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We ll 

X- 84 
GOC- 30 
GOHS-7 

~GU-17 
8 - 31 

~TH-7 
GOCF 150-28 

~L'ESP-2 
"OF 27 -A2 

J,N-2 
LF-48 

OV-1 
~HVS 9 4-25 

Sa mp le Core 
f r om I nterval 

(drId tt) 

r e s ervoir 7 7 30-7741 
r e s ervoir 50 12-5022 
r e s ervoir 8060-8075 
r e s ervoir 8523-8540 
r e s ervoir 3729-3750 
sha llow reservo i r 1 000+-
r e s ervoir 5017-5032 

h igh- T r e s e rvo ir 11051-1106 
h i gh - T rese rvo ir 10366-1038 

steam entry 3708-3718 
r e s e rvoir 8089-80~6 

above r eservoir 414 0- 4150 
above r eservoir 823 4-8248 

CORE-CL.XLS 

Core Chloride Data 

Core Felsite Rock 
Elevation Elevation Type 

(MsL) (MsL) \ 
-4180 -6200 graywacke 
-2920 -4000 graywacke 
-4825 -8000 graywacke 
-5245 -9000 graywacke 
-1565 -4700 graywacke 

740 -4500 graywacke 
-2015 -2500 graywacke 

-8075 -9000 graywacke 
-7225 -8000 graywacke 

-665 -300 - felsite 
-4805 -3000 felsite 

-1295 -2200 graywacke , .~ 

-5595 -10000 graywacke 
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Approximate Reservoir Boundary 

Key to Core Lithologies 
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ral Features of the Veins and Fluid Inclusions 
wrlmm!1lIlllIIlm;I!1':)lJl:ic-W4~[ltWmllID%I;:m1l1UlM!~II_IIIm_I~i ____________________________________________________________________________ _ 

pes 

uartz + Calcite (Franciscan) 
C~uartz + Tourmaline + Actinolite + Chlorite 

uartz + Actinolite + Epidote + Chlorite 
uartz + Epidote 
uartz + Calcite + Adularia 

'd Inclusion Types 

iquid-rich Inclusions (Oldest to Youngest) 
4 Phases with Halite and Sylvite 
3, Phases with Halite 
2 Phases with less than about 5 Wt % Co2 

Vapor-rich Inclusions 



Distal Fan 
Turbidite Deposits 

B 

Mid-Fan 
Turbidite Deposits 

V/ 

STFf<1J.FEl-P, §rR.c.. lRAt-J6,/ .If. 

~ Greenstone and Chert 

~ Undifferentiated Melange 

~~ Argillite -rich turbidite sequences 

o Graywacke -rich turbidite sequences 

~ Hornfelsic ~meto-sedimflnt$ 
Water; Woter and steam entry 

Steom entry 

Loss of circulation 

Boundary of Brittle Fractures 

Reservoir Temperature Boundary 

Top of Hornfels 

FIGURE 2: Conceptual Cross 
Section across Nor t h w est 
Geysers steam field showing 
hypothetical well courses and 
anticipated steam entries, water 
entries and loss of circulation 
zones as determined by local 
geology. 
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GUNDERSON 

TABLE I 

Cor. 
Cor4 Inter vol ll.v. 

W~II 5'''tll ~ I'ro," (I)r 1119" Dopthl (HSLI 

A DX.OC R ••• <lIolr 7730-7741 ' -4180 ' 
8 flVe- II) ~ ,eo rvo I r 5012-5022 ' .2920 ' 
C GDHS-7 fI··H~olr e060.0075' .1925 ' 
D NE<1U-17 R .. ocvolc 8HJ-65to' .5245' 
I: SU-Jl ~"9cvolr )729.)750 ' .HH· 
r TH-7 llh.llOIJ f!90V, -1000' -.HO · 
r. G[x;l" 15(1-16 lI.sHvolr 5017.50)2 . .20B' 
H I,' p:fip-2 Hlgh-T II~BV. U.051-ll,067' -Bon' 
I on"'·2 STl Hioh-T RUV . 10.16'-10.381' -'zn' 

J pv-;: Stu", Entry 1708.1718 • -6'S' 
K CDC-21 RoUtvole ~OGC ... ~OGO' .))10' 
L LY 18 ROBorvoir toa'-OO?6 ' -leOS' 

H DV.l Above 1I:a~v. 414/)-4150' -1295' 

" 
lIV~ 9 .. -~~ Abov~ neev. 82]4-9249 ' .BH· 

P KCS S2.B Out.ida R •• v. la,O~S-10.OQ7' -7670' 
0 Oh'!)O" Above ne.v. ~20i) ' ,1000' 

COl'" 

each core ia recovered as segments of 
full 4 inch diameter, with the 
rQmaindQr ranging from only slightly 
broken pieces to rubble. 

The twelve reservoir COres include 
ei9ht corea of graywaCke from the 
ma~n reservoir, one graywacke core 
from the shallow Thermal reservoir 
(RaaSCh1 1985)( and three COCQS of 
reservo r fQlQLte. Depths of these 
cores range from about 11°00 feet to 
11,067 feat. For compar Bon of 
regervoir porosities with porosities 
outBide the regervoir four 
non-reservoir graywacke cores were 
analyzed. Those include twO cores of 
reservoir cap rocke, one dQQP care 
from a well Qntirely outside the 
reservoir, and five very shallow 
corQS from within a few hundred feet 
of the surface. Locations of the 
deep coreg arQ s hown in Figure 1. 

ROCK POROSITIES 

Matrix poro9ity was de termi ned f o r 
all samples at Terra-Tek Cor e 
Services , Inc. of salt Lake City by 
comparing grain vol ume measurea b¥ 
permeating the r ock wifh helium( w~th 
J:, u ~ l< · .· ol",", o , ",o "" ou r od by .LMMc a:- o;'on J.. ... 
wa t e r or mercury . The re a u l tant 
va lues rep resent effective por o sitiea 
appl i cable t o a va~or-dominated 
geothermal rea&rVOLr. since they ars 
measurements of that part of the rock 
whic h i s perme3b l ~ ~Q ~ l ow v i soosity 
Qas phase ( i.e. steam ) . Multiple 
porosity measurements were made on 
each core to determine an average 
value of porosity . The measurements 
were taken wherever possible on both 
f u ll d iame t e r 4-inch c ore ana I - inch 
diam9t9r plugs which were cut from 

P'~lIh. Poro.fty ("0\ " Gr.ln 
el,v . Iloc. •• 1" " .. ""e ot Don.iLY 
(HGl.) Typo Cot'. rlug Volu •• (Q/c .. 3 , 

-' 200 Gr.yvtcke lol ).2 1.5-5.0(12) 2. 70 
-4000 auy'" C~q 1.9 I.e O.l·LI(l1) L 11 
-8000 Gr.yv.e~. L3 1.1 O,l-2.1(12) 2.7C 
_,o00 GroY\l.c~t 2 . 9 2 . ' J.1-~ . 6(" 2 ,72 
-noD Guy",e~. 3.1 J . I I • I -5,7 ( 16) 2.72 
-'SOO Guy",ckt ~.B "1-B . IClO) 2. 69 
-1~0/) Gr.yv.ckt 1.1 O.G 1) . 1 - 1.6(1) 2,69 
-'000 Orlyv.ek. 0.' "0. , 0 . 2-1.1(') 1.74 
-8000 Orayv.ar: k 4 0 . 9 0.8 0 . l-1.5(8) 2.B 

-100 1".181 .. 4 . 2 4 . 4 1,I-S.6(4) 2. 61 
- lSOO '.hit. 1.7 0.8 0.8-LO(4) 2.6~ 

.JOOO 1'.1&lu %.1 1.6 1.1-" o(e) %.61 

-2200 apYV'~~4 1.2 0.6 0.4-1.4(5) L70 
-10.000 C(dy'wd!,;).~ 1., 1.4 0,8-2 . 1($) 2.11 

Gr.y\l'c~. 0. ' 0.3 0.2-1.l(S) 2.7Q 
Cl.y .... I..:).e 2.1 l.O-l.2(!) 2.7) 

Figure 21 Schemat ic dlaQram depicting 
t he four types of matrix poros1ty 
roco9ni~Qd ~n Geyoero ooroa. 
A. wid e ly distributQd vugQ and 

intergranu1ar voids, 
B. concentrations of vugs and 

intQrgranular voids aeeociated 
with vein eelvagee, 

c. vug9 within ve i ns , 
D. young, nmineralized fractures. 
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Figure 31 AI Di8tribution of porosity with depth in Geysers ArQa non-reBervoir 
graywacke cores. 

BI Oiatribution of poroeity with depth in Geyaars reservoir cores. 
The shaded area 1s from 3A. Core names are keyed to Tabla 1. 

thQ corq. ThQ rQQulta aro proocntod 
in TablQ 1. 

In 10 out of the 14 COres where 
porol'lir.y wa~ mt;!laslIrGd on both 4-inch 
and 1 - inch diameter samples, the 
4-inch samplQQ yielded highQr valuee 
( Table 1). The average por osity of 
the 4 inch samplQs from those l~ 
cores was 1.9\ and the averaQe 1 inch 
poroGi.ty w~A 1.6\. The di ~parity 
between l - inch and 4- inch sample s 
suggests heterogeneity in the 
distribution of poroslty at the scale 
of a tew centimeters. This 
hate r ogenei t y i s t hought to be a 
r e s ult o f the fracture- r el a ted nature 
o f t h e por os it y , a s seen 
pet r ogr aphic a l l y (Figure 2 ). Th e 
p o r o s l t y mea s u red on a l - inch p l ug 
r~prQgQnta a un i formlr distribu ted 
por o s i ty component ( F g ure 2: TYPQ A) 
plu s a componen t rQ l ated t o t h e 
fract urgg 1 n that eamp l e ( Figu re 2: 
Types B, C, D) . Porosities of 4-inch 
corQS ~re t hought to b~ highe~ t hdn 
l - inch porositLes because

f 
by virtue 

of their larger volumes, hey sample 
addit iona l larger, morQ wide ly spaced 
fractures and nence have a larger 
fracture-related porosity component . 
It follows t hat mat rlx porosities 
applicable on a reaerVOLr Bcale 
(where al l fractures s maller than 
steam entry- s i zed fractures 
contribute to matrix porosity) would 
be higher etill than those measured 
in the 4-inch Cors . Lacking a way to 
e~ple larg9r volumes of the 
rQagrvoir , the 4 - i n c h porosities will 

bo uced h~re~fte~ 10 Lhi~ ~Lu~y 
(where available). They are p~obably 
cloger to reservoir values than are 
the l - inch porosities. 

Gaysere rocks have very low 
porosities when compared to most 
o t her geothermal reservoir rticks; 
however, there appears to be higner 
poroeity and more variation of 
poroeity in r OQQrvoi r 9 r aywacke than 
in graywacke from outside of the 
reservoir. Porositias of reservoir 

8raywacke cores v~~y frnm a low of 
.6~ to A high of 5.8~ (TablQ l) . I n 

c ontrast, non-reservoir graywacke 
v a ry only from 0 . 9 to 2 . 3% . The two 
"ma t r ix" f elsite values are ver y 
e imi lar a t 1.7\ a nd 2.1\. 

The differ~nce in porositieg between 
graywacks8 inside a nd ou ts ide t h e 
reserv o i r i s highlighte d in F igure 3. 
I n non -reservoi r Qraywacke Q there 
a ppears t o b e very little variation 
u l poroBicy with Deptn ( ~igure 3A ) . 
Reservoir graywackes, while thay show 
considerable overlap with 
non - reservoir porosIties, clear ly 
show much more variation and have a 
more positive correlat ion with depth 
(Figure 3B ) . 

The wider range i n porosities of 
reservo i r rocKs when compared to 
non-reservoir rocks suggests that 
processes which have both enhanced 
and destroyed po~o6ity have occurred 
in the r e servoIr. Processes 
e nhB nc ing p o r o s i ty prob a b ly included 
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NORTHWEST GEYSERS SOUTHEAST GEYSERS 

PERCENT WELLS WITH STEAM ENTRIES 
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..: -2000 -2000 > 
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-3000 -3000 

-4000 

Abstract 

The Geysers steam reservoir exists primarily 
within Mesozoic Franciscan greywacke and an 
underlying 2.4 - 0.9 Ma silicic batholith. All 
steam from both reservoir rock types is produced 
from a highly permeable and interconnected set 
of fractures. The top of the reservoir has a 
roughly antiformal shape, with a 
northwest-trending axis that coincides with the 
axis of the elongate batholith. 

Oifferent fracture patterns exist in the 
greywacke and intrusive rocks. The orientation 
of steam-beari ng fractures wi thi n greywacke is 
generally random, but i ncl udes extensive 
low-angle fracture zones. We infer from this 
that many of the fractures represent re-opened 
Franciscan-age structures. The distribution of 
these steam-beari ng fractures in greywacke 1 eads 
to laterally extensive zones of high 
productivity. In contrast, high productivity in 
the intrusive rocks is founD in nr1rrow, 
steeply-dipping lones, This pattern reflects 
the predominantly high-angle fractures in the 
intrusive rocks that are related to recent 
strike-slip tectonics. 
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Figure 9. Schematic representation of the fracture 
system ~ontained within the South Geysers 
reserVOlr. View is to the northeast from 
immediately southl1est of the Unit 13 area. 

ABSTRACT 

The distribution of steam bearing frac­
tures in over 100 wells in The South Gey­
sers reservoir indicates an effectively 
random fracture network. Low angle pro­
ductive fractures of limited lateral ex­
tent are irregularly dispersed within 
blocks bounded by high angle fractures of 
random strike. The upper surface of the 
reservoir exhibits major vertical offsets 
at block edges. The lower, and the 
northeastern and southeastern reservoir 
margins are gradational in nature and 
dominated by high angle fractures with 
diminishing fracture density. 

Permeability is enhanceo in the north to 
north-northeast direction as evidenced by 
trAf;pr ~t-l!d;_ps rphi.~ i_s compatible v<Jj .. th 
the stress field orientation in The Gey­
sers as determined from seismic studies. 

CONCLUSIONS 

The current study indicates that the 
distribution of reservoir fractures is 
largely random. The reservoir model 
which best fits our data is one of 
vertical to high angle fractures of 
varying strike, defining blocks which 
contain low angle fractures of Iltnited 
lateral extent. Block size is highly 
variable, as is the density of low angle 
fractures within them. Both the north­
east and southeast lateral reservoir 
boundaries as well as the lower boundary 
appear to be gradational in nature, with 
productive fractures being more widely 
spaced and domina ted by the high angle 
variety. Never the less, it is the 
generous overall distribution of 
productive fractures which has been most 
responsible for the success of 
development drilling operations in The 
Geysers. 
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HYDROTHERMAL AL TERA nON 

The subsurface in the Northwest Geysers can 
be divided into three zones based on the observed 
hydrothermal alteration. The first zone is a 
relatively un fractured and non-productiv e 
graywacke above the steam reservoir. This interval 
is not totally void of hydrothermal mineraliza tion 
as there are isolated thin breccia zones of adula ria­
sericite alteration formed by the explos ive eruption 
of boiling hydrothermal fluids (Sternfeld and 
Walters, 1989; Moore and others, 1989). 

The second zone is a hydrothermally altered 
stea m-bea ring zo ne cha ra cteri zed by th e 
disappearance of Franciscan calcite veining and the 
pervas ive deposition of two di s tinctive generations 
of hydrothermal minerals (Walters and others, 
1988) . The mos t domina nt genera tion of 
authigenic minerals is composed of success ive 
tempe ra ture-dep endent assemblages . These are 
quartz + epidote + albite + pyrite, actinolite + 
adularia + pyrrhotite, and tourmaline + quartz + 
hornblendic amphibole + pyroxene + ilmenite . 
Superimposed over this earlier mineral zonation is 
the dis tribution of a second genera tion of minerals 
characterized by prehnite and axinite . There is a 
good correlation be tween ' th e occurrences o f 
prehnite + axinite and observed steam entries . 

The third zone is composed of hornfelsic 
graywacke which was partially to completely melted 
and recrys tallize d by underlying intrus ive rocks. 
This m aterial is composed of a fine to medium 
crys ta lline assemblage of biotite + tourmaline + 
adularia + quartz + ilmenite. Zones of hornfelsic 
graywacke, 1500 to 2500 ft thi ck, overlie fe lsite 
intrusives rocks in other areas of the Geysers. Even 
tho u g h fe ls i te has no t been drilled in the 
North wes t G eysers, the presence of ho rn fe ls 
ind ica tes the exis tence o f in trus ive rocks at a 
pos tulated depth of 3.5 km. 
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Sample Identification Pejfographer/Date of xa 'nation 
fJV-~-~ ...J' HULE=N OJ Q2- 9D 

CALCITE 

EPIDOTE 

PREHNITE 

CLINOPYROXENE 

ACTINOLITE 

AXINITE 

TOURMALINE 

QUARTZ 

K-FELDSPAR 

ALBITE 

BIOTITE 

SERICITE 

CHLORIT 

PYRITE 

PYRRHOTITE 

CHALCOPYRITE 

SPHALERITE 

ILMENITE/MAGNETITE 

SPHENE 

LEUCOXENE 

Paragenesis 
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SamRle Identification 
G!Z. ~ I7Jb1, ,?/3 

Rock Type c-fXN ~ 87 E-/-I~L 07Z, M !JNz()NITE fYJ RPlIY;Y 

Porosity Summar! 
~ Ol ? /0 (. pa5<' .L Oll l~ 

CALCITE 

EPIDOTE 

PREHNITE 

CLINOPYROXENE 

ACTINOLITE 

AXINITE 

TOURMAUNE 

QUARTZ 

K-FELDSPAR 

ALBITE 

BIOTITE 

SERICITE 

CHLORITE 

PYRITE 

PYRRHOTITE 

CHALCOPYRITE 

SPHALERITE 

ILMENITE/MAGNETITE 

SPHENE 

LEUCOA~NE 

Paragenesis /J _ 
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SamRle Identification ! 
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EPIDOTE 

PREHNITE 

CLINOPYROXENE 

ACTINOLITE 

AXINITE 

TOURMALINE 

QUARTZ 

K-FELDSPAR 

ALBITE 

BIOTITE 

SERICITE 

CHLORITE 

PYRITE (Ft:, .,e€11 
PYRRHOTITE \ CDre ~) 
CHALCOPYRITE 

SPHALERITE 

ILMENITE/MAGNETITE 

SPHENE 

LEUCOXENE 
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Calculation Record 
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PAGE 
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I 

L,~ ____ --1 
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Sample Identification 
GOer /ljp-~ k 

Roc Type I 'JJ \ J __ J J 
- (Y) r;;1' I I ( rll C )V(~ r; wt/~· . , 

Porosity Summary 

CALCITE 

EPIDOTE 

PREHNITE 

CLINOPYROXENE 

ACTINOLITE 

AXINITE 

TOURMALINE 

QUARTZ 

K-FELDSPAR 

ALBITE 

BIOTITE 

SERICITE 

CHLORITE 

PYRITE 

PYRRHOTITE 

CHALCOPYRITE 

SPHALERITE 

ILMENITE/MAGNETITE 

SPHENE 

LEUCOXENE 
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TOURMALINE 

QUARTZ ­

K-FELDSPAR 

ALBITE 

BIOTITE 

SERICITE 

CHLORITE 
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Al teration!Metamorphism 

~ .. t~e$ ~QV\ }, Ct.l 
lr ~ d\ 

CALCITE 

EPIDOTE 

PREHNITE 

CLINOPYROXENE 

ACTINOLITE 

AA'1NITE ---­

TOURMALINE 

QUARTZ­

K-FELDSPAR 

ALBITE 

BIOTITE 

SERICITE 

CHLORITE 

PYRITE 

PYRRHOTITE 

CHALCOPYRITE 

SPHALERITE 

ILMENITE/MAGNETITE 

SPHENE 

LEUCOXENE 
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f.£C6/JflAI55fl}JeE- No;£"5 
Sample Identification /" Petro~apher/Dateof x 'nation 

OF :2711-,:2. I()/ ~73 J, NUL.E1v' 09:1}§' '10 
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CALCITE 

EPIDOTE 

PREHNITE 

CLINOPYROXENE 

ACTINOLITE 

AA'INITE 

TOURMALINE 

QUARTZ 

K-FELDSPAR 

ALBITE 

BIOTITE 

SERICITE 

CHLORITE 

PYRITE 

PYRRHOTITE 

CHALCOPYRITE 

SPHALERITE 

ILMENITE/MAGNETITE 

SPHENE 

LEUCOXENE 
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TerrC\Tek Core Services, Inc. ® 

University Research Park· 360 Wakara Way· Salt Lake City. Utah 84108 . (801) 584·2480· TWX 910·925·5284 

GEOTHERMAL DIVISION 

lllJid" 

Ie 

ber 

IflGU"'17 A 
NEGU""l? B 
NEfJU····l? C 
NEGU"-l? D 

State : 
County: 
Location: 

FULL DIAMETER DEAN-STARK ANALYSIS 

Porosity 

% 

1.6 
3.8 
4.5 
1.4 

SatlJration 
Oil H20 

7. 7. 

0.0 13.5 
0.0 4.4 
0.0 7.2 
0.0 26.0 

Grain 
DenSity 
<9 m/cc ) 

2.71 
2.70 
2.71 
2.72 

Date: 5-FEB-l990 
TTCS File t: 5030 
Elevation: 
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I. __ ._ ._ ... __ - - - _ - - -
TellC\TekCore Services, Inc. ® 

University Research Park· 360 Wakara Way· Salt Lake City. Utah 84108 . (801) 584·2480 . TWX 910·925·5284 

ERNAL DIVISION 

u d" 

NEGU"·1~7 ill 
NEGU .. ·l? B 
NEGU"-l? C 
NE.GU"-17 D 

state: 
County: 
Location: 

2-INCH PLUG POROSITY AND GRAIN DENSITY 

Porosity 

% 

0.8 
1.2 
4.0 
1.9 

Gr.3in 
Density 
(9Dl/CC) 

2.70 
2.71 
2.71 
2.74 

Date: 5-FEB-1990 
TTCS File t: 503082 
Elevation: 
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TellC\Tek Cote Services, Inc. ® 

University Research Park· 360 Wakara Way· Salt Lake City, Utah 84108 . (801) 584·2480· TWX 910·925·5284 

GEOTHERMAL DIVISION 
state: 
County: 

lu:'d, Location: 

Date: 5-FEB-1990 
TICS File t: 503052 
Elevation: 

l-INCH PLUG POROSITY AND GRAIN DENSITY 
OVERBURDEN PERMEABILITY (8000 PSI NET EFFECTIVE STRESS) 

12' 

NEJ,llJ··17 A 
NEGU'-17 B 
NEWJ-17 C 
NEGU'-17 II 

Perme~bility 
Horz 
(nd) 

81.9 
103.8 

Porosity 

i. 

1.3 
1.1 
5.6 
2.3 

Gr;ain 
Density 
(9m/cc) 

2.71 
2.70 
2.73 
2.76 
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CAP 

ROCK S 

NORMAL 

RESERVOI R 

HIGH 

T E MPERATUR E 

ZONE 

/ 

MAJOR MI NERAL S 

THROU GH OUT FIELD 

MAJOR MINERALS 

CA P ROCKS ONLY 

MAJOR MINERALS 

BELOW FIRST STEAM ONLY 

Quartz 

® 

Tour- Actlno- Ferro­
mallne lite axinite 

® ® , .... 

1;·;·;·;·;·;· ;-;·;· ;·;,· ;·;· ... ·;·,·;·,·,·.1 , . . [." ..••••..••.. ;.;.;.; •..•.. ;.;.;.;.;.;.;.;.,.;.;.;.;.; .. '; ' ;'; ' ;'~. • J. • I' • • • I . 

Abundant 

> 20% 

Common 

6-20% 

.................. ... 

j:!!l ~~:: 
:-:-:.:.:-:.:.:.:-:-: 

~ ~~~ ~~~~~~~~~~~ ~~~ ~~~ 
,,""" .. 

Trace 

1-2% 

CD CA LC IT E A BSE N T IN DEEP LEVELS OF NORMAL RESERVOIR 

Rare 

<1% 

@ TH ES E MIN ERALS FOUND ONLY IN DEEP LEVELS OF NORMAL RESERVOIR 

Figur e 2. Distribut i on of major minerals at The Geysers. 

None 

R.C . T. 10/88 
UCA20.2422 
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