents the influence of the alluvial sediments. The 
relative amou nts of th es e cl ay minerals drop off where the volcanic roc ks are 
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encountered) i ndicat i ng the s tro ng influence of l i tho logy on t he dis tribution 

and abundance of the cl ay minerals. From 100 to 400 feet ) the relative amount 
of th e vermiculite-l i :,e cl ay minera l gradually decreases. Kaoli nite and illi te 
rough ly follow a similar patte rn whe reas the di stributi on of chlorite is rel a
tively uni form through ou t t his interva l (100-400; Figure 7). 

The interval 400 to 500 feet in S-8 is si gnificant because a zone of 
lost circulation has been documen ted (450-475 feet). The evidence for a rapid 
change of co nditions in t he hol e is refl ected in the clay mineralogy. This 
zone of lost cirucu lation is here interpreted as represen t i ng the intersec t ion 
of the hol e with the eas tward dipping range front fault. By assuming a 60 
degree dip on the faul t) t he calculated position of t he well is approximately 
250 to 275 feet from t he faul t (Plate 1). This fault may be a conduit for 
therma l fluid migrat ion. The dramatic increase in t he rel ative amount of a 

mi xed-layer i l lite/vermi culite (i llite dominant) in this 400 to 500 foo t in
terval is most li kely th e result of t he higher temperatures encountered during 
active hydrotherma,t al terat ion-.. AlthO-tAgh th e. bo.t tom hole temperature at the 
present -time is relatively lovl (4B-9 C}; t he- presencec--of -abundant clay in t he 

zone indi cates t hat t he inte ns'i ty of hydrot he rmal ac tivity has varied thro ugh 
time. Ill ite and mixed-l ayer illite-montmorillonite in Imperial Valley 
(Hoaglan d) 1976)) Wairakei (Steiner, 1968)) Ohaki-Broad1ands (Browne and 
Ellis) 1970) and Reykjanes) Iceland (Tomasson and Kristmannsdott ir, 1972) 
indicate hi gher tempera tures than does montmorillonite. Thus the occurre nce 
of illite or i ll i te in mi xed-l ayer mi nerals is indica t ive of higher tempera

t ures in therma l gradi ent hole 5-8. 
The distr i buti on of kaolin i te and chlorite in S-8 does not reveal any dis

tinct pattern as i de from t hose noted above. Kaoli ni te does show a gradua l 
decre as e wi th depth and its rel ative abundance is antithetical to that of il
li te and mi xed-layer ill ite/ve rmi cu li te . The si gni fic ance of this obse rva
tion is uncertain, howe ver it is probably related to f luid migration and 
t emperature regimes and poss ibly rock type. 

Th us ) i n therma l gradie nt hole S-8) the dis t ribution and intensity of the 
observed al teration effects) particularly the cl ay mineralogy, is relatedpri
mari ly to s t ructun l controls) i.eo) f au lting. Lithologic variation is a 
secondary factor infl ue ncing the clay mineral distributi on. 

SR2 
The clay minera l distri bu tion in gradient hol e SR2 (Figure 8) is quite 
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similar to t hat observed in S-8. Both hol es are located very close to the range 
front fault, approxi matel y 280 and 250 feet, respec tively (Plate 1). Both 
drill holes encountered zo nes of lo st circulation: 450 feet in S-8; 490 feet 
in SR2. Lithologica lly and mineralogicall y , howe ver , the hole? are differ-
ent. As Figure 2 shows, SR2 encountered predominantly alluviu~ which in cer
tain intervals (150 -275 feet and 450-500 feet) contains abundant volcanic 
rock su ggestive of dis t inc t lithologic units or volcanic gravel s . None of the 
vermicul i te ·,like cl ays we re iden tified in SR2. Ihe Na -montmorillonite and 

~hlorite both s how a sharp decrease in relati ve abu ndance from 300 to 400 feet 
and from 400 t o 500 feet. The interval containi ng the zone of lost circula
tion (400-500 fee t) is not ma rked by an increase in any of the clay minerals. 
This may be due to experimental error, lithologi c differences/or more likely, 
to differences i n fluid mi gration activity along the fault zone. The distri
bution of mon t morilloni te is probably a function of temperat ure. Montmoril~ 

lonite is i ndicative of lower temperatures in other geothermal areas as noted 
above~ and t his appea rs to be the case ' here in SR2 : Additionally, the interval 
200 to 300 feet in SR2 rough-~y- corresponds , t o: a transition from alluvial sedi
ments to predominantly sili cic to intermediate volcanic rocks, possibly a lith
ologic unit. This transition is ma r ked by a dramatic increase i n the relative 
amount of montmorillonite, and to a lesser extent kaolinite, illite, and 
chlorite . Th e clay mineral dis tribution appears to be controll ed largely by 
lithology i n SR2. 

Kaol i nite decre ases with depth from 200 to 500 feet in SR2 (Figure 8). 
This is suggesti ve of supe r gene conditions since up\,/ard migrating fluids 
leach pyrite, and as H2S is oxidized, the fluids become more acidic and more 
conducive to the format ion of kao l inite. This process has not been substan
tiated Rather th e presence of kaoli nite may be a relict from a previous epi
sode of more ac idic hydrothermal alteration . Al te rnatively, lithology could 
be the controll i ng factor; that is, as the amount of volcanic materi al dec reases, 
so does the amoun t of argillaceous al teration -products. 
SR2A 

The pa ttern of cl ay mineral distribution in thermal gradient hole SR2A 

i sal so d i ff i cu lt to i n te r pre t. 
for SR2A is shown in Figure 9. 

The distributi on of the clay mineral species 
The interval 700 to 800 feet appears to be 

signifi ca nt, as drilling encou ntered a zone of lost circulation. This zone is 

in t erpreted as the inte rsection with the range f ront fau lt; SR2A is approxi
mately 450 fee t from the fault zone (Pl ate I ) . Lithologically, this 700 
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to 800 foot zone is marke d by an i ncrease in dio rite/gabbro fragments (Fig-

ure 3) . Th e amo unt of i nte rmi xed alluvial sedi ments and t he alte red appeara nce 

of all tn e dio rite/gabbro fra gme nts suggests that this is no t a bedroc k zone . 
Hm<le ver , the observed alterat io n may be re l ated t o t he permeab il ity associated 
wi th the cont ac t surface between alluvi um and a poss ible di orite/ gabbro intru
sive. Thus, the al te rat ion obse rved in the interva l 700-800 feet is influenced 
by litholog i c and/ or s t ructural controls. Elsewher e i n SR2A t he clay mineral 
abundance is l arge ly controll ed by lithology. 

The dist rib ution of mixed- l aye r illite-montmorill onite i ncreases toward 
the zone of lost ci rcul at ion (Fi gure 9) suggesting an increase in t emperature. 
The dec rease in th e rel ati ve amount of mixed-layer illite-montmoril l onite . 
below 800 feet may be re l ated t o a temperat ure invers ion associated with t he 
zone of l ost ci rcu l ati on. Lithologic influences ca nnot be r ul ed out. Neve r
the less, the temperatures and degree of hy~rothe rma 1 acti vi ty have probably 
been muc h highe r in the pas t in SR2A. 

The large concentration of Ca and/or Mg-montmori llo nite in the interval 
200 to 400 fee t (Figure 9)- cor res ponds to t he occurrence of abundant agg re-

. gates of l i thi c and felsi c- f ragments - loosely cemented by CaC03 and_- clay. From 
500 to 800 feet , all t he clay minerals exh ibit relative inc reases i n abundance. 
In the interval 700 to 800 feet , increases in Na-Ca -Mg montmori llonite occur 

with mi xed-layer i llite/mon tmorillonite showing a l ess pronou nced increase . 
This observat ion is consistent with the in te rpretation that this interval in 
SR2A r epresents th e intersection with the r ange front fa ult. The presence of 
the fault , acting as a conduit for migrating the rmal fluids, would explain 
why t his zone exhib i ts a greate r degree of alte ra tion. 

00-9 

The al te ration ef fe cts observed in drill hole 00-9 are related pri mari ly 
to lithol ogy, and possibly to l ithologic contacts \'/hich serve as fluid con
duits. Th e variations of t he alteration effects as t hey relate to lithology 
are best exhibited by montmorillonite (Figure 4·, 10). The i nte rval 700 t o 800 

feet and 1100 to 1200 f eet which are marked by l arge increases in volcanic 
material (poss ibly disti nct uni t s) clear ly show this rela ti ons hip. The re
sponse of the other clay minerals to lithologic changes is not as distinct . 
Ca and/ orMg montmor ill onite predomi nate in the uppe r porti ons of the ho 1 e and 
gi ve way at depth to Na-montmorillonite. Mixed-layer illi t e-montmorillonite 
occurs at t he bottom of the hole (1300-1400 feet) prob ably reflecting the 
hi gher pressures and temperatures ofi ts stabi 1 i ty range . Th e reason for the 
change f rom Ca and/or Mg-montmor i 110nite to Na-montmorill oni te is unc lear, 
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although i t must be re l ated to wa ter-rock i nteraction. 

No zones of los t ci rc ul at ion have been documented in OD-9. The range 
front f au l t quite li kely is much deeper cor res pondi ng to an increased di s
tance from the St i ll water Range (1/2 mil e , Pla te 1) . Such an i nt erse ct ion is 

projec t ed to occur at about 4700 feet dep th in th e vi ci nity of 00-9. 
H-2 

The clay mineral ogy in H- 2 is also baSically controlled by li ~hology. 

The rocks i n H- 2 cons i st primarily of alluvial sediments (Figure 5) and ·the 

cl ay mi nera ls exh ib i t a f ai r ly uni fo rm bu t nondi agnostic pat tern i n t heir 

distribut i on (Figure 11). Th e cl ay minerals prese nt canno t be cor rel ated 
with speci fic pa r ame ters , such as ch anges in lithol ogy or los t ci r cul ation. 
Only one in te rval , f rom 900 to 1000 fee t, appears anomal ous due to the ap
pearance c,f a mi xed- l ayer ill ite/mo nt mor illonite mineral and a re lative 

increase increase of all clay mineral s, although t hi s may be due t o experi 
menta l error. The si gn i f icance of this interval is uncer t ai n. The observed 
cl ay mi neral di s tributi on ap pears to- coMf rm that· H- 2. penetrated all uv i al 
sedi ments throughou t · fts total d-epth of i 500~ f~et. 

H-l 
The dis tri but ion and relative abundances of t he clay mi ne rals in t hermal 

. gradi ent hole H- l are .illus t rated in Figure 12. Th e clay mineralogy in the 
upper half of the hol e is no t very diagnostic. As in DD-9 and SR2A, Ca and/ 
or ~lg-mo ntmorill oni te predomi nate in the upper porti ons and then gi ve way to 
Na -mon t morillonite at depth . The increase in all t he clay mi nerals in t he 
i nterval 800 to 900 feet coinci des with the postul ated intersection of t he 
dril l ho l e vlith t he range f ron t fa ult (Pla te 1), The l arge i ncrease in 
kaolinite i n th is interva l may be related to upward mi grati ng acidic t herma l 
waters. Howe ver, the conditions for the formati on of montmorillonite and 
kaolin i te are qui t e different suggesting that one of t hese mi ne ral s is out of 
equilibri um ~"ith t he presen t sys tem, being a rel i ct of a pr evious episode 
of hydro t hermal ac t i vity. 

The i nterva 1 1200 t o 1300 feet in H- l corresponds to the top of a di orite/ 

gabbro uni t (Fi gures 6, 12). A rel ative inc rease i n Na-mont morillonite is pro
babl y re l at ed to the contac t su r face between the diorite/gabbro and the over
lyi ng al luvium. Fi gu res 29-32 support the existence of a homo geneous unit 
from 1200 to 1450 feet, th e oute r porti ons of which are hi gh ly altered. 
Addit ional ly , the t emperature gradient f or H-l shows a sli gh t i nf lection at 

the supposed contac t . Thi s may be due to the differe nces in conduc t ive proper-
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ti es betwee n t he all uv i um and t he diorite/gabb ro, or poss ibly a change from 

convective heat f low in th e dior ite/gabbro to conduct ive heat flow in t he 
alluvium. 
Water Chemi s try 

Specific water chemistry data is available only from thermal gradient hole 
SR2A; Tabl e 2 lists the chemi cal composition of t his wate r sample (DV-30). 
However, some assumptions are ma de based on ch emical dat a from spring and su r 
face wa ters collected at or in the vicinity of t he six thermal gradie nt hol es . 

Sampl e DV-30 is relati vely low in total dissolved solids (TDS = 1903; 
Table 2) as compared to other geothermal areas: 21,380 to 32,250 in Imperial 
Vall ey (Hoagland, 1976). This sug'gests that the water is largely of meteoric , 
origin and has arrived at its present chemical composition th rough interaction 
with the host rock. The low TDS is also suggestive of a ra t her short resi
dence time fo r t he water. The presence of constituents such as lithium, fluor
ine , and boron, however, have been suggested as indicating at least partial 
magmati c origin of fluids . " Continuotl5. ,rocK:-wat..eL.jnter action may e.veJJtu,alJy,. 
depl ete the avai 1 abl e constituents. in. a formation.. Orr the oth~r hand, these 
elements (Li, F, B) may be derived from rock alteration at moderate tempera-
tures (Ellis and Mahon, 1977). Experimental evidence suggests that thes e elements 
may also be released by alteration of organic-rich materials, such as the meta
sediments in Dixie Val ley. 

The origin of chemicals in th e water is obscure, but local water-rock 
r~actions are probably the most importan t fac t or determining the fluid compo
sitions . However, these in turn are influenced by the water flow and composi
tional variations over time, probably as a result of tectonic activity which 
may create or destroy the fluid migration channels. Deposition; solutions, 
and tectonic adjustments with the rock are all factors which influence t he flow 
cha nnel s . In the case of t he rmal gradient holes S-8, SR2, SR2A and H-l, the 
range fro nt faul t has served as a condui t for mi grati ng the t'ma 1 fl ui ds . The 
unconsolid~ted nature of the alluvial sediments sugges ts that fluids could 
also ascend t hrough the porous materi als with the rate dependent on permeabil ity . 

The dynamic character of the geothermal flow system in Dixie Valley is 
evident in the variety of flow rates and fluid compositions of the many springs, 
surface waters , and wells in the area. Additionally, the alteration effects 
in the thermal grad ient holes are supportive of a changing system as differe nt 
periods of act iv ity, ch arac teri zed by a certain alteration assemb lage , may be 

• 
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TABLE 2. Distribution of spec ies, sample DV-30 

SPFC JE S PP M MOLAL! TY LOG MOL hCTt'lITY 

CA 2 .1209 6[+03 .3 0238E- 02 -2.519 4 .1 5:147f-02 
~IG 2 .22001E+(\2 .90666E - 03 -3.0426 . ,.I)Q47 t"-01 
NA 1 .36560[+ 03 .1 5933f-(\ ] -1.79Tl . 1337 0r:-O l 
K 1 .1831;6 E+02 .47034 E- 03 -3.3276 . 3'1 123E-Ol 
H 1 .149Q IiE -03 .14906E-01) -6 . R266 . 1? PF1ZF".-OA 
Cl -1 . 574114£::+03 • } 62/~5E-O 1 -1.7B93 . 13S}4E-O} 
504 -2 . 19579 E+03 .20 4 20E-O I:' -2 .6899 • 1 O;:>Jf.i->r>? 
Hen3 -I .194A2 E+03 .31957E-02 -2. 49 54 . ?IiQ77 f" -O?' 
CO~ -7 .lfl2R7E+OO .30 532E- O:; -5. 5 152 • 15<;05 ~ -n 5 
H2C03 0 .43660 ( +02 .705 25E-03 -3.1::'17 . 7] nO l!;- 0' 
OH -] .221Q2E-Ol .13073E- 05 -5.8d3b .1 0?63f.-05 
F -1 •. 40 840 E+01 .?1538 E-03 -3.f,6 6B .1 7f19 flE -0:1 
MGOH 1 .14':1~ 3E -01 .36330 E-06 -6.4:3 9 7 .1n o l3 E-0!, 
'~GSO l.. A(l 0 .14037 E+02 .121 83E-03 -3.(1143 .1 ??70F.-03 
""GHC 0 3 I .2 07231':+01 .24333F-04 -4.6138 . 20::\OqF.-(\4 
Mr,r. 03 AQ I) .13993E+OO . • 16626E-05 .. , -5.7792 .1 6 7 46 E-0 5 
MGF 1 .71891E+oO .166 31E-04 -4.1'(91 .13 Q4oF-04 

I CAOH 1 .355CJ~E-02 . fo2471E-07 -7.2043 • 5 2 q 7 0 F: - 0 'f 
CAS04 AU 0 .S67S()E+1) 2 .41765E";03 -3.379<:" .4?nf,s'.:-03 
CAHC01 1 .1711 RE+02 • 1 6965 F. -0 3 -3.770 5 . 1l.. :1P5':: - 03 
CACO~ At) 0 .13404E+ Ol .13508£-04- -4.1:\6 94 • 13 A 05 F - 0 <. 
NA-S04 -1 .20044E+-(}3 .1b8h8E-02 -2.77Z Q . 14?4 r.[ - 1l2 
NA?S 0 4 0 .405QOE+oO .2B63 1F-1l5 -5.5432 .?P A 3 1E -OS 
NAHC O:.l () • }-S T5Sf +-0-1- .1 8 794E-04 -4.7260 .. }AO?9E -\}4 
NAC O;l -1 .11817 E+00 .1 42 64 E-05 -5.84S7 .1 ?04i f: -i)S 
NA?C03 0 .13678E-0 3 .12930[- 08 -fi.88l{4 • 1301'.:<1-:-0R 
NACL 0 .26163 E+OO .4 4853E-05 -5.3482 . 4C;173 ~: - 05 
K ClO'. -1 . B249flt:+OO .61151E-0 5 -5.2136 .51 f.21 E-05 
KCL I) .101 <:- 7£-01 .136501:-0(, -6.8649 .1374 8E-O A 
H504 -1 .47326[-02 .48H 48E-07 -7.3112 .40 G':'3 f-0 7 

H?S04 0 .164713E-12 .16833F-17 -17.773 8 .1 f,Q54F-17 
.HCL 0 .19774E-08 .54338 E-13 -13.2649 . 5 47 29[- 13 
H4SJ04AQ 0 .16706E'+03 .17414E-02 -2. ·/591 • 17t; 3Q F: -0? 
H1SI04 -1 .894R2E+00 .942 65E- 05 -:>.0257 . 7 AA7 ?E - O:; 
H2S I04 -? .8?7C,6E-03 .88114 F.- 08 -8.0550 . 44745~-OH 

. FE ? . • 40 000F':'0 1 .717 61E-06 -6.1441 . 370 Q3F - 00 
AL 3 • If> 1 4 6 E - 0 9 .59':157E-14 -14.?t:22 .1 f:.130E-14 
ALOH ? .?2318E-06 .50B77E-11 -11.2';1 3:' . 25P.3('r -11 
AL.(OH)2 ) .235~4E-03 .38 738E-08 -1.1.41 1<1 .3 ?70 1F-OA 
AL(OH) 4 -1 .34491 E+00 .3689 9[-05 -~.4 330 . 30 0 2HF-OS 
ALI" ? .2A6Cl 6E-06 .5R172[-11 -11.2353 . 20<;41 F -IJ 
ALF? 1 .11S7 Rf -0? .17H53E-07 - 7.7 483 • 15071f:.-0 ',. 
AlF :1 0 .!J20H-h3 .157 Lf9E-0P. -H.R 02 7 .1 SR6?[-O.F1 
IIlF 4- -J .10hC,Of-04 .10 3ft3f-09 -9.';ICl4 S . . B6HSAr- ]O 
AL <:;0/. 1 .A01 3AE-09 .48969E-lLf -1'1.3101 . 4104'1F-1-'+ 
ALe <;04)? -1 .101:HE-OCJ .4ft353[-1S · -15.33 39 • 3P.P.5?F. - J 5 
H3RO] A() 0 .?'h7?31->Oc .43301E-03 -3.3635 . 43{' 1 ?~: -OJ 
H? RCl ::l -1 • 1 5 ·f H H E, + 0 0 . 2600(:,[-05 -5.St:l 4<1 . 2 140 5E- 05 
LJ 1 .Q70A4f::+OO .14015E-03 -3. 8534 .11 ~inF.-03 

LI () H 0 .12ht) 5f-()4 . Sc73Hf.-OQ -9 .?.77 Q . <;1117 f- 1)9 
l.I C; 04 -1 . 64 'f ,v, t: - n 1 .A2 970E-I)A -6.20USI . 5?00][ - OA 
SQ ;.> .32nI)Of.+ol . 36') (Jl E - 0 4 -4. /..366 .1 f'l S l[-O/, 
<;P"H 1 .?n'-,t'F-04 , 1 q64 <F-OQ _I}. 70 h Ii .1 f,<;11F-0() 

TD$=1903 ., 
field pH = 6.89 
T = 64.5·C 



16. 

superimposed upon one another .. Thus the rel ati ons hi p between the fl ui d chemi s

try and the alterati on mineralo gy in Di xie Valley is quite compl ex . 

Various processes of hydrothermal al te ration are active in Dixie Valley, 
including: solution, de position, recrystallization, devitrification and ion
exchange reactions. The end product of these inte ractive processes is a func- . 
tion of temperature, fluid composition, rate of fluid flow, and permeability. 
Variations in th ese f ac tors contr ibute to the diversity in observed altera
tion. In the heterogeneous unconsolidated alluvi al sedi ments, the influence 

of each of these factors is difficult to determine and vertical zoning, common 
to other geothermal areas,is obscure . Permeability is especially important 
as evidenced by the areas of intense alteration associated with t he fracture or 
fault zones marked by zones of lost circulation. 

In deal i ng with the rel ationsh i p between the alteration mi nera logy and 
fluid chemistry, the concept of equilibrium must be incorporated. The attain

ment of equilibri um is dep endent on a number of fac tors: the compos ition and 
properties of the ·fluid and-rock, the rate'· of fluid flow, and temperature and 
pressure-. Temperatores in the thermal gradi-ent holes · range from a low of 24°C 

in S-8 to g7°e in H-l. Figure 41 represents the the rmodynamically stable pha
ses for OV-30 for a temperatu re of 100°C. Although the bottom hol e tempera- . 
ture in SR2A is only 92°C, the diagram is a good approximation of the existing 

condi ti ons 'r wi-tp ,,regprd i:tot·lg and K acti vi ties . . The plot, assumes quartz 

saturation. 
It should be noted that a fluid compos.ition within a stability field for 

a given mineral does not imply its presence, or indicate any quantity which 
may be present, merely that it should be a stable phase for the given condi
tions. Element availability, diffusivity, ability of a phase to nucleate, 
and the kinetics of grain growth are also factors influencing the existence 
of a particular phase. 

Figure 41 indicates an equilibrium assemblage of chlorite Mg-montmori1-
lonite and possibly K-feldspar at the measured field pH. A decrease in pH would 
bring the assemblage kaolinite-Mg-montmorillonite andK-mica into equilibrium. 

-. The effect of a decrease in t emperature on the stability fields is uncer ta in. 

This plot (Figure 41) has only used selected components of a mUlti-component 
. system (MgO-CaO-K20-Na20-A1203-Si02-C02-H20), thus limiting the number of 

possible phases according to the phase rule. Iron should probably be included 
to allow for vermiculite as a possible phase. Given the above components, 
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this implies that for a give n t emperature and pressure , seven s table phases 

should exist. Mu f f l er and White (1969) in the Salton Sea geotherma l field 

found the above compone nts producing the following phases: quartz , albi te, 

K-spar, chlorite, K-mlca, epidote and calcite. This s ame ass emblage, minus 

t he K-spar, is found in the rocks of all the therma l gradient hol es s uggest

ing a state of rela t ive equilibrium. 

Th e mi nera 1 assembl age observed in SR2A Clppears to be in approximate 

equ"il ibrium with the water of sample DV -30 according to Figure 41. The x-ray 

diff raction data indicate that Ca-Mg montmorillonite and chlo r ite are most 

abundant, along with lesser kaolinit~ and illite. The Ca-Mg montmorillonites 

give way at greater depths to Na-montmorillonite. This change was generally 

observed in all the thermal gradient holes and is likely related to the fluid 

temperature and the availability of ions. The forma tion of montmorillonite 

is f avored under alk aline conditions which do exist at shallower dep t hs in 

the thermal, gradient holes. Thi s is generally compatib1e with the observed 

distribution of _ this mineral being more abundan,t .in shallower depths. Wa te r 

chemistry data of DV-3D reveal that Na, Ca; and Mg-montmorillonite are ,all 

highly saturated, as is kaolinite, K-mica, and chlorite. Thus the conditions 

for the precipitation of these minerals is f avored, but not necessitated. 

Although the field of kaolinite is slightly out of equilibrium with the pre

sent conditions (Figure 41), the amount ofl<aolinite ' observed -may be a relict 

feature related to per iods of increased hydrothermal activity when condi tions 

were more acidic. This supposition may be applied to the K-mfca as well. 

The pH values for the various spring and surface water samples are invar

iably higher (7.5 - 8.5) than that recorded for DV-30 (6.89). This is sug-' 

gestive, although not conclusive , that mixing of the al kaline surface waters 

with deeper, more acidic waters is occurring. The mineralogy of SR2A, com

pared with the oth er drillholes i s no t Significantly different to substantiate 

this process in the upper 1500 f eet of alluvium. If water s ample DV-30 can be 

interpreted as being representative of water in the other therma l gradient 

holes, with the possible exception of S-8, it would be compatible with the 

- similar mi neral assemblage found in the dr i ll holes. 

Possible indications of the conditions necessary to form the various min

erals observed is found in an examination of the geochemistry of argillic and 

related types of ro ck alteration in some ore deposits. For instance, in acid 

solutions containing potassium and aluminum, the feldspars alter to sericite 

• 
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at high temperatures and to kao~inite at lower temperatures, but change to 
-

zeolites at temperatures f rom 60 °C to 550°C in al ka line solu t ions undersatu ra-
ted with respect to silica. Magnesium and ferro ma gnesian silicates of t he 
pyroxene, amphibole, and chlorite groups are stable in alkaline solutio ns , but 
are readilY decomposed by hot acid solutions (Lovering, 1950). On the other 
hand, mi ldly alkaline solutions, such as those found in the spring and surface 

waters of Dixie Valley, are relatively ineffectual in caus ing decompositio n of 
the common rock silicate minerals (Lovering, 1950). 

Followi ng the above li ne of reasoning, the alteration assembl age in the 
six thermal gradient holes has been derived from acidic solutions. However, 
these acidic solutions presently do not exist, except at much greater depths. 
Hence , the alkaline sh allow surface and spr ing wate r is dominat ed by water 
of meteoric origin which is not affecting a significant amount of al teration 
in the drill holes. The low pH of the water in DV-30 is probably derived by 
mixing of meteoric water with deeper, more acidic waters. 

TYle relations-hip of the water chemistry to the .observed alteration is 
complicated by the heterogeneity of the rocks encountered. The amount of 
fluid mixing, t he rates of fluid flow, and the water and rock compositions 
also make conclusive interpretat ions difficu l t. The textural and structural 
rel ationships of the observed mineral assemblage and the available water 
chemistry data indicate a dynamic hydrothermal system characterized by alter
ation by acidic solutio ns~ However~ evidence of the adjustment of the mineral 
assemb lage to changi ng conditions is lacking. 

Summary of Evaluation of Thermal Gradient Hol es 
Only general i zed interpretat ions can be made regard; ng the temperature

depth relationships of the clay mineralogy. Montmorillonite clays are indica
tive of near-surface alteration by alkaline solutions at lower temperatures. 
In zones of higher temperatures , th ese clays grade into int erstratified mixed
layer ill ite-montmori 11 oni te cl ays. The re 1 a ti onshi p of the dis tribution of 
Ca and/or Mg montmorillonite and Na-montmorillonite is uncertain, but is 

probably locally controlled by changes in rock and fluid composi t ions. The 
distr ibution patte rn of kaolinite is obscure; its formation, however, indi
cates alteration by acid solutions of relatively low temperatures. Chlorite 
distribution is nondiagnostic and is probably related to local lithologic 
variations, independent of temperatu re. Based on t he pH of the s pring and 
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surface water samples in the vicinity of the thermal gradient holes, the kao

linite occurrences appear to represent relict phases of an earlier, more 

aci dic peri od of hydrothermal a lterati on, whereas the montmori l10ni te-type 
clays are more indicative of the present conditions. 

Continued examination and study of the geochemical nature and origin 

of the observed alteration in drill holes shou ld provide viable evidence to 
further an understanding of the character and potential of the geothermal 
system in Dixie Valley. 
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Description 

All uvi a 1 sediments: unconso 1 i dated" 1 i ght brown weathered fragments, 
abundant silicic-intermed. volcanics , some propylitized, diorite, 
.chloritized biotite and hornblende, limonite-hematite, minor cal
cite, epidote and clay. 

All uvial sediments: cont'd as above, with calcite cemented lithic 
aggregates, abundant highly altered chlorit ized diorite and clay. 

Andesite: predominantly gray to reddish brown, some probably oxi
dized, silicic, aphanitic crystalline, no fresh mafics (ch1ori';' 
·tized) and euhedral plagioclase. 

Tuff: medium light gray silicic welded lithic and vitric tuff, al
t ered to clay, partially devitrified with doubly terminated quartz 
crystals, minor biotite weathering to chlorite. 

Andesite: brownish-gray silicic, some oxidized, intercalated with 
-- . -sil ici-e :tuff. 
-Tuf-f : Hght "brown-gray fresb, -_ unaltere.d silicic welded -tuff with · 

minor biotite. and Fe-oxidation. 

Tuff: cont'd as above, with varying lithic fragments, diorite/ 
gabbro, andesite. -

Alluvial sediments: predominant1y ' andesite, propy1itized, minor 
diorite/gabbro, tuff, quartzite. 

Tuff: silicic light gray, altering to clay. 

Figure 1. Lithologic log for thermal gradient hole S-8. 
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23. 

. . Descri pt ion 

Alluvial sedi ments: unconsolidated predominantly light brown to gray 
weathered sedi r.;ent s, abundant volcanics, andesite (some propyli
tized), abundant felsic fragments, varying amounts silicic tuff, 

. aplite, diorite/gabbro, quar tzite, abundant li monite-hematite 
staining, chloritized biotite, hornblende, trace epidote, magne-
tite after pyrite, ca lcite, CaC03 cement. . 

Alluvial sedi ments : cont'd as above, with abundant crystalline pyrite 
on fine-g rained volcanics. 

Alluvial sedi ments: cont'd as above, with predom. silicic tuff, de
creased pyrite, abundant felsic fragments, CaC03 cemented aggre
gates of lithic-felsic fragments, abundant altered diorite/gabb ro, 
chloritized ferromagnesians, minor sul fur, epidote, pyrite, clay, 
hematite-limonite . 

Alluvial sediments:cont'das above, with abundant lithic and felsic 
fragments, altered diori.te/gabbro, Fe-oxides, trace sulfur, 

. epidote. 

Alluvi al sediments: ·cont'd as abo~e, unconsolidated, predominant ly 
\'Jhite to li ght green, coarsely crystalline quartzite, \·lith sl)rr.e 
secondary qua rtz, felsic fragments, aplite, silicic vo l canics, 
di orite/gabbro , altered granite, hematite-l i monite, mi nor sulfur, 
ep;'d6fe~ chlorite after biotite, hornblende, magnetite, trace 
crystalline calcite .• . CaC03 cement, clay. 

Alluvial sediments: cont'd as above, with abundant silicic tuff, de
vitrified, altering to clay and calcite (?), mi nor pyrite; in
creased amounts of pink aplite and diorite/ gabbro with pl agio
clase altering to clay and chloritization of ferromag nesians. 

Figure 2. Lithologic log for thermal gradient hole SR2. 
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24. 

Description 

" 

Alluvial sediments: unconsoli da t ed, predomi nant ly light brown 
weathered sedi ments, abundant felsic fragments, diorite/9abbro, 
grani te , vo l canic fragment s , andesite (s ome propyliti zed), tuff , 
some t uff altering to clay , li monite-hema t i te, pseudomorphs of ' 
limoni te-hemati te after pyrite, minor crystall i ne calcite, epi
dote, chloriti zation of biotite and hornb l ende, trace sericite, 
locall y ab undant pyrite, varyi ng amounts of C aCO~ and clay 
cemented aggregates of fels i c and l ithic f ragments, trace sulfur, 
cinnabar fra gments exhibit va rying amount s of alteration and 
abundance. 

Alluvi~l sediments: cont'd as above, with decreased amounts of 
,CaC03 and clay cemented aggregates. 

Alluvial sedi ments: cont'd as above, predominantly felsic fragments. 

Diorite/gabbro: predominantly diorite/gabbro, gray-green, coarse
qrained plagioclase, hornblende, crystalline, relatively fresh, 
varY,ing amounts of chloriti Zation of biotite and hornblende, 
mino r alluvial sediments (contami nation ?), andesite (some 
propyl i tized), tuff, some t uff altering to clay, aplite, granite" , 
felsi c f ragmen ts, varying amounts of pyrite, li moni t e-hemati te, 
sulfur, serici t e, magnetite , epidote, crys t alline calcite, CaC03 
cement. 

Diorite/gabbrO: cont'd as above, wi t h va rying amounts of alluvial 
sediments, varying amounts of al te ration, chloriti zation of ferro
magnesians, sericiti zation of plagioclase • 

Dio r ite/gabbro: pre dominan tly diori te/gabbro, cont'd as above , wi th 
increased ch1oriti za ti on, bl eaching of fe r romagnesians, varying 
amount s of al luvi al sedi men ts . 

Figure 3. Li t hologic log for thermal gradient hole SR2A. 
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25. 

\ Description 

Alluvi~l sedi ments : uncOnsoli dated, predominantly light brown
gray weathered sedi ments, abundant volcanics, andesite (some 
propylitized), silicic tuff al tering to cl ay, wea thered gran
ite, diorite with chloritizati on of bioti te-hornblende, minor 
aplite, quartzite, felsic ' fr agment s, limonite-hematite, minor 
py r ite, sulfur, mag netite, ep ido t e, seri cite, crystalline 
cal ci te , CaC03 and cl ay cemented aggregates. 

All uvial sediments: cont'd as above, with increased pyrite with 
depth, increased amounts of andesite, varying amounts of other 
al l uvial sediments . 

Tuff/andesite: predominant ly tuff/andesite, more homogeneous, from 
700 to 800 feet, possible predominantly volcanic gravel s , pre
domi nantly green-gray-brovm vie 1 ded tuff/andes ite, increased fresh 
ness wi th abundant pyrite, mi no r amo un t s of alluvial sedi ments 
as above. , 

Alluvial sedi ments: unconsol i dated, predominant ly greeni sh-gray to 
. ,11 ght brown weathered sed iments, ,abundant andes i te (some propyl i-

. tiLed), s ilic'ic :tuff, some tuff altering to clay, apl ite, diorite/ 
'-gabb ro, intenselY 'altered, ch lori t ized-; -.abundant CaC03 cement ed 

aggregates, limonite-hematite, trace epido te , varying amou nts of 
pyrite, trace sulfu r , calcite, ma gnetite, sericite. 

Tuff/andesite: predominantly t uf f/andesite, increas ed homogeneity 
from 1120-1200 feet, light green-gray re l at i ve ly fresh, some 
propyliti zed, va rying amo unt of pyrite, some volcanic gravel, 
trace of alluvial sedi men ts as above, secondary chlorite, 
li moni te -h emati te . 

Tuff/andesite: cont'd as above, with increased amounts of all uvi al 
sedi ments, from 1300 to 1400 feet inc reased amo unts of t uff , l ight 
green-gray lithic, silicic, f inely cryst alline . 

Tuff/ andesite; cont' d as above , ~lit h increased amoun t s of all uvi al 
sed iments , i nc ludi ng dior i te/gabbro, ap li t e, granite. 

.Figure 4. Lithologic l og for the rmal grad ient hole 00-9. 
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26. 

Descri ption 

Alluvi al sediments: unconso lidated, predominantly light brown-gray 
weathered sediments, abundant diorite/gabbro with chloriti zed 
biotite-hornbl ende , aplite, granite, andesites (some propylitized) , 
silicic tuffs, possible limestone and quartz ite, abundant li mon
ite-hemat ite, se r icite, clay, chlorite, minor calcite, epidote, 
pyrite, magnetite. 

Alluvial sediments: ~ont'd as above, predominant ly medi um-gra ined 
di o rite/ gabbro. 

All uv ial sediments: cont'd as above, predominah tly medium-grained 
light brown dio rite/gabbro with chlor itized bio tite-hornblende , 
li monite-hematite, clay, epidote, sericite, crystalline calcite, 
varying amounts of alluvial sediments as above. 

Alluvial sediments: cont'd' as above, predominantly medium- grained 
diorite/gabbro with varying amounts of alluvi al sediments, fe l
sic fragments, varying i ncreased amounts of pyrite, magnetite. 

Alluvial sediments: cont'd as above, ab undant pyri t e. 

Alluvial sediments: cont'd as above, .predominantly medium-grained 
diorite/gabbro, varying amounts of pyrite, quartzite , varying 
amounts andesite (some propylitized), silicic tuff altering to 
clay, limonite,·hematite ri ms and stains, cl ay, crystalline cal
cite, CaC03 cement, varying amounts chloriti zat ion of biotite
hornblende in diorite/gabbro, minor epidote, varying amounts of 
pyrite-sulfides. 

Alluvial sediment s: cont'd as above, with predominantly diorite/ 
gab bro. 

-_. . •. _-_. . - -' -, 

Figure 5. Lithologic log for thermal gradient hole H-2. 
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27. 

Description 

Al luv ial sedi ments : unconsolidated, predomi nately light 
brown sedi ments, vary ing amounts silicic to in termediate 
volcanics, dio rite/gabbro, abundant felsic fragments, 
altered granite, aplite, common li moni tic-hemat itic 
stained. chlorit i zat ion of biotite, hornblende, mino)' crys
talline calci te, CaC03 cement , trace epidote, sericite. 

Alluvial sediments: cont'd as above, with abundant pink 
coarsely crystalline aplite, abundant CaC03 cemented aggre
gat es of lithic and felsic fragments , fine-grained vol canics , 
andesites, some propylitized altered dio r ite/gabbro, grani te , 
chloritization of biotite and hornbl ende , hemati t e-l imonite , 
trace epidote, . clay, magnetite and hematite aft er pyrite, 
serici t e ,. crystalline calcite, CaC03 cement. 

Alluvial sediments: cont'd as above, with. abundant aplite, 
. felsic fragments and andesite; minor diorite/gabbro. , . . 

Alluvial sedi~ents: cont'd as above, with abundant volcanics, 
andesiteJsome propylitized), lesser sili cic tuffs, abundant 
apl'ite ' and fels;cfragments: 

Diori te/gabbro: varying amounts of dio rite/gabbro and all uvia l 
sediments, .chloritization of biotite, hornbl ende, .some fresh 
fragmen ts loJ ith unaltered bioti te, 'hornb 1 ende and abundant 
plagioclase with minor magnetite. 
Minor amounts alluvial sedi ments including andesite (some 
propyl itized), sil icic tuff, apl ite, clay, hematite- l imonite. 

Alluvial sediments: cont'd as above with abundant di orite/gabbro . 

Figure 6. Lithologic log for thermal gradient hole H-l . 
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Figure 7. Distribution of clay mineral species for thermal gradient hole $-8. 
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Figure 8. Distribution of clay mineral species for thermal gradient hole SR2. 
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Figure 9. Distribution of clay mineral species for thermal gradient hole SR2A, 
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Figure 11, Distribution of clay mineral spettes for thermal gradient hole H-2, 

W 
N 



• 

Depth 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

Lithology 

· ·· p ··0·9·~ 
' . 'f), 6" :'0.. t:J • 
:~ ' 0:: ';; 0. 0: : . o.:.~ ~·o·'o. a. 

, ~ . .c? 'p' fr'p' 0' : 
.0 c. , .. o' b. 
o:o:~ ~ .. . 17: 

: tJ · · •• ".! . P. () ' 0 
[). ·o.p 'f)'b. -: 

'0. :.;,:.; :b, c!', 
. " . . .. () 

'.0.: P. !?'O·.DO: 
' 0: 0b.'I7.~:f;o'" 
'0',00 . • 0' .0 
• " '(;t •• ~-: D: '/(:'" 
~::" . (7 :, 'D . ~. 
'. tJ :o'···D 'i)'o,: 
·ol cr.f; :6"b .O 

:'b::: 0:: q': P:' ~ ~ 
.''0. : t7 •• J) •• • • 0 : 
• :.0 ..... :0 ..... 
t?(J 6:' 0 : " :0'. · ...... .. : ...... . ~ ' .. 
. 0 ... p ' . 6.b." .: D.: . 0 : ' . .• j 
'(J ' ; 't/" , O·.,r1. '0' ; 

·.:b·::>:/:l?:·:' ! 
". tJ : '() . 0'.0. 
:" ... ':. '0:'6' : ' 
·0 " 0'0':' " :. ......... b··.o· 
· ·f:)··0 . '0' " 

-I '. ; ' . : .. 0.: ',~., 
'b: o:b: 'O: ~ 
':'v" 'b 'j;'.: :. 
":·:·.b:·· .:.: . : ~: 
· t?, .::9::· .q:. 0 
'.: .0 .. " '6\''0' : 
. '· '6'· . .. : .... 

' 0' . ... . '0"6" 
~: ;..:.: ..... ~,: 
· '.~ : :.() ;' j " ... 
:D" b, " - -, \ 

., " :" : 0" I I , 
: ' 0 : . I I ~ 
b " () ... ~ ,\'\ 

. :. /' I , 
" 0\'\/_1 ... 
:. , .:.. I, , .... ,_ 
C .. ·o :- ... , ,
:'0.'. '/ '\ --: . \. 
... 0 -I ·O·t? .. "c \_\ 

···o·b .... ' \_ 
· '. 0''0 0 . • \ 
·o.-'o.,Q·:o-·: 

a 
Temperature °c 
25 50 75 100 

% Plagi oclase 
Altera t i on 

a 50 100 

S 

S,E 

S,E 

S.E 

S.E 

S,E 

S.E 

S,E 

S .• E 

S.E 

S 

S.E 

S,E 

S,E 

S.E 

" 

R E L A T r v E 
Kaol i nite 

a 50 100 

• .. 

", 

Illite 
a 50 

I . 
I • 

PEA K IN TEN SIT Y 

100 
Montmori llonite 
o 50 100 

? 

? 

? 

o 

o 

Chlorite 
a 50 100 

.'" 

Note: # - Interlayered Na-Ca-Mg Mont mori·ll onite; E - Epidote; S - Sericite; * - Ca and/or Mg Mont morill onite ; 
o - Na-Montmo ri11onite ; • - Ni xed-l ayer III ite/Montmori 11 on ite. 

-----_._-------.. --------- ---- .------------_._. __ ._----------

Figure 12. Di stri bution of clay mineral species for thermal gradient hole H-l. 
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Figure 13. Phot oinicrograph ' , of tuff unit under crossed 
polars. (thermal gradient hole S-8) . 

Figure 14. Same as Figure 13 withbut crossed polars. 
Note flow structures and development of clay. 

, 34. 
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Figure 15. Seritization of plagioclase under crossed 
polars. Note rel at ively unaltered rim . 
(DOg, 1200-1300 feet) 

. \' 

Figure 16 . Same as Figure 15 without crossed pol ars . 
Note 'dirty ' appearance of crystal . 
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Figure 17. Sericitized plagioclase lathes in volcanic 
rock under crossed polars. Note the serici
tization procedes from the cores of the 
crystals outward. 

Figure 18. Same as Figure 17 without crossed polars. 
Note the l ack of clarity of the crystals . 
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Figure 19. 

Figure 20. 

Completely sericitized plagioclase crystal 
under crossed polars. (H-l, 0-100 feet) 
Note t he relict form of the plagioclase. 

Ghos t s of plagioclase crystals in volcanic 
rock under crossed polars . (009, 1100-1200 
feet) 
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Figure 21. Alteration of oriented plagioclase lathes in 
an andesite under Erossed po1ars ~ (H-t, 500 
-600 feet) 

Figure 22 . Same as Figure 21 witho~t cr6s~ed polars . 
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Figure 23. Epidote after plagioclase under crossed 
po 1 a rs . (SR2A, 600-700 feet) 

, ,10'\ ....... I 

Figure 24. Same as Figure 23 without crossed polars . 
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Figure 25. Epidote after plagiocl~se ~ndercros~ed 
pol ars. (H-l, 900-1000 feet) 

\ .,., ........ 
. I 

Figure 26. Same as Figure 25 without crossed polars . . 
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Figure 27. Epidote replacing plagioclase under crossed 
polars. (H-l, 100-200 feet) Note the alter
ation surrounding the fragment. 

Figure 28. Minor epidote after plagioclase under crossed 
po 1 ars. (OO-9, 600-700 feet) 
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Figure 29. Relatively fresh diorite/gabbro under crossed 
polars. (H-l, 1200-1300 feet) 

Figure 30 . Same as Figure 29 without crossed polars. 
Note clarity of plagioclase crystal. 
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Figure 31. Altered diorite/gabbro under crossed polars. 
(H-1, 1100- 1200 feet) 

Figure 32. 

")I{ ... ",, \ 

Same as Figure 31 without crossed po1ars. 
Note altered appearance of plagiocl ase. 
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Figure 33. 

Fi gu re 34. 

Poikilitic hornblende in diorite/gabbro under 
crossed polars. (H- l, l300-1400 feet) 

I ,"1""'~ 

Same as Figure 33 without crossed polars. 
Note the relatively unaltered appearance of 
the rock. 
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Figure 35. 

Figure 36. 

Calcite vein in altered volcanic rock under 
crossed polars. (SR2A, 500-600 feet) 

Calcite vein in altered andesite under crossed 
polars . (H-? , 1100::. 1200 feet) 
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• 

Figure 37. Calcite vein in diorite/gabbro under crossed 
polars. (H-l, 100-200 feet) 

Figure 38. Same as Figure 37 witho~t crossed polars . 
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Figure 39. Epidote vein in altered volcanic fock without 
crossed polars. (H-2, 400-500 feet) 

Figure 40. Quartz vein in iron-stained volcanic rock 
under crossed polars. (00-9, 600-700 feet) 
Note the comb st ructure of the quartz. 
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Figure 41. Plot of water sample DV-30 from SR2A at 100 c . 
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