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Tj=o1 P=oription 

SUbject: The.'mal Prescription 
Date: Thu, 24 Feb 200014:16:02 -0700 

.-~From: "denis 1 norton" <denis@ruralnetworknet> 
To: ilJeft'Hulen" <jhulen@egi.utah.edu> 

• 

• 
10f2 

Thermal Prescription 007: 

Prescription for computing the amount of fluid that 
must be converted to vapor in order to cool a x y z 
block of rock .... 

1) the heat in the rock block is mostly in the 
minerals, small amount in pore fluid, but we 
ignore that in the following calculation. 

2) heat in rock, Qrx = (Volume of Rock) * (density of rock) * (heat capacity 
rock) * 

(Tinitial - Tfinal) 
or Qrx = Vrx * Drx * Cprx (Ti - Tf) 

ego 50m cube Vrx 

Drx Cprx 

Ti -Tf = 250-235 15C 

therefore Qrx = 1.32 10 A 12 cal. 

0.26 cal/gC 

3) heat of vaporization at 100C 1bar 540 cal/g ... 
note that at any given pressure/temperature the heat of vaporization 
can be scaled from LV dome plot in P-H space by picking at the respective 

pressure or temperature the H value for liquid and vapor the difference 
between them is Hvap, eg at 200bars Hv = 580cal/g, HI = 450 cal/g. 

Hvap = 580-450 = 130 cal/g 

The value you use needs to be consistent with the depth/pressure. because 
there is a substantial variation in this phase change heat as one moves 
along the LV surface toward crit point. 

4)Heat required by vaporization of fluid in pores. 

Qvap = mass fluid * Hv; 

at 

5) 

ego for a 2 percent porosity in the matrix block filled with liquid 

a density of 19/cm3. the total mass in a 50-50-50 block 
is: 

Mass (fluid) .02 * 1 g/cm3 * 1.25 10 A 11 cmA 3 
M(f) = 2.5 10 A 9 g . 

Qvap = M(f) Hv 

Because Qrx 
Qva 

= 2.5 10 A 9 g * 540 cal/g =1.35 10 A 12 cal 

1.32 10 A 12 cal. and 
1. 35 10 A 12 cal 

the vaporization exactly accounts for cooling the rock 
by 15C ..... 

Caveats: note I used values at 100C and 1 bar for Hv, because 



calculations using Rx 

Subject: calculations using Rx 
Date: Fri, 25 Feb 2000 09:13:20 -0700 

•-~" From: leffHulen <jhulen@egi.utah.edu> 
To: denis@ruralnetwork.net 

• 

• 
10f2 

Denis --

I shouldn't be spending time on this, but I'm really curious. Did some 
cales to test the concepts. Results for 100 mA3 block cooling from 
hydrodynamic boiling point temperature, 298C, to vapor-dominated system 
temperature of 243C: 

10 A12 cc * 2.7 glee * 0.26 cal/gC * 55C 3.86 * 10 A13 cal (heat 
lost) 

Heat required to boil off liquid in same rock block with 2 % effective 
porosity (Qvap at 298C ~ 341 cal/g) 

10 A12cc * 1 glcc * 0.02 * 341 callg 
required) 

6.82 * 10 A12 cal (heat 

Additional water required to boil to drop rock temperature from 298C to 
243C: 

5.9X 
.:'.\. 

5.9 X 0.02 = '.118 
'," 

.118 - 0.02 *: 0.098 

In other words, porosity would have to be increased nearly an additional 
10% of the total rock volume, or: 

'J 
The pore water at the initially assumed 2~ porosity would have to be 
replenished and boil nearly six times ove ' 

At the SB-15-D site, which the above is m~ant to prox y, it seems like 
temperatures stayed pretty hot-- nearly isothermal at about 320C 
prior to the inferred onset of vapor-dominated conditions. This to me 
would seem to indicate that simple conductive cooling of the rocks from 
their thermal max imum here can't be invoked to help explain the large 
amount of heat loss required in going to the vapor-dominated state (in 
other words, the temperature probably hadn't conductively cooled to 
nearer the 243C final temperature before a vapor-dominated system began 
to develop). Another point - - The liquid- to vapor-dominated transition 
is believed to require very little recharge, so it seems a stretch to 
recharge and reboil waters in the hypothetical reservoir block six times 
over, as effective porosity in the block is surely nowhere near 12 % 
(probably, in fact, <2 %). 

Another observation -- Pruess' 1985 VD model matrix permeability is 
given as 3 X lO A-l8 mA2 . This is your threshold for convection, so how 
can he call upon fluid migration within the block as a means to 
redistribute heat ? 

I know this is overly simplistic, but it was fun to think about it. 
Thanks for the tools. 

Jeff 

2/25/00 1:58 PM 
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DCV- 1.08 
DC - 1.06 
RA - 1. 11, 1.1 5 . 

ANDESITE OF FORD FLAT 

40: AFF- fn. gr. andesite of Ford Flat 
5% cpx, 3% plag, <1 % 01 phenocrysts in groundmass of plag and glass (partially altered). 

@and 40-2: AFF- fn. gr. andesitic basalt? similar to BK unit at KonoctL 

RHYOLITE OF ALDER CREEK 

41: RA- rhyolite of Alder Creek collected on east side of Cobb Mt. near Whispering 
Pines\substitute for Fraser's chem sample F92-33. 

8 41 -2,41-3, 8 

CIt" 

~v.S\o57IS l rY,(-+ IS"\( 
~e.c1'1"1I..f-r..IYI(, t~f~ , _I 

tflAef' ,v.vwrl4.~ popv-Y'l'1)('~ 
/ ~ ~~~ 

san, plag, qtz, bio, cpx, opx, hb, op; 1-5% qmi groundmass of hb, plag, op and glass. 

CL61- RA- glassy rhyolite with san, plag, qtz, bio, pyx, and ilm? phenocrysts, not much 
evidence of mafic input in this sample. 

------------------ b P-- se p'~r~ i to r~yol l -t-e. ~ rv...yoJtA-'- ' h." L~v "-
42: RA?- rhyolite of Alder Creek - Y"fl~YJ'\6~ 'l"\l?-ppeJ. o..s su.ch 
plag, san, qtz, bio, cpx, opx, cpx, op; 1-10% qmi groundmass of plag, opx?, and glass; 
phenocrysts of plag, opx, and cpx and xenocrysts of sodic plag and qtz. 
~) c...cmtQ./ 'l.J 
~ ~w\1 

DACJTE OF COBB MOUNTAIN 

83: DC- dacite of Cobb Mountain from near Unocal drill site near the summit of Cobb 
Mountain. Substituted for Fraser's chem sample F92-34. 

83A: DC- host dacite 
sodie plag, san, qtz, bio, hb, opx, cpx, op; 1-15% qmi groundmass of plag, opx, op, and 
glass, phenocrysts of cpx and opx, and xenocrysts of plag, qtz, and san (rapakivi). 

The silicic endmember consists of sodic plag, sanidine, bio, quartz, Fe-rich opx and cpx, 
. and ilm? Hornblende occurs as groundmass grains. The mafic endmember consists of 
.. ,cfilcic plag, and Mg-rich opx and cpx. 



83B1: DC- quenched inclusion and adjacent dacite host. 
Dacite host has resorbed but unmantled qtz, sodic plag with very thin fritted margins, and 
bio partially rimmed by opaques. 
Quenched inclusion contains 3 sodic plag with fine-fritted rims and 1 quartz with incipient 
augite corona. 

83B2: DC- quenched inclusion and adjacent dacite host. 
Dacite host has resorbed but unmantled qtz, sodic plag with very thin fritted margins, and 
bio partially rimmed by opaques. 
Quenched inclusion contains two sanidine grains, one with fine-fritted rim (plag 
overgrowth?), the other (bigger) with a partial coarse-grained mantle of plag and fine-
fritted texture on both the sanidine and the plag mantle. A sodic plag grain has a thick 
fine-fritted margin. 

3C: DC- dacite host with two small quenched inclusions that are relatively cr. gr. and 
I ck silicic endmember crystals 

3D: DC- interlayered dacite host and quenched inclusion-like bands 

84: DC- dacite of Cobb Mountain 
san, plag, qtz, bio, cpx, opx, op; 1-15% qmi groundmass of plag, opx, op, and glass, 

~
he rYSa f c x and opx, and xenocrysts of plag, qtz, and Fe-rich pyx-bio clots. 
~'1- J 34-3 ~ hosi' -t' large 1""" 

: DC- ca Cobb dacite with plag, san (fn.gr. rapakivi), quartz, bio, and pyroxene. 

DACITE OF COBB VALLEY 

70: DCV- Dacite of Cobb Valley 
plag, opx, cpx, op, with minor qtz and san 

H75-9B: DCV- Very clean sample of pyroxene dacite 
plag, opx, cpx, op- much more mafic than DC. 

samples 

AFF: SCL40 
RA: CL61, SCL39, SCL41, SCL42?, SCL167 
DC: CL223, SCL83, SCL84, SCL44?, SCL168 
DCV: H75-9b, SCL70 ) Fq 1- 17 
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COBB 
MOUNTAIN 
VOLCANIC 
ROCKS 

THE 
GEYSERS: 
PLUTONIC 
ROCKS 

THE 
GEYSERS: 
VEIN 
ADULARIA 

1.5 

6P 

B 
A 

3 

BED 

1.0 

Dacite of 
Cobb Mountain 

Geysers 
Granodiorite 

3P 

~ 
I::2:1:X:1 

4 ** 

F~ 

Apparent age (Ma) 

PATTERNS AND LETTER DESIGNATIONS SAME AS FOR FIGURE 5. 

0.5 

# Whole-rock } 
• Biotite 

** 40Ar39Ar 
Total-gas 

'" K-Ar 

All others 
K-feldspar 

o 

P =Plateau ages 

Figure 6. 40 Arf39 Ar minimum ages for The Geysers plutonic and volcanic rocks and vein 
adularia. Note remarkable match for dacite of Cobb Mountain (whole-rock K-Al') and 
Geysers granodiorite (biotite 4°Arf39 Ar incremental-heating plateau). Arrows in lower 
right comer depict thermal history of adularia according to model 2 (Fig. 7). Ages 
include estimate elTors. 
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CLEAR 
LAKE 
VOL
CANICS1,9 

THE 
GEYSERS: 
PLUTONIC 
ROCKS 

THE 
GEYSERS: 
VEIN 
ADULARIA 

B* 3,10 rR 

C 

E* 

scale change 
Apparent age (Ma) 

Explanation 

Volcanic rocks Plutonic rocks 

• Undivided 

@Rhyolite 

~Dacite \..L:J..>I 
@Andesite 

@Basalt 

• Undivided 

RP 0 Rhyolite porphyry 

MOP® Microgranite 
porphyry 

OP ® Granite porphyry 

OR(9Granite 

® Granodiorite 

• Biotite 

* K-feldspal', core 

* K -feldspar cutting 

3,10 MGP IGP 

1/
3
,10"'1 

8,10 

~S,9 
G.~ 

H. 

I/Donnelly-Nolan et aI., 1981 
2/Schriener and Suemnicht, 1981 
3/Dalrymple, 1992 
4lPulka, 1991 
S/McLaughlin et aI., 1983 
6{furrin, et aI., 1994 
7/0bradovich and !zeit, 1992 
8/Heizler, NMGRL, 1997 this paper 
9/K-Ar 
10/40Ar/39Ar: Total fusion 

R 

o 

A. Calpine CA-9S8-6 

B. Unocal GDC-21 
C. Unocal LF-48 
D. Unocal DV-2 
E. Santa Fe CA-S636-23H-22 

F. Calpine - "P2" 
G. Unocal DV-I(?) 
H. Unocal SB-JS-D 

(Geysers Coring Project) 

Figure 5. Summary of published and new K -Ar and 40Ar/3 9 Ar total gas age dates for 
igneous rocks and vein adularia from The Geysers and the Clear Lake volcanic field. 
Ages include estimated errors. 
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I I 
o 5 KILOMETRES 

CORRELATION OF MAP UNITS 
UNCONFORM'TYl!I 

I 
~ Holocene 

Pleistocene 

Pliocene 

.... ...... Upper TertiOf)' 

OUATERNARY 

TERTIARY 

} 

CRETACEOUS 
AND 

JURASSIC 

}JURASSIC 

I McNitt. 1988 
2 Brice. 1953 

l Me~~i~~n1ia"'d 
• Bailev. 1946: V, ... , end Hilpert .. 1946 

Figure 2. Generalized geologic map of the Geysers area. emphasizinl! the ore-Tertiary rocks . 
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4 KILOMETERS 

EXPlANAnON 

""""'~ Impermeable cap rocks (serpentinite, greenstone, 
melange, metagraywacke) 

~ Partially crystallized magma body inferred to be at 
depth, with center below 10 km 

~ 
~ 

~ 
~ 

Fracture networks in graywacke reserwk' rocks 

Clear Lake Volcanics and aSSQdated vents provic:Dlg 
recharge 10 geothermal 9Y*mS 

FIGURE 6.-Structural model of the Geysers geothermal system. Modified after McLaughlin (1977b) . 
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EXPlANAnON 

(I) 
a: 
t:! w 
::!! 
9 
;;:2 

3l: 
iii 
c 
i= 

~ 
il:l 

1;"--
'--::!~~ Oear Lake Volcanics (late Tertiarv and Quaternary) 

I": ;'":J Sonoma Volcanics and associated alluvial deposits (Pliocene) 

t:=t:j Auvial and iauostrlne d~its (late Tertiary) 

• Great Valley sequence (Late Jurassic and Cretaceous) 

• Ophiollte (Late Jurassic)-Composed of serpentinite, gabbro, 
diabase, basalt flows, mafic breccia, and minor chert 

Franciscan assemblage (Late Jurassic and Cretaceous) 

~ Structural unit 3-Lawsonltlc metasandstone with }
E ... 
~l: 

minor metachert and metagreenstone J3 

E~liil Structural·unit 2-Melange and broken formation of sand-}~.:: 
stone, shale, greenstone, chert, blueschist amphibolite, a; .:l: 
eclogite, and minor lawsonftic metasandstone (.) 

~ Structural unit 1-Sandstone and shale 

~kmM ActInolltic serpentinite 

"-::;=--

Contact 
Fault-Dashed where approximately located; dotted 

where concealed. Bar and ball on downthrown side; 
arrow shows relatiue horizontal mouement. In cross 
section, T indicates movement toward observer, A 
movement away from observer 

............... Thrust fault- Sawteeth on upper plate; dashed where 
approximately located. 

\-1862. Surface location and names of geothermal well along line 
of cross section 
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fo'RACTlJRING IN Tin: NORTIIWEST (:t:VSERS. 
SONOMA (.'()UNTV. CAI.IFORNIA 

l)cnni$ L Nil=lson (I) 
Marl A. Waltas (2) 
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ABSTRACT 

Fr3Cluring in the nonhwest Geysers is discussed in 
tenns of both geologic mapping and measurements of 
(r.Jcture trends in oriemed COfC. Faulls of imporul\OC 10 til< 
gCOlhemul system include lhtuS1 bults followed in lime by 
northeast trending faullS with apparent right l:uen.1 off$(:( and 
then northwest trending bulls with appuenl norm31 
displxemenL Measurements of fra<:lllrt orit:ntalions in CO~ 
show trwds perpendicubt to the kast principal streSS as v,'(ll 
as fr.sC1uring appuendy controlled by lithologic vuiables. 

~r:c:,~~~A~~~~k oo!:u=JtI1:y ~~~~~frr:e~ 
origins. and orientations. 

INTltO()UCTtON 

The nature, W$lribulioo. and orienution of fractures 
in l11e Geysers vapor-domilUled geolhemul field are of 
obvious impof1ance in explomioo and development drilling. 
reservoir modeling, and planning fluid injection str.uegies 
for enhanced stC3m prodUC1ion. McLaughlin (1981, and 
Nielson aBd Brown (1990) brieOy sumnurizcd p~vious 
(racture studies al The Geysers in tbe context of prior and 
and modem stress regimes.. 

The Geysas is locJ.led in J. region of active Slrile· 
slip faulling ofll!n associ1ted with the S;m Andras bull 
zone. Within this region. the gre.:uest horizonul prind(lll 
stress is oriented about N JOE. 1M the least horiz.OIlul 
principal slfess about N80W. The corresponding 
intermediate principal stress is approximately equal In 
nugniuJde to the greatest hocizooul principal stre:ss and hJ.\ a 
vcnic;d orientation (Oppenheim<'r. 19861. Oppenheimer 
further demonstrated that this suess system has been 
responsible for historial seismic activity in The Gcys<a 
geOlhcmul system. 

Oea1l and Box (1989). MC"'1I1 et .II. (1989). an.i 
11lompiOll and Gunderson (19K9) concur thll nujor :ite.lI11· 
producing fractures in rr.eugraywacke host rocks at The 
Geysers are of random orieOlJ.tion with flUny being 
subhorirontal to borizonul. Nielson and Brown (19':XI' 
proposed that the flat f~ctun::s fomlCd by colbpse "'hen 
underlying felsic magnu withdrew. These same authllf) 
31so invoked 3. stnJC(ut.ll-~rt:h model to account for the fl..:t 
thJ.t sh:lIlow·dipping fr:actures n:nuincd open in spite of thl." 
\\eight of the overlying rock column, 

Within the lenl structur;t.l framework of the 
Nonh ..... t;st Geysers steam field (Fig. n, Ihis plpcr 
discussts the n:Hure and orienlJ.lion of fr3ctures 300 their 
minculizcd analogues (,"(inlets) in drill (ores frol11 thr<e 

,» 

1.!1.".,lhcrnl..ll \loci" 1 ... " (If thc'e curt''-. (r,.m the (.dd·" 
, ... l.JlI\dy 1I1ll'cnnl."J!'>k ,',sl'hxl In ... ell\ 1'1,111 ) lnd I'r,sll 
Siale ;!..s (Fit. I l. Jrc \'(lCI1lc<1 111e IllIfd, Nt U(l<Incnh.--J 
c("Orc "'~u rClnc\'cd fwm the upper p.)nilln ~,f the pn'<.lf.KII\"(: 
"tC.llTl rcscr.·oir in ,,"ell IUli SlJle 12. txwk..t dc".-riplion~ 
or the Puti 5 and f'tlll SUle I;! (ott'\ COln t>c f'lUnd In a 
nmlI\lfllOO {upcr (11ulen <I J.J ,Ihl\ n>!umC:1 

GEOl.OGIC MAI'l't:"\(; 

ft~ur(' I a 3 !>Imphf,ed l!(.\lo~IC IIIJP o( thc 
:-';lIntw,'C'1 G.:peh ~1.".1, .;sh,UJ..-Il."d Irul1I del,lIled 11I00Pllm)! 
nllllpleled tty (In(' ot ll~ (\\'.lhu"ix-I\I.,·.:n l'}:-(S ;md I·)'X). 
e3eh (I( Ihc buh~ .md nlflll..:t' \hown on the IlIJP ";,., 
"arefully fidd·,u.ed. The flUI''''' In'l"rrh.:,i\·': 3'P<=l'l\, wdt 
3" (aul! "fhe"-. a:e p.l, .... l <'It field f<:1.ltwn,hll" \.·\l!llhmc.l 
wun \Uh-.urfOll· .... ltH..l ffllm f\. ..... lh.:nlwl \1..:11'-

Faults uf ,e\I."r.J1 :I~""l> all.! q)lcl> ;m: ...... J"I'>Cll in ,h ... 
:-~nn!:·,~·;:-.! G::y,-:r- 11.<:" nl,k" afl' 1 ... :;11 ,hc.n .. "1lhm 
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re 4. Cross sections through The Geysers field showing the ~istribution of [) 180 values in per mil with respect 
~ top of the steam reservoir and the felsite. All values were contoured in this figure. See Figure 3 for cross sec· 
ocations. 
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Slides 11 and 12 (substitute--illustrations corresponding to the actual slides are not available). 
Generalized map and cross sections illustrating close correlation of The Geysers geothennal system 
and a deeply concealed, Plio-Pleistocene, felsic intrusive complex (the "felsite"; Schriener and 
Suemnicht, 1981). Data from Unocal et al., 1989. In the Northwest Geysers, where our 
lithologic, structural, and alteration re(search have been concentrated since 1990, the outer limits of 
the present-day steam field closely correspond with the boundaries of a high-temperature alteration 
halo developed under liquid-dominant conditions around and above the felsite immediately prior to 
evolution of the current steam field. 
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