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Over 42,000 meters of deep drilling have been completed by Union 0il Co.
during geothermal exploration of a portion of the Valles caldera ip New
Mexico. Data from the drilling now forms the basis of a scientific study of
eruptive history, structural development of the resurgent dome of the caldera,
hydrothermal alteration, ore deposit fOrmation, and the dynamics of an active
hydrothermal convection system.

Caldera formation was initiated upon a deeply incised erosional surface
composed largely of Pliocene volcanic rocks of intermediate composition. The

initial products of the felsic activity are a series of ash-flow tuffs and

associated rocks which are poorly exposed outside the caldera. At 1.4 my the

formation of the Toledo caldera resulted in the deposition of the Otowi Member
of the Bandelier Tuff. After a period of erosion, the Tshfrege Member of the
Bandelier Tuff was emplaced during the formation of the Valles caldera (1.1.
my ago). Both of these members are predominantly densely welded with
distinctive interibr zones of granophyric crystallization. Closely following
the emplacement of the Tshirege Member, resurgent doming was initiated. At
this time pre-exisfing faﬁ]t.structures were reactivated as evidenced by
erosion and fluvial deposition oriented along the Jemez fault, a pre-caldera
structural trend. During the resurgent doming phase, localized ash-flow tuff
eruptions produced‘at least three}additional cooling units.

We have used our subsurface observations to apply é numerical model of
dome formation to the development of the resurgent Redondo Dome. This model
helps explain the structural relationships observed in the dome. The model
also supports present concepts of resurgent dome formation by predicting that
the magma responsible for the resurgent doming should occur beneath present
drilling depths.

Hydrothermal alteration is both stratigraphically and structurally



controlled. It is most intense not only in and adjacent to well developed
faults and fractures, but also within permeab]e (or initially permeable)
volcaniclastic and non-welded tuff units. Beneath a high-level clay-rich
zone, alteration assemblages are dominated by micaeous illite with commonly
abundant pyrite. Within the clay-rich zone, calcium-rich smectite and
allevardite-ordered, mixed-layer illite-smectite are the principal phases.
The illite-smectite, normally stable at temperatures greater than 100°C, is
found in the clay-rich zone at current temperatures as low as 30°C. This
implies that the hydrothermal system in this areas was at one time hotter than
it is at present. A

Most of the lithologic samples from the Valles wells are drill
cuttings. Although cuttings can yield valuable information if carefully
investigated, they have obvious disadvantages in scientific studies, and the
geologic community is well aware of the need for core from holes which are
drilled for scientific purposes. In addition, we would also point out the
advantages of placemenfugfng_deep«scientific holgmin areas which already

contain a large subsurface data base.
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INTRODUCTION AND PURPOSE

M. W. Molloy, A. William Laughlin, and N. E. Goldstein

The geotﬁefmal-potentiél'of the Valles Caldera, New Mexico{ was recognized
in the early 1960's after the drilling of four exploratory wells (Bond 1 and
Baca 1 to 3) in the Sulphut Creek aréa, and confirmed in 1970 with the drilling
of the discovery well (Baca 4) in the Redondo Creek area of the caldera.

Union 0il Company leased approximately ;00{000 acres of the Baca ggnch in
April 1971 and_began an active drilliqg:programf ‘ﬁy the end of 1976, Union
0il Company (Uniqn) hadv&:illéd’ten more wells in Rédondo Creek (#aca 5A, 6,
and 9 through‘i6), and two more wells in nearby Sulphur Creek (Baéa‘7 and 8).

1

In 1977, the bepartmethof~Enérgy (DOE) issued a Prbgram Opportunity
Notice soliciting cooperative participation from industry for the development
of a geothefmél demonstration power.plaﬁt.' As a result of this initiative, -
Union, Public Service Company of-NeQ Mexiéb, aﬁA-DQE'signéd afédoperative

agreement in 1978 for the development of a 50-MW demonstration power plant at

the Baca site in Redondo Creek.

Prior to the agreement, five of the 11 Union wells flowed at commercially
acceptable rates and pressures. One wellbore had collapsed, but the remaining
four wells provided 320,000 1b/hr of steam at line pressure,.or about
one—tﬁird the power planf requirements. Union estimated that appfoximately
10 more successfulAwells were needed to supply the additional 600,000 1b/hr

for the propbsed plant.

Subsequent drilling yielded only two successful wells of the 13 drilled
(including redrills). As a consequence, steam production was increased to only

353,000 lb/nhr.
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On May 1, 1981, Union forﬁélly‘notified DOE of their inabilif& to find
sufficient steam prqduction fé support the power plant. Union suggestgd
that a modified program of deep drilling be undertaken to test théhfermeapility
of possible sub—Bandelig; reservoir rocks. Unipn fu;thg;~suggested that
hydraulic fracture of two marginai wells in the Bandelier Tuff be attempted

in order to. increase their permeability.

DbE acpebtzd Union's sdggestidns; Qnd’the DOE Baca Project Manager;
Mr. A?t Wilbur, formed tﬁé DOE B;ca“Reservoir Definition Review Team. The
Team's resbonéibiiitie; were to: "pioﬁide iﬁdeﬁeﬁ&ent'review of Union's
reservoir Progfamfresuité;ﬁco&clusién and plaﬁs; and provide DOE with the
best possible basis for agséssing whether the project can succeed technically.”
Revigw;Team members were selected to cover .the critical technical disciplines
that are gnidug to the Baca project (Appendix 1). The DOE Teamhfécgived
technical. briefings from Union's geologists and reservoir engineers. ‘Members,
studied Unionfs.data‘andmreports_iq their a;egp_of specialty and shared

their evaluations with Union's technical staff.

Disappointing results were obtained from the deep drilling and hydrofrac
program for a variety of reasons, and in January 1982 the thre§ pagtiesftq .
the ‘agreement decided to terminate the proiect.. The DOE Program Managerﬁ!tﬁf
asked the Review Team to prepare this final report. Individual sectiongiwe§g-
_prepared by the specialists involved in those -aspects of the work; all team
members reviewed the overall document and contributed to the Summary and_

Conclusions. ' -

©
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This report is intended to serve as a constructive summary of the
lessons learnéd duriﬁg geothérmal resource development at Baca. The three
main objectives are to provide a concise analysis of the technical work
performed in connection with reservoir development, to elucidate the problems
encountered during developmental drilling, and to suggest methods or procedures
that geothermal developers might follow to avoid the reservoir definition

problems encountered.
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REGIONAL GEOLOGY

Dennis L. Nielson

The Baca Geothermal Demonstration Power'Project is locafed within the

- central portion of the Valles Caldera in north-central New Mexico (Fig. 1).
.On a regional basis, the qaidera is located at the western margin of the Rio
Grande Rift, where the.rift1is intersected by the northeast-southwest-trending
Jemez Lineament, a zone of late Tertiary to Quaternary volcanic activity

(Fig. 2).

The following description is from Doell et al. kl968)’and Smith and
Bailey (1968); the reader is directed to those publications for a more
complete discussion. Caldera formation began about 1.4 million years ago
with the eruptién‘of the Otowi Member of the Bandelier/Tuff. About 300 km3
of material was eruptéd at this time to form the Toledo Caldera. About 1.1
million years ago, an eruption comparable to that of the Toledo Caldera
formed the Valles Caldera with the emplacement of the Tshiregé Member of the
Bandelier Tuff. Subsequent rhyolitic activity has reéulted in extrusion of
domes in the moat area of the Valles Caldera. Rhyolite and ash flow tuff

eruptions continued until 100,000 years ago.

Following the formation of the Valles Caldera, the fesurgent Redondo
Dome was formed by continued upward pressure from the still-molten magma
chamber. As a result .of this doming, a complex series of faults developed
across the crest of the dome. The Baca Geothermal Demonstration Power
Project is located within the center of this dome. The geothermal system is
believed to be controlled by normal faulting that developed during the

formation of the resurgent dome.
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Mexico.
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STRUCTURE, STRATIGRAPHY, AND PERMEABILITY IN THE REDONDO CREEK PROJECT AREA

Jeffrey B. Hulen o

Thermal fluid flé& in tﬁe Baca geothermal reservoir, as defined by
drilling to date, ié botﬁ str§tigraphically and structurally controlled.
Stratigraphic permeability is providéd £y-volcanic1§stic sediments and
non-welded tuffs, primarily within the Quaternary Bandelier Tuff. Structural
permeability is develope& along faults and associated fractures that form

the central downdropped block (medial graben) of the Valles Caldera.

The Redondo Creek projéét area is situated withiﬂlfhe medial graben,
a major northeast-squthWest-trending structure deveiOped near the struccufal
apex of resurgent doming within the Valles Caldera (Smith and Bailey,\l968).
High-angle faults férming the graben are a major control on therm;I fiuidzflow‘
within and near the project area. This relatiénship is-strongly iﬁaicafédAat
the surface by alignment of fumaroles, gas seeps,Aaﬁd thermal springs, as well
as by zones of bleaching and alteration.. These hydrotherﬁal phenoména lie
along fault traces at Redondo Creek (Fig. 3; Dondanville, 1971, 1978) and
along §imi1ar structures in the Sulfhur Creek area, immédiately to the
northwest (Goff and Gardner, 19805. Fault control of fluid flow at depth is
indicated by the correlation between fracture/fault zones interpreted in
Union well logs, steam or hot water entries in Union wells, and faults
mapped at the surface (Figs. 3 and 4; Behrman and‘Knapp, 1980). Union's
detailed anélysis of dipméter data from wells iﬁ Redondo Creek showéd
a prefetred-northwest-soutﬁeast‘orientation of fréctures, It would appear,
therefore, that the geéthermal anomaly in Redondo Creek is conditioned

by the intersection of these fractures with northeast-—southwest-trending

faults. Apparent displacements on these high—angle faults range from a few




At ’,L,;,\';\.- T
N/"n'\\, (SN IC I A
\

Vaalidiz
- I:‘

O

- AR “\ ~

A KDARe
’\\:‘ e

AR

A PRGOS
DAY
KN 23>

e

: .\"::7’\'7

L RS

IO
VA4

. v

o

1000 2000

Scale In Feet

Goologf from Behrman and Knapp (/980)
Alt;ratlon from Dondanville (197!, 1978)

EXPLANATION
Younger Caildera=Fill - -
Deposits (Quaternary) .=~ Conta;
» Redondo Creek -7 ‘ '
(CD Krvoite (Oustsrnary) %~ Fault. bar and ball on downthrown block
Oider Caldera “Fill / Borehole location and number with
Deposits (Quaternary) - o&%  surface projection of well course

Bandelier Tuff 2 R
(Ouaternary) k.« Outer limit of surficial alteration

XBL 827-10618

Figure ‘3. Geologic map of the Redondo Creek project area, Valles
Caldera, New Mexico. ’

[ 3



Pl

&'

-9 -

X - | X’
B-20 (Redrill not plotted--no samples )
1o throughout fouch of hote] " 10
B-4
Bend in /
Section
9
L)
> e
» ”
-t K - “-h
s e AERA H
frd NATIXIS] « 9 | 5 L
£ - 8
c c
2 °
S 4 2
2 e
w w
3
1000 2000
SCALE in FEET
2
. .
Data from Union Geothermal (1973-1981),
Behrman and Knapp (1980) and
Grant and Garg (1981)
[0 2 o)

Dep0sits (Quaternary)

EXPLANATION

intermediate volcanic rocks (Tertiary)

Younger Caldera-Fill Q Paliza Canyon Formation--dominantly

Redondo Creek Santa Fe Sandstone & Abiquiu Formation,
Rhyolite Quaternary) undivided--arkosic sandstone with
Qlder Caldera-Fill minor tuff (ertiary)

,/ Fault

Figure 4.

tuff horizons

siltstones and sandstones (Permian)

Deposits (Quaternary) Abo Formation--red-bed"arkosic

Bandelier Tuff--rhyolite
e MGt

Intra-tuff sediments -]
dominantly sandstone)

iy~ Discrete non-welded Borehole
——

£\ Madera Limestone--silty limestone
&/ - (Pennsylvanian)

,—lndicates actual formation
contact in borehole if different

i Contact Major thermal. ™ than shown on cross section.
\ ‘ ~~fluid entry Such discrepancy results from
N l projecting well courses up to
\ - 600 féet onto section.

XBL 827-10619

Geologic section through the northeastern portion of the
Redondo Creek project area, Valles Caldera, New Mexico.



- 10 -
hundred to at least 1400 ft. Zones of intense hydrothermal alteration in
welded Ban;elier Tuff were benetrated by several wells (Union Géothermal,
1973-1981). ‘These zones probably mark former fault- andAfracturé-controlled

flow channels, now hydrothermally sealed.

The Baca reservoir is primarily confined to the 1.4 to 1.0 million-year-old
Béndelier Tuff (Doell é; al., 1968). The catast;ophic eruption of this tuff
led, in stages, to formation of the Valles Caldera. The-Bandelier is gengfally
less than 1000 ft thick outside the caldera (Dondanville, 1978),4bﬁ; 1océi£§
~ exceeds 6000 ft in thicknessiwithin the Redondo Creek project area (Figs. 3
“and 4) at fhe cai&éra's southweste?n'aaféin. The tuff is ‘described in
Union's lithologic logs (1973-1981) as domiﬁanﬁly welded, glassy to devitrified
rhyolite ﬁuff (almost certainly of ash~flow origin), with sparse to>abundant
quartz and féldspar (mostly sanidine) pheﬁocrysts, rare biotite, and variable
pumice content. Restrigted intervals in the Bandelier are described as
brecci;lof unspecified origin. In several deep Union drill holes, the
basal 1000 ft of the formation is félatively pumice rich (Dondanville,

1978) and,modérately to strongly welded.

Immediately abpve‘thévbase énd.scattered throughout the Bandelier Tuff
are non—-welded tuff beds and well-sorted, tuffaceogs sandstones, some of
which méy represent p&roclastic base surge deposits. These rocks are not -
continpouszﬁhroughout the project area, but4can be correlated be;ween neighbor-
ing”wells'(fig.'h); Tﬁese units are essentially flat lying in the northeastern
portioq of the project area. Else@here within the caldera, surface ﬁapping

reveals that. the Bandelier dips radially outward from the resurgent dome by

as much as 23° (Smith et al., 1970).
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The tuffaceous sandstones within the Bandelier range in thickness from a
few feet up to 360 ft; the non-welded tuffs range from a well-defined
9 ft to vaguely defined intervals in excess of 250 ft. These permeable
units, which aggregate less than 8 percent of the total formation thickness in any
given well, aﬁpear to be important stratigraphic controls on thermal fluid
flow at Baca -- second only to the steeply-dipping medial graben faults cited
as major fluid flow channels by Dondanville (1971, 1978) and Behrmén and
" Knapp (1980). Of 23 major steam or hot water entries identified in the
Bandelier by Union Geothermal (1973-1981), Behrman and Knapp (1930), and Grant
and Garg (1981j in 14 deep Baca wells, seven occur within tuffaceous sandstone
units, and five within thin (less than 100 ft), discrete, ﬁon—welded tuff
horizons. Non-producing Bandelier sandstones and non-welded tuffs encountered
in the wells are generally much.more intensely'alfered than enclosing welded
tuffs. This relationship suggests that these permeable units were forme;ly
the;mal fluid conduits, but have become impermeable through interstitital

deposition of secondary alteration minerals.

Within the project area the‘Bandelier tuff is eroded and locally
concéaled beneath Quaternary "caldera fill" deposits (Fig. 3) consisting of
landslide debris as well as volcanic and lake sediments. These deposits
seldom exceed 1000 ft and are separated in time from the Bandelier by

the Redondo Creek Member of the Quaternary Valles Rhyolite.

The Bandelier rests unconformably on the Pliocene Paliza Canyon Formation
(Bailey et al., 1969), a 700~ to 1300-ft sequence of dense, propylitized
flow rocks with locallybinterbedded tuff and volcaniclastic sandstone. Grant
and Garg (1981) identify three important thermal fluid entries in the.Paliza

Canyon. One of these occurs in andesite porphyry and may be structurally
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controlled; another occurs in a poorly consolidated tuff and is probably a
stratigraphic aquifer; the third is at the bottom of a well, where the nature

of the controlling permeability cannot be determined.

Union's deep wells penetrating through the Paliza Canyon Formation
encountered up to 540 ft of friable, poorly sorted arkosic and volcaniclastic
sandstones, occasionally with interbedded tuffs. These sandstones have been
logged as the Oligocene Abiquiu Formation (Goff and Kron, 1980) and as the
Miocene Santa Fe Sandstone (Smith et al., 1970). They may be too unconsolidated
to support commercial production in the Redondo Creek area. The Santa Fe,
for example, actually flowed into well Baca 14, which then required extensive

remedial cementation (Behrman and Knapp, 1980).

The Permian Abo Formation, disconformably underlying the Santa Fe/Abiquiu
Sandstones, was reached in three Redondo Creek wells and drilled through in
two. In Baca 12 (deepening), the formation is apparently 1650-ft thick, and.
in Baca 22 (Redrill 3), about 800 ft of Abo was penetrated above an apparent
major fault zone (Fig. 4). The Abo "red beds" consist of interbedded arkosic
siltstones and sandstones, which are locally anhydrite ricﬁ. Drilling in the
Abo was hindered by severe loét—circulatiqn problems due either to stratigraéhic
or structural pe;meability. Despite these lost circulation problems, the Abo
yielded'no thermal fluid production. This pafadox may be interpretedvin at
least three ways. First, existing fractures were opened by overpressured
drilling fluids and subsequently closed as reservoir production pressures
decreased. Second, the Abo was deficient in formation fluid where it was

penetrated by Union wells. Third, fractures were blocked by drilling fluids

and detritus (formation mud damage).
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Baca 12 (Deepening) and 22 (Redrill 3) wefe drilled to test the reservoir
potential of rock units below the Abo Formation. . Targets included possible
solution voids in the Pennsylvanian Madera Liméstone, ﬁerméability developed
by weathering of the erosion surface of the underlying Precambrian granite,
and fault/fracture zones in the granite basement. Baca 22 (Redrill 3) was
lost just after the Madera was reached. Baca 12 (Deepening) penetrated
about 950 ft of Madera before drilling about 470 ft into the granite.

Although a mgximuﬁ temperéture of 646°F was recorded,* both units proved to

be impermeable.

Other structurallfeatures'recognized by Behrman and Knapp (1980) within
the project area are the iow-angle faults and possible cooling joints in the
welded tuff. Low-angle faults with arcuate surface traces mapped within the
project area (Fig.” 3) apparently form the sole of shallow landslide blocks.
These laﬁdslides incorporate "caldera—fill" deposits, Redondo Creek Rﬁyolite,
and the uppermost Bandelier Tuff (Fig. 4), and ;re not important in controlling

the Baca geothermal resource.

Behrman and Knapp (1980) suggest that cobling joints in welded Bandelier
Tuff may control thermal fluid flow or cause lost circulation in several
Union wells. Cooling joints are typical features of welded ash-flow tuff and
are common in the Bandelier outside the Valles Caldera (Ross and Smith, 1961).
Distinguishing joints from tedtonically produced fractures is difficult in
drill cﬁttings or E-logs. Whatever their origin, features identified on well
logs as joints seem to be confined to specifié horizons within the Bandelier

and may be useful for correlation of reservoir zones within the caldera.

*For comparison, the temperature at the same depth (approximately 10,000 ft)
at the Fenton Hill HDR site was 400°F.
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In summary;.Union,wells infthé Redoﬁdo Creek afea_shpw_that the‘Baca
geothermal system is apparently cBﬁfined to stratigraphic_and-stfucturai
aquifers in ghe Bandelier Tuffuahd Paliza Caﬁyon,Formation. Significaht
thermal fluid productioh has not been encountered below these units. Lost
circulation zones encountered -in the Paliza Canydn and underlying Abo
Formations were unproductive, and may be attributed to closed fractures, lack
of formation fluids, or mud damage. Thegunderlying'S;nta Fe and Abiquiu
Sandstones may‘be too friable to bermit“commercial production (Behrman and

Knapp, 1980).

The underlying'Madera Limestone and Pféchmbrian granite basement were

impermeable in the single well (Baca 12, Deepening) tested.

The‘import;nce of faﬁlﬁs.and fractures in contgolling flow and'sforage
of thermal flqias in the Redoﬁdo Créek'area has begn_streésed by Behrman

. \ .
and Khapp (1980). The occurrence of warm springs‘on the margin of the
Célde#a and tﬁevpresence of sfratigraphic équiféré w;thin the Bandelier

Tuff suggest that there could be good hydraulic ‘communication between faults

of the resurgent dome and caldéra boundary faults. .

I
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GEOPHYSICS

M. Wilt;'N. E. Goldstein, and S. Vonder Haar

Reconnaissance gebﬁhysical studies were performed over the Valles Caldera
by Union Geothermal to obtain regional structural information and to identify
anomalous areas with geothermal potential. Gravity and magnetic methods were
used to determine regional structure and to estimate basement depth. Electrical
and electromagnetic methods (dc resistivity, electromaghetics, tellurics and

~magnetotellurics) wére used to locate regions. of anomalously low resistivity
that may be associated with geothermal reservoirs. These sﬁrveys were performed
early in the development of the prospect; large areas were surveyed at low
station density. In Redondo Creek, station density was higher, but less than

adequate for detailed subsurface mapping.

Valles Caldera is characterized by a broad gravity low and a resistivity
low in the western half. The.depressed gravity principally results from
the lower—density material tﬁat filled the caldefa after its collapse. Gravity
modeling indicates that the depth to Precambrian basement is greater than 3
km under Redondo Qreek and as great as 5 km in the deepest parts of the
caldera (Segar, 1971; Wilt and V&ndet Haar, 1982). For contrast, the Precambrian
is 500 m deep at Fenton Hill (Jiracek et al., 1975). Gravity modeling
suggests that the caldera and the Redondo Creek graben are inclined to the
southeast,.toward.the Rio Grande rift, ;o that the boundary faults on the

western side of the graben have shallower dips than those on the eastern side.

Lower resistivities in the western half of the caldera seem to be caused
by more intense hydrothermal alteration and high-temperature saline waters at

depth. Resistivities are generally high at Redondo Creek, except at the
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surface over hydrothermally altered regions, and at depth in the restricted
area of the well field. Magnetotelluriq soundings reveal a deep low-resistivity
zone (Fig. 5) that correlates well with the productive depths in Baca 11
and 13 (Wilt and Vonder.Haar, 1982). Resistivity is mucﬁ higher in areas
where drilling encountered hot but dry conditions; indicating thét'the
low resistivity iS‘princiéally due’ to the preseﬁce of hot fluids. Telluric
- profile data, useful in locating lateral chénges in resistivity, define a 10-
km?2 éréa'of anomalously low resistivity at'depth. All the successful deep
wells at-Baca lie within this zone. Improved definition of this 10-km2
region is therefore important for future drilling and reservoir prodgction

estimates.

Geophysical surveys helped Union Geothermal‘locate a low-resistivity
anomaly at depth in Redondo Canyon. Union considered additional investigatjéns,
including active seismic, MT, EM, and SP surveys. At that time, however, the
structural and topographic complexities of the narrow canyon and the diffi-
culties of interpretation led Union to the conclusion that further geophysical
work would not significantly contribute to the delineation of productive’
drilling targets. "Additional ﬁagnetotellufic and telluric measurements
are necessary if the' cause of the anomaly is to be ‘determined more exactly’
and if éhe.low-resiéti§ity zone is to be mapped in more detail. A geophysical
techniéue that has proved successful in locating continuous fluid-filled
fractures in other geothermal systems is the self-potential (SP) method
(Corwin and Hoover, 1979; Morrison and Corwin, 1981). This cost-effective
technique may prove useful for identifying fault/fraqture zone drilling.

targets at Baca.

.
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GEOCHEMICAL INDICATORS OF RESERVOIR CONDITIONS

J. M. Delany and A. H. Truesdell

Géoéhemical mefhods are useful for determining the chemical and thermo- -
dynamic state of geothermal reservoirs; as well as fo; ﬁoﬁitoring production-
induced chemical changes. The chemical composition of geothermgl fluiés
collected at the wellhead can be used to estimate compositions and temperatures
of deep régeerir fluids and to evaluate whether processes such as boiling,
fluid flow, recharge; étc. occur within the reservoir. As geochemical
énalyses are rather simple and iﬂexpensive, considerable effort is usually
~ devoted ﬁo their employment in the expioration and deyelopmeht of geothermal
fields. Geochemical data made availaﬁie by Union from prodﬁctiqh flow tests
from 1972 through 1981 consist of 35 anafyses for nine Redondo Creek wells

(accompanying production data are av;ilable for six of the weI}é).

Cpmparison of avef;géwéoncentrations of:chemical constituents ffom ]

Baca 4, 6, 114'13, 15, and 20 (Harﬁz, 1976,T1977; Christensen and Atkinson,

1981) indicates that fluids from all wells within Redondo Creek 6riginated

from a cﬁﬁmon reservoir. Re-eéevaluation of the‘Baca geochemical data indicates
original flujd,inhomogenities, and that local and generél boiling are character-
"istic of the Baca reservoir. Local boiling (associated with all wells) occurs

in respbnseigb the pressure drop induced at the wellbore by ﬁroduction. A

cooled zone around the well is indicated by silica geothermometer temperatures .
(Truesdel}, 1976) that are about 30 to 60°C lower than the reservoir temperatures.
- General boiling is ve?ifiéd byrtheAexiétence of a ;wo—phasé 1iquia—steam zone

in thé central portion of the field (Union, 1978; Grant and Garg, 1981) that

probably existed before development.
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Na/K/Ca geothermometer temperatures (Fournier and Truesdell, 1973) of
well fluids are in agfeement with measured.downhole data, and can be directly
associated‘with feéd point locations identified by Grant and Ggrg’(1981) and
Riney and Garg (1982) within the Bandelier Tuff and Paliza Caﬁyon Formation
(Table 1). Na/K/Ca temperatures for wells that penetrate the two-phase zone
(Baca 4, 11, 15, and.pdssibly 20), and for wells that produce only from the
liquid zone (Baca 6, 13, and probably 23 and 24),.can be used to reconstruct
aquifer chloride and enthalpy relationships (Fig. 6). The wide range in
chloride content (2500 to 3750 ppm), shown by the solid symbols in Figure 6,
along with the relativély narrow temperature interval of production, is .
-interpreted.to result from minorbéonvective circulation within the.resefvoir.
This feature 1is qonsistent with conductive heating from below, as shown by
the high temperafures encountered by the deepehing of Baca 12. Chloride
concentration variations do not suggest dilution within the reservoir.
Aﬁalyses for Baca 23 and 24 yield computed reservoir temperatures (Tya/K/Ca)
that are considerably lower than thosg for the other producing wells, support-—
ing the interpretation that there is little convective mixing. However,
interpretation of the chemistry of Baﬁa 22, 23, and 24 is made difficult by

the limited amount of data and lack of duplicate analyses.

The geochemical data for well fluids that have been collected by Union at
Baca have not been fully interpreted. Preliminary‘evalﬁation has been useful
in defining reservoir temperatures (and enthalpy), chemistry, zones of
boiling, and the locations of production horizons. Additional sampling would
allow for a detailed geochemical interpretation of processes occurring at

depth within the reservoir.




Geochemical analyses of Baca wells.

Table 1.
No. of
Baca chemical TNa/K/Ca
well analyses this study L, .
and yeard (°C/°F) Zones of primary permeability
Depth (ft ASL) Formation Reservoir temp (°F)
4 16 (1973) ' 4546 Bandelier ~500°
1 (1981) 286/547 4349 Bandelier . <566°
6 3 (1972-1973,  273/523 5058 Bandelier ~500°(>524)°
1975) . 4033 Bandelier >550°
11 6 (1974-1976) . 290/554 5075 Bandelier ~5367
3102 Paliza Canyon 2600°
13 6 (1974-1976)  285/545 4836 Bandelier ~500:(491)°
- 3377 Paliza Canyon >525°(>500)¢
15 1 (1976) 286/547 6610 " Bandelier >465°(~500)°
3755 Paliza Canyon >540°° ¢
20 3 (1980) 261/502 5165 Bandelier ~4883
- " 4450° Bandelier 490
=22 1 (1981) 275/527 " No downhole P/T analysis available.
23 1 (1981) 253/487 5526 Bandelier ~450°
24 1 (1981) 258/496 3273 Bandelier >500°
8 No production testing was conducted between 1976 and 1980.
b’ Grant and Garg (1981).
€ Riney and Garg (1982).
-d  Christiansen and Atkinson (1981)
€ Measured depth along wellbore.
. « < »
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Figure 6. Enthalpy-chloride plot of steam from production wells in

the Redondo Creek area. The variation in chloride content
for wells 4, 6, 11, 13, 15, 20, 23, and 24 is shown by the
solid symbols with an enthalpy value of ~400j/g for a fluid
flashed to one atmosphere at an elevation of ~9000 feet.
Aquifer chloride values (half-shaded symbols) were com-
pleted using the reservoir temperature (Tyg/k/ca), and

the total produced fluid values (open symbols{ are shown
plotted on a dilution trend toward pure steam,



DRILLING PROBLEMS
M. W. Molloy and A. William Laughlin

By the end of 1981, Union Geotﬁermal-ﬁad drilled 19 wells, deepened two
wells, and redrilled 10 wells within the project area (Fig. 7). Union
experienced serious drilliﬁg or completion problems in 23 (74%) of these 31
attempts and lost nine (29%) of the wells. Union:considers ;nly five (16%)
‘of the wells to be commercial producers. (One new well is commercial, but

one well regarded as commerical prior to the agreement was lost.)

Drilling and completion problems encountered at Baca are described in
Pye (1981) and summarized in Tablé.2 and Appendix 2. Failed fishing operations
(which generally arose from stuck pipe or twist-offs) were the majof cause of

lost or damaged wells. Eight wells (25%) were lost from this cause alone.

These problems stem primarily from the numerous lost circulation zones
and the underpressured reservoir (pressures generally 600 to 900 psi less
than hydrostatic as measured from the wellhead);"To flush éuftings to the
surface under these'circumstanceé, Union used aeratea watér as a drilling
fluid. This severely aggravated the corrosion of drill pipe and casing,
increased the likelihood of sfgck drill pipe, and ailowéd né forewarning of
pressure "kicks" when drilling. By adding caustic, Unisteam, and ammonium
hydroxide to control pH, Union was able to reduce corrosion to an acceptable
level. Thé other difficulties continued to plague the project until its

termination.

The two deepened"wells'(Baca 12 and 22) were partiéulgfly afflicted by
lost circulation problems. Because the known productive formations had to

be cased off in order to drill deeper, it was first necessary to seal off
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Figure 7. Location of the Baca wells in the Redondo Creek area.
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Table 2. Summary of drilling problems at Baca\project.

Lost wells ‘Totals Percent
Fish in hole Baca-50H-90H&RD, -180H&RD1
(lost, sidetracked) -200H, -220H, - 22RD3 8 26
Casing and liner Baca-9-RD, - 17RD 2 6
(worn, collapsed) :
Total = lost wells 10
Drilling difficulties

Extensive fishing Baca-50H, - 90H, -19, -200H,

-220H, -23 Recompl., —-24 7 23
Sidetracked fish Baca—24 1 3
Extensive steam/ Baca-40H, -5A, -24° 3 10

water entries (also Baca 1)

Bad sloughing Baca-50H, -90H&RD, -10 .

-11, -14 6 19
Casing & liner Baca—-6 deep 1 3
(break, collapsed,
unable to run)
Damaged production " Baca-10 1 3
zone (from fishing)
Bridged wellbore Baca-6 deep 1 3
Wellbore scaling Baca—-60H, -11, -14 3 10

Total - drilling difficulties 23

4 Baca 5 OH.
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all lost circulation zones. This took 42 cement plugs in Baca 12 and would
have taken more than 31 plugs in Baca 22 had that well been completed to the

planned depth.

— N

The high rate of mechanical failures in Union's Baca wells resulted in
"a significant'losé of -information on geologic structure, gtrgtigrgphy,‘and hot
water/s;éam entry, in additioﬁ to increased drilling costs and lost steam
production cépacity. In certain wells, e.g., Baca 24, the information
that was lost might have improved the targeting qf\subéequéﬁt wells by
constraining conceptual geologic models of potentiél pfoduction zones‘and

features controlling perﬁeability.

ia
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FRACTURE  STIMULATION EXPERIMENTS

C. W. Morris, R. J. Hanold, and C. F. Pearson

The DOE-sponsored Geothermal Well Stimulation Program group perforﬁéd
hydraulic fracture treatments on two weils. The treatment in Baca 23 was a
large hydraulic fracture stimulation of a 231-ft interval from 3300 to 3531 ft
(details of the treatment are contained in Table 3). This zone was non-
productive prior to stimulation. The frac fluid was pumped at high rates

to assure a wide fracture opening and to enhance proppant placement.

From post-stimulation temperature sur§eys, the zone éooled-by the
frac fluids was estimated to be more than 300 ft in height at the wellbore.
A 6-hr productiop test, using a modified.drillstem test (DST) technique, was
utilized to gvaIUate the stimulation job. The well was flowed at a steady
rate of about 21,000 1b/hr, and pressure data obtained downhole provided an
indica;ion of the wellbore storage effecté, fracture flow effects, and
reservoir transmissivity. Conventional transient pressure analysis of the
déta yielded a reserQoir permeability-thickness of 2500 md-ft. This compares
closely with results from other wells in the area. Although the linear flow
indicators in the pressure data were weak, the length of‘the fracture was
calculated to be about 300 ft, The maximum recorded temperature during the
test was 342°F, which indicated that the near-wellbore area had not recovered

from the injection of cold fluids.

Following the modified DST, a 49-hr flow test was performed to determine
the well's productive capacity. The results showed that the well could pro-
duce approximately 120,000 1b/hr total mass flow at a wellhead pressure of 45

psig, although the rate was continuing to decline. Union then performed a
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Table 3. Comparison of Baca 23 and Baca 20 stimulation treatments.

Baca 23 " Baca 20
Date performed o March 22, 1981 October 5, 1981
Stimulation interval ’ 231 ft 240 ft
Stimulation depth - . 3300-3531 ft . 4880-5120 ft
Water pre-pad 3600 bbl 3000 bbl
Gelled water frac fluid 4000 bbl - 5700 bbl
Proppants ‘ 97,200 1b of 20/40 120,000 1b of 16/20
mesh sintered bauxite; mesh sintered bauxite;
82,800 1b of 20/40 120,000 1b of 12/20
mesh resin-coated sand mesh sintered bauxite

* Pumping rate 40-75 BPM 40-80 BPM

long-term flow test. The pressure and temperature data obtained in the well
during this test indicated that two-phase flow was occurring in the formation,
with the sfeam fr;ction-estimated at more than 50 percent. This two—phase
"flow condition has been observed in other wells in the:field. Of greater
conéern is the lower productivity observed during this long-term test.
Analysis of the long-term test data by Riney and Garg (1982) indicated a
permeability—thickness value of 4340 md-ft (Table 4). The mass flow rate

. dropped to about 70,000 1lb/hr with a wellhead pressufe of 37 psig. Since the
well recovers productivity following each shut-in period and then exhibits

the same decline again, the cause of the rate decline is probably not due to
scaling in the formation. -Partial closing of the fracture is possible, but
the productivity loss is more likely. the result of permeability reduction
associated with two-phase flow effects in the formation. The relatively low
formation temperature iﬁ the completion interval also contributes to the
well's poor productivity. It was concluded that future stimulatioﬁ treatments

at Baca should be conducted in deeper and hotter portions of the formatiom,
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The second treatment was conducted in Baca 20 and consisted of a large
hydraulic fracture stimulation of a 240-ft interval ffém 4880 to 5120 ft.
Prior to the treatmeqt,'this,isolated zone was essentially nonproductive.

A comparison between the Béca 23 and Baca 20 stimulation treatments is
presented in Table 3. The increased treatment volume, increased proppant

pack, and the exclusive use of larger diameter sintered bauxite proppants

were justified in an attempt to produce very lafge, higﬁly conductive fractures.
Calcium carbonate was employed as the fluid-loss additive during the early
stagés of the treatment to maximize the fracturing fluid efficiency. The

frac fluid was again pumped at ﬁigh rates to enhance proppant placement

throughout the created fractures.

During béth treatments, -acoustic emissions were monitored using a -
removable seismometer package in a neighboring well located within 1 km of
the stimulated~zone. The orientation and size of the hydraulic fractures
could then be inferred from the locations of acoustic emissions generated
"during the hydraulic stimulation experiments (Albfight and Pearson, 1982).
_During the Baca 23 treatment, the events were distributed along a northeast-
southwest-trending vertical“zone nearly 600 m long. During the Baca 20
treatment, the events did not seem to be localized along a definable fracture.
Instead the events occurred within a rectangular volume about 400 m . on a side
and 40 ﬁ thick. Since these acoustic emissions are caused by local increases
in pore pressures aSSocia£ed with the hydraulic fracturing process (Pearson,
1981), the size of the seismic zbnes is related to the reservoir volume that.
was pressurized during the‘hydraulicvstimulation. Some of these acoustically
active volumes may not remain in communication with the wellbore during

subsequent production tests.
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From post-stimulatioﬁ temperature. surveys, the zone cooled by the.
frac fluids was estimated to be less than 100 ft in height. and to be located
. near the bottom o§ the open interval. A 6-hr production test was performed, .
again using the quified.DST method, and a steady rate of about 21,000 lb/hr
single-phase flow was maintained to the wellbore. Pressure and temperature
data were bgtaiﬁed d&?nhéle; and conveﬁtional fransieﬁtApressﬁre”analysié
techniques were appliéed to the data. ‘The‘énalysié yiélded a réservoir
permeabilify-fﬁickness'of about 1000 md-ft. The'iéngfh of the fracture was
calculated from tﬁe préésure d;fa to be ébouf 280 ft. Numerical simulation
of a high-condﬁétivity'frécture in a 1ow—permeaBility formation suppbrts this
interpretation, although the solution is not unique. The maximim recorded
temperatufé durihg this test was 320°F, indiéatiné.that the near-wellbore
area had not recovered from the injeétion of cold fluids. .Additionél temper;
atuféiéﬁ£Véys were run in the welljfolldﬁingbthé DST,'whiéh indicated that’

the fluid was entering the wellbore in the lower part of the bbén interval.

Following the mgd%fied DST, a 14—d5y flow test was perfo%med:byﬂUnion
to determine the,well;s prodqctive capacity. The well initiallx prqduéed
approximately 120,000 1b/hr total mass flow, but declined ragid;y to a
final stabili;ed‘rgte of appfoximately 30,000 1b/hr (wellhead pressure oﬁ 25
psig) upder two—phasé fiow conditions in the fprmatiqn. The,steam‘fraction
was estimated at more .than 85 percent. Because oj the poor performancg of
the well, an acid cleanout of the fracture was recommended.t? remove the
calcium carbonate that was used as the fluid-loss additive during the hydraulic
fracturg treatpentﬂ_ This'mgterial was used with the expressed intent of
performing an acid cleanout should the fracture conductivity show démage.

The possibility of such damage with insoluble fluid-loss additives such as
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100-mesh sand has been a concern in prior stimulation experiments. Although
the pressure data do not indicate that the fracture conductivity has been.damaged,
the possibility remains that the calcium carbonate has plugged the natural frac-

tures and flow paths in the formation that intersect the artificial fracture.

The results of the two stimulation experiments performed at the Baca
project area yield the following conclusions: |

1. Large hydr%ulic fractu¥e treatments were successfully performed on
both Baca 23 ‘and Baéa 20. Production tests indicated that high conductivity
fractures were propped near the wellbore and that communication with the.
reservoir system was established.

2, Productivities of Baca 2? and Baca 20 have declined to 70,000 and

50,000 1b/hr, respectively, since the fracture treatments. The probable cause

is permeability reduction associated with two-phase flow effects in the forma-

tion. This implies that major fluid-producing features were not intersected
by the created ftactﬁrés.
3. The ability of Baca 23 to produce substantial quantities of fluids at

a high wellhead pressure is limited, because of the low formatipn temperature
in the shallow treatment intétval and the low permeability'formation. The'
productivity of Baca 20 is severely restricted because of the low-permeability
formation surrounding the created fractures. This reservoir is particula;ly
sensitive to these factéré because of its low initial pressure.

4. Although the stimulation treatments did not result in high productiv-+
ity wells at Baca, the-hydraulic fracturing fechniques show promise for
future stimulation operations and as a valid alternative to redrilling.
If major fluid produéing features could be intersected by hydraulic fractures,
it is beiieved that stimulation could result in wells whdsé productivity

would match the better wells in the field.
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- RESERVOIR DEFINITION AND CONCEPTUAL MODEL

Sabodh Garg and T. David Riney

The surface 1ocatioqs of the ié wells that have been drilled in fhe
Redondo Creek area to éaté are ghown in Figures 3 and 7. in theiriattempt to
increase well productivity or to overcoﬁe.drillipg.and completion,préﬁlehé,
UnianGeotherma} pluéged.many éf the original bofeﬂqles and eméloyed-déviation'

drilling to obtain successive redrill holes at a.given well site.

Near;y all of the prodqction from the wells comes from fractures or thin
statigraphic interbe@s in the Bandelier Tuff, which is 4500 to 6500 ft thick
in the Redondo Creek area. Cores of the Bandelier Tuff'frog Baca 13 indicate
that interstitial permeability of the welded tuff is less than 1 md and
porosity is 4 to 10 percent. Recent deep driliing.at wells Baca 12 and 22
failed to find productive formations below the tuff. The maximum temperatures

measured in the wells were generally 550 to 600°F.

Since the bulk of the reservoir permeability is in a fracture network,
the performance of a well depends to a large degree on whether it intersects
oné or more fractures, how large each intersected fracture is, and how well it
is cohneqted to the rest of the network. The well is open to reservoir fluid
at the depth(s)'wherg it intersects such a fracture; for the balance of its
depth the well penetrates rock that is hot but essentially impermeablé.
Apalysis of the downhole data (drilling records, downhole pressure and temper-
ature surveys, surface fluid char#cteristics) indicates that stratigraphic
permeability primarily occurs in two zones across the portion of the reservoir
penetrated’by the Baéa wells (Gran; ana Garg, 1981). The deeper zone closely

corresponds to the contact between the Bandelier Tuff and the underlying
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Paliza Canyon Forﬁation. The apparently more permeable shallower zone lies
within the tuff. The reservoir pressures define a straight line of slope
0.348 psi/ft‘when plo;ted against elevations ébove sea level. This corresponds
to a hydrostatic gradient at approximately 500°F. The initial temperature
contours constructed from the dd&nhole'data dome upward, and an initial
two-phase region at the éfeSt of the dome is penetrated by several Baca wells
(Fig. 8). All of the.ﬁaca wells induce flashing in the near-wellbore fofﬁation

upon production.

Chemical anafyse; of the'discharge fluids from Baca wells indicate that
the reservoir fluia has relatively low‘salinity (< 9000 ppm) with a nonéoﬁ—
densibie gas cbntenﬁ,(principall& C0y) of about 0.4 to 1}5 percent by mass.
The effect of thevnonéondensible.gas confeht on the fluid state has been
examined using an.equation of state for a mixture‘of.pure water and carbon
dioxide (Pfifchett et al., 1980). The probable extent of the two-phase
region in the Baca reservoir is foﬁhd to be very sensitive to the COy
content of the fluid. The boiling pre;sure for the mixture is significantly
greater ;han for pufe»water. Tﬂe two-phase region at Baca is largg; than
would be anticipéted if the pressure-temperature were interpreted without

éccounting for the presence of the COj.,

Various tésts have been performed‘oh tﬁé we?}é in the Redgndo’Créek area
to evaluate the productivity of the wells gnd the reservoir-characteristics.
Production tests performed include two-phase tests, separator tests, pressure
drawdown and buildup tests (and chemical analyses of the produced fluids).

In a two—phase test of productivity the well is flowed CO'thé reserve pit, and
the préssure drop across an orifice plate‘is used td'éstimate the flow rate.

A typical separator test consists of flowing the well through a separator
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vessel and measuring steam and water phases individually to evaluate the
well's flowing capacity with respect to producing pressure and time, steam
fraction, fluid enthalpy, and cqmposition of fluids. The separator tests
pfovide eufficient flow data for analysis of the downhole pressure data
during buildup.  Lack of‘downhole measurements du;ing production preclude
reliable analysis of the dreﬁdowe data; ) A

'R

Analyeis of the buildup behavior of tﬁevwells has been compieteé;for'
most of the wells oﬁ wtich_sepatatot tests were performed (R{neydand Gatg,
1982). The interpretation felies on simulated two-phase well%test eelculations
for guidance:(Garg and Pritctett, 1980) and aﬁalysis-bf the downhole‘ﬁeasurements
to establish the reservoir cbnditioﬁs in the prbductien zone.Viit‘considers
theeeffects of the C0y content and fraEture permeability of the reserﬁoir,
the two-phase and single-phase poftioqs of the buildup response, and the fact
that the downhéle‘pressure/temperature gaées are usually located hundreds of
feet trom the pfimary”production zone. A summary of the reselts is shown in
Table 4. Lack of data for the effective pofeeity and compreesibility of the
fractured reservoir formation;,and the flashing of pore fluid near wellbore,
make calculation of the skin effect (impairment or improvement in the near-—

wellbore permeability) meaningless. .

v

In addition to the-above described floﬁ teets on.individual wells, two
fie1d~wide pressure interference tests were conducted (1975-1976 and 1981)
to evaluate the hydraulic connectivity of tﬁe fracture network. Analysis of

the 1975-1976 test yielded a permeability-thickness pfoduct (kh) of around .
6000 md-ft (Hartz, i976; Garg and Rice, 1982). This value is significantly
lower than the permeability-thickness product measured at other geothermel

fields, where products raﬁge from 20,000 to more than 100,000 md-ft.
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Non-productive Baca wells have been used as injection wells. The
ability of these wells to accept high injection rates implies that all
permeable zones may not be productive zones. Detailed anélysis of Baca 20
(prior to hydrofracturing) shows that the. primary production zone is at
~ 4000 ft depth, whereas most of the injected fluid enters a deeper.
fractured zone below ~ 5000 ft‘tRiﬁey and Garg, 19%2). The fracture
produced during the stimulation of Baca 20 apparently intersects the-lower

fluid-accepting zone, rather than a production zone.

In summary, analysis of the downhole data and fluid production/
injection data for the Baca wells indicates the following;

1. Performance of a well in the Redondo Creek area depeﬂds primarily
upon whether it intersects one or more fractures and how well the %racture(s)
is connected to the rest of the fracture netwofk.

2. Production from these wells is primarily from the shallower of
two fractured or permeable statigraphic zones in the Bandelier Tuff.

3. There is a two-pﬁase region initially present near the top of
the Baca reservoir system. All of the Baca wells induce flashing in the
near-wellbore formation during production.

4. The effective values of the key parameters kh aﬁd ¢h are signifi-

cantly lower at Baca than at other, more productive geothermal systems.



Table 4. Depth, temperature, pressure, and kh of production zones for Baca wells.

Permeable horizons

Well Thickness Elevation T (°F) P (psig) kh (md-ft) Remarks

(ft) (£t ASL) ~ :
4 4800 4546 ~500 1170 5050 Commercial

3700 5058 524 968 6480 Commerical

4750 4033 L -—-
10 3000 5746 ~500. 750 5100 Productivity damage

4500 : 4252 , ~535 1260 (Union) during drilling
112 4000 5075 >525 1100 3500 Commercial

' 6000 3102 ~575 ~ 1850 (Union)

132 4500 4836 491 1100 2600 Commercial

6000 3377 >500 1600
15 2525 6610 ~500 450 23,800 Commercial

5505 3755 ) - " 1405 . _ o
20 4000 5165 488 975 3030 Marginalb

5750 3567 549 1443 L

5000 ' 4237 507 1313 -—— Sub-commercial®
21 2840 6559 . 436 519 10,250 Sub-commercial
22 Insufficient ———- - ———- Sub—commercial

data for analysis. .

23¢ 3250 5526 - 450 835 4340 Sub-commercial
24 5502 3273 ‘ >500 1525 15,900 Commercial
E Wells cycle. kh values may be suspect.

Prior to hydraulic fracturing.
€ After hydraulic fracturing.

_9€_
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PREDICTION OF RESERVOIR PERFORMANCE

G. S. Bodvarsson and C. F. Tsang

Two of the most important'factors that control thettrdducibility of a
geothermal resource are the reservoir capac{ty and the“geqératiﬁg‘capacity.
The reservoir capacity‘mayVSe defined as the masé of hot fluid in p1ace3
whereasAthe_gener;ting capacity is a measure of the rate’at'whichlenergy can
be éxtractedkfrom the reservoir. Reliable estimates of these factors must be
obtained before a proper deveiqpmént plan‘for a resource can be designed;
these estimates must also be periodically updéted as more field data become

- available during exploitation of the field. I8

Union (1978) used two different methods to estimate reservoir capacity:

a depletion equation (mass balance) and analyéis of interference. test data.
. , Sy ; ,

Calculations based on the depleqioﬁ equation assume that the resérvoir is

fuliy confined; i;e., no recharge.  Interference test data fromvwéll Baca 10
were used to estimate the reservoir capggity on the basis of a simple reservoir
model (Theis solution). Both methods yielded 4.7 x 1012 1b of fluid in

place.,~HoweVer; both methods are based solely on pressure measurements, and

do not distinguish between hot and cold fluid in place.

~ Bodvarsson et al. (1980) estimated the reservoir capacity by volumetric
means using existing geological, gebphysicai, and wéll\data. ‘Magnetotelluric
data (line B-B') were used to estimate the north‘ahd'sduth boundaries;
The eastern boundary of the reservoir was assumed to coincide with a major
fault zone of the medial graben; the weétern boundary, with the ring-fracture
zone (Fig. 9). Using results from core data analyzed by Core Laboratbries,

Inc. in 1975 and resistivity logs, the porosity—thickness product was estimated
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to be 100 ft. Using all these factors, they calculated a reservoir capacity

of 2.2 x 1012 1b of hot fluid in place.

In light of the ambiguity of the data and the many assumptions used
in each approach;'the reservoir capacity estimates agree reasonably well with

each other.

. Two independent studies have addressed the question of the generating

_capacity of the Baca field. Union (1978) used a lumped-parameter model, and

Bodvarsson et al. (1980) used a distributed parameter model. A lumped
parameter model is one in which the entire reservoir is cdnsiderea as one (or
severai) miiing cell(s), thus neglecting spatial va;iations of reservoir
parameters ‘and the thermodynamic evolution duripgméxploitafion. Lumped-
parameter techniqﬁeé-weféhdeveloped in the oil and gas indus;ry, and aré

i

presently widely uséd in the evaluation of geothermal systems., The results

based on the lumped-parameter model indicate that the Baca reservoir could

uitimately sustain a 410-MWe power production over 30 years without injection,

and 900 to 1200 MWe if injection were employed. ™ |

b

Bodvarsson et al. (1980) used a distributed model, which considers
spatial variations in dependent va;iaﬁlés énd reservoir parameters, to
estimate the performance of the reservoir on the basis of a power production
of 50 MWe. Becausé data were limited, they used a rather coarse grid-block
reﬁresentation of the reservoir and an optimistic modeling of the production

region."All wells were‘lotated within a 500-acre area. The results of the

" simulations showed that for cases of variable mass flow and constant steam

production, very limited waste water would be available for injection.

Consequently, injection was not considered. On the basis of these assumptions,
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"their results indicated thét the wells ﬁithin this pfoducgion area méy
sustain 50 MWe of power producfion for 25 to 50 years.b They concluded that-
the main factor controlling the génergging capacity'of ;he'Baca rgéepvoir was
its low tranémissiVity (permeabili;yfghigkness) valuerinferréd,frém weil—test
-data. The low transmissivity would cause very iocalized'boiling in and
around the production region and, consequently, .a very rapid pressure decline.
The iow trans@issivity'inaiéates a rather coarsely fractured sfétéﬁ; and thus
it is not éifdgether surprising that the éuccesé raée of intefcepting ﬁefmehble,

fluid—filiéd fractures has been low in the ﬁé@ wéffs.

COmpa;isqn of the studies by Bodvarsson et al.. (1980) and Union (197&)
shows that»the:genenating‘capacity estimatés are an order of magnitqde highgr
in the case of the lumped-parameter model. The reason fOr,ghis laréé di?',,ﬂ
crepancy 1is tﬁat‘the 1umped-parameter method inherently assumes that_a,‘
.uniform pressure decline will océurlin tbé reservoir; the transmissivity of
the reservoir does not enter the calculations. 1In cases of localized bgiling
'(1owutréﬁ5missiVity), the~lumped—pafamete: method will grossly ovgregt{mate
the ultimate/generating capacity of the resérvoiE. Thﬁs-we,bélieve that the
‘distributed—parameter moéel egtimates of the generétihg'capacity of the Baca

reservoir are the more realistic of the two.

In summary, studies of the reservoir capacity and gengrating caéécity Qf
thevBacé reservoir have indicated the‘followiﬁg:_{
. ‘1;. Three different methods for estimating the ;eservojr capacitv'
all gave results in the range of;2 to 4 x }012’1b éf fi#iq in place. ’ /
2. Although such a reservoir capacity shoulﬂ be adequate to produce )

approximately 400 MWe for 30 years, the actual generating capacity is much

less because of the low transmissivity of the Baca reservoir.
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3. The low transmissivity requires the use of distributed parameter
models rather than the simpler, lumped-parametervmodels for estimating
the generating c;pacity of the reservoir.

4., Using a distributed parameter model, Bodvarssdn et al. (1980)
estimated that § 500~-acre production area at Baca may sustain 50 MWe power
production for 25 to 50 years. This assumes the reservoir has infinite
transmissivity in the 500-ac£é productidn area; If one includes the effects
of individual wells, the estimate should be lower. *

5. In general, it may be advantageous to develop a. geothermal field
as a phased process, beginning with an initial power production of 10 or 20
MWe and building to a large power production in several stages. In this
way, the developer obtains data and éains experience at each stage that helps

to determine how to advance the power production to the next stage.
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- SUMMARY AND CONCLUSIONS
Despite the high téﬁperatufes encountefed at depth,“the geothermal
resource underlying Redondo Creek has proﬁed to be difficult to\dévelop and
exploit because of low perme;bility, scarcity and unpredictability of the
major production zones, and difficult arilling. The low reservoir pressure

requires very high temperatures just to drive fluid to the surface.

‘The complexity and limitations of the major production zones were “not
recégnized until Union began infilLvdrilliqg in 1979. Union recognized that
produétivity was impaired in some of phe egrlier wélls. However, it took-
extéﬁsive drilling "throughout tﬁe project area to &efine the areal extent of-
productivity‘impéirment factors (M. Gulati and R. D;ndanville, 1982, personal

COmmun.).
/

Failure of many infill wells forced Union to develop a well-targeting
model (Behrman and Knapp, 1980) that emphasizes fracture permeability along
the major faults that form the structural graben. Other potential avenues of
fluid flow, such as the east*ﬁest faults, columnar jointed units, or permeable

sands, were not integrated into the targeting of subsequent wells.

The failure of this fault model to successfully target production wells
appears. to have been the major contributor to Union's decision to halt develop-
mental drilliﬁg in May 1981. Attempts to explore for deeper production zones

were unsuccessful, and the DOE Project was terminated by mutual agreement in

January 1982.

The extensive data made available by Union's development of the Baca
project area has significant value for understanding this and similar geothermal

reservoirs. Further conclusions of the Review Team are:
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Geochemical conclusions from the Baca wells were very limited. Eurther
sampling and interpretation ofAsuch data can yield valuabie infogmation
regarding conditions within the reservoir, as has been iilustratea for

many geothermal fields.:

Careful analysis of well data haé shownithat a two—ﬁhase zone 1is pfesent
in some pért of the reservoir, and that the extent of this zone is very
sensitive to the COy content of the reservoir. Identification of two-
phase zones in‘a geothermal reservoir is necessary to understand its

behavior under exploitation.

Although geophysics helped Union Geothermal locate a low-resistivity
anomaly at depth beneath Redondo Canyon, the initial surveys were not
followed up with more detailed investigations that might have delineated

the extent of the resource.

Stimulation of sub—commercial geothermal wells is a possible alternative
to drilling.new wells. Although two stimulation tests at Baca were
technically successful, sustained commercial prodﬁction was not obtained.
For low-permeability reservoirs, hydraulic fracturing will yield com-

mercial production only if the induced fracture intercepts major avenues

of fluid flow.

The early estimate that the ultimate power—generating capacity 6f the Baca
reservolir would be 400 MWe for 30 years is believed to be far too high.
The estimate was based on a lumped-parameter model that greatly.over-
estimated the generating capacity of the reéource. Subsequent studies

have shown that in dealing with low-permeability reservoirs such as Baca,
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a distributed parameter model is necessary for a realistic assessment of

the reservoir.

The projéct has yielded very important information regarding exploration

and exploitation of low-permeability, fractured geothermal reservoirs.
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APPENDIX 1. LIST OF CONTRIBUTORS

Geologic Exploration

Structure Dennis Nielson* and Jeffrey Hulen, Univ. of Utah Research
Inst.

Geophysics Norman E. Goldstein,¥* Micﬁaél‘wilp,* Lawfencé Berkeley
Laboratory

Geochemistry Alfred Truesdell,* U.S. Geological Survey
Joan Delany, Lawrence Berkeley Laboratory

Stratigraphy A. William Laughlin,* Los Alamos National Laboratory

Reservoir Engineering

Chin-Fu Tsang,* Gudmundur Bodvarsson,* Lawrence Berkeley
Laboratory
Sabodh Garg,* T. David Riney,* S-Cubed (formerly Systems,

Science and Software)

Stimulation Technology
Hydrofracturing R. J. Hanold, C. F. Pearson, Los Alamos National Laboratory

C. W. Morris, Republic Geothermal Inc.

Resource Management

vt 7 DOE San Francisco Operations Office
‘William R. Holman,* Geothermal Loan Guaranty Office

Martin W.iMolloy,* Geothermal Energy Division

*Review Team members.
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APPENDIX 2. DRILLING PROBLEMS, BACA PROJECT

Baca TD BHT Steam

O O

well (ft) (°F) (1b/hr) ' : Notes

4 OH 5048 . N/A N/A Deep drilliné_halted by'steam/Water

4 deep 6378 >532 47,500 entry. Possible "internal discharge."

5 OH 2878 N/A - 2459' drillpipe in hole.

5A 6973 ~ 485 - Temperature reversal @ 3500°'.

6 OH 3715 ~ 500 45,400 30% liner slots plugged with clay

6 deep. 4810 ~ 505 38,500 powder. Attempts to run slotted liner
failed, bridged, casing collapsed,
closed in.

OH 3518 N/A - Bad sloughing, extensive'fishing.

RD 5303 N/A - . Sidetracked 250' stuck pipe,
hazardous conditions from worn and
damaged casing.

10 6001 ~ 555 44,000 A b_ Planned for 7500', production

@ 16 psi interval damaged during fishing.
11 . 6924 - >627 -116,000 Drilling stopped because of slough-
B ing redbeds, "interval discharge."

Severe production decline from
carbonate scale deposit.

12 OH 9212 ~ 585 , -

12 RD 10,637 646 - Limestone and basement granite test.

13 . 8228  ~ 580 54,000

14 6824  ~ 545 : Plugged back to 5780' due to
sloughing. ' Serious scaling (silica)
from injected fluid. :

15 5505 ~ 540 105,000 - . . "Interval discharge" indicated
@ 2525' near casing shoe.

16. 7002 | 44,000 Possible "interval discharge,’ with

' - . . water existing wellbore @ 3600'

and 5400'.

17 oH 5791 " N/A Plugged back and sidetracked

17 RD 6254 N/A @ 3056'; initially productive,

casing collapsed,
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APPENDIX 2 (continued)

BHT Steam

D
well (ft) (°F (1b/hr) Notes
18 OH 4597 N/A Potentially productive, drill pipe
‘ ‘ and tools left in hole. :
18 RD1 2766 - Lost bit in hole, sidetracked.
l18 RD2 5250 - Non-productive.
19 5610 ~ 32,000 _Junk and fish recovered, sub-
@ 10 psi commercial.
20 OH 6863 - 542" fish sidetracked in hole.
20 RD 6374 549 - 30,000
21 3000 436 34,000 Sub-commercial.
‘ ‘ @ 75 psi :
22 OH 6017 N/A Potentially productive, 1771'
fish in hole.
22 RD1 6485 41,000 Sub-commercial.
: @ 45 psi
22 RD2 6006 * 20,000 Sub-commercial.
@ 8 psi
22 RD3 8846 - Deep production test, stopped
: - by fish in hole.
23 5746 - Non-productive.
23 Recompl. 3515 450 48,000 Possibly commercial.
: @ 51 psi '
24 5502 33,000 Deep production test, stuck
: drill pipe @ 5502°'.
Subtotals 19 Original holes (OH) ,
10 Redrills (RD) ,
2  Deepenings /
Total 31 Drilling actions
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Union Oil Company of California .
Union Oil Center, Box 7600, Los Angeles, California 90051
Telephone (213) 977-6260

February 3, 1982

Mr. Joe La Grone

Manager

San Francisco Operations Office
U.S. Dept. of Energy ‘

1333 Broadway

Oakland, CA 94612

Dear Mr. La Grone:

RE: Baca GDPP Project Meeting, January 19, 1982

A meeting was held in Union's Los Angeles office on January 19, 1982 to
consider what course of action to take regarding the Baca Geothermal Demonstra-
tion Power Plant (GDPP) Project. Attending the meeting were management,
technical and legal representatives from each of the three parties involved

in the GDPP Project (Union, DOE and PNM). At the conclusion of the meeting

it was mutually agreed by the three parties to terminate the project.

Prior to the start of the GDPP Project, Union had drilled eleven wells, five

of which had proven productive. One wellbore had collapsed but the remaining-
four wells were producible at a combined rate of 320,000 lbs/hr. of steam or
about one-third of the required steam supply. We estimated that up to ten

more successful wells would be required to supply an additional 600,000 lbs/hr.
of steam to meet the total requirement of the proposed 50 MW plant. From the
time work began under the cooperative‘agreement to April 1981, twelve bottom
hole locations had been drilled from seven wells, but only 30,000 lbs/hr. of
additional steam had been developed.

In April 1981, a thorough technical review of drilling and testing activities

was conducted. The results of this review were set forth in my letter of May 1,

1981 to you (see Appendix I). The principle conclusions derived from the review
-

were: ;

1. The resource is an extensive, high temperature hydrothermal system
containing fluids with benign chemical characteristics.

2. Geochemical data suggest produced fluids are originally from a
common agquifer at depths below the then current completion depths
in the lower Bandelier Tuff in Redondo Creek.

3. The lower Bandelier Tuff in Redondo Creek possesses insufficient
distribution of natural fractures to justify the drilling and
completion of future development wells solely in this zone.
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4. Continued experimentation with existing wells to refine and improve
hydraulically fracturing of wells appeared justified based on the
qualified success of a recent first attempt in Redondo Canyon.

Based on this technical review, Union proposed a $6.5 million program for the
remainder of 1981, the successful completion of which would dictate the viability
of resumption of all phases of the project. The program consisted of drilling
three deep attempts to test the productivity of the Magdalena Limestone and the
upper part of the basement complex (mostly granite), and to hydraulically fracture
two existing wells in the Bandelier Tuff and lower competent formations.

~ During the remaining eight months of 1981, this program was implemented and the
disappointing results are described in "1981 Baca GDPP Project Interim Test
Program” (see Appendix II). Three deep drilling attempts were made to achieve

a Magdalena Limestone/granite formation producer but none was successful. Further
drilling to deep horizons can no longer be justified as the cost of a completed
well, now estimated at $3.0 million, would be economically prohibitive. One frac
stimulation was performed and also did not result in a commercial producer. '
The drilling rig was released on December 18, 1981. The total cost of this interim
program was about $6.9 million.

The overall drilling history of the GDPP project is presented in Appendix III.

In summary, prior to DOE participation, Union had drilled eleven wells, one of
which, Baca No. 12, was off the shallow high temperature anomaly. Five wells

were successfully completed in the Bandelier Tuff reservoir yielding a total of
353,000 1lbs/hr. steam at line pressure; the casing in Baca 6 subsequently collapsed,
reducing the steam count to 320,000 lbs/hr. After DOE participation, the Bandelier
Tuff reservoir was penetrated thirteen times, counting original holes and redrills.
Of these, only two wells, Baca Nos. 20 and 24, were successfully completed for a
total of 63,000 lbs/hr. additional steam. The overall success ratio in the
Bandelier Tuff reservoirs is seven completions out of twenty-three penetrations.

All of the above information was considered at the January 19, 1982 meeting and
formed the basis for the mutual aqreement by all -three of the parties that the
project was no longer commercially viable and should be terminated.

Appropriate representatives from each of the three parties inveolved in the project
have been designated to prepare the necessary documents to fulfill terms regarding
termination of the Cooperative Agreement. These activities are currently in
progress and we will be sending you a proposal soon.

_~Sincerely yours,

/. -

Co/jh Carel Otte

attachments

cc: Dr. James Bresee, w/attach.
" Mr. Art Wilbur "
Mr. Jack Wilkins
Mr. W. Manning
Mr. D. Bedford "
Mr. J. Maddox "



APPENDIX I Union Geothermal Division

Union Oil Company of California
Union Oil Center, Box 7600, Los Angeles, California 90051
Telephone (213) 977-6260

Carel Otte May 1, 1981

Premdent

Mr. Joe La Grone

Acting Deputy Under Secretary

United States Department of
Energy

Forrestal Building, Rm. 7B226

Washington, D.C.

Dear Mr. La Grone:

This is to advise you that Union Geothermal Company of New Mexico
must recommend to the Department of Energy a deferment in the planned
construction schedule of the 50 MW Baca Geothermal Demonstration
Power Plant (GDPP). We are making this recommendation because at
this time we have no assurance of our ability to develop an adequate
steam supply for an October, 1982 plant start-up.

At the start of the GDPP project, Union had drilled 10 wells, half

of these had proven to be productive and Union had 4 producing wells
ready with 320,000 lbs/hr of steam for the 50 MW plant. We have only
developed 30,000 lbs/hr more steam since work began under the Coopera-
tive Agreement, although we have drilled to 12 bottom~hole locations
from 7 new wells. The cost of drilling these wells has escalated
rapidly during the project life, and, when coupled with the lack of
successful well completions, has placed a cloud of uncertainty over
proceeding with the project unless we can drill wells more success-
fully. The project needs to develop about 600,000 lbs/hr more steam
supply. It will take up to 10 more successful wells to achieve this
supply for a plant start-up.

Our Union Geothermal Division staff has recently completed a thorough
technical review of the results of our drilling and well testing
activities. Listed below are the principal conclusions derived from
this review.

1. All available evidence indicates that we are still dealing with
an extensive, high temperature hydrothermal system containing
fluids with benign chemical characteristics.

2. Geochemical data suggest produced fluids are from a common

‘ aquifer of about 624 degrees F. Since the vast majority of
the measured bottom-hole temperatures of the wells in Redondo
Creek range from 500 to 550 degrees F, it is reasonable to
conclude that the fluids are being heated to stable temperatures
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at depths below the current well depths and are convecting up
into the lower part of the Bandelier Tuff.

3. The lower part of the Bandelier Tuff in Redondo Creek does not
contain sufficient distribution of natural fractures to economi-
cally justify the drilling and completion of future development
wells solely in this zone. Until a method is proven economically
feasible to artificially induce fractures in this zone, subse-
quent drilling should seek more productive formations below the
Bandelier Tuff.

4, The first attempt to hydraulically fracture a well in the Redondo
Creek area appears at least initially to have been a success.
Continued experimentation with existing wells to refine and
improve this technigque seems justified.

These conclusions of our technical review have brought us to where we
.are today, recommending that plant and field facility construction

be deferred until an adequate steam supply can be assured. More
details of our technical review are included in the attachments.

We are still convinced that a significant geothermal resource exists
at the Baca Ranch. We are recommending that the project proceed with
a program of both deep drilling and hydraulic fracturing to test both
of these concepts in as short a time as possible. The program con-
sists of drilling 3 deep attempts to test the productivity of the
Magdalena Limestone and the upper part of the basement complex (mostly
granite),and to hydraulically fracture 2 existing wells in the Bande-
lier Tuff and lower competent formations. The program will take
about 6-7 months and cost about $6.5 million, but this may change
somewhat if specific parts of the program are altered during imple-
mentation, or the program may be terminated if additional information
is developed along the way that would indicate that further expendi-
tures are not justified. .

, :
Significant success with this program should allow us to recommend
resumptionof all phases of this project. It should also be noted
that this program will also provide industry at large with technical
data and information on various new drilling, completion and well
stimulation techniques.

Union 0Oil is commencing this program by drilling of well Baca #24
located in the high heat flow area of this prospect and programmed
to a depth of 8500 feet to the top of the granite.

In anticipation of the success of the drilling test program, Union
0il is also proceeding with its legal preparation for the Santa Ana
Pueblo Appeal of the State Engineer's water rights decision.

We recommend that the DOE also vigorously resist the lawsuit by the
All Indian Pueblo Council.

It is our hope that DOE will continue to participate in the project
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and in our planned program. We invite you and your staff to review
our information and records on the Redondo Creek wells to determine
your own conclusions regarding this project.

C0/jh
attachments

cc: Messrs. J.
W.
A.
D.
J.

J.
bcc: Messrs. R,

J.
S.
V.
R.
R.
R.

Yours very truly,

UNION OIL COMPANY OF CALIFORNIA

ORIGINAL SIGNED BY
CAREL OTTE

Carel Otte
President
Union Geothermal Division

Salisbury - DOE, w/attachments
Manning - DOE "

Wilbur - DOE "

Bedford - PNM "

Wilkens - PNM .

Maddox - PNM "

Burke - Union, w/attachments
Harrell - Dunigan, w/attachments’
Lipman - Union "

Suter - Union "
Engebretsen - Union "
Dondanville - Union "
Lindwall - Union "



APPENDIX A

GEOLOGIC SYNOPSIS

The location of the proposed Redondo Creek, New Mexico, 50 MW geothermal
demostration plant is situated in a volcanic structure known as the.
Valles Caldera. The Valles Caldera is a subcircular depression, 12 to
15 miles in diameter, in the center of the Jemez Mountains. Volcanic
activity, which began in the Jemez Mountains about twelve million
years ago, culminated about one million years ago with the formation
of the caldera. At that time huge explosive eruptions produced a
widespread deposit of rhyolitic tuff and pumice (Bandelier Tuff).
Simultaneously with the eruptions, the eruptive area collapsed along

a ring-fracture zone. Because of the simultaneous eruptions-collapse,
the Bandelier Tuff is over 6000 feet thick with in the caldera, but
only about 1000 feet thick outside. Volcanism, in:the form of
rhyolite domes, continued until as recently as 100,000 years ago.

To date, exploration for geothermal resources in the Valles Caldera
has been concentrated in the Bandeller Tuff reservoir.

Evidence that the Valles Caldera is an excellent geothermal prospect
is abundant within the caldera. The principal surficial geothermal
features, illustrated on Figure 1, are:

a. Widespread dlstrlbutlon of rhyolitic volcanics in space
~ and time. :

b. Large areas of hydrothermally altered rock.

c. Abundant hot spring and gas vents,

Shallow temperature gradient holes show that anomalously high
temperature gradients extend over much of the western portion of the
caldera, both inside and outside of the ring fracture zone. At depth,
measured temperatures exceed 600°F, At the Los Alamos dry-hot

rock project, just west of the caldera, 620°F has been measured at

a depth of 16,700 feet. Within the caldera, the maximum temperature
measured is 625°F in Union's Baca-1ll well at a depth of 6931 feet.
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APPENDIX B

DRILLING HISTORY

It is apparent from the geologic discussion in Appendix A that
drilling success in the Bandelier Tuff depends upon inter-
secting the fractures which act as conduits to the deeper source
formations. The drilling history has been summarized in Tables
- I and II. Table I summarizes results before DOE participation.
Table II summarizes results after DOE participation. Prior to
DOE participation, 8 penetrations of the high temperature
reservoir resulted in 5 successful completions, for a total
potential production of 353,000 lbs/hr steam at line pressure.
The casing in Baca 6 subsequently collapsed, reducing the steam
count to 320,000 lbs/hr. After DOE participation, the high
temperature reservoir has been penetrated twelve times, counting
original holes and redrills. Of these, only one well, Baca 20,
was successfully completed at a rate of 30,000 lbs/hr steam.
The overall successful completion is 6 completions out of 19
reservoir penetrations. From the drilling history and the
geologic observations concerning the irregularity of fractures
in the Bandelier Tuff, we conclude that the Bandelier Tuff may
not contain an adequate distribution of natural fractures to
justify development. Until a method is found to artificially
induce fractures in the Bandelier, subsequent drilling probably
should seek productive formations below the Bandelier Tuff.



TABLE I

PRE-DOE WELLS

WELL ' T.D. COST ($000) STATUS STEAM (At Line Pressure)
Baca 4 6378° Commercial
Baca 5A 6973 : Water Injector Off'High Temp. Reservoir
Baca 6 4810" Initially Commercial (33,000) Now Bridged
(3455' Bridge) Collapsed
Baca 9 5303' 333 P&A
Baca 10 6001°* 635 Mechanical Problems _
Baca 11 6931" 425 Commercial | 116,000 1bs/hr
Baca 12 9212 | 542 Water Injector (Off High Temp. Reservoir)
Baca 13 8228" o718 Commercial 54,000 1bs/hr
Baca 14 6824 908 ' W;ter Injector
(5780' cmt.) '
Baca 15 5505': 610 . Commercial 105,000 lbs/hr
Baca 16 7002 557 Non-Productive

TOTAL: 320,000 1bs/hr



WELL

Baca
Baca

Baca

Baca

Baca

Baca

Baca

T.D.

17 *OH 5791°
**RD 6254

18 OH 4597°
RD 5250°'

19 5610'
20 OH 6863
RD 6374"

21 3000'
22  OD 6017
RD1 6485"°

RD2 6006"

23 TD 5746"
Recpl.3515"

* OH - Original Hole

[ S o

o> W

~1 O\

10

11

12

** RD - Redrilled Hole

TABLE II

POST-DOE WELLS

COST ($000)
914
733
$1,647

996
477
51,473
$ 999
905
791
$1,696
$ 875
$1,263
400
531
$2,194
1,261

602
$1,863

STATUS ' ' STEAM

Non-Productive
Initially Productive,
Mechanical Problems

Pot. Productive
Lost Hole
Non~Productive

Sub-Commercial (32,000 @ 10 psi)
Non-Productive

Commercial 30,000 lbs/hr
Sub~Commercial (34,000 @ 75 psi)
Pot. Productive,

Lost Hole : : :
Sub-Commercial (41,000 @ 45 psi)
Sub~-Commercial (20,000 @ 8 psi)

Non~Productive
Possibly Commercial (48,000 € 51 psi)

TQTAL: 30,000 1lbs/hr



. APPENDIX C

BACA RESERVOIR ENGINEERING

The permeability~thickness product of Baca reservoir has been derived
from individual well tests and an interference test. It varies
between 2000 and 6000 md-ft. The table below shows a comparison of
the permeability-thickness product of Baca reservoir with other
liquid-dominated geothermal reservoir, the Union 0il Company is
associated with. ,

Average Permeability-thickness

Reservoir product, md-ft
Tiwi (Philippines) 50,000
Bulalo (Philippines) 20,000
Brawley , 20,000
Heber : 130,000
Baca f 6,000

It is clear that the permeability-thickness product found so far
in Bandelier Tuff in Baca is much less than comparable systems.

The initial reservoir pressure in Baca is less than the pressure
corresponding to hydrostatic head of water. At 3000' below
surface, Baca reservoir pressure is approximately 610 psig
whereas, in the other liquid dominated systems, the initial
pressure at that datum varies from 1270 to 1320 psig.

Thus, the Baca reservoir suffers from two drawbacks:
1. The permeability-thickness product is small, and,
2. The reservoir pressure is low.

The permeability in the wellbores is derived from fractures. If
adequate number of fractures are not encountered in a well, the
well becomes subcommercial.

There is not much that can be done to increase the reservoir pressure.
However, we can try to find or create additional permeability. One
place to look for additional permeability is in the zones below

the current depth of the wells. We should also actively pursue

‘well stimulation so that we can convert poor producers into good
producers.
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The Redondo Creeek area (Figurel), is located in the center of the
caldera near the eastern edge of the geothermal anomaly. Structurally,
the Redondo Creek area is a northeasterly trending graben, which formed
after caldera collapse. Displacement on the major graven faults,

Figure 2, exceed 1000 feet, measured at the surface. Major regional
faults (Figure 1) which pre-date the caldera and displace can be
projected into the Redondo Creek area from the southwest along the

Jemez River. Detailed analysis of dip-meter data from the geothermal
wells in Redondo Creek shows a preferred northwest-southeast orientation
of fractures intersecting the well bore. It would appear, therefore,
that the geothermal anomaly in Redondo Creek occurs at the intersection
of northeast-southwest trending faults, and northwest-southeast trending
fractures, in response to a heat source from a widely distributed
youthful magma. '

The Redondo Creek geothermal reservoirs (Figures 2 and 3), as it exists
in the Bandelier Tuff, is in the range of 500°- 550°F. In plan view
(Figure 2), the isotherms are semi-parallel to the Redondo Creek graben
faults and are also open to the northwest, indicating influence by the
intersecting fracture set. In detail, the temperature distribution

is irregular, being measurably hotter in successful wells then in
‘nearby unsuccessful wells. The irregularity is illustrated in Figure 3.
The highest measured temperature is 625°F in Baca-1l1l at total depth of
6931 feet. At this depth, the well bottomed in Tertiary sands of the
Santa Fe Formation, about 1500 feet below the base of the Bandelier
Tuff. Chemical geothermometry, using the Na-K-Ca geothermometer, of
the fluids produced from the 500°- 550°F Bandelier Tuff reservoir
indicates equilibration in a 625°F reservoir. The irregularity of

the isotherms in the Bandelier Tuff, and the geochemical indication

of higher temperatures lead to the conclusion that fluids are being
heated to stable temperatures below current well depths and are
convecting up along heterogeneously-distributed fractures into the
lower part of the Bandelier. The Bandelier thus acts more like a

leaky cap rock than a homogeneous reservoir.

Figure 3 also shows the distribution of rocks below the Bandelier Tuff.
The Santa Fe sandstone is an excellent storage reservoir, but difficult
to produce from because it is usually unconsolidated. The Abo Formation
consists of mostly red shales and poorly sorted sandstones, and is
probably not a major reservoir rock. The Magdalena limestone and Pre-
Cambrian granite are competent rocks which should beable to sustain the
fractures necessary for high permeability. All the formations below

the Bandelier Tuff in Redondo Creek are inadequately tested.



APPENDIX D

BACA 23 STIMULATION

Baca 23 was stimulated with a hydraulic fracturing technique
utilizing 8 stages as shown in the following table:

Mean Mean Volume
Stage Pressure Rate Pumped Proppant .
Number Psi BPM Gallons Pumped Remarks
1 3480 41.6 150,430 0 Pond water
25 #/1000 gal FLA
2 3100 ‘ 72.2 21,000 0 Versagel pad
3 3390 65.0 21,100 24 /gal 100 mesh sand,
primarily for
fluid loss cont.
4 3290 62.4 22,000 0 Spacer between
100 mesh sand and
proppant
5 3470 71.6 37,800 14#/gal '50/50 mixture of
' Bauxite and super
sand '
6 - 3410 71.9 42,000 2#/gal same
7 3140 43.1 - 23,150 3#/gal same
8 3240 53.0 2,500 0 flush
TOTALS: 319,980 197,000 1bs.

Two shutdowns occurred during Stage 1 which showed 0.8 psi/ft fracturing
gradients. This indicates that the minimum principal stress is quite
high compared to other areas we operate in such as The Geysers (.4 psi/ft)
and the Imperial Valley (0.5 - 0.6 psi/ft). .

The original completion on Baca 23 would not sustain flow, and the
isolated fracturing interval from 3300 to 3525 feet was totally non-
productive prior to fracturing. After fracturing, the well produced

at a sustained rate of 121,000 #/hr total mass flow including 48,000 #/hr
of steam, assuming a 40% flash, at 51 psig on the wellhead (two phase

rig test using a 5" orifice plate.) This is not a commercial rate, and

we are in the process of evaluating whether this is due to fracturing

at an interval which is too low in temperature or too low in conductivity.

This stimulation treatment cost $441,000, and was totally paid for by DOE
through their geothermal well stimulation program. Preparation and well
testing with the rig cost $603,000, and was cost shared by DOE and Union
‘through the Baca agreement. '
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January 29, 1982

TO: S.C. Lipman

FROM: R.O. Engebretsen /@5

RE: 1981 BACA GDPP PROJECT INTERIM TEST PROGRAM

In April, 1981, following our technical review of the GDPP Project, a
$6.5 million program was proposed for the remainder of 1981 which, if
successful, would demonstrate the viability of continuing the project.
The proposed program was to drill three deep attempts to test produc-
tivity of both the Magdalena Limestone and the granite formations and
to hydraulically fracture in the Bandelier Tuff and lower competent
formations.

In the eight months following our proposed deep drilling and stimu-
lation test program three attempts were made to achieve a Magdalena
Limestone/granite formation producer and none proved successful. One
frac stimulation was performed and it, too, did not result in a com- .
mercial producer. The total cost for this interim program amounted
to approximately $6.9 million.

Further drilling to deep horizoms can no longer be justified as the
cost of a completed well, now estimated at $3.0 million, would be
economically prohibitive for the remaining ten wells needed to supply
the 50 Mw power plant. Consequently, in January, 1982, it was mutually
agreed by all parties involved in the GDPP Project -- Union, DOE, and
PNM -- that the project was no longer commercially viable and should
be terminated.

The following is a detailed discussion of the drilling and stimulation
work that was performed on each of the wells involved in the 1981 in-
terim program. : '

Baca No. 24 was spudded April 23, 1981, as the first attempt for deep
production. The well was programmed to 8500' depth, approximately
1000' below the top of the granite. The drill pipe became stuck while
drilling in highly altered Andesite at 5502'. The pipe was backed off
and part of the fish was recovered, leaving the top of the fish at 4296°'.
The Andesite and Bandelier Tuff formations began sloughing severely
while attempting to run wash pipe in the hole. Several cleanout runs
were made with a bit and drilling assembly. While cleaning out at
3832' the well unloaded large amounts of formation, sticking the drill
string and plugging surface equipment. The drill pipe was backed off
at 3552', leaving a second fish in the hole. Part of the second fish
was recovered down to 3616'. Continued severe formation sloughing pre-
cluded further fishing attempts. Baca No. 24 was completed June 3,
1981, with a 7" perforated liner run to 3589'. Total cost for the well

W ArAS B A e o
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was $2.0 million. A subsequent separator test on the well indicated
it to be capable of producing about 33,000 lb/hr of steam. Figure 1
is a schematic diagram of the completed well.

The rig was then moved to Baca No. 12 and operations to deepen the well
to granite commenced August 15, 1981. To facilitate the deepening it
was necessary to remove the existing 7" perforated liner and replace it
with a blank cemented 7" liner. In order to eliminate lost circulation
following removal of the 7" perforated liner and before cementation of
the blank liner could be assured, forty-three lost circulation cement
plugs and thirty-two days rig time were required. Deepening of the
well then progressed by drilling 6-1/8" hole from 9220' original T.D.
to 10,637' which is 417' below top of the granite formation. Attempts
to induce the well to flow proved unsuccessful. Subsequent injection

" into the well indicated the exposed limestone and granite formations
had extremely low permeability. Drilling operations were discontinued
and the well was completéd open-hole on September 6, 1981. Total cost
for the deepening operation was $1.6 million. A temperature survey run
in January, 1982, measured 646°F at 10,190' depth. Figure 2 is a
schematic diagram of the completed well.

Operations were then initiated September 12, 1981, to perform a hy-
draulic fracturing stimulation on Baca No. 20. The original 7"
slotted liner (2390'-5812') was pulled and the well plugged back to
4890'. A 7" blank liner was cemented 2383'-4880'. The hole below the
7" liner was cleaned out to 5120'. A hydraulic fracture treatment was
then performed using 42,000 1bs. CaCO3 at 0.4 to 1.3 1b/gal in water
followed by 344,000 lbs. of 16/20 and”12/20 mesh sintered bauxite at
0.5 to 4.2 1b/gal in gelled water injected at 40-80 BPM with 3800-1800
psig. The hole was then cleaned out and a 5-1/2" perforated liner was
installed 4760'-5131'. Figure 3 contains schematic diagrams for the
original completion, treatment configuration and final completion.
Table 1 indicates the treating schedule and fluid volumes used to per-
form the job. Figure 4 shows a plot of the pressure/rate history during
the treatment. Analysis of pressure buildup curve obtained following
a forty-eight hour flow test indicated about 5,000 md-ft of fracture
permeability had resulted from the stimulation. The recompletion was
completed October 13, 1981. A subsequent fifteen day flow test indi-
cated the well to be capable of only flowing about 47,000 1lb/hr of
‘steam at 28 psig wellhead pressure. Total cost of the stimulation

was $1.4 million including $0.4 million which was paid by Republic
Geothermal, Inc.

The rig was then moved to Baca No. 22 and operations to redrill the
well to granite commenced October 18, 1981. The 7" perforated liner
was pulled and the well was plugged back to 2525'. After kicking off
at 2551' an 8-3/4" hole was directionally drilled to 8846', about
twenty-six feet below the top of the Magdalena Limestone group. Drill-
ing progress was hindered by severé lost circulation problems. - A logg-
ing tool that was run at 8846' T.D. became stuck at 6525'. Attempts

to recover the fish were unsuccessful and further drilling operations
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were discontinued and the rig released December 18, 198l. Total cost
of the redrill/deepening effort was $1.9 million. Figure 5 is a
schematic diagram of the Baca No. 22 well as currently completed.



o'ro 220’

REVISIONS

REV

DESCRIPTION DATE a8y | APPOD

RELEASED 7-21-81

HELLY BUSHING 24'-0*

LRI LIG LETH/IL

GROVO ELEY. 8?30/

B o e

SR | EREIn | toGS

CALDERA FrL L.

220! ro fo20’
BANCELIER TURR

2020 ' ro =5v2'(TD)
MLIZaA CANYCSA) FM
(/A)DG“//E)

7{'6' HOLE

30" CIDUCTOR 104%@ SO

— 2" HOLE

—20° 24% K55 CSG, CHMT'D, W/277IFr3
@752’ W/F'LOAT cau_me 742/

174" HOLE

2838' TOP OF MIDWAY 1374 xO¥ax ¥
LINER HANGER.

"/—/3 % &4, f’g‘ G1? 1K-55 C5G. CMTD,
J’ LIV ._ 2938 W/FLOAT
zTOUAR Rs2Z’

36 3c’

_—\‘7'-26‘/\’-‘: LT; c uusz(/s <473,

PELFORATED 3 BLANK) M/ANS B

e’ W/ ORANGE PEELED SHOE.,
124" HOLE

\F:L.. P3535'-2616' arg,ass/ ’

TUR OF FISH @ 3614

(ak'CRILL PIPE, :w:mu. COLLARS,
/zy.," arr)

§502'7.0.
BOTTOM OF Fi1SH & 3787

FIGURE 1

3 IR,
3s5a’

2237

(REPLACED
ROTATING
HEAD RyEsé)

e’
(TWISTES CFF]
BECD £:5H)

HTE(TEMP)
B I80°F
o' - 2944’

LI -akr,
782 - 2544
® 236°F

3332
(REAAC S
ROTATIN d
547
(uus..e_..,_‘a .
DAL P/OT)
.
ncx
5 ss02)

2150

AETL LA STHK =D

LEMEDIALS
DATE DONMARETTELD

4-23-8/

UNIEn

Unlon Geothermal Company of New Mexice

WELL SCHEMATIC

OESIGN A
— BACA NO. 24

ona S.fz._;/uax,e, GleIAFE NO. lowc NG, RC1-DR-20 |°&Y

CHECK | (T¢ 8 o

DAIE 7-21-01  |sCALE:/‘vc0] |sHeeT ¢ oF 3




BANDELIER TUFF [}

MELLY BUSHING 83'-O% _ -~ REVISIONS
0";"’0' GROUND ELEVATION 8327’ REV DESCRIPTION OATE | By [APPU
2L F =] .
6472:.; e ,5/"" — "J{ { | ———26"voLE 1 | cHeCck FOR Accuracy 3-31-80 | 22
A it 297-20*99* W40 C5G.-CrMTD. W/i0IG FT.B 2 | REDRAWN 11-13-81] &P
Mo 172" HOLE . DRILLING _CETAIL
15 - TIE=BACK, 1270-035 0" i HEO ¢ STEAM | Loy Losr oeeo.
28 : s TLRES LO
: ?.“ :f 1269'-2 5513 54" LINER HANGER ELTEIES |FR C-/‘E- BLSAM G5
a1 S ' 26402242 PORE
1. F x4¢53'-/3~%"65 M55 CSG. eMT'0. W/ 708 FT.3 55T 45 CMT, :
: J : ALGS)
185 HoLE
i ?
160" TO GRGo0’ . |\ 'qﬂ——s,eeo-?'":.r#c LIVER HANGER TOP

[ '\ :
; 1 3590'-2%'3c* M55 c5a,-CMTD. w/jezs FT.¥

—8%'wLe

¢aco’ T 7330’ 1 | .
PALIZA C4yoN 11 ' c :
FORMATION 11 .

ABGO-TUEE 7350- 75757 || | ———7'26*L-80(38475.) ¢ nss(e>7s,)

. CEG. LINER CMT'D; WITH BOOO U, FT.

0k
3576 'To s,zzcg's | A
R > ;
A2O FH(RED 82%) ] 5825 BOTTOM OF HOWCO QUIDS EHOE o7 ZAT DECPZO/08
SRDDOED | COIMRETEDDATE STARTED |DATE COMPLETED
%ezg TO ’ﬁjza; 6-1D-74 8-12-78 c-27-8/ -G-8/
MAGLDALE ? ' - :
(L5, 5/.TSTOME
:czzza’ T0 19637 . ' 6l HOLE - Mﬂﬂ@ﬂ Union Geothermal Company of New Mexico
RANITE : R —— S
(- CArtarIAN) : | WELL SCHEMATIC
. L L R T DRAWN [ £, FENZAK K BACA NO.12
. , S = SIZEJAFE NO. DWG NO. REV
18,637'T: D, : FIGURE 2 creck | GG B | 303005 | RC1-DR-07 [
souYRh < . | oate 3-31-80 [SCALE:A.TE, [sHeeT 1 oF 4




FIGURE 3

BACA 20
COMPLETION DETAILS

A ORIGINAL B. RECOMPLETED  C.FINAL
COMBLETION FOR FRAC JOB . COMPLETION
133/8”,54.5 LB
K-55 BUTT CSG.
1233'J— L 1233’J_ — 1233 b -
- 1415° b 1415 4 ~ 1415°
|} 41/2" FRAC
9 5/8”, 40 LB K-55 I | STRING
BUTT CSG. WITH
TIEBACK RECEPTACLE
AT 1233’
|, 24127 PACKER SET
+2390° nERw 2323 it i ' 2383 r
€4
p. : | 2505° 4{ 7s505° P . 2505°
1 |
| .
| I
| _
|| : 7 26 LB
| : 7" 26LB K-55 K-55 BUTT CSG.
I 11| 8RDSLOTTED
I 11 vuiNerR
(I ,
: : 4760°| h -
|1 | 4 M 4830° SHE
| H
} I } ( 83/4” 1! 512" Fi17L8
i i1 | WITH 1/2” DRILLE;
; | | OPEN HOLE :} PERFORATIONS
R . |"
| ~~—1 5120 1 51371
: 1 . 955! CEMENT S 931 CEMENT
L] 5400° 1= 5400" 2
i P .'.'_: .'_'-' .ol
H WA SAND ’ SAND
) L
5812 5827 el ggoy 2. ) 5327



TABLE I

BACA 20 TREATING SCHEDULE

FLUID VOLUME

Planned  Actual Proppant
Size Size
Stace No.  (bbl) (bbl)  (Ib/gal) Size Fluid
1. 2000 2000 FRESH WATER WITH
FLUID LOSS ADDTIME
(FLA)
2 500 639 0.39 100-MESH FRZSH WATER WITH
CaCO3 FLA
{10,500 LB) ,
3 500 350 'FRESH WATER WITH
' FLA
. 4, 1500 1400 POLYMER GEL WITH
FLA
5. 500 566 1.33 100-MESH POLYL'ER GEL WITH
CaCO3 FLA
(31,500 LB)
6. EQD 500 POLYWMER G=L "WMITH
FLA
7. 1150 1168 0.46 16/20-WESH PDLYMER GEL
' : BAUXITE (B)
8.a 850 682 185 1672D-W=SH POLYMER GEL
(8§
b 378 2.77 16/20-W\ZSH PDLYMER GEL
‘ : (B)
9, 300 450 2.1 12/20-MESH POLYMER GEL
- (B) .
10. 750 451 4.21 12/20-MESH POLYMER GEL
(B)
1. 150 151 FRESH WATER
8700 8735
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APPENDIX III

DRILLING HISTORY OF THE
UNION-DOE 50 MW BACA GEOTHERMAL
DEMONSTRATION POWER PLANT (GDPP)

I. GEOLOGIC SETTING

- The location of the proposed 50 MW Baca Geothermal Demonstration
Power Plant is situated in a volcanic structure known as the
Valles Caldera. The Valles Caldera is a subcircular depression,
12 to 15 miles in diameter, in the center of the Jemez Mountains.
Volcanic activity, which began in the Jemez Mountains about twelve
million years ago, culminated about ‘one million years ago with the
formation of the caldera. At that time huge explosive eruptions
produced a widespread deposit of rhyolitic tuff and pumice (Bande-
lier Tuff). Simultaneously with the eruptions, the eruptive area
collapsed along a ring-fracture zone. Because of the simultaneous
eruptions-collapse, the Bandelier Tuff is over 6000 feet thick
within the caldera but only about 1000 feet thick outside. Vol-
canism, in the form of rhyolite domes, continued until as recently
as 100,000 years ago. To date, exploration for geothermal re—-
sources in the Valles Caldera has been concentrated iy the Bande-
lier Tuff reservoir.

Evidence that the Valles Caldera is an excellent geothermal pros-
pect is abundant within the caldera. The principal surficial geo-
thermal features, illustrated on Figure 1, ares

a. Widespread distribution of rhyolitic volcan1cs in space
' and time.

b. ' Large areas of hydrothermally altered rock.

c. Abundant hot spring and gas vents.

Shallow temperature gradient holes show that anomalously high
temperature gradients extend over much cf the western portion of
the caldera, both inside and outside of the ring fracture zone.

At depth, measured temperatures exceed 600°F. At the Los Alamos
dry-hot rock project, just west of the caldera, 620°F has been
measured at a depth of 15,700 feet. Within the caldera, the maxi-
‘mum temperature measured is 646°F in Union's Baca—lz wel] at a
depth of 10,190 feet.
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DRILLING HISTORY OF THE
UNION-DOE 50 MW BACA GEOTHERMAL
DEMONSTRATION POWER PLANT (GDPP)

II. DRILLING HISTORY

The drilling history of the GDPP is summarized in Tables I and II,
and in Figures 2 and 3. Table I and Figure 2 show results prior
to DOE participation, and Table II and Figure 3 show results after
DOE participation. ’

Prior to DOE participation, Union had drilled eleven wells, one of
which, Baca 12, was off the shallow high temperature anomaly.

Five wells were successfully completed in the Bandelier Tuff re-
servoir, yielding a total of 353,000 lbs/hr steam at line pres-
sure. The casing in Baca 6 subsequently collapsed, reducing the
steam count to 320,000 lbs/hr.

After DOE participation, the Bandelier Tuff reservoir was pene-
trated thirteen times, counting original holes and redrills. Of
these, only two wells, Baca 20 and 24, were successfully completed
for a total of 63,000 1lbs/hr additional steam. The overall suc-
cess ratio in the Bandelier Tuff reservoirs is seven completions
out of twenty-three penetrations.

Three wells were used in an attempt to achieve production from
formations deeper than the Bandelier Tuff. Principal targets were
considered to be the Paleozoic limestone and Pre-Cambrian granite.
Baca 12 was deepened from 9212' to'10,637'; bottoming in granite.
Although hot (maximum temperature 646°F) the deeper zones were im-
permeable. Baca 24 was drilled from the surface as a deep test,
but mechanical problems led to completion in the Bandelier Tuff.
Baca 22 was redrilled to 8846 feet, the top of the limestone. The
hole was lost during logging operationse.. : -

RFD/ge
Attachments
'‘02686g



WELL

Baca
Baca

Baca

Baca

Baca

Baca

Baca

Baca

Baca

Baca

Baca

5A

10
11

12

13

14

15

16

T.D. COST ($000)
. 6378
6973"
4810
(3455' Bridge)
5303 333
6001" 635
6931 425
9212" 542
8228" ~ 718
6824" 908
(5780' cmt.)
5505" 610

7002' 557

TABLE 1

PRE-DOE WELLS

STATUS

Commercial
Water Injector

Initially Commercial
Collapsed

P&A

Mechanical Problems
Commercial :
Water Injector
Commercial

Water Injector

Commercial

Non-Productive

TOTAL:

STEAM (At Line Pressure)

45,000 lbs/hr
Off High Temp. Reservoir

(33,000) Now Bridged

116,000 lbs/hr
(0ff High Temp. Reservbi:)‘

54,000 lbs/hr

105,000 1lbs/hr

320,000 1bs/hr



WELL

T.D.
Baca 17 *OH 5791°"
' **RD 6254
Baca 18 OH 4597°
RD 5250°'
Baca 19 5610'
Baca 20 OH 6863"
RD 6374"
Baca 21 3000"
Baca 22 oD 6017°
RD1 6485"'
RD2 6006
Baca 23 "TD 5746
Recpl.3515"
Baca 24 TD 5502!
Eff. TD 3591'
Baca 12 TD10637"
(deepening
to granite)
Baca 22 TD 8846"°
(deep re-
drill)

* OH - Original Hole
¥* RD - Redrilled Hole

TABLE II
POST-DOE WELLS

COST ($000)

914
733
996
477
$1,473
'$ 999

905
791
$1,696

$ 875
1,263
400

531
$2,194

1,261
602
$1,863

$1,895

$1,654

$1,993

STATUS

Non-Productive

Initially Productive,

Mechanical Problems

Pot. Productive
Lost Hole
Non-Productive

Sub-Commercial

Non-Productive
Commercial

Sub~Commercial

Pot. Productive,
Lost Hole .
Sub-Commercial
Sub~Commercial

Non~-Productive
Possible Commercial

Commercial

‘Non-Productive

Non-Productive

TOTAL:

STEAM

(32,000 @ 10 psi)
30,000 lbs/hr @ 125 psij

(34,000 @ 75 psi)

(41,000 @ 45 psi)
{20,000 @ B8 psi)

(48,000 @ 51 psi)

33,000 @ 131 psi

63,000 lbs/hr @ linepressi
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Hydrothermal Alteration in Well Baca 22, Béca Geothermai
~Area, Valles Caldera, New Mexico

Dennis James Fox

Introduction

~The Baca geothermal area is located in the Valles caldera in the Jemez Mountains of
' _north-ceﬁtral NewA Mexico.‘ Union Geothermal Co'mpany drilled a ﬁumber of exploration wells
to supply steam for a proposed electric generating plant. Drill cuttings from one of these we'llé,
Baca 22 (see Figure 1), were studied With a petrogrﬁphié microscope and by X-ray diﬁraction to
Qetermine the natﬁre of the original rocks z.md of the hydrothermal alteration. The‘hydrother-
mal alteration will be used to determine the femperatures of alteration which can then be com-
pared with borehole temperét'ures to determine if the rﬁineral assemblages are compatible wifh
present day temperatures.. It will be shown that there is evidence indicatihg that the upper 2000

feet of borehole is cooler now than it has been in the past.

Sample sizes were limited in this study (usually less than 5 grams). In most cases, one
quarter of the sarhple was Qsed to make the thin section while the remainder was reserved for
X-ray analysis. Samples were mounted in epoxy and cui to a thickness of 30 microns for petro'-
graphic study. X-ray diffraction patterns were obtained using a Debyc-Scherrer_camera and
Feka ra.diation. |

The Valles caldera is considered a promising area for geothermal development for several
reasons. The recency, magnitude, and duration of volcanic activity in the Jemez Mountains
combined with the surficial rock alteration'a.nd numerous hot springs and fumaroles all suggest

a large heat source located at a shallow depth—presu_mably the same magma chamber which
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Figure 1. Location map. The location of four wells in the Baca geothermal area are shown.
The broken circle indicates the approximaté location of the fing fracture system of the latest

. caldera.
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produced the vqluminbus volcanic rocks.. Recent flow testing by Unioﬁ Gedthermal Company
did not ‘produce the large amounts of steam which were expected. Thus, this area has a.low.
.potemial for generating.elect.ric,ity. However, low temperature geothermal resources é;e being .
investigated for use in space »heéti_ng and Hot Dry Rock research is being conducted by the Los

Alamos National Laboratory (Laughlin;'_1981).

The Jemez Mo.un‘tains are. composed of late Mioceﬁe to Pieistocene volcanic rocks over-
iying oldef sedimentary rocks“of | the middle Miocene to dpbéf Pliocene Santa Fe Group, the
Abo Formation of Permian age',nénd-th-e Céiﬁoniférbﬁs‘ age’ Mégdéll‘ina Group which rests on
Pfecambrjan granjte. Volcanism began with the eruption} of the Keres Group over 9 million
years ago (m.y.a.) (Bailey et al.,, 1969). The Kerés .Group comprisés the basalts of Chamisa
Mesa,’ the Canovas Canyon Rhyolite, the Paliza: Canyon Formation, and the Bearhead -

: Rhyolite-PefaltafTuff _Mefnber, " The basalts and rhyolites. Were"emptgd from numerous centers
over a wide area. A thick seduence‘of andesite tuffs, flows, and breccias form coalesced com-
posite cones overlyfng the e‘arlie'r basaltic‘shields' (Rqss et al., 1961). Bethen 7.4 and 2.0
m.y.a. the Lobato Basalt, the Tshicoma Formation, andl therEl‘Rechuelos‘ Rhyolite were erupted
to form the Polvadera Group whicﬁ, overlies. the andesites of the Keres Group (Bailey et al.,
1969), The Tewa Group represents the latest stage of volcanism in the Jemez Mountains. This
group. is composed of the Bandelier Tuff, the Cerro Toledo Rhyo!ite, the Cerro Rubio Quartz
Latite, and the Valles Rhyolite (Bailey et al., 1»969,). The volcanic rocks penetrated by Baca 22

are the Paliza Canyon Formation, the Bandelier Tuff, and the Valles Rhyolite.

The-lToledo caldera, which is truncated by the north-east.-rim of the Valles caldera, was
formed 1.4 m.y.a. during the eruptibnxof the lower member (Otowi Member) of the Bandelier
-ATuﬂ“ (Doell et al., 1968). The Valles caldera was formed during the eruption of the upper
-member (Tshirege Member) 1.1 m.y.a.-(Doell et al., 1968). The Valles caldera was occupied
. by a lake 5001; after subsidence whi;h persisted u'nt‘il near_tvhg‘en‘a of the late rhyolite stage of
volcanism (70.5 m.y.a.‘).‘ The lake was draincq by headward erosion of the Jemez River and

San Antonio Creek (Ross et al., 1961). The caldera floor was locally buried by more than 2000
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, fee; of caldera fill before formation of a resurgent dome. Many of the posx-l:a]derav rh‘y'oliies
erupted between 1.1 and 0.4 m.y.a. flowed into the lake (Doéll et al., 1968). The source of
these post-caldera lavas is presumed to be the same magma chamber 'w‘hich'pr‘oduced the Ban-

delier Tuff. Figure 2 shows a columnar section of Baca:22 and two adjacent wells.

Determination of Sample Depth and Temperature '

Sémples from Baca 22 were--taken ai 20 foot int'er;?a]s- with depth measured: a.long the_
wellbore.. The nature of the samples (drill cuttings) lend‘s a .measure of uncértéinty .to_Athe
results. At the time of sample collection .no correction is made for tra\;el time from bit to sur-
face sb a sample from a specified interval will not~n¢cessarily contain. cuitings representing or

exclusively from that entire interval. -

Corrections to vertical depth can ﬁsually be accomplished with a dip-lbg which measﬁres'
inclination within the wellbore. Dip-logs are available for Baca 22 for the original hole and tﬁe
first .two redrills but not for redrill 3 'Which.was the source of all samples below 2700 feet for
this study.- The dip-log for the original hole: (which was the source of all samples’ a>bove 2700
feet) showed that a measured depth of 2528 feet conesbohded to a vertical depth of 2523 feet.
The error_ (5 feet) is less than the sample interval so it is considered ‘negligible in this study.

Errors within redrill 3 are not available so these depths are given as depth along wellbofe. '
Temperatures were. obtained from a pressure/téemperature gradient-'survey conducted iﬁ
redrill 2. No temperature data are available below 5906 feet.
All of the photomicrographs shown in 'thi"s> paper have a sample number such as
[i0'65A335]. 1065 is the U.C. Berkeley Geology Departmeni ‘colleétion number, ‘A’ refers

to Baca 22, and “335" refers to the depth interval of the sample. This numbé'r is obtained by
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Figure 2. Baca 22 local stratigraphy. Columnar sections of Baca 22, Baca 15, and Baca 11 are

'shown here. Locations for these three wells are shown in Figure 1.
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averaging the upper anq lower limits of the sample interval and dividing the average by 10.

Therefore, A335 would refer to the sample interval from 3340.to 3360 feet.

Petrographic and X-ray Analysis

. Redondo Creek Rhyolite

The Redondo Creek R_hyolité is the uppermoél unit penet_rated by Baca 22. This 250 foot
thick member.of the Valles Rhyolité is readily distinguishéble from all oiher members by the
~ presence of .plagioclase pheno'crygts manpled<with sénidine;'large Bioﬁte ph_enocrysts; and Sy the
abseﬁce of quartz phenocrysts (Bailey et al., 1969). The grouﬁdmass is primarily fresh clear |
glass with numerous area§ of sphe;‘uiitic devitriﬁcatign which are most evident around pheno-

crysts. A typical sample of this rock is shown in Figure 3.

vAlteration within the Redondo Creek Rhyoiite Ais» limited to ébout 1% éf the glass and
comprises bpal and a green phyllosilicate. Smectite is thought to be the most likely composition
of this phyllosilicate based on‘its colér and debth of c;ccurrence and on the composition of the
original glass. The opal forms sphéres similar to those described by Honda and Muffler (1970).
As s_hown in Figure 4, the aheratioh is confined to fractures and the width of the zon;:' is on the

order of 50 microns. Orpiment and realgar were precipitated in trace amounts below 110 feet.

Caldera Fill

Below the Redondo CreekA Rhyolite is Caldera Fill about 450 feet thick consisting pf fine
sand and silt sized particles of quartz, plagio'clase, microcline, granitic rock fraémems, and
minor magnetite. Calcite cement is common and is acéompanied by illite in the matrix of some
samples. The illite was identified by x-ray diffraction and apbears to be of both sedimentary

and hydrothermal origin. The illite in the matrix shows no evidence of having grown in place



S T Tet0vsso1)
431 pazuejod aueld  (S) SMD3WS S uonelAfe JNIEP dYl pue (Q) [edo st (D) sse3

ay) Jo uoneldlje [eduayds Yy '91![01“[}]')19913 Opuopay ayi ut 9mdaws pue {edy p aIndiy

“®c00

N . [OKOYSQOI] .‘liqﬂn pazye(pd
sueld “Jedsplaj-f ‘ssel8 pAYLIIASP-(] ‘AN0Iq-g ‘Sse[S-D ~ANifoAyy ¥231) opuopay ‘g dandjg
I




8

and appears 1o supporl grains in Some-cases so is probably detrital in origin. Lambert and
Epstein (1980) descrif)e_ the carbonaies in the Caldera Fill as _havi'ng- 8'%0 vélués which incﬁcate
deposition in an environment sin;ilar to that found in a freshwater lake. Therefore, the c_avchite}
is probably unrelatéd to hydrothermal ACIivity. |

Hydrothermai minérals in t:he ,Caldel;a/Fill .>ére:ofpim_eh17 ‘_brealgar, ﬁematite, byrite, épd
illjte. Orpimemrand reéléar were .r'e’c‘og‘l;xized by fhéir color énd association. 'Hé;hafite and
.pyrite were rcﬁognized by pbwder diffraction; 'fhe coﬂcentraﬁon of the hydrotﬁermal alteration
prdduclts is highest in the center of the unit (500'feetvideep) where orpiment, realga'r,. and

hematite make up about 3% of the rock. -

_ 'Bandelfer Tuff |

.' Uﬁderlying the Céldere-lb Fill is thé Bandelier Tuff of fhyolite c'ompositiori; The combfned
thickness ‘of the two member‘s_ is apprbximately 4700 feet m Baca ‘22.’» The tuff is aensely
welded. devitrified, anc_l hydfotherméll} alleréd throughout most of its thickness. Ignimbrites of
this great thic.knessv afewnqt'widely knbwr_l. A mééﬁahisrﬁ for formiﬁg_ a; deposit of .thi.s magni-.
" tude would invoive eruption of vast amounts of ash duringu the foundering of the roof of the
magma chamber. Ponding of ash ﬂ_ows within the déveloping caldéra could'easily produce
* deposits of this size. Bailey et al. (1976) describe a similar thickness of ash flows (1000 to 1500
meters) within the Long Valley caldera in California. The bul.k of the Bandelier Tuff in Baca 22
is probably Téhirege Membef since it wés erupted concurrent with the subsidé_nce of the Vailes
caldera. The Otowi Member in this area is found on the flanks of -the Qolcano so it should Be
much thinner.  Smith and Bailey (1966) éhow that where the Tshirege Member is found .on the
flanks of the volcaho, it is normally less than 6Q0 feet thick and locally attains a thickness of

800 feet where it has filled in former valleys.

The primary minerals of the Bandelier Tuff are quartz, plagioclase, sanidine, pyro'xene.
minor magnetite, and minor lithic fragments. The anorthite content of the plagioclase was not
determined due to the highly altered state of the phenocrysls. The pyroxene phenocrysts are

totally replaced by chlorite, sphene, and epidote. Thin sections of the- Tshirege Member
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oorrowed from Fraser Goff ol’ the Los Alamos National Laboratory contain pigeomte which ex-
hibits the same crystal habit as the chlorite pseudomorphs in the Baca 22 samples Smith and
Bziley (1966) also noted hypersthene, fayalite, and ‘anorthoc'lase at various levels in the
Tshirege Member. Above 1400 feet the devitriﬁed groundmass (brobably containing cristoba-
lite and alkali feldspar) retains its axrolmc and spherulitic texture. Below this pomt to a depth
of 3000 feet the devrtriﬁed groundmass has been recrystallrzed to a clear featureless mosaic of

fine-grained quartz and albite.

A layer of fine sandstone is located between 3190 and 3240 feet. The grains ére“made up
of quartz, microcline, plagioclase, and sanidine. The sandstone is cemented by quartz over-
growths, calcite, and phyllosilicate. The. sand is well sorted, subangtilar, well indurated and is

mineralogically and texturally similar to the Calder;i Fill. -

- Above and below the sendstone, between 3000 and 3400 feet, the ‘r'hyolite tuff is only‘
partly (or locally) recrystallized as shoi’n.in Figure 5. .Th‘e' welding and devitriﬁcation textures
are well presert'ed here althongh x-ray diffraction patterns indicate that some of the groundmass
has been recrystallizecl to quart2 and .albite. Below 3400 feet the recrystallization texture

appears again and continues throughout the remainder of the formation.

Hydrotherrnal alteration within the Bandelier Tuff lias been ouite extensive. In addition
1o tlte recrystallized groundmass discussed above, pyrite, illite, and hemétite which »t'ere present
in the Cal_dera' Fill, continue into this for_motion. The hematite is not found below 1000 feet _
but pyrite continues to be present throughout the total depth of the hole with the exception of
the mterval between 2850 and 3150 feet Calcrte is commonly present as a replacement of pla-
gioclase phenocrysts and groundmass Illite replaces feldspar in minor (less than 5%) amounts

i

throughout much of this formation.

Albitization of plagioclase begins at 700 feet and continues to the base of the Bandelier
Tuff. A lower refractive index, higher birefringence, and a clouded appearance in plane light all
make this replacement readilyvrecognizable. Figure 6 shows a typical Bandelier Tuff plagioclase

phenocryst which is partially albitized. The absence of polysynthetic twinning in the albite is
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Figure 5. Welded-tuff texture in the Bandelier Tuff. This sample is from the interval between
3000 and 3400 feet where the grblundm'a"ss has not been recrystallized. Plane polarized light.
-[1065A315]

Figure 6. Albitized plagioclase in the Bandelier Tuff. .This phenocryst of-twinned plagioclase
rimmed by untwinned albite demonstrates the .loss'of._twinning __and higher birefringence of the
albitized plagioclase. Crossed nicols. [1065A075] ' ‘
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unusual in albitizatioh of plagidclase. Usually, the twinning in the original pﬂenocrysl will con-'
tinue into the albite. Twinning conlinugs‘ from the plagioclas‘e@nto the replacemen{ albite in
only a few samples of the Bandelier.Tuﬂ" lnAthese éases the albite is réla!ive]y clear ‘and free of
inc!usio.ns. The untwinned secondary alvbi‘te is m.uch éloﬁdief' and fr'equéntly contains inclu-
sions. It is not known if this di‘ﬂ'e_renc_e' is caused by differing ques of _al'bitizalion, differing
temperatures, diﬁ'erences in_ original phenocryst com’position, or some ot_her. factor.

l.n addition, albitell begins to replace sénid'ine at a dépth of 1300 feet.‘ Figuré 7 demon-
strates that this albite lS readily .distinguishable fr_om alBitize_d ﬁlﬁgioclase by the presence Qf
chessboard-twinning (Callegari and De Pieri, 1967). . As discuss_ed above, albité and quartz
occur as recrystallization. products of the devitrified glass. This_hydrotherrﬁal alteration gives
the groundfnass a finely crystalline texture in crossed nicols as showh in Figure 8. Although
the recrystallization generally eliminates_ the devitrification texture, it does not co‘mplete_ly .

remove the welded-tuff texture which can still be séeh in plane light.

Chilorite first appears in tﬁe sample from 1100 feet. As shown in Figufe 9, the mogt com-‘
mon habit of ‘the chlorite is as pseudomorp‘hs after lpyfoxene although it also occurs in the re-
crystallized groundmass. At depths in excess of 1‘700 feet, sphene occurs as numerous, brown,
fine grained crystals groupéd together into clusters. Epidote commonly occ;‘urs ‘below 3400 feet

with chlorite as prismatic crystals arranged in a radial pattern.

Paliza Canyon Formation

Three dacitic rocks in ‘the‘1300 foot thick Paliza Canyon Formation have been dated at
8.5, 8.8, and 9.1 million years old (Bailey et al., 1969). Andesite and dacite flows appear to be
the domihahl rock type in the Baéa 22 samples. The -mineralogy of the Paliza Canyon is domi-
nated by zgned and twinned plagioclase with compositions determined by the Michel-Lévy tech-
nique of Any, to Ar@ with the most common anorthite conient about An;;. Pyroxene is wholly
~ altered throughout this formation. Magnetite is commoﬁ and apatite can be found as small

euhedral crystals.



Figure 7. Albitized sanidine in the Bandelier Tuff. This photomicrograph shows the sanidine
(S) being replaced by albite (A) which displays -chessboard-twinning. Crossed nicols.
(1065A381]

Figure 8. Recrystallized groundmiass in the Bandélier Tuff. Tﬁe'groundmass is recrystallized to
quartz and albite. Crossed nicols. [1065A533]
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Figure 9. Chlorite after pyroxene in the Bandelier Tuff. This sample shows a pseudomorph of
chlorite (C) after pyroxene. Plane polarized light. [1065A315]

Figure 10. Calcite and.sericite replacing plagioclase in the Paliza Canyon Formation. C-calcite,

S-seAricite, P-plagioclase. Crossed nicols. [1065A573]
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‘Hydrothermal alteration in the Paliza Canyon includes sericite ‘which is-an extensi.\}e
alteration produc_t of plagioclase replacing half or morle ol‘ some phenocrysts in many san1ples.
l:igure 10 demonstrates the large size of some of the‘ sericite crystals. Calcite commonly
replaces plagioclase although rarely ‘more than about 15% of a phenocryst.' E.pidote‘is another
common alteratron product of plagloclase but in most samples its abundance is minor compar.ed
to‘sencne and calcne However, a sample from 6270 feet (Frgure 11) is unusual m that it con-

tains much more epidote than sericite and calcite as alteration products of plagioclase.

Pyroxene has been completely altered to chlorite, epidote; sphene, and quartz in this for-
- mation, As shown in Figures 12 and 13, chlorite is the more common alteration product Epi-
dote, quartz, and sphene occur in lesser amounts than chlorite in most cases. Figure 14 illus-

trates that some of the chlorite replacements (after hypersthene?)» are rimmed by quartz.-

Much of the groundmass of the Paliza Canyon Formation has the same appearance as the
recrystallized groundmass in the Bandelier Tuff. X-ray diffraction and oil immersion has shown
this groundmass to be ‘quartz and albrte Sphene clusters are common and pyrite’ contmues to

be present throughout the Pahza Canyon Formatron

)

Sqnta Fe Group
" The Santa Fe Group, of Miocene age, comprises 200 feet of unconsol’idated, well sorted
fine sand made up of quartz, ’plag‘ioclase‘,‘ microcline, magnetite,_and perthite. The quartz and
feldspar occur in two varleties. One type Iris clear, subangular, and was proba_bly-de_oosited by
streamm. The second type is very well rounded, has small p_its (percussion marks) in the surface,
and has a faint hematite staln on the surface suggesting eolian transport.
Hydrothermal alteration is slight in these sediments. . Av minor‘.arnou.nt of sericite (less
than 1%) is seen in some of the plagioclase grains. Pyrite is present in trace amounts and epi-

dote is found as small isolated crystals.



Figure 11. Epidote replacing plagioclase in the Paliza Canyon Formation.

plagioclase. Plane polarized light. [1065A627]

chlorite. Plane polarized light. [1065A591]

E-epidote,

15
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Figure 13. Chlorite and epidote after pyroxene in the Paliza Canyon Formation. C-chlorite,
E-epidote. Plane polarized light. [1065A591]

Figure 14. Chlorite and quartz replacing pyroxene in the Paliza Canyon Formation. Q-quartz,
C-chlorite. Plane polarized light. [1065A559]

o
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Abo Formation

The 173‘00('.’) foot thick Abo Formation cqm‘piises calcite, epido':t'e, and hematite cemented
fine grained sandstones and siilstones of Perrhian age." _Tile'san'd consists of ‘subangular to
subrounded well sorted quartz and feldsbarv grains. Hydro»thermai; alteration includes séricite
replacihg plagioclase in‘.traée ’amo'un'ts and precipitation of minute subhedral‘to anhedral pyrite

crystals and subhedral epidote crystalsr in the interstitial pore spaces.

jMagdelina Group
One sample from the Magdelina Group has been studied. It comprises red argillite,
brown mudstone with silt-sized quartz grains, and dense micritic limestone. Hydrolhefmal

alteration has recrystallized some of the micrite to sparite and fqr_med the zeolite wairakite.

Patterns of Hydrothermal Alteration ‘- -

Opal and Green Phyllosilicate
Hydrothermal alteration of glass in the Redondo Creek Rhyolite is confined to fractures in
the glass (see Figure 4). Alteration products comprise opal and a green phyllosilicate . of

undetermined composition, possibly smectite.

Sulfides and Oxides ‘

Three sulfides and one oxide were precipitated in the rocks penetrated by Baca 22. Pyrite
is found throughout the Baca 22 samples below 600 feet exgept for the interval between 2850
and 3150-feet. The p&,'rit_e occurs as. minute cubic crystals (qually less than 0.5 min) 'whi:ch are
disseminated throughout the samples and exhibit ‘no"' systématic relationship to any other

mineral. 'Lamberi and Epstein (1980) describe the occurrence of pyrite in-Baca 7 below 3710
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feet. Orpiment and realgar are two sulfides which are restricted to the upper portion of the well
between 200 and 700 feet where they appear 1o have been precipitated in pbres. Hematite was
precipitated in pore spaces in the Caldera Fill and :Bandelier'_Tuff between depths of 400 and

900 feet.

Hlite and Sericite

Illite was detected with x-réy diffraction in the Caldera Fill and s visible in thin:set‘:tions

of the Caide‘ra -Fill andv Bandelier Tuff. The illité in the Caldera Fill appearS to be‘ of sedimen-

" tary and- hydrothermal origin. Hydrdtﬁermal illite'has‘.repl.acea feldépar graiﬁs which were
present in the sandstones and siltsto’rles;. In.the Béndelier Tuﬁ" the illite is most e'videm‘in the
replacement of -feldspar -phenocrysts (see Figuré 15) but is also preseni in.minof ampuntsin the
groﬁndmass. Lambe'rl' and Epstein (_1?8_0) found kaolinite in the grouﬁdmass of Baca 7 but
none was detected here. - | | | | . ‘

A clear bifefringem phyl]osilicate'oecurs as- a replacémen; of plagioclase in the Paliza
Canyon Formation. "I"hé>2fV"wés determined to be 32° using the method of Tobi”(-l956) which
indicates that this mica is sericitei (rﬁuscovite) as opposedl to. pyrophyllite (2V=53-60°) or illite
(small 2V). Figure 10 shows the large crystal of sericite on which the axial angle measurement
was ﬁadé and‘illustrates the common association of sericite wit}} calcite in the alteration of pla-
gioclase. | |

It is not ‘knowri at wh:at point the illité grades. into sericite or what _structural‘types of
muscovite these two minerals represent.. Yoder and’_-Eugster (1955) describe the rénge of com-

positions and structure types which are encompassed by these two mineral names.

Albite

Albite is formed from three different materials in the Baca 22 samples. Below 1300 feet
the devitrified groundmass is altered from the original cristobalite and alkali feldspar to quartz,
albite, and minor illite. The grOundniass changes from the faintly birefringent dusty looking

devitrified glass to a finely crystalline moderately birefringent clear aggregate of anhedral crys-

]
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the original phenocryst.
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ng plagioclase in the Bandelier Tuff. The edges of this plagioclase
bitized and altered to illite. The albite retains the twinning present in
A-albite, I-illite, P-plagioclase. Crossed nicols. [1065A089]
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tals. This recrystallization does not disturb the welded-tuff texture or the giass shard outlines
which can still be seen in the drill cuttings but it does eliminate the devitrification texture.
Albitized plagioclase is first seen at 700 feet and is progressively farther advanced as one looks

at deeper samples from the Bandelier Tuff.

Chessboard-twinned albife occurs as a feplacement of Sahidine in the Bandelier Tuff,
Albite replaces sanidine below 1300 -feet where some sanidiné phenocrysts.appear to be
untouched and otﬁers appear to be completely replaced. Near the base of the Bandelier Tuff
the sanidine has been replaced to a mucﬁ greatgr extent but tﬁefé are usually a few small
patches.of sanidfne visible m some of the phenocrysts.' Callegari and De Pie_ri (1967) have
shown that chessboard-iwinning in‘ alAbite is a good indicétor that ihg alﬁité fs more than 98%
pure. It has been observed that chéssboard-twinnirig only occurs-in albite when it replaces K-
feldspar 50 it can be used as an indicator of 'original mineralogy in a highly altered rock (Moore

and Liou, 1979).

Calcite

A Calcite is present in the Baca 22 sampleg from a ’depth of 3OQ feet to the bottom of the
hole. .Somé 6f this calcite 1s sediméntary in origin (the calcite cement in the sandstones and the
Magde]iha Group limestoﬁes) while some is the broduct of hydrothermal activity. Hydrother-
mél calcite is found as a pore filling mineral and in the replacment of the groundmass and of
plagidclase. Calcite is associated with albite, sphene, sericite, and illite as a replacement of pla-

gioclase.

Quartz

Quaftz formed by recrystallization under hydrothermal conditions was recognised through -
x-ray diffraction in the Paliza Canyon Formation and the Bandelier Tuff. The quartz occurs as
an alteration product when the groundmass of these formations is recrystallized. Recryétalliza-
tion takes place between 1300 and 6850 feet. Quartz also occurs with chlorite in the alteration

of hypersthene.
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Chlorite
Chlorite is found in most- samples below 1100 feel‘asvan alteratién product of pyroxene
and in minor amounts as a groundmass alleration.: X-ray powder diffraction has yielded 001
and 002 reflections of 14.15a and 7.08a respecitively. Optically, the Cﬁlbriie occur; as fibrous
radiating crystals with anomalous blue and green birefringence. ‘Tﬁe alteration of pyroxene to
chlorite appear§ to involve little or no volume change. 'B'oth.clino{ and orthop'y?oxenes were
aitered to chlorite since both types of pyroxene were present in the Bandelier Tuff (discussed
earlier) and the Palvizé Canyoﬁ Formation. Two thin sections of fresh Paliza Canyon rocks on
loan frorh the Los Al.amos National Laboratofy contain both clino- and orthopyroxenes.
Unpub]ishéd microprobe -data obtained from Jamié Gardner, a Ph. D. candidate'a't U. C. Davis,
indicates that the pyroxené corﬁpositions within the Paliza_Canyon Formation remain constant
throughout all of the flows. ,These‘ éompositions ar;e augite (Ca45Mg45Fém) and hypérsthene

(Mg75Fe35).

Sphen‘e .

Sphene occurs in the Bandelier Tuff (below 1500 feet) in and the Paliza Canyoﬁ Forma-
tion as minute brown anhedral crystals grouped into clusters. These ciusters appear to form
énywheré within the rock outside of the sanidine ahd quartz pﬁenocrysts. The sphene is recog-
nised by its very high relief which causes it to look white in reflected light, by its high
birefringence, and by rare euhedra. |
Ep/do(e

Epidote first occurs in the Baca 22 samples below 3400 feet, primarily as a replacment of
plagioclase and pyroxene. The epidote crystals occur in two habits. In the more common
habit, the epidote occurs as pris'nﬁatic to anhedral crystals in radial or aggregate form. More
rarely, the epidote écéurs as acicular crystals arranged in a radial pattern. Many of the iarger

crystals are zoned from a pleochroic yellow center to a colorless border. Figure 16 shows that

epidote also occurs as a pore filling mineral in the Abo Formation.
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Figure 16. Epidote cement in the Abo Formation. The epidote appears to form a cement

between the detrital grains. E-epidote, Q-quartz. Crbssed nicols. [1065A817]

Figure 17. Wairakite in the Magdelina Group. The low birefringence and polysynthetic twin-

ning make this zeolite easily recognizable. Crossed nicols. [1065A867)
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Wairakire 2
Coarse- gramed (0. 35 rnm) crystals of wairakite were seen in the one sample available
from the Magdelma Group The crystals occur in groups and ‘were identified by lhelr low

blrefrmgence and polysynlhenc twmmng_ (see Figure 17). The wairakite has formed primarily

in the mudstone and to a lesser extent in the limestone.

Discussion of Alteration Conditions

FigUre' 18 shows 'the.relatio.nships of the different alteratiorr products with each ether, with
hthology, and with depth along wellbore There are minerals which appear only in specific
.hthologlc types and mmerals which occur mdependent of lnhology Orplment realgar, hema- ‘
tite, sericite, illite, pvnte calcite, and epldote all seem to occur independent of lithology.
Mmerals which appear to be related to lithology include smectite and opal whlch occur only in
the Redondo Creek Rhyohte Cnstobahte is a devxtnﬁcatron product in the Redondo Creek
»Rhyolite and the Bandelier Tuff. Chlorite and sphene occur only in the Bandelier Tuff and Pali-
za Canyon 'Formatiorl.‘ Hydro.th'ermal quartz and albite were found primarily in tﬁe Bandelier’
Tuff and Paliza Canyon f:ormation where glass, devitrified glass, or fine grained groundmasa

was available for alteration.

Clays are relatively rare in the upper portion of this'_drillhole which contrasts with other
‘hydrothermal areas such as Ohaki-Broadlands (Browne and Ellis, 1970), Wairaker (S‘leiner,
1977), and Yellowstorre (Keith et al., 1978). The only clays detected in Baca 22 were the limi-
ted arﬁounts of possible smectite in the Redondo Creek Rhyolite, the illite in the Caldera Fill

and‘Bandelier Tuff, and the chlorite which is present in the deeper portions of the well.



(t223)

eloqjiom
Suojo
Y¢degQ

: Lithology

Paliza Canyon Fmn R Bandalier Tuff J‘
Santa Fe Group ‘ Redondo Creek Rhyolite

— opal
— smactite
e orpimerﬂ

~————"  realgar

—_— A . : _ ' : . ‘ ——— - hematite

e e — ~ - ‘ sericitesillite

' pyrite

calcite

"7T ©deg Ul S[EIQUIW UONEIII[E [BULIAYI0IPAY JO dUuNdQ ‘g 31ndig

albite

chlori{e‘ ..

_quartz -

spheng

epidote .

Py v «{ {®

vT



25

Two minerals in Baca 22 occur at temperatures significantly lower than is seen in other

hydrothermal areas. These minerals are albite and chiorite.

 Albite first occurs at a depth of 700 feet where:,the temperature is-presently 75°C. Browne ‘

" “and Ellis.;(1970) noted that. albite wasﬁ'rs't formed attemperatures near 120°C at'Ohaki-

lBroa’dla'nds which is m agreement with te'mperatures'reported bylmma and Utada (1971) and
Tijima (1975). L o o |

Chiorite generally forms at temperatures in excess of 11_205(: (Siévaldason‘»and White,

l962),ﬁ (Honda and lvluﬁler, 1970), (Keith et al., 1978), and ('.Cavarretta et _al.;.léllé). In Baca

22 chlorite is seen at depths where the temperature is 100°C.

. Figure 19 gives the downhole pressures and temperatures from Baca 22 redrill 2 which
demonstrate the relationship between the water table depth and the temperature gradrents due
to the higher thermal conductivity of saturated rocks (Garg and Kassoy, 1981) and convection
of fluids within the rocks. Until about 0.5 m.y.a. the Valles caldera contained a lake, helow .
which the'rocks were saturated. The presence of this water in the hydrothermal system may
well have increased temperatures above the present water table so that the present placement .of
alteration minerals was more in keeping with other hydrothermal areas. The lowering of the
water table to its pres(ent position wonld have lowered the conductivity and temperature o‘f

those rocks:-above the water table:

Another possibility explaining the occnrrence of albite and chlorite at such low tempera-
tures is grven in Doell et al (1968) who suggested that the caldera floor was buried by more
than 2000 feet of caldera fill before the formation of the resurgent dome. ThlS extra overbur-
den, since thmned by erosion, may have msulated the rocks suﬂicrently to raise temperatures to
the necessary levels to form albite and chlorite where we see them today. The formation of the

- resurgent dome also may have provided heat for the temperature increase.

Wairakite occurs in one sample near 8400 feet. Lambert and Epstein (1980) describe the
initial occurrence of wairakite in Baca 7 at 4660 feet. The great difference in depth of

occurrence can be attributed to the depth of the Magdelina Group rocks. The wairakite seen in
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Baca 22 occurs within the Magdelina Group and the wairakite seen in Baca 7 occurs a ‘short dis-
tance above the Magdelina Group. -

With the exception of wairakite, zeolites are absent in the Baca 22 cuttings. This may be

related . to -the cooling history. of the Bandelier Tuff. "Most of the tuff devitrified soon after

emplacement and zeolites are not known to form from devitrified silicic glass. -

Conclusions

1. The fbllowing minerals were formed in hydrothermal alteration of volcanic rocks: calcite,
‘illite, quartz, chlorite, albite, epidote, sphene, opal, smectite, pyrite, orpiment, real'gar,
hematite, and sericite. Hydrothermal minerals formed in the sedimentary rocks are: cal-

cite, illite, quartz, epidote, pyrite, orpiment, réalgar. hematite, sericite, and wai;akite.

2.‘ Textural detail is lost in hydrothermal alteration o_f welded;tuﬂ' below a depth of l400v
‘!"eet.

3. Albite anq chlorite are found at temperatures lower than usual for their forma;ion in hy-

drothermal areas.

4.  The draining of a lake in the caldera 0.5 m.y.a. dropped the water table 2000 feet and
consequently lowered the conductivity and the temperatures in the rocks above the

present water table. -

5.  Albitization of sanidine and plagioclase phenocrysts is pervasive in the Bandelier Tuff but
is absent in the Paliza Canyon Formation. The albitization of plagioclase is unusual here
in that the polysynthetic twinning present in the original phenocryst is not retained in the

pseudomorphic albite.
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The Bandelier Tuff devitrified soon after cmplacemeni which may account for the Jack of
hydrothermal zeolites such as are commonly found elsewhere ‘in hydrothermal alteration
of rhyoliteé.
. Alteration reaétions such as feldspar to illite; plagioclase to sericite, sphene, calcite, albite,

and epidote; and sanidine to albite have not yet.gone to completion.
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