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ABSTRACT 

Union Oil Company borehole Baca-8 (B-8) is a 
1336 m geothermal well in the Sulphur Springs 
area, near the western "hinge" of the trapdoor 
Valles-Toledo caldera complex. B-8 penetrates 
essentially the same Pleistocene intracaldera 
rhyolite ash-flow tuff sequence as the wells 
along Redondo Creek, on the Valles caldera's 
resurgent dome; the sequence in B-8, however, is 
only about half as thick. Alteration zoning in 
B-8 is characterized by a mixed-layer illite/ 
smectite cap above an illite zone in turn 
overlying a K-fel dspar + epidote zone. Com­
pari son of these assemblages wi th contemporary 
temperatures in the well suggests that the rocks 
of Sulphur Springs have undergone a more complex 
therma 1 hi story than those of Redondo Creek, and 
that fluids responsible for alteration in the two 
areas were of different compositions. 
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INTRODUCTION 

Well B-8, completed in 1972 by Union Oil 
Company of California, is one of five inter­
mediate-depth geothermal wells in the Sulphur 
Springs area of the Valles caldera (Fig. 1). 
Sulphur Springs is the locus for the caldera's 
most vigorous surface thermal activity and 
strongest surficial alteration. It is also one 
of two areas of highest heat flow within the 
caldera (Swanberg, 1983). Alteration at Sulphur 
Spri ngs is typi ca 1 of that produced by ac i d­
sulfate springs and is believed to overlie a 
sma 11 vapor-domi nated geothermal reservoi r (Goff 
and Grigsby, 1982; Goff et ~l., 1985). This 
reservoir has been targeted for the second 
Cont i nenta 1 Sc i ent ifi c Dri 11 i ng Program coreho 1 e, 
VC-2a (Fig. 1; Nielson and Goff, 1985), as a 
followup to the successful completion of VC-1, 
near the caldera's southwestern ring fracture 
(Goff et al., 1986). 
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Figure 1. Index map (modified from Goff et al., 1985). Heavy hatched line at left is 
strlJctural Inargin of Valles calderae Stippled area denotes extent of active or 
recent surficial alteration (from Dondanville, 1978). 
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B-8, whi ch was dri 11 ed to a depth of 1336 m, 
is the only Sulphur Springs area well for which 
cuttings remain available for study. The well 
thus provides a unique preview of the subsurface 
volcanic stratigraphy and hydrothermal alteration 
to be sampled by VC-2rt. In this paper, we 
briefly describe the sequence of volcanic and 
volcaniclastic rocks penetrated by B-8, charac­
terize the style and intensity of hydrothermal 
alteration affecting these rocks, and compare the 
altered rocks to those of the Redondo Creek 
area. Finally, we will ·show how the active 
Sulphur Springs hydrothermal system parallels 
those responsible for depositing epithermal 
silver-base metal ores even more closely than 
does the si 1 ver-beari ng system beneath Redondo 
Creek {Hulen and Nielson, 1986}. Such fossil 
hydrothermal systems can be of great benefit to 
the geotherma 1 community as observable ana 1 ogues 
of presently active systems. 

LITHOLOGY AND STRUCTURE 

Deep drilling and gravity signatures 
indicate that the Valles-Toledo caldera complex 
is a trapdoor structure, with its "hinge" on the 
west and deepest subsidence along the eastern 
margin {Nielson and Hulen, 1984; Heiken et a1., 
1986}. Accordingly, the intraca1dera volcanic 
and volcaniclastic sequence in the Sulphur 
Springs area is only about half as thick {1000 m} 
as the equivalent accul'lu1ation at Redondo Creek 
{Table 1 of Nielson and Hulen, 1984}. Although 
all the major pyroclastic units recognized at 
Redondo Creek are also present in well B-8, their 
reduced thicknesses have resulted in di fferences 
in the degree of welding and devitrification. 
Pre-caldera stratigraphy at Sulphur Springs is 
also different; the r~iocene Paliza Canyon 
Formation, an intermediate-composition volcanic 
sequence up to 377 m thick at Redondo Creek 
{Nielson and Hulen, 1984} is absent in B-8 and 
the other Sulphur Springs wells (Goff et a1., 
1985) • 

\~e11 B-8 penetrates ca1dera - fi 11 sediments, 
including a probable debris flow, to a depth of 
177 m {Fig. 2}. The sediments are dominantly 
immature, tuffaceous, lithic arkoses and arkosic 
conglomerates derived from intraca1dera pyroclas ­
tic and flow rocks with minor contributions from 
Tertiary to Paleozoic clastic and carbonate 
strata as well as the Precambrian granitic base­
rnent. The debris flow, between 73 and 104 m, 
consists of angular to subangular fragments of 
andesite and minor felsic volcanic and carbonate 
rock as well as broken crystals of quart z , alkali 
fe1 dspar and p1 agi ocl ase i n an a lt ered, tuffa ­
ceou s matri x. 

Renea t h t he ca 1 der a fi 11 seq uenc e, betwe en 
177 and 500 m, B-8 encount ered mod erate ly to 
dense ly we l ded , rhyol ite as h- fl ow t uff whi ch we 
bel ievc to be the "Upp er Tuffs " and the Tshi rege 
~l e rn ber of t he Bande l ie r Tuff. In B-8 , as i n 
Redondo Creek wells, t hese tuffs cons i st of 
subhedrd l to euhedra l or broken phenocrysts of 
quartz, microperthite and minor pl ag iocla se, 
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along with sparse lithic fragments and pumice 
lapi 11 i, embedded in welded, totally devitrified 
matrix. Former mafic phenocrysts are present in 
trace amounts only as pseudomorphs. A zone of 
granophyric crystallization, texturally identical 
to the Bandelier Tuff granophyres of Redondo 
Creek {Nielson and Hulen, 1984}, occurs between 
427 and 488 m. A 14.3 m zone of moderate welding 
separates thi s granophyre from an 8.2 m tuffa­
ceous lithic arkose we have correlated with the 
S3 sandstone of Redondo Creek {Nielson and Hulen, 
1984} • 

Scattered throughout the "Upper Tuffs" and 
the Tshirege Member in borehole B-fl, but 
concentrated below 427 m, are abundant vugs lined 
or filled with relatively coarse-crystalline 
quartz, alkali feldspar and rare albite. These 
vugs, also common in the Redondo Creek Tshirege, 
are similar to those described by Keith and 
Muffl er (1978) in the Lava Creek Tuff of Yellow­
stone drill hole Y-5, and are similar to the 
miaro1itic cavities of plutonic rocks. 

Another rhyolite ash-flow tuff, densely 
welded throughout and texturally identical to the 
Tshirege of well B-8, occurs beneath the S3 
sandstone between 510 and 817 m {Fig. 2}, and 
probably represents the Otowi Member of the Ban­
delier Tuff. Microperthite phenocrysts in this 
tuff contain less albite and correspondingly more 
alkali feldspar than those in the overlying 
Tshirege. Alkali feldspar-quartz filled vugs 
remain a common feature. Granophyric crystal­
lization is confined to the upper portion of the 
B-8 Otowi, between 510 and 640 m, and to a thin 
basa 1 zone between about 777 and 817 m. 

A pronounced cooling break at 817 m sepa­
rates the lower Otowi granophyre in B-8 from a 
distinctive 134 m interval of poorly to densely 
welded, rhyolite ash-flow tuff, which we have 
correlated with the Lower Tuffs of Redondo Creek 
{Nielson and Hulen, 1984} and the pre-Bandelier 
ignimbrite of Self et a1. (1986). This tuff is 
similar to the overlying Bandelier, but contains 
no obvious microperthite phenocrysts. Feldspar 
phenocrysts instead are essentially pure alkali 
feldspar; only scattered traces of albite are 
present. Vugs texturally similar to those in the 
overlying Bandelier are common throughout this 
tuff . Quartz and alkali feldspar crystals lining 
or filling these vugs , however , may be of both 
vapor-phase and hydrothermal origin. 

Beneath the Lower Tuffs in boreho1 e 8-8, 
between 951 m and 1091 m, is an arkose identified 
by Lambert and Epste in {1980} as the Tertiary 
Santa· Fe Formation . Th e Santa Fe, in turn , 
overlie s hematitic siltstones and sandstones of 
t he Pe rlili an Abo Format i on to t he tota 1 depth of 
t he bo re hol e at 1336 m. 

B- 8 is sit uated j ust 100 m nort h of t he 
west-northwest-t rending Ai amo Canyon fault zone 
(Fig. 1). Not su r prisi ngly, t hen , cutt in gs from 
several interva l s in t he we ll , for exampl e 61 0-
640 m, show ev i dence of st rong fracturi ng and 



,--
co ," 

I 
I 

I APPROXIMATE WT % ,-VEINLET ~ 
. I I MINERALS I WELD. QUARTZ ALBITE K-FSPR CALCITE Py EP CH ILLITE IL/SM SM KA SPN FL 

30 50 ro 0 20 40 0 20 40 0 "'" A"" ~ ~ _ 
I I I I---t- .. 

Cl 

~ 

, ~-.~, ~ -111 -~-<5'~ ,,' I I -, = I -t ---:::::.. 
"1;..-::::;; gr 
~ -~ 6 .:;_-= 
~ c:rlt.-A - - _ 

Ci 
" p-~;;;:":::J ~ ~ 

TO 
1336.2m 

{7 Caldera fill 
sediments, 
with debris 
flow (Pleist) 

IIi!§jj I I ~~~I If" I I!l I Ii 

~ Rhyolite ash 
~ flow tuff, with 

.. . .. intra tuff sand­
stone (Plelst) •

'~'!::"\' Arkose of 
.: ... : .. : ...• ::: Santa Fe 
',:::',,::':~;,:;:; Formation 

"::::... (Tertiary) 

'':~ I ~ 
,'ir,.<i;, -~-
11'\ 

I ~ I ~I 

"Redbeds" 
of Abo 
Formation 
(Permian) 

I I-I -I -jj i"~ -

II TEMPERA TURE-,I ~ 
DEPTH PROFILE 

~ I II I "1 

~I 7 I I I I I II. I I I "11111 ~I Ci 
'" c:: 

0 

" ~ 

-'\-1-\ 
II 

I ABBREVIATIONS·----------., 
FL-fluorde KA-kaolin CH-chlorife 
gr-granophyre EP-epidote ns-no sample 
IL-illite PY-pyrite M-moderate 
IL/SM-mixed·layer illite/smectite S-strong 

K-F$PR-potassiurn feldspar 

SPN-sphene 
SM-smectite 
WELD.-welding 
LlTH.-lIthoiogy 

Figure 2. Lithology and distribution of rock-forming and hydrothermal alteration minerals, borehole 8-8. 
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brecc iation. Proximity to the Alamo Canyon fault 
no doubt is largely responsible for the pervasive 
and locally inten se hydrothermal alteration 
observed in well 8- 8. 

HYDROTHERMAL ALTERATION AND MINERALIZATION 

The rocks penetrated by borehole 8-8 have 
bep.n perva s ively altered and mineralized by cir­
culating hydroth e rmal fluids. Alteration assem­
blages are di s tinctly zoned but some of the B-8 
a ss emblages are mu ch different than those of 
Redondo Creek (Hulen and Niel son, 1986), suggest­
ing different phy s ical and cIlemical characteris­
tic s of the fluids re sponsible for the altera­
tion. 

\~e have di vided the hydrothermal assemblages 
of 8-8 into three zones: illite/smectite, 
illite, and K-feldspar + epidote . The high-level 
smectit e-rich argillic zone so prevalent in the 
Redondo Creek wp.lls (Hulen and Nielson, 1986) is 
absent in B-8. In its place, to a depth of 183 
m, is an illite/smectite zone rlominated by 
ordered, mixed-layer illite/smectite and illite 
with calcite and pyrite as \~ell as minor sphene, 
chlorite, kaolin and, confined to 30-104 m, 
ca 1 ci um smect i te. The ill i te/smect ite i s 
Kalkbe rg-ordered (Hower, 1(81) with 10-15% 
smectite interlayers, a type common in the 
argi 11 i c cap above epithermal si 1 ver/base-metal 
deposits such as Creede, Colorado (Horton , 
1983). All layer silicates in the illite/ 
smectite zone of 8-8 occur both as massive 
replacements and subordinately as veinlets. Kao-
1 in and smectite veinlets pos t-date all others, 
and are thus probably related to a late retro­
grade episode perhaps associated with a drop in 
the water table and the initiation of acid­
sulfate alteration, as was described in the 
immediate vicinity of Sulphur Springs by Charles 
et al. (1986). Secondary calcite is common as a 
veinlet constituent, and also forms cement in 
caldera-fill sandstones , as well as replacing 
plagioclase and pumice lapilli. Pyrite is 
principally disseminated. 

The deepest occurrence of mixed-layer 
illite/ smectite and an increase in illite 
abundance marks the upper boundary of the ill it e 
zone at 183 m, corresponding to a pres en t 
temperature of about 100 °C (Fig . 2) . Illite , 
accounting for up t o 20 wt.% in th i s zone, typi ­
cally replaces plagioclase and pumice lapilli but 
a l s o occurs as microveinlet s and sp a r se diss emi ­
~ at ions t hrou ghou t tuf f or sa nd stone matri x. 
Hydrot he rmal phases occurring with illite in this 
zon e i ncl ude quartz and ca l cite with mi nor chlo ­
r ite, kao lin (abo ve 274 m) , and sphene. A drama­
t i c decrease in th e volume of illite at 274 m 
co inc i des wi t h the onset of rle nse welding i n the 
Tshirege member. 

The K- feldspar + epidote zone is defined by 
the d i stribution of K-fe l dspar ve i nl ets and dis ­
sem inat ed ep idot e and i s continuous between 427 m 
and t he deepest available samp l e at 975 m (Fi g. 
2) . Within this zone, hydrothermal K-feldspar 
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(adularia) typically occur s as small euhedral 
cry s tals int e rgrol'/n with quart z in ve inlet s and 
pos s ibly in vug s ; it may also replace albite, 
whi ch gradually diminishes downhole in thi s 
i nt erva 1 from about 30 to 2 wt %. In many ca ses , 
hydrothermal adularia and quartz in cavities may 
be petrographically indi s tinguishable from 
primary miarolitic alkali feldspar and quart z 
deposited late in the cooling history of the host 
ash-flow tuff. Minor hydrothermal pyrite , sphene 
(leucoxene), chlorite and illite invariably 
ac co~pany quartz and adularia throughout this 
interval. Between 640 and 670 m, immediately 
beneath a major breccia zon e (Fig. 2), illite 
prominently floods open spa ces in veinlet s and 
miarolitic cavities. Calcite occurs in scatt e red 
trace to minor amount s in the K-feldspar + 
epidote zone; fluorite appears in tra ces below 
701 m, above a present temperature of 245 °C. 

The Lower Tuffs (817-951 m) and at least the 
upper 24 m of the underlying Santa Fe Formation 
sandstone (our deepest sample) in B-3 are es pe­
cially enriched in adularia and epidote. Epi­
dote , increa~ing in this interval to an average 6 
wt X, is a bri ght yellow to yellow green vari ety 
which commonly forms spectacular, acicular crys­
tal clusters in vugs with quart z and alkali 
fel dspar. Adul aria and quartz are texturally 
similar to their occurrence in the overlying 
Bandelier. Fluorite is present as sparse dis­
seminations and as a veinlet constituent with 
quartz , alkali feldspar and calcite in various 
combinations. Epidote appears to be one of the 
latest hydrothermal phase in this lower part of 
the hole. It repla ces all other minerals except 
fluorite (which, however, was probably deposited 
with adularia), including vein calcite , in which 
it forms large euhedral fans and rosettes. 

Although pyrite is the dominant hydrothermal 
metal 1 ic phase in borehole B-8, unidenti fied, 
dark gray, metallic minerals occur locally in 
traces with quartz and adularia in veinlets . 
Energy dispersive SEM analysis of one such dark 
crystal, from 945-975 m, yielded strong peaks 
corresponding with silver and bromine. This 
wou 1 d certa in ly be an unusua I occurrence, since 
the silver bromide, bromyrite, is typically found 
in the oxirle zone . Electron microprobe and 
s ingle - c'rystal X- ray studies are scheduled to 
furth e r ch arac t eriz e this intriguing silve r­
bearing min eral . 

DISCUSSION 

A generalized mineral sta bility diag ra m 
(Fig. 3 ) prepa red using composit i ons of fl ui ds 
f rom the Re don do Creek a rea (Wh ite, 1986 ) ca n be 
used to d ra \~ s ome pre limina ry conclu s i ons con­
cerning t he composition of the geotherma l flu i ds 
in the Su l phur Springs a rea. The coex i stence of 
epidote and K-fe l dspar suggests t hat composit i ons 
are approximated by the zoisite - K feldspar reac­
t i on l ine in Figure 3. Compositions of Redondo 
Creek fluids are plo tted on Figure 3 for refe ­
re nce, ilnd we Cdn see that the Su I phur Spri ng s 
fluirls should have higher relative activities of 
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pota ss ium and cal c ium than do fluids in the 
Redondo Creek area . In addition , it can be see n 
that a simple decrease in temperature is not 
suffi c ient to result in the deposition of the 
late-stage illite whi ch we observe . It is 
necessary to change the f1 uid composi t i on, most 
likely by decrea s ing the pH. This would bring 
the fluid composition s more in line with those 
present 1y ci rcu1 at i ng beneath the Redondo Creek 
a rea. 
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Figure 3. Activity-activity diagram showing com­
positions (open circles) of reservoir 
fluids from the Redondo Creek area 
(White, 1986) and suggested composi­
tion and chemical change of fluids 
from Sulphur Springs (solid dot and 
arrow) • 

The initial occurrence of epidote in 8-8 is 
in the 427 - 457 m i nterva 1 at a present tempera ­
ture of 190 °C. This compares with a first occur­
r ence of epidote at 170°C in wells of t he Redondo 
Creek area (Hulen and Nielson , 1986) . The lower 
temperature Redondo Creek occu rrence cont ri buted 
to the conclus i on that the area had cooled from a 
previous thermal ma ximum. The epidote in 8- 8 
appears within microperthites growing along ex­
so lu t ion planes. Thi s text ural re la t ionship 
suggest s a react ion with the fe ldspar probably 
in vo lving t he anort hi te component of the pl ag io ­
c l ase in such a react i on as 

CaA1 2Si 208 + Ca ++ + Fe+ ++ + Si0 2 + 3H20 + 

Ca 2FeA1 2S i 301 2(OH } + 5H+ 

(Bird a nd He lges on , 1981) . Howe ve r , t he greatest 
i nCf'ea se in epi dote abund ance in [3 -8 occ ur s in 
t he dept h r ange 823-853 m. as soc i ated with a pre -
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se nt t emperature of 257-259 °C. Some of the epi­
dote at this depth cl early replace s K-fe1dspar. 
However, much i s growi ng in the matri x of the 
ash-flow tuff whi ch, assuming the Lower Tuffs of 
!3-8 are similar to those of the Red ondo Creek 
area, initially consist ed of hoth K-fe1dspar and 
a l bit e . 

Browne ' s (197 8) compi 1ation of hydrothermal 
min e ral s in active geothermal sy s tems lists 
fluorite from only two studied systems, Ye llow­
stone and Kawah Kamojang, Java. The mineral i s 
common, however. in prec iou s metal vein deposits 
as sociat ed with volcani c environments. Richard­
son and Holland (1979) suggest that a decreas e in 
solubility as soc iated with cooling may be the 
mo s t likely cau se for the depos ition of fluorite. 
However, small changes in salinity , pH, or Ca tt 

may al so bring about fluorite precipitation. 

SUMMARY AND CONCLU SIONS 

The i nt raca 1 de ra py roc 1 as tic sequen ce pene­
trated in well 8-8 contains all the major units 
recognized nearer the center of the Valles cal­
de ra's resurgent dome. A1 though the sequence is 
much thinner in 8-8, the individual strata can be 
corre1 ated readi 1y wi th counterparts in the 
dome. This correlation should allow more 
detail ed recon s truction of the geologic history 
of th e Vall es calde ra compl ex. 

The rock s penetrated by 8-8 are more inten­
sely altered than all but restricted intervals in 
the well s completed by Union Oil Company at Re­
dondo Creek (Hul en and Ni e lson, 1986). Altera­
tion mineralogy and zoning in 8-8, although 
broadly simi 1 ar to that documented for the 
Redondo Creek area, show significant diffe­
rences. Most importantly, adularia, lacking at 
Redondo Creek, is an abundant alteration mineral 
in 8-8. Also Significant : the smectite-domi­
nated argillic zone of Redondo Creek is replaced 
in 8- 8 by a mixed - layer illite/smectite cap which 
is practically devoid of discrete smectite. At 
Redondo Creek, most alteration phases are present 
at much lower than their typical formation tem­
peratures (Hulen and Nielson, 1986), suggesting 
cooling of the host rocks since their deposi t ion. 
In 8- 8, . while some alteration phases (such as 
mi xe d- laye r illite/smec t ite) show this re la t ion ­
ship , othe r s (such as epidote) are largely con ­
fin ed t o their typical thermal s t abili t y ranges . 
A more compl ex thermal history has li ke ly 
affected t he rocks of t he Sulphur Springs area . 

Th e a lt ered rock s of borehol e B- 8 resembl e 
t hose of s i 1 ver-base meta l ore systems s uch as 
Creede, Co l ora do (B a r to n et al . , 1982 ; Wetl aufe r 
et a l ., 1978 ) , even more t han do t hose of Re dondo 
Creek . A1 t hough the Redondo Cree k rock s show an 
impre ss ive array of para ll e ls wi th Creede -type 
systems (Hul en and Nie l son , 1986 ) , the ad ul a ri a 
t ypical of the ore- beari ng por t ions of the se sy s ­
tems has not been identified. By contrast, 
ad ul aria is abundant i n 8- 8. The we ll di sp l ays 
Creede- t ype a l te r at ion compl ete even t o a ca p 
ri ch i n hi ghl y ord ered mi xe d- l ayer i 1l it e / smec-
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tite (Horton, 1983). We have not identified in 
13-8 the silver-bearing sulfides or sulfosalts 
typical of silver-base metal systems, but silver­
ri ch mi nera 1 s yet to be fully characteri zed are 
present in the borehole. Evi dence cont i nues to 
accumulate that the geothermal system in the 
Valles caldera is an active analogue of those 
responsible for depositing epithermal silver-base 
metal ores. 
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