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ABSTRACT

Acld-Jeached1 graywacke has been
identified in 15§ of 19 GEO welils in
the Northwest Geysers.  The altered
graywacke |Is characterized by a
bieached appearance and a high degree
of secondary dissolution porosity/
permeability. Minerals deposited In
vugs and velins Include large (up to
30mm) doubly terminated -quartz
crystals, bladed calcite, pyrite,
pseudohexagonal pyrrhotite, albite,
potassium feldspar and kacllinlite,.
Alunite, trace amounts of Iron
oxldes, opziine silica: and possibily

sulfur are also cbserved. The disso- )

lution features and the morphologles
of the replacement minerals suggest
that these rocks were subject to a
complex history of bolling and low pH
dissoliution. The dissoluttion
features Include the leaching and
replacement of detrital albite and
selected matrix phytliosilicates. The
acld~-leached zZones are generally

.encountered abcve the steam-bearing
reservolr rocks and may represent the

shatlowest Jevels of the geothermal
system, Examination of older GEO

‘mudiogs and publicatly available data:
sindicate that - simlilar zones are '
kpresent tnroughout The Goysers fleld.

. : .
An abundant number of doubly terml-
nated quartz crystals, .approximately:
2 mm. ‘long, were encountered In mud

“drilied samples over ‘several - 3-9 m.

Intervals in GEO Operator's Prat) 1
well tn 1981, Because these crysta!s

“were unattached ‘to any roeck matrlx,""

CA 95401

@ POWER PLANTLOCATION

D GEOC OPERATOR CORP: AREA
OF ACTIVITY

o' CALOWELL PINES
= STEAM FIELD

'ngdre 1: Map of The Geysers

with " location .of cross
sectlon (A-B) of Figure 2.

\~(un to 30 mm. in length); pseudo-

_hexagonal pyrrhotite and euhedrail
Tealelte and.
" graywacke and quartz; and clear

quartz; bleached

calclite and -euhedrai quartz, were
observed in drliii samples from many

. of GEO's steam welis In the Northwest

thelr ‘orlgin was unknown at that ..

‘time. - in subsequently driited GEO
-wells, varlous combinations of:

large clear euhedral quartz crystals

1 yUsed here to describe observed
dissolution textures. Term Is not
analogous to acid-sulfate alteration.
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~Geysers.
-these materials were small fragments

~-Because the -samples of

and constituted only ‘a relatively
smail percentage of rotary drill
cuttings, a'hypothesls for a common
orlgin was not made. Then In 1688,
GEO Dblew -a partialiy bridged well to

“the . atmosphere to. clean It out.

Among ‘the  ejecta from’ the ‘wetl  ‘were
abcut. 8 kgs., of white, bieached gray-
wicke fragments up to S5 cm. across,
composed primarily of euhedral
quartz, white clay, btladed calclte,
saifides  ‘Including pyrite and
pyrrhotite and bleached graywacke
with dissolution cavities. Because
the locatlon of the bridge was known




approximately, the position of the
bleached graywacke in the wellbore
was determined to be at a depth of
approximately 1,260 m. and correslated
with an increase In driiling penetra-
tion rate. W¥We have ldentified
similariy altered rocks In other
wells using the following criteria:

- abundant euhedrai quartz,
sometimes doubly terminated

- a bleached appearance to the
graywacke

- clear, euhedrai calcite

- Jost circuiation zones

- increased driliing penetration
rates

- gccurrence near or above the
top of the steam reservolir.

It was determined that 15 of GEQO's 19
wells wencountered acid-leached
graywacke. Laboratory studies were
subsequently made to determins the
characteristics of this rock. This
paper reports the preliminary results
of that work.

As Figure 2 shows, the acld-leached
graywacke Is discontinucusty encoun-
tered above steam-bearing rocks In
geothermal wells In the Northwest
Geysers. Al though the geothermal
system vents at the surface In the
central and southeast portions of The
Geysers steam field, there are few
surficlal hydrothermal manifestations
In the Northwest Geysers (Walters et
al, 1988). it Is worthwhile to note
that the shattowest occurrences of
acld=-leached graywacke shown I(In
Figure 2 also are In close proximity
to the few weak surficlal manifest-
ations In the Northwest Geysers.

Mlperatogy

The acid-leached graywacke ejected
from the wel! has a 1light gray to
bleached white appearance with a
highly porous sponge-like texture.
Rellct sedimentary textures and
structures are poorly preserved or
absent. Veinlets and veins up to 4
mm. across and irregular cavitlies up
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Figure 2: Cross section through

the Northwest Geysers area of
Figure 1 showing occurrence
of acld-leached rocks rela-
tive to the steam reservolir.

- 182 -



. brecciation and

“characteristics of
.graywacke,. several pleces of the well
ejecta, as well as graywacke cuttings
("GW" .of Table ‘1) ' originating approx-
. Imately ‘785 m. above -the estimated:

The 1amples of
‘referenced’ :
.altered material
- veining or dissolution features but
‘with
ctextures; A-2, altered graywacke with
abundant
altered graywacke with abundant
‘cal¢lte and quartz crystals; and A-4,
“.altered graywacke with significant:

to 5 mm. are common. The cavitles
and open fractures are ubiquitously
lined with very fine to millimeter~
sized quartz crystals and often
infitled with other minerals
including calcite, pyrite and pyrrho-
tite. There is also evidence for
) cementation of
rotated graywacke fragments.

The characteristic fracture~fiili
mineral assemblages consist of color-
less euhedral and traces of doubly
terminated quartz crystals ranging in
slze from <.1 mm. to 25 mm. iIn
length; subordinant amounts of
massive white quartz; bladed to
rhombohedrat! white to colorless
calclite crystals (up to 1.5 mm.) and
crystal aggregates; disseminated
pyrite cubes (<.05 mm.) and pyrite
aggregates up to 3 mm. in length; and
pseudohexagonal crystals  of
pyrrhotite up to 1.0 mm. in size.
There are also minor amounts of soft,
powdery, white to bluish white, very
finely granular minerai(s). This
materiail lacks crystalline geometries
under the binocular stereoscope and
locaily forms botryoldal masses. ~ XRD
analyses of the powdery m!terlal
indicate the presence of alblte,
potassium feldspar and kaolinite.
Trace amounts of reddish brown iron

oxldes and a yellowish granular
sulifur or

materiatl, possibly
Jarosite, are alisc observed.
in order the alteration

acld-leached

to: study

depth of the ejected material, were
studied using whole rock geochemical
analysis, X-ray diffraction analysis
and petrographlc analyals.

in- Table ‘1. are:  A-t,
with no . visible

‘recognizabie  sedimentary

quartz crystals; A-3,

amounts. . of -the white granutlar
-materlal.‘1 E AT T Lo '
U sample SGW" 18’ typscal of the
graywackes from the Northwest
Geysers. It “Is a medium dark

‘greenish  gray, weakly” metamorphoscd

‘altered graywacke'

decussate -

mixed moentmorilionite layers) and
traces of montmorilionite. in thin
section, framework grains of quartz,
twinned albite and lithic fragments
(argiltite, chert, greenstone) with
trace amounts of detritai epidote,
muscovite, blotite and sphene ares
observed Iin a heterogeneous matrix of
phyllosilicate cements, chiorlite,
phenglite and Incompetent deformed
grains of claystone. Grain
boundaries in the graywacke are sharp
and well defined. The Franciscan
metamorphic minerals consist of minor
pumpelliylite after plagioclase and
Incipient Jawsonite In the matrix.

Petrographic observations of the
altered graywacke reveal a pervasive
slilclc replacement and recrystal-
lization of the original graywacke.
The altered material 1s composed of
mlcrocrystailine to subhedral
prismatic quartz grains surrounded by
a refatively homogeneous fine-gralned
matrix of sericite and chiorite, with
sporadic disseminated cublc pyrite.
Relict quartz grains, when present,
display embayed or corroded, pitted
boundaries and Iithic grains are
typicaliy rounded and partialiy
replaced. Plagloclase grains are
totally absent.

The bulk of the altered graywacke has
a web. texture of smalil (<0.1 mm. to
0.5 mm.) trregular quartz blebs In a
matrix of fibrous to scaly, fine-
grained sericite and chiorite. Near
large mineraiized veins, open
fractures and .cavities, the materital
devetops a coarser (0.1 to 1.0 mm.)
“texture ‘of sublidlioblastic
prismatic quartz crystals with minor

amounts of - interstitial fibrous
-serilclite and trace amqunts of
chiorite. . Less  commonly, Irreguiar

patches .of ‘calcite are also cbserved

- intergrown with, or replacing, the

. .extremely strong 8.8%

aXRD-derlved mlneralogles
1) support the thin section obser-~

and pyrite:

sdrlcltlc matrlx.
(see' Table

vations. The altered material |Is
composed chiefly of quartz and
sericlite (micacéous Il1ite with-an
- 26  peak) wlith
trace to minor amounts of chiorlite
Plaglioclase and smectite

=-are absent and -the retative percen-

" be& ‘noted that

textural type 1.0 graywacke. It Is

‘composed (see Table 1) of quartz,

plagioclase, chiorite, Il1lite (with a
broad 100X peak indicative of some
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;tage of chlorite Is lower compared to

the unaitered graywacke...,l! shoutd -
In ‘sample -A-4, ‘the

observed white granular material

proved to be authigenic ;afbite and

alkall{telidspar. However. Iin samplies
A-2 and A~3 kaollinlite and alunlte
were identified. :




TABLE

XRD MINERALOGY

Semi-quantitative Analyses

In Welght Percent

P 1. B <A=1 A=2 A=3 <A=4
Quartz 5§. 77.0 85.9 87.4 73.7
Plagloclase’ 29. 3.4
Chiorite 6. 7.1 4.0 1.7 4.0
It1lte 4,
Sericite 12.8 7.5 2.3 6.9
Caiclte 4. 5.3 1.3 .
Pyrite 1.3 1.7 2.7 3.7
Alkail Feldspar 1.8 2.0
‘Kaolinite 1.0 0.8
Alunite (?) Tr.
Pyrrhotite Tr.
J Alblte
2 jicacecus Illite
GW Typlcal Graywacks
A-1 Altered Graywacke
A-2 Altered Graywacke with drusy quartz
A-3 Altered Graywacke with drusy calcite
A-4 Altered Graywacke with white materilal

Albite, alkall-feldspar and kaolinite
could not be petrographically
ldentified. There were tocalized
concentrations of & fine-gralined,
mosailc silicate minerati but It was
not possible to Identify It as
feldspar or quartz. Trace amounts of
a colorless to pale green, flbrous to
scaly, very flilne-grained phylliosi-
licate mineral were observed coating
some quartz crystals and Infllling
the Interstitial spaces between
quartz and calcite crystals, but it
was not possible to optlcally
identify this material as kaollinite,
sericlte or chlorite.

Geochemistry

Comparisons between the whole rock
geochemical values for unaltered and
altered graywackes are presented |In
Flgure 3. The plots clearily Illlus-
trate the selective leaching of
plagloclase, smectite clays and
clorite, and the Introduction of
silica and suifur. Sodlium (Na) found
primariiy in plagioclase is virtually
absent In the altered materiat.
Calcium (Ca) and strontlium (Sr) are
also severely depleted, probably as a
result of the dissolution of pre-

. sericlite than A-2,
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existing calcite veins and secon-
darily due to the destructlion of pre-

existing smectite clays. Additional
evidence for the dissolution of the
matrix chlorites and clays |Is

exhibited by
(Fe), magnesium (Mg),
and titanlum (T1).

The differences in the degree of
alteration and recrystaitilization
between samples A-1 and A-2 are
reflected In their chemical charac-
teristics. Sample A-1, which Is only
moderately altered and contains less
secondary quartz and more secondary
exhiblits Increased
values of potassium (K), aluminum
(Al) and titanium (T!), and smaltl
decreases In Fe, Mg and Nn. Siltica
(S1) remains unchanged. Sample A-2,
which |Is predominated by drusy quartz
and contains smaller volumes of
serlcite and chiorite than A-1,
exhiblts a strong lIncrease in Si,
unchanged K, and strong depietions of
Al, Fe, Mg, Mn and Ti. ~

the depletion of iron
manganese (Mn)

Eluld Inclusions Geothermometry

Quartz and calcite crystais from the
attered ejecta graywacke as well zs



graywacke and._ unaltered

graywacke.

crystals from acid-leached graywacke
zones - In two other welis were
analyzed. = However, only preliminary
_results are avellable at this time.
Vaper- -filled "

liguid=rich: inclusions 'were

fied in some of the euhedral
crystals.
rich inclusions were obtained,

quartz
Although no. data on vapor-

the vapor and . tiquid-rich incliusions
were deposited as a resuit of
bolling.

inclusions assoclated
with both: prlmary and -secondary =
identi="

‘,meltlnq
petro-
graphle ‘relationships suggest ‘that
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Figure 3: Whole rock geochemi-
cal .compositions of . aitered

The homogenization and ice neltlng
temperaturee of llguid=-rich’ inclu=~
slons vary widely but tend to plot
'lnte,twe distinctive groupings. One
group, composed of primary .and
gecondary Incluslons from quartz and
hes homogenlzatlon tempera-
‘range between 280° to
320°C but have highiy varilable ice
temperatures. These .ice
Fmelt!ng temperatures range .from -
2.49¢C to -0. 2° C_which correspond to
apparent ‘salinlities of 2.7 to 0.4
wt.X Nacl equlvelent.f The second
group, composed of secondary

tures ‘that:




incluslions from quartz, are tightly
clustered with homogenization
temperatures of 230 to 240°C and lice
melting temperatures of -0.1 to -
0.4%c. :

The fiuld Inclusions may represent
different generations of .flulds iIn
the reserveoir. Another possibliity
Is that these Inclusions are related
to subsurface boilling. The 280-320°C
temperatures approach the bolling
point curve for low saline waters at
the depths that these crystals origli-
nated (Haas, 1971) and the 230-240°C
correspond to the predicted tempera-
tures at depth In a 2-phase vapor-
dominated reservolr (White et ai.,
1971). The variation in the apparent
salinities of the high temperature
group could be a functlion of
fluctuating CO, levels Iin a bolling
environment (Mocre, J., verbal commu-
nication).

concluysions

The aclid=-leached graywacke encoun-
tered In the GEO Northwest Geysers
steamfleld Is a product of complex
alteration processes. The graywacke
displays a unique bleached appear-
ance, and a celiular texture wlth
abundant dissolution features. It Is
composed of a unigue sillcas+sericite~
+chlorite matrix which has replaced
pre-existing plagioclase grains and
matrix il1ltes and chiorites.
infliting the open spaces In_ the
bleached graywacke Is an assemblage
of quartz+sericlte+calclte+pyrite+

pyrrhotite with trace amounts of
authigenic atblte, alkali feldspar,
kaolinite and alunite.

The asseoemblage of pore-filling
minerals Is similar to the adularia-
sericite-type of epithermail ore
deposits whlch are formed by the
Interacticon of hot neutral pH

chloride waters with meteoric waters
(Heaild et at., 1987). However, the
observed bieached appearance, the
dissolution textures, the leaching of
plagioclase and the presence of
alunite and kaollnite must have been
caused by acidic conditions. The
open cavities and pore spaces existed
before the precipitation of the
sericite-andularta-type minerals
which are Indlicative of neutrail pH
waters. The logical source of the
acidic filulds |s the condensation of
volatiles, primarlly HyS and CO,,
refeased through boiling at depth.
Evidence for subsurface boilling can
be found in the fluld Incliusion homo-
genization temperatures and thelr
varlable ice meliting temperatures.
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- pH flulds,

Thus, -we have the situation where low
pH flulds, generated from bolling
flulds at depth, altered the
graywacke. Subseguentl!ly, the pore
spaces were filied by boiling neutral
Finatly, the traces of
kaolinite and alunite Indlicate that
ijow pH conditions returned to the
fracture network after the neutral
waters had bolled away.

The altered graywackes with disso~
jution features and evidence for
bolling represent the highest eleva-
tions reached by  geothermal fluids.
The flulds subsequentiy began to bolil
down toward present day reservolr

levels. The distribution of altered
graywacke Illes above, or within the
upper leveis of the typical Geysers

steam reservolr (see Flgure 2). To
date, no occurrences of bleached

- graywacke have been lIdentiflied within

the lower portions of the typical
steam reservoir nor within the high
temperature - (650°F) resesrvelr

(Watters et a2i., 1988).  However,
trace amounts of .calcltq with
pyrrhotite (Inciusions have been
observed In the typicail reservoir

especially where clusters of entries
are separated by barren intervals
hundreds of feet thick.

There is evidence In the pubiic
domain that Indicates to us that
rocks affected by dissolution and/or
bolling may occur throughout The
Geysers steamfleld. Although we have

not Inspected the rocks, some or ail
of our criteria for aclid-leached
rocks appear to be met In the

following Geysers wells outside of

GEO Operator leases:

1. The drifling of the Ottobon!
State 2, 6, and 13 wellis In the
Northwest Geysers produced

notable occurrences of euhedral
quartz c¢rystals according to
mudiogs on flle with the
California Olvision of 0Oil and
Gas (D.0.G.). The quartz
crystals for Ottoboni State 13
were described as being doubly
terminated.

2. Moore (1980) describes a core
from Thermail 10 in The Geysers
Resort area which closely fits
the mineralogical and chemical
criteria for acld-leached rocks
we have studied In the Northwest

Geysers, Moore attributes
“golling and subsequent ioss of
COy...1n 'the deposlition of

calcite, quartz and adularls...”



3. A core report on open flie with
"~ the D.0.G. for the Lakoma Fame -
6 well In the Central Geysers
describes a very permeable and
vugutar greenstone with calcite
velins and quartz crystals up to

25 mm. In length.

4. W.T. Box (verbal Communication)
reports that veins in graywacke
with dissolution features are
also present Iin welis In the
Southeast Geysers.
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