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ABSTRACT

Strattgraphy and alteraticn of borehole Baca-
20 from the Redondo Creek area im the Valles
Catders have been f{nvestigated by binocular
microscopic  logging and  Xeray  diffraction
techniques. Within the caldera, the Bandelier
Tuff has thickened dramatfically from dacumented
exposures outside the caldera, The two principal
members of the Bandelier, the Otowl &nd Tshirege,
have been recognized in Baca-20. Additional ash-
flow tuff cooling unfts have been delineated both
below and. above the Bandelier. The units above
the Bandelier have undergone fintense alteration
with the formation of a varfety of clay minerals,
fnctuding pure Mg- or Ca-smectite, allevardite-
ordered f(l1lite-smectite, kaolfnfte and {111te.
This alteration {1s apparently controlled largely
by high original permeabflfty of these rocks. The
presence of the highly ordered §1l{te-smectite
suggests that higher temperatures than presently
prevafl ex{sted during the alteration process.

INTRODUCT 104

The high=temperature {up to J330°C; Bandan-
vitie, 1978}, ligquid-dominated 8aca gecthermal
system, fn the Redondo Creek area of the ¥Yalles
Caldera, MNew Mexice {Fig. 1} is hosted primarfly
by the Plefstocene Bandelier Tuff and 2ssocfated
felstc tuffs and sediments. The Bandelier has
been well studied outside the VYalles Caldera
{Smith and Bailey, [368; Doell et al., 1968; Crowe
et al,, 1978) where ft reportedly formms two dis-
tinct members--the lower {Otow!) and upper
{Tshirege)--aggregating only a few hundred feet in
averdge thickness, The thick {up to 6000 ft) se-
quence of Bandelier and assoctated felsic tuffs
and sediments within the caldera, however, has not
been fully characterized. One aim of this paper
is to document the stratigraphy of this tuff se-
quence in borehole B-20, a 6824-ft gecthermal well
conpleted by Unfon C1) Company in 1980.

The upper portion of well B-20 demonstrates
the development of {intense clay mineral alteration
{(Fig. 2). Hineralogy and mineralogic rzoning of
this {aterval have been fnvestigated by X-ray
diffraction (XRD}. This paper will present the
results of this XRD investigattion and its s{gni{f{-
cance fn definition of the Baca reservalr.

GEQLOGIC SETTING

For excellent discussions of the regional
geologic setting of the Valles Caldera and victni-
ty, the reader {5 directed to the classic works of
Smith and Bafley {1568) and Doell et al. (1968},
According to these lavestigators, caldera forma-
tion began out 1.4 m.y. ago with eruption of
about 300 km” of efecta to form the Otow! Hember
of the Bandelfer Tuff, with resultint subsidence
of the Toledo Caldera, Following a 300,000 year
erosfonat  {Interval, a1 second eruption, of
comparable size, furmed the TVTshirege Member and
the Valles Caldera. Rhyolite domes, flows and
tuffs subsequently were emplaced {n the Catdera's
moat drea while upward pressure of magma caused
resurgent doming. The Redondo Creek project area,
site of well B-20 and other deep tnfon wells
straddles the apical graben of the resurgent dome,

The ¢eotogy of the Redondo Creek area has
been mapped at the surface by Behrman and Krapp
(1980) and fnterpreted fn the subsurface by them
and by Hulen and Nielson (1982}, Above & deep
basemant of Pliocene volcanics and sedimants, and
underlytng Paleorofc clastics and carbonmates, the
Bandelfer Tuff and assocfated rocks locally reach
a2 thickness of 8000 feet {n this area. Hulen and,
Melson (1982). demonstrated that thermel flutdj
flow {n the Bandelier {s controlled not only by-
faults and fractures, but by thin, permeable,
fatra-tuff sandstones and non-welded tuff beds.

HETHODS AND PROCEDURES

Cuttings from borehole B-20, collected by
Unfon at 20 ft {ntervals, were first thoroughly
washed 1n warm water to remove drilling mud and
lost circulation material, then mounted on chip-
boards 2t & scale of 1" = 10 ft. These boards
altow observatfon of subtle textural and color
gradations that might otherwise escape detec-
tion. The well was logged in detail for lith-
alogy, alteratfon and evidence of faulting /frac-
tering, using a conventional binocular microscope,
occasionally supplemented by petrographic and XRD
Results of this logging are presented

techniques.

tn Figure 2. Depths shown are true vertical
depths calculated from a downhole deviatfon
survey.

Samples from the high-level clay alteration



Hulen and Nielson

TR =
R EXELANATION
LU TS Ay
<
__,,.a/\(ﬁ-'?_\\_\lmjd * 1'! : N founger caldera -Hill
bl SRR .;“M"’ -.\\\" . - i, . p B
I T SRR A deposits (Quaternary)
. :':"..v" W AEetT T -I'{
A ) : Redondo Cree#

Pt N

Y

Rhyohte Quaternary)

1000

Older caldera-Fill

deposits (Quaternary)

Bondelier Tuff
(Quaternary)

PR Contact ~approxinately
s located
o Foult-doshed where

app!onmare/r &Jcafed.
dotted where concealed

Borehole locaticn and
number with surfoce
projection of well course

Approximote outer
limit of active
suelicral alteration

Location of borebole 20

000 FT.
~ Geolagy from Behrman aad Keapp (1980)

& 200 400 600 M.

P & . — Alteration lrom Dondonville (1978}
o~ ! :

Figure 1, Geologic map of the Redondo Creek area, shawing the location of Unfon Of1 Company

one in B-20 were lightly crushed, then sonically
disaggregated fn water. The 2-mi¢cron fraction
then was decanted and concentrated by ceatrifuga-
tfon. The resulting c¢lay slurry was smeared on
glass slides and X-rayed following afr-drying,
vapor glycolation, and heatfng to 250°C and 550°C,
using a Phillips diffractometer with Hi-filtered
Cu-Ka radiation. The distribution of layer s{li-
cates {and contaminants) thus detected {s graphi-
cally displayed as Figure 3, Sediments and minor
interbedded tuffs above 340 ft were not 2nalyzed
due to heavy borehole cement contamination,

STRATIGRAPHY

Below a surficial iInterval of “caldera-fill"
tuffaceous sandstone, siltstone, mudstone and Euff
to 340 ft depth, borehole B-20 penetrated primari-
¥ non-welded to (dominantly) densely welded fel-

boreholes, {ncluding No, 20, the subject of this study.

sic ash-flow tuff (Fig. 2}, much of which can be
attributed confidently to the Bandelfer Tyff,
Dominating this tuff sequence are two thick, mod-
erztely to densely welded intervals, each with a
granophyrically crystallized core zone, and each
capped by a thin tuffacecus arkosic sandstone.
The upper of these two {ntervals, from 134C ft to
3007 ft, we fdeatify as the Tshirege Member of the
Bandelier Tuff; the lower interval, from 3018 ft
to roughly 4635 ft, we believe ta be the Otowi

Hember,

The upper (Tshirege} iaterval is a densely
welded, crystal-vitric felsic ash-flow tuff con-
tatning about 22-25¢ sanidine phenocrysts, 3-51
quartz phenocrysts, 0.3% disseminated magnetite,
0.5% disseminated chlorite and 1.3% li{thic frag-
ments embedded {n a dense gqroundmass of quartz, K-
feldspar and minar atbite; XRD reveals no



Hulen and Hielson

r—'—'————-——ALTERATIONw—-——ﬁ"'
CHL.

PY. CAL. £p

IZ LT WELD XLZN. CLAY 50,
&z y2 31 tz 31 1231 123 123 123 123 1213
EXPLANATION '|‘ A -0
: i
xz U
0] Iy :
TUSFACEQUS ar B
SEDIMENTS @l G
of 5
5 E}ﬂ ]
& ns <8 k250
= ng >3
NON-WELDED IO 0 Ui g -
p POORLY WELDED ol
S| RHYOLITE ASH- - Z
ol FLOW TUFF SANOS IO b e
| S = " '
o | ypunli—
o Sl et 5
A1 MODERATELY — 500
WELDED RHYOULUITE — = U
ASH-FLOW TUFF s b
l—
= e :
Ll pT—— 8 b
DENSELY WELDED ot z £
RHYOLITE ASH- rusice [+ b ”
. | FLOW TUFF LN =N gl 150 o
= g x
= :
- = 2
L R
0| INTERMEDIATE —] >
& VOLCANICS [ —— z
300 —y -
NI-M
TANOSTONE @—;
LITH » LITHROLOGY b 1 1000,
WELD.* WELDING :,.“;: :
XLZN. ¢+ CRYSTALLIZATION [~ —<=]
PY « PYRITE - ¢
CHL * CHLORITE ——— U )
CAvL.» CALCITE i s
EP = EMOOTE e >
10 WEAK I — o _ I
2« MODERATE 4000 —e” 2 : * Luso
34 STRONG " <
{<1» VERY WEAK) ey % -
=
NS+ WO SAMPLE g
=t
il

Figure 2. Generalized lithologic and hydrothermal alteration logs for well B-ZC.
detectable opal, cristobalite or tridymite, The represents 2 minor cooling break in  the
Tshirege. The upper (Tshirege} interval is over-

groundmass in the granophyric core of the upper
{Tshirege} interval, from 1460 Ft to 2727 fr (Fig.
2} is & megascopically sugary-appearing aggregate
of quartz, ¥K-feldspar and variable albite, common-
ly showing granophyric texturs in thin-sectfon. A
thin pumice bed, from about 2450-2465 ft, prohably

latn by 40 ft (1300-1340 ft) of tuffaceous arkose,
and calcite as matrix

with abundant {11{te, clay

constituents,

The lower (Ctowi} interval, from 3018 ft

A
iir
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4635 ft, s very similar to the upper {Tshirege)
fnterval, from which 1t is separated by 2 second
thin tuffacecus arkose (3003-3018 ft; Fig. 2}.
This faterval, however, differs from the Tshirege
in being only moderately welded to a depth of 13520
ft and 1n containing slightly more sanidine and
quartz phenocrysts (total about 27-32%). The low-
er contact of this unit is tentatively placed at a
subtle cooling break at about 4615 (t,

Below the lower (Otowi) interval, between
depths of 4635 ft and 5230 ft {Fig. 2), non-welded
to densely welded felsic ash-flow tuffs form at
least two cooling units, at present poorly under-
stood. These rocks, lfke those overlying them,
also contain quartz and sanidine phenoccrysts in
highly varfable amounts, 1n a mostly crystallized
(quartz, K-feldspar, albite] matrix. We suspect
they pre-date the Bandelier Tuff, ’

Above the Tshirege predominantly non-welded
to poorly welded felsic ash-flow tuffs form
multiple coolfng uaits between 340 ft and 1300 ft
(Fig. 2). They contaln 5-15% sanidine phenocrysts
and 3-5f quartz phenocrysts with var{able 1lithic
fragment content; hydrothermal alteration obscures
any primacy crystallizatfon of these tuffs., OQur
data are fncomplete at this time, but suggest that
these tuffs may be genetically related to the for-
matfon of the Early Rhyolite of Smith and Bafley

(1968).
HYDROTHERMAL ALTERATION

Beneath a high-level zone of {intense clay
alteration (Fig. 2} the tuffs and associated sedf-
ments penetrated in borehole B-20 (above 5230 ft)
are generally only weakly hydrothermally alter-
ed. Intensity of alteration varfes directly with
the {nitial permeability. The high-level clay
alteration zane, faor example, occupies an finterval
of generally non-welded to poarly welded {and thus
presumably permeable) ash-flow tuffs, By con-
trast, the dansely welded and crystallized tuffs
at lower depths have remained relatively fresh.

Principal alteration minerals detected during
binecular microscopic logging {and confirmed by
XRD) comprise varfous clays, stifca (chalcedony},
pyrite, chlorite, calcite and epidote. The clays
are more fully described batow. Chalcedony occurs
as & pervasive flooding and as microveinlets above
1500 ft and as rare veinlets below this depth.
Pyrite forms microveinlets and minute disseminated
grains; microveinlets are much more common above
1500 ft. Chlorite farms sparsely dissem{nated
grains and microveinlets {commonly with calcite
and pyrite) throughout the well, and as a perva-
sive staia in the argillic zone between 630 ft and
1460 ft. Caleite occurs as groundmass flooding,
plagiocclase replacement, and as a matrix consti-
tuent in arkose. Epidote occurs primarily as
minute disseminated grains and also as scattered,
rare microveintets. Chlorite and calcite Increase
dramatically in deep andesite, where these two
minerals could reflect higher host rock reactivity
andfor could predate the presently active geother-

mal system.

The high-level clay alteration rene, betw

340 ft and 1460 ft (th. 2}, was invesffgafgde?z
detafl by X-ray diffraction, The layer silfcates
detected by this methad display a distimct zoaing
(Flg. 3). Pure smectite is the predominant con-
stituent to a depth of 1060 ft. The smectite
ylelds & basal peak of 14-14,5A {n the air-dried
state, Indicating magnesium or calcium to be the
{nterleyer cation (Schoen et al,, 1974),

Ordered, {nterstratified §llite-smectite s
another common constituent of the high-level ar-
gittic zone. The ordering is of the “allevardite®
type (Hower, 1980) as indicated by prominent peaks
at about 27A, 13.6A, 9A and 5.35A following vapor
glycolatioca., The positions of these peaks {ndi-
cate nearly perfect ordering with an {l1lite

content of about 65X.

¥aolfnite s a major constituent of the ar-
gi11ic zone to & depth of 400 ft (Fig. 3} below
which it gradually diminishes to disappear entire-
ly at B0O rt, Its disappearance coincides with
the appearance of chlorite, which persists to the
base of the sampled interval at 1460 ft. Chlorite
is distinguished from kaolinite by the presence of
major peaks at 14,204 and 3,54A. The latter f{s
clearty distinguishable from the 3.57A kaolinite
peak at stow scanning speeds,

Other phases detected by XRD in the high-
level argillic zone of B-20 §aclude discrete §il-
fte, pyrite, quartz, sanidine, plagioclase and
czleite, Ittfte, pyrite and kaolinite show no
distinctive roafng characteristics, but are en-
riched in the tuffaceous sandstone between 1300
and 1340 feet (Fig. 3). Quartz 1s probably both
an alteration product and a rock-forming consti-
tuent. Sanfdine and albite Tikewise are probably
orfginal host rock minerals; 2Ibite could also be

partially of replacement origin. -

DISCUSSION AHD CONCLUSIONS

Detafled togging of borehale B-20 has resuit-p
ed {n recogaition of two distfnctive, very thiek'’
falsic ash-flow tuff cooling unfts, both with
grancphyrically crystallized cores, which we have
tentatively corretated with the Otow! and Tshirege
Hembers of the Bandelier Tuff, The Otow! and
Tshirege are both relatfvely thin outside the
Valles-Toledo Caldera complex, seldom reaching
more than a few hundred feet fn aggregate thick-
ness (Crowe et al., 1978; Dondanville, 1978},
These units, however, according to the predictions
of Smith (1960), could reasanably be expected not
only to thicken dramatically within the caldera
complex, but to develop the thick granophyrically
crystallized cores observed in borehole B-20.
Both wunits in B-20 are capped by sandstones,
attesting to significant erosional intervals
following welding and crystallization. Complex
ash-flow tuff sequences above and below these two
units in B-20 we believe to predate and post-date,

respectively, the Bandelier Tuff as presently
defined.
High fievel intense clay alteration ian 8-20
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probably reflects both the high pemmeab{lity and
relatively low temperatures prevailing in the
upper portion of the borehole. The alteratien
shows & distinct downward zoning, from kaolinite-
rich, through smectite-rich to smect{te-poor and
chlorite-bearing {intervals. This 2onfng 1s in
part temprature dependent, but could also indicate
{increasing pH with depth. Kaclinite dfsappears
and chlorite appears between fnterpolated tempera-
tures of about 38 and 41°C., This mineral, how-
ever, 1s known to be stable under highly acid
conditions (Schoen et al., 1974}, so its positien
in B-20 may reflect alteratfon under acid condi-
tions created by oxidatfon of sulfides or ascend-
ing Hy5. Pure smectite of the type Tdentified In
g-20 f]so forms by such actd atteration (Schoen et
al., 1974), but at somewhat higher pH's. Its
minor presence at the base of the sampled fater-
val, at a temperature of about 100°C, 1s consis-
tent with its dissppearance temperatures at other

pothermal systems, fncluding the Salton Sea
?about 100°C; HMuffler and White, 1963) and
Wairake! (generally about 130°C (Steiner, 1968).
Chlerite occurs throughout the borehole and
requires further investigation for determination
of 1ts thermal signiffcance. Mixed-layer, alle-
vardi te-ordered, 1{1lite-smectite is believed to
form between temperatures of about 100°C and
179°C, yet it is found fn B-20 at temperatures as
low 2s about 30°C. This mixed-layer clay, there-
fore, we believe to be 2 relict phase formed when
higher-temperatures . prevailed at current depths.
Pure i11fte 1n the argillic finterval 1s also
believed to be paleohydrothermal.

Hartz {1576) and Grant and Garg {1981) postu-
late the preseace of a high-level caprock zone
above the Baca geothermal reservoir, based on exa-
mination of equilibrium temperature profiles for
the deep boreholes, It seems Tikely that the
high-level clay zone penetrated in B-20 {and many
other Baca boreholes) could effectively contribute
to the formation of such a caprock.
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