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ABSTRACT 

Phy11ic alteration in CSDP coreho1e 
VC-2A shows that a relatively cool, 
vapor-dominated zone above a depth of 240 
m evolved from a high-temperature, 
liquid-dominated precursor. Sericite 
geothermometry indicates that tempera 
tures near 200 0 C once prevailed near the 
present surface where temperatures are 
now below 80 0 C. Measured temperatures 
gradually approach but never reach 
paleotemperatures (212 0 C vs. approx . 
230 0 C) in a deeper chlorite/sericite zone 
( 1 6 3 - 52 8 m / TO ) • A 1 t era t ion i not he r 
Valles. boreholes indicates a caldera-wide 
cooling trend similar to that documented 
for VC-2A. Textural evidence from the 
VC-2A core shows that phyllic alteration 
post-dated or accompanied the waning 
stages of resurgent doming (at about 1.12 
- app. 1 Ma). Coll apse of isotherms was 
probably initiated by draining of a 
contemporaneous caldera lake after 
resurgence was complete. 

I NTRODUCTI ON 

Acid sp r ings, boiling mud pots, and 
fum a r ole sat S u 1 ph u r S p r i n g s, i n ..... the 
Valles caldera of New Mexico (Fig. 1) a r e 
the most active and intense surface 
expression s of intracaldera geothermal 
ac t ivi t y. Because of these thermal 
p hen 0 men a and a.s soc i a t e d sur f i cia 1 
alteration, Sulphur Springs was chosen as 
the site of the c aldera's second Con 
tinental Scientific Drilling Program 
(CSDP) corehole , VC - 2A (Goff et a1. , 
1987) . The prin c ipal obje ct ive in 
d r illing VC -2 A wa s pene t ra t ion a nd 
sam pl ing o f the high- l eve l . va por ca p 
be neat h Sulphu r Spr i ngs. Sec ond ary go al s 
in c lud ed : ob t aining hi t he rto unav a ilable 
co n t inuou s core t h r ough t he Va ll es 
cald e r a-fi ll sequen ce; gat her ing crit i ca l 
str uct ur a l i nfo r mat ion at t he in terface 
of the calde r a ' s structur al margin and 
res urge nt do me; and characterization and 
i nterpretati on of s ubs urface hydrot hermal 
alteration. 
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Completed late in 1986, VC - 2A not only 
fulfilled these objectives but en
countered unusual and surprisingly 
intense hydrothermal alteration and 
mineralization. Instead of the widespr
ead high-level, acid-sulfate (kaolin 
alunite-opal - su1phur) alteration which 
occurs at the surface in the Sulphur 
Spring area, (Charles et a1., 1986), VC-
2A encountered intense phyllic (quartz 
sericite-pyrite) alteration and as 
sociated molybdenum mineralization (Hulen 
et al., 1987) withi n 25 m of the present 
ground surface. This assemblage implies 
deposition at much higher temperatures 
than those currently prevailing at these 
shallow levels. Sulphur Springs clearly 
has undergone a more complex hydrothermal 
history than surface thermal features and 
alteration at first would indicate. In 
this paper, we use clay mineralogy and 
zoning in VC-2A to help reconstruct that 
history for Sulphur Springs and the 
entire Valles caldera complex. 

GEOLOGIC SETTING 

The Valles caldera complex, at the 
crest of the Jeme z Mountains volcanic 
field in north-central New Mexico, 
en co m pas s est he nested Va 11 e s (1. 12 M a ) 
and T ole d 0 (1 . 4 5 M a) cal d era s, g ian t -. 
structures which collapsed simultaneously 
with erup t ion and emplacement of at least 
300 km 3 of rhyolite ash-flo w tuff (Ooell 
et al., 1968; Smith and Bailey, 1968, 
Self et a1. , 1986; Heiken et a1. , 1986). 
Similar but much smaller eruptions prior 
t o the Toledo even t probably l e d to 
fo r ma t ion of a small , now t otally 
conc ea l e d c a ld e r a ror ca lderas} at the 
sa me s i te betwee n 3. 6 a nd 1.8 Ma (Nielson 
a nd Hulen , 198 4 ; Se lf e t a1. , 1986) . 
Soon af te r collap s e , t he 's ub s ided Vall es 
ca lde r a bloc k was af fec t ed by resur ge nt 
doming a nd by rhyoli t ic vol cani s m whi ch 
persisted i nte rm itte nt ly un t il abou t 0.13 
Ma. 

Hydrot hermal activity in the Valles 
ca l dera c om p l ex is focused b oth at 
Sulphur Springs and al ong Redondo Creek 
(Fig . 1 ) , within the apical graben of the 

GL04556 



HULEN AND ~IELSON 

4Km. 

Figure 1. Location map of the Valles 
caldera complex. Detailed inset at right 
shows the Sulphur springs area, with 
positions of geothermal wells (prefix 
"B") and CSOP scientific coreho1e VC-2A 
and VC-28o 

caldera's resurQent Redondri dome. 
Exploration and de-ve10pment drillillg in 
both areC!s by Union Oil Company of 
California (UOC) revealed a 1iquid
dominC!ted, neutral-chloride, high
temperature (up to 300 0 C) geothermc1 
reservoir (Truesdell and Janik, 1986), 
with a vapor cap averaging about 500 m in 
thickness. 

Previous hydrothermal alteration 
studies based on cuttings from uot 
geothermal wells (Hulen and Nielson, 
1986a, 1986b) rev e aled that alteration 
mine r alogy~ 20ning a nd in t ensity in the 
Redondo Creek a r ea are somewhat oifferen t 
t han a t S u 1 p h u r S p r i n g s • At. Red 0 n do 
Cr e ek , c high - l e vel, mod e r ate· int e nsity, 
a rg illi c c a p i s domin a ted by s mec ti t e 
wi t h minor mi xed- h yer illit e / s mect i te. 
This cap occ u rs above a weak- to mode
rat e - in te n s i ty bu t per va siv e p r opy l it i c 
a l terat ion z on e t hat i s lo ca lly pun ct u 
ated by i n tense p hy 1l ic a l terati on , 
t i ght l y confined to wide l y - spaced 
struct u ra l and strat i grap h ic aq ui fers. 

292 

I. ! , kilometer 

• 
/ J . 

/ ~/amo Canyon 
Fault 

By contrast, in the northern Sulphur 
Springs area, exemplified by borehole B-
8, alteration is more intense overall, 
and mixed-layer illite/smectite is much 
more abundant at high levels. Unusually 
intense, illite-adularia-epidote altera
tion occurs in the deepest available 
samples between 823 and 945 m (Hulen and 
Nielson, 1986b). Alteration in VC-2A is 
the most pervasive and intense yet 
encountered 1n any Valles borehole. 
Sericite accounts for an average 15-20 
wt. ~ of all rocks penetrated by the 
corehole; restricted debris - flow inter
vals exceed 50 wt. ~ sericite. This 
intense alteration shows that, although 
now relatively impermeable (Goff et al., 
1987), the Sulphur Springs rocks o.nce 
allowed easy access 'for hot hydrothermal 
fluids. . ' . 

: STRATIGRAPHY AND STRUCTURE i 

VC-2A, completed at ' a depth of 5~8 · m, . : "., .. 
penetrated a rhyolitic · csh -f lo w tuff -.. '., 
sequence which has . been correlated with .' 
the i n t r a cal de r c Bandel i e r ' T u f f · and · ,. 
as s 0 cia t e Ii i g n 1 m b r i t e s (Ni e l s on a nd ',,: 
Hul e n , 1984 ; Self e t a 1. , 1986 ; Fi 9. 2) . 
Be neat h a ve neer of l a nd s lid e de b r i s a nd 
yo u ng vol ca ni c l astic sediments, the 
se qu e n ce i s as f ollo ws: 2 1.6 - 6 4.8 m-
t he Uppe r Tuffs (UT; <1.12 Ma ) ; 64 . 8- 79.9 
m -- t he S2 sa ndst on e ( a n d debri s f lo w); 
H .9 - 354.3 m -- the Tshirege Member of 
t he Ban de li er Tuff (T s; 1.12 Ka ) ; 354.3 -
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361.5 m -- the 53 sandstone; 361.5-477 m 
-- the Otowi Member of the Bandelier Tuff 
(Ot; 1.45 Ma); 477-528 m -- the Lower 
Tuffs (LT; 3.6-1.45 Ma). 

Structural disruption of this tuff 
sequence is concentrated above a depth of 
163 m. In this interval, densely welded 
ash-flow tuffs are strongly fractured and 
locally cut by prominent gouge and 
breccia zones. Below this zone, frac
turing is weak and widely-spaced, a 
difference reflected by decreased 
alteration intensity. Fracturing is both 
tectonic and hydrothermal in origin. 
Hydrothermal breccias (Nielson and Hulen, 
1987) are distinct in showing well
developed "jigsaw puzzle" textures (e.g 
Hedenquist and Henley, 1985) and no 
evidence of crushing or shearing. 

HYDROTHERMAL ALTERATION AND MINERAL
IZATION 

Alteration in VC-2A is separable into 
two distinct zones. Above a depth of 163 
m, and corresponding to the most intense 
fracturing, the rocks are thoroughly 
converted to quartz-sericite-pyrite 
aggregates (Hulen et a1., 1987). Below 
163 m; moderate-intensity chlorite
sericite alteration prevails, but quartz
sericite alteration zones are locally 
present. Rocks of the high-level phyllic 
zone are laced with hydrothermal veinlets 
consisting of various combinations of 
quartz, sercite, fluorite, pyrite and 
molybdenite, locally with minor sphale
rite, rhodochrosite, and chalcopyrite. 
The richest sampled molybdenite veins 
assayed nearly 0.6 wt. % KoS2 (Hulen et 
al., 1987). These veinlets are clearly 
epithermal in character. Open spaces.. are 
common, and many of these are delicately 
lined or filled with one or all of the 
secondary phases listed above. Veinlets 
in the chlorite-sericite zone are more 
sparsely distributed and generally 
consist of calcite and chlorite, w1th or 
wit h 0 u t qua r t z, ill i tea n d p hen g it e( a 
green, i ron-rich illite analogue), 
adularia, fluorite, and py~ite. 

LAYER SILICATE MINERALOGY AND ZONING 

Figure 2 shows the downhole distribu
tions of various layer silicate phases in 
the <5 micron fractions extracted from 71 
VC-2A core samples. The clay-fractions 
are dominated by sericite, which accounts 
for 50 -1 0 0 wt. ,;. C h lor it e is the 0 n 1 y 
other common clay, but generally occurs 
in amounts 1 ess than 10%. Smect ite and 
kaolin «5% ) were identified in only two 
samples each. 

For this study, sericite, a useful 
exploration term, encompasses illite, 

293 

HULEN AND NIELSON 

phengite, and illite-rich, mixed-layer 
illite/smectite (liS). The term illite 
is restricted to varieties of sericite 
with <5% expandable (smectite) inter
layers, since this is the lowest amount 
generally detectable by routine XRO 
(Reynolds, 1980); 1/5, then, is defined 
as sericite with >5% expandandable 
interlayers. 

As thus defined, 1/5 is largely 
confined to the phyllic zone above 163 m 
(Fig. 2). Figures 3A and 3C illustrate 
representative clay-fraction I/S X-ray 
diffractograms for phyllic zone core 
samples. The patterns show broad, basal 
reflections which shift dramatically and 
c han ge s hap e up 0 n va p 0 r .g 1 Y col at ion. 
Using the methods ofSrodon (1980) and 
Srodon and Eberl (1984), these 1/5 clays 
are shown to be R3-ordered (or Kal kberg
ordered; Hoffman, 1981) and to contain 
approximately 5-14% smectite interlayers 
(Fig. 2). Corresponding crystallinity 
i n d ice s ( wi d t h, i n 02 Q , at -1/2 he i g h t ) 
range from 0.6-1.002Q. 

A deep 1/5 zone occurs in densely 
welded ash-flow .tuff and fallout tuff 
just below the 53 sandstone and in the 
upper Otowi Kember of the Bandelier Tuff 
(Fig. 2). Three clay-fractions from this 
zone are dominated by 1/5 which generates 
an X-ray response vi rtually i denti cal to 
those occurring at higher levels. Unlike 
those at higher levels, however, these 
deeper l/S clays occur intergrown with 
hydrothermal chlorite. 

In addition to illite-rich 1/5, the 
phyllic zone above 163 m in VC-2A hosts 
abundant illite relatively free of 
expandable interlayers; Figure 3B shows a 
typi cal X-ray di ffractogram. Unl i ke the 
1/5 described above. this illite is 
characterized by sharp, well-defined 
basal reflections which shift only 
slightly upon vapor glycolation. 
Corresponding crystallinity indices are 
generally O.5 0 2Q or less. although 
locally up to O.750 2Q. 

Figures 4 and 5 are scanning electron 
photomicrographs of representativ~ 
sericites from the phyllic zone pene-." 
trated by corehole VC-2A. Figure 4 (see 
also figure 3B) shows delicate, flower
like, illite aggregates intergrown with 
euhedral quartz in the molybdenite zone. 
Figure 5, at much lower magnification, 
shows co-precipitated 1/5 and quartz. 

With local exceptions, such as the I/S 
interval just below 361.5 m (Fig. 2), the 
chlorite-sericite zone is mineralogically 
monotonous. Fi gure 30 i 11 ustrates a 
typical <5-micron-fraction X-ray diffrac-
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Fi gure 3. Representative VC-2A clay-fracti on X-ray diffractograms. 3A and 3C -- R3 
(or Kalkberg) - ordered, illite-rich, Bixed-layer illite smectite. 3B -- illite. 
3D --- illite plus phengite with minor chlorite. 

togram for this zone, in this case frOB a 
depth of 270.7 m. The IDA clay dominat
ing this pattern is actually a combina
tion of iron-free illite. similar to that 
occurring in the overlying phyllic zone, 
and phengite (the relationship between 
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these two sericites in the chlorite
sericite zone remains to be determined). 
Upon vapor glycolation, the basal peaks 
generated by illite plus phengite shift 
only slightly, indicating minimal 
interlayer smectite. Minor chlorite 
occurring in the chlorite-sericite zone 
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Fig u re 4. SEM photomicrograph of flower-like 
illite aggregates intergrown with euhedral quartz 
from a vug in quartz-sericitized tuff in the mo
lybdenite zone (depth 42.1 m) in core~ole_ VC-2A" 
(see also Figures 2 and 3). 

Fi gure 5. SEM photomicrograph of mixed-layer 
illite/smectite aggregates intergrown with quartz 
in a vein in qua-."'"tZ- sericitized tu!f (depth 57.2 
m) in corehole VC-2b (see also Figure 2). 

preda tes c oe x is ting illite but its age 
relationship to phen~ite is presently 
uncerta in. The chlo r ite preferentia ll y 
rep l aces pre - existi ng mafic min erals, but 
also partially rep l aces feldspar phenocr 
y sts, pumice and matrix. Along with 
calcite , i t i s a l so one of t he two mo st 
common vein - filling phases in th i s zone. 

2c ~ _ 0 

The chlorite is an iron-riCh variety, 
based on the relationship of its 14A peak 
intensity (weak) to i:s 7A veak intensity 
(strong; liarshaw and Roy, 1961). 

CLAY r.INERhL GEOTHERMoMETRY 

ln cctive geothermcl fields worldwide, 
numerous investiaators have shown a 
corrt:lation be:ween incre2sino tempera· 
: u r~ and decreasing e xpanG c ble ~nterlayer 
content in liS (e.g. Steiner, 196!'-; 
Muffler cnd I<hite, 1969; McDowell and 
E1ders, 1980; Browne, 1978, 1980<;). ln 
o l most ell cases, the appearance of 
illite «S'; expandable interli;yers) 
coincides with temperatures in excess of 
200°C (The range is 200-240 0 C, and the 
precise -illite appearance temperature is 
field-specific). ln corehole VC-2h, 
however, illite extends up to a present 
depth of at least 25 m, where the present 
temperature is only about 80 0 C. This 
relationship, along with other textural 
and mineralogical evidence to be dis
cussed, shows that the upper levels of 
the Sulphur Springs hydrothermal system 
have dramatically cooled since illite was 
formed. 

The 200 0 C minimum temperature 
required for illite formation presently 
occurs in VC-2A at a depth of about 400 m 
(Fig. 2). However, a paleotemperature 
profile based on mean homogenization 
temperatures for primary fluid inclusions 
in hydrothermal vein- and vug-filling 
minerals occurring with (and "in part co
precipitated with) sericite (Fig. 2; data 
from Hulen et aI., 1987, and Sasada, 
1987) shows that the 200 0 C isotherm once 
occurred at least as high as about 20 m 
beneath the present surface. 

DISCUSSlON AND CONCLUSlONS 

The "" di "stribution of hydrothermal 
sericite in CSDP corehole VC-2A shows 
t hat pal eo t e mOp era t u res i nth e S" u 1 ph u r 
Springs hydrothermal system once reached 
at 1 east 200 0 C nea r the present -ground 
surface, even though present temperatures 
are " much coole~ at ihese sh~110w de~ths. 
Fluid - inclusion evidence from quartz and 
fluorite intergrown with the illite shows 
that all three minercls were deposited ";':~ 
unde r liquid-dominated conditions. Wlter 
vapor. however . is now t he pressure
controlling fluid to a depth of at least 
240 m (Goff et a1., 1987). 

Other wel l s in the Valles caldera have 
shown simi la r cooling t o t ha t demon
strated by VC - 2A. Al teration minera l s in 
wel l s in t he Redondo Creek area (Hulen 
and Nielson, 1986a) have shown coo ling of 
be twee n 50 and 1000C. BlCb - B, north of 
VC -2A, has al so demonstrated coo l ing and 
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a drop in the water table of at least 250 
m since maximum hydrothermal tempera t ures 
(Hulen and Nielson, 1986b) . VC - 1, 
located immediately outside the caldera, 
has shown a decline in temperature of as 
much as 100 0 C although it is clear that 
t his are a e x p e r i en c e d 0 ve r p re S s ur e sat 
it s temp e rature max imum (Nielson and 
Hul e n, 1987). 

There ar e several alternatives to 
ex pl a in the caldera-wide cool i ng from a 
temperature maximum defined by nydrother
mal alteration: 1. less heat input from 
the magma, 2. draining of a ca l dera lake 
whose hydrostatic head could have allowed 
the temperatures at the present surface 
to reach 200 0 C, 3. erosion of an overly -

, i ng 'r 0 c I:: t 0 1 u m n e x p 0 sin g ,t h e dee per 
levels of a hydrothermal ' system, 4. 
upl i ft due to resurgence , or a combina
tion of the above factors. 

The core from VC-2A shows that the 
volcanic units beneath the Upper Tuffs 
dip at 40 0 , and that di ps of 20 to 30 0 

are found in the Upper Tuffs and overly 
ing caldera fill (Hulen et al., 1988). 
The phyllic alteration described above 
affects all of these rocks . It is clear 
from these relationships that the thermal 
maximum must have occurred after or in 
the waning stages of resurgence. Smith 
and Bailey (1968) proposed that resurgent 
doming was completed about 100,000 years 
following caldera collapse, or at about 
1.02 Ma. They also state that the 
resurgent dome was uplifted through a 
caldera lake. 

Goff and Shevenell (1987) have dated 
the travertine deposits at Soda Dam in 
San Diego Canon to the sou t h of the 
caldera. These hot. spring deposits are 
produced by leakage of the Valles 
hydrothermal system along the Jeme z fault 
zone. Following form a tion of the Valles 
caldera and p r io r to t he ini t ial deposi 
t ion of traver t ine a t 1 Ma, Goff and 
Shevenell estimate that at leas t 400 m of 
Bandelier Tuff was eroded . Th e earlie s t 
t r a vertine is deposi t ed directly on 
Paleo z oic and Pr e cambrian rock . St udie s 
o f t h e t rav e r t in e indi cate t hat s in ce 1 

1M a , d i s c h a r g e vol u me s may h a v e b ee n 
highe r, bu t fluid t empe rat ur e s have been 
r el at ivel y c ons ta nt, probabl y ne ve r more 
t han 1 0 0 ho t t e r t h a na t present. This 
implie s t ha t t h e t empe rat u r e o f t he 
Va lle s hy d r o t herma l syste m h as re ma i ne d 
essent i a ll y un chan ge d i n the past 1 Ma. 

Fro m the above evidence, the foll ow
in g scenario is prop ose d . The hy d rother
ma l a l teration maximum took p l ace in the 
100,000 year interval followins collapse 
of the Valles caldera and thr ou ah the e nd 
o f u p 1 i ft 0 f the res u r g e n t d 0 m-e • T h r e e 
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factors may have contributed to the high 
near-surface paleotemperatures documented 
throughout the ccldera: 1. latent heat 
from the recently erupted Tshirege Member 
of the Bandel i er Tuff, 2. hi gh heat flow 
from the resurgent magma chamber, and 3. 
th e hydrostatic heed from a caldera lake. 
It is compelling to c a ll upon draining a 
caldera lake as e n e x planation for both 
the collapse of is ot herms and lo wering of 
the water table. Draining the la k e 
through San Diego Canon could produce the 
high erosion rates documented by Goff and 
Shevenell . A rapid lowering of the water 
table would not only reduce the convec
t i ve heat flow, it is a logical cause for 
hydrothermal brecciation observed in both 
VC-1 and VC-2A. 
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