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A PLAUSIBLE 1'1.10~-DIMENSIONAL V8:RTICI'\L MODEL OF THE 

EAST MESA GEOTHERMAL FIELD, CALIFORNIA, lL S ,lL 

K. 1'. Goyal 
Earth Sciences Division 

Lavv:rence Be rk:e Lab 
lJn:Lvers 

Berkeley, 

Mechanical 

of CaL: fornia 
California 94720 

and 

o Colorado, 
Boulder, Colorado, 80309. 

A two~d:Lmensional conceptual model of the E<:Jst Hesa geothermal system 

is developed on the basis of the exist geological, ical geochemical, 

heat flux, and borehole data. A fault called the Hesa Fault is 

assumed to charge the reservoir, which is overlaid a clay-, rich cap. The 

mathematical model :is based on the flow of liquid water in a saturated 

porous medium. To obtain distributions similar to those 

measured at the s:ite, we assume that the is convecting at a high 

Rayleigh number. In this approximation, liquid rises up the fault and snreads 

into the near regions of the reservoir iso The cooling effect of 

the surface on the flow in the reservoir is confined to a thin adjacent 

to the cap-reservoir interface near the fault. This er grows with the 

distance from the fault. , the full depth of the reservoir is 

cooled by the surface. Results are obtained for the velocities, pressures, 

and temperatures of the entire system (fault zone, aquifer and clay cap). 

Finally we compare the heat flux for the surface to that 

measured at the site in shallow wells. 
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ate.d zmomal:i.e exist: in 

sotrthern CaJ ifo~rn:i.a at. tJJ(~ Salt.o:cA 

Heber cH3 shovm. in has been 

con s:Ldered for tJw Bureau of 

H\~clarna·tion 1 Power Company 1 and Geo·thermal Inc., , and 

of field da.t.a. 

<''-D d borehole 

[ 1977] and Sf:Weral U.s. 

Bm:·ea.u of 'Reclarnat:ion 973[/ 1974!1 977j0 A. hi 

of tJ1e field is [ 19 7 9 ] , an d a survey 

is cont.ained JJ1. t:he >,vor.·k: of Howard et a.L [19'78]" 

Ti 
£~. 

[ ~J07''7] ,,;::J ' 1 based on 

model 

the available field [1978] desc:r:ibed a 

mathematical model for the based. on satux.·absd flow in porous 

media. A. ific;:;d ve:csion been described in 

et al. [1979a] have described a related model. 

In the presen·t paper, w<? describe a t~\vo··~·dimens:Lona1 ver'cical mod.el of 

East: Mesa that includes an cap in Goyal 

and [1980], Onr is to show that the of 

Cf o:E a n"'servoir like that at 

Ea.st. JVlesa 

distribution with and near···surface b.eat fhm 

s can be 'lvith quanti·tat:ive accuracy. Of 

course , our lacking rnan of thE,; deta.iled features 

believed t:o exist ME" , should not: of as the definitive 

de 



N 

t FAUL:T 

- vo 

I 
SEDIMENTARY 

ROCKS 

METAMORPHIC 
ROCKS 

...... 
. . · . . . . . . . . . . 

Figure 1. Geologic of the rial Valley, California, U.S.A. 
(Adapted from Elders et al. [1978].) 
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EAST 

Tl:J.E' East: Me :ts located on t:hf'' nort.hern flank of 

the Colorado Hiver d.elta and on t:he east: side of a sediment:~' filled 

struct.ural basin called 'che Salton The basin contains three main 

rock groups. A low<~r sequence of main no:nmar:l..ne rcH:,diment:ary rocks of 

to middle age domina.te 'ch'~ basal 1Jnit vihich uncon 

overlies and rocks. 'I'he maxine Imperial 

formation of Pliocene age the beds of the xniddle sequence. 'I'he 

upper sequence consi:c;ts of nonmarine of late 

and ary age derived m.:un from t.he Co lora.do River 

area. 'rhi s upper seguen ce accounts for· most t.he val fill 

in the cen t:ral of t:he \J\Iit.hin its tJ1i.ck acccunulations of the 

young val fill, the sr'"dirnen of t:he a vast; 

water r\C~se:cvoir. 'f't1e hc,rizo:n1:a1 of the sediments is much 

i:han t:he vertical because of the presence of 

and s often sedimentation. The existence 

of the lenticular also reduces the vertical ity. 

':Fhe s'cruci:ur:·e of the Val is cont:rolled by numerous strike~ 

faults of t.he San J.lndreas and San ;Jacinto fault; 'l'hree 

faults with no surface s , 1970; Babcock, 1971; and Combs 

and , 19731 have been inferred at t.he Mesa. ind.lrect 

means such as surveys, aerial infrared 

and microseismic ) • The fault .is also 

called the Mesa fau1 t [Combs and , 1977 L Howard (~t al. [1978] 

inferred two faults bc;wed on the sc"'ismic and well 1og 

dat:a 'J'h(~ of one of these faults is very close to that of the 

J\1esa fault: (F 3). 
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Electrical resistivity decreases with in temperature and 

increasing water salinit_y. ri'herefore, the combined effec-t of high salinity 

waters and high temperatures in a geot.hermal reservoir make electrical 

resistivity surveys a valuable tool in locating geothermal anomalies. 

Meidav and Furgerson [ 1971] made a detailed electrical resistivity study 

of the Imperial Valley at 305, 610 and 915 met:ers depth. 'l'heir results 

show a reqional resistivity which decreases northwestward from 

the southeast corner of the Imperial , near the Colorado River, to 

values about. two orders of magni t~ude lower at; the Sal ton Sea. Based on 

the resistivity survc~ys, the following conclusions can be derived: 

groundwater salinity increases wi'th increasing distance from the Colorado 

River. Many of the faults in the Imperial Valley act as aquitards and 

restrict horizontal water movement. Resistivity lows are found at the 

East Mesa, Sal ton Sea, Heber, Brawley Emd Dunes geothermal anomalies. 

Gravity studies of Biehler [1971] revealed the presence of a broad 

positive gravity anomaly throughout the Imperial Valley. It may be 

due to either an emplacemen'c of high density crustal ma·terial beneath the 

trouqh axis or a thinner than average crust beneath the Imperial Valley. 

An increase in the den of 'che crustal material can be caused by clay 

diagenesis, cementa,tion and/or thermal metamorphism. Some or all 

the above factors miqht be contributing to the gravity anomaly in the East 

Mesa area. 

Combs and Hadley [1977] recorded microearthquakes associated with 

the East Mesa anomaly for five weeks during 'the summer of 1973 and 

defined a new right lateral strike-sl fault, called Mesa fault (F'igure 

2). The focal depths of the microearthquakes ranged from near surface to 

about 8 km. More than half of t.he located even·ts have hypocenters 
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to biJ.EJemen t. 

ThiG data shows t.ha.t the t 1.s act.:Lve bo·th above and below the basement. 

A more recent mJ.croseismic condnct.cd at. East. J'llesa 

durin<;r the ldst 186 of 1977 is described Howard f.:;t al" [1978]. 

'l'his latest det.ect,,,,J no local event:s wit.b:Ln the M.esa field 

for tho;3e six months, al a s number of events wi t:h 

located elsewhEn:e in. the' iC:l.l 'illere recorded 

the six~sta.tion :i.nsLr.ument a:r.ray tioned at East Mesa. 

Areas of associa'ced 

wiLh act.ive volcanism of ' 1977] . 

FiqurE~ 2 shows t:he heat flow conbYurs a:n.d Lh.e l.oca:tions of the test. vvells 

drilled in the Eas'c ~ilesa iJXE;a ic; Ceot.hernlal Inc., United S'cates 

Bureau of Reclarnation and t1agma Power 

·Geo·thermal In.c. has drilhJd six \vells to d.a·te, ranging in from 2. 2~5 

km to 2. 7'7 krn. 'Tovvcuch'l the south, t:he has been 

and assessed USB:R (five wells) and Metqma Power Company 

(three wells). The p<Jsit.ion of t:he hE"a.t flow con'cour around Mesa fault: 

confi:nns the of Combs and [1977] that the Mesa fault acts 

as a condu:i.i: for rising fluids of t~he r11esa Morrison 

et al [1979] discovered a. t:ial in the Eas·t 

Mesa field" Such anomaliE~s ane often aGsoc.ia·ted with faults which are 

t:.o servE~ as conduits fo:c fluids, or with areas of high 

heat. flow or subsnrfac(~ i'lu:Ld flow [corwin et al., 1978 J 'I'he 

locations of the based on t,he sel 1 are E;hown in 

4. It can be noted in this f that plane A is located 

very near to Mesa fau1 and t:hus confinns the mentioned 
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Figure 4. Self potential contours and inferred charging planes. 
(Adapted from Harrison et aL [1979] .) 
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range f:rom about 300 to 600 m in wid·th. 

Borehole da:t.a indicate that the stratum in t.he upper 

600 to 700 m :ic3 clav~dominated, below 2.1 km it. is f:::hale··qorninated, comd 

in the middle it is dominated sand::: and s<.mdstones. It: is this of 

the field that is considered to be a highly zone consituting the 

reservo1:c. A of versus depth in the wells 

shows three different 1978]. Steep in the 

upper 700~·900 m are associated v,;i th ve1·t:Lcal hea'c transfer by condu.c'cion. 

, t:he presence of amoun ·ts ot in t.erb<~dded prevents 

vert:ical convection from Tempera.'cu.ces are less variable in the 

middle zone, which extends up t.o 1900·~2100 m. Heo.t transfer in this zone 

is influenced convection, which is in zones of 

1900·~2100 m in IV!esa. Well 6~1. It would appear that the chanqe in mode of 

heat. transfer from convecb.on to conduction at this dep'ch is due ·to the 

presence of amo-unts of shales in t.his zone" 5 

shows the tempex:atm::e varia'cions of the wells in the permeable zone of 

hot.t:est in t:his areo.. Flat can be seen in 

t.md 44~7 between t:he fJ 1200~1800 m, 1600~2100 m, and 

that are strongly affected faul·t zon~.e flow. 

CONCKP~PUJU., l'10DEL 

The con model of the East l'llesa system is shown 

in 6. 'I'he basement of gnm rocks Js at a 

depth of about 4 km from th.e surfa.ce [combs and 'I'he 
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basement complex is subjected to failure under adequate stresses. FracM 

tures, once formed, would tend to be preserved in this high-streng·th 

rock. Nearly vertical tension fractures probably were the first 

to form during the evolution of the Salton Trough. These 

fractures would increase the vertical permeability much more than the 

horizontal permeability. 

A shale-dominated zone overlies the basement. It is characterized 

by ( l) steepening of the temperature profile in M.esa Well 6-1 below about 

2100 meters depth, ( 2) an .increase in percentage of shale and corresponding 

decrease in sands below 2200 m depth, and ( 3) marked change in salinities 

below 2200 m depth [Black, 1975 ]. This layer extends from the basement 

complex to about 1900~2200 m from the surface. Here t~he sediments 

are indurated by overburden and heat. They probably fracture, given any 

movement on the basement faults. The vertical permeability of these 

sediments is expected to be good near the fracture, but quite low 

away from it. The horizontal permeability in this layer is also 

thought t.o be only moderate because of ·the presence of clay and dirty 

sands. 

Sands dominate the sedimentary zane from about 8 0 0 to 19 0 0 m depth. 

Horizontal permeability in this zone is probablv better than in the 

underlying material because of greater sand content and continuity and 

less compaction. Vertical permeabili·ty should be good near the 

fracture zones and in general should be better than in the underlying 

beds because of the greater amount of sand. near the fracture 

zones, relatively fresh water in this sand~ dominated zone may be prevented 

from extensive mixing with more saline water in the sediments below 

by the restricted vertical permeabilit.y of the sediments in t.he lower 

zone. 
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Trw nr:xt 600 m or so of the sedhleJJtE~ aXL'. dmninatt:!d Frac-= 

tu.res f:}ety form temporar:t in these sediment with sudden differential 

mo ion, hut under l lo:'ld fractnres in these heels v;rould tend to 

close slovJ f unless there fast movements. The 

vertical ty is very Low in thcrw young sediments 1 but 

the numerous shallow wells in them indicate that their horizontal per-

The upper 200 m of the fill appears to ha.ve more sand and 

better poros zone" Vert l.ca l is 

proba thnn in tl1e unde:r zone 

and the ng c ted zone behave in similar 

ways when ected to stres • 

In. stnnma.ry what vertical pP.nnea.bil exists in the lower four 

zones is due almost ent to fractures, I,Jherc~Rs, except in the vicinity 

of a fractnre, horizontal flow these zones J_s 

upon :Lnt r 1i ty. The or source of fluid for southern 

Valley brines is the underflow from the Colorado River. This 

water percolates into sediments and fractured hasem£nt rock 

over an area '(han the anoma itself. Heated at 

th an as undefined source, the li can rise in the high 

fractured aul zone, convect energy towar~s the surface. 

Hhen a horizontal aquifer of relat large lity 1s 1ntersected, 

reservoir will occur,, 

7 ~.THEHATICAL }iQDEL 

The relative positions of the heat flux contours about the Hesa 

fault 2) tell us that the hot water rises up the fault and then 

s lateral los heat to the surround:lngr;. This -Ldr.:.;cl 1s c:tlso 
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confirmed by the location of the charging plane A in Figure 4. If 

we consider a vertical front view at Section AA' of Figure 2, a two 

dimensional vertical model such as tha'c given in Figure 7 would 

result. In this model, we have combined the upper two zones to 

represent a clay cap and the lower two zones to represent an 

aquifer. The fault is hypothesized to be a vertically 

oriented region of heavily fractured material of finite width ( 2ye'). 

The vertical extent of the fault and its second horizontal dimension 

are large compared to H:s width. The fault extends down ward through 

the clay~rich region (cap) of thickness £', through the interbedded 

sediments of the reservoir for a distance L', and finally into the 

basement rock. It is postulated 'chat the fault is charged a.t depth by 

liquid that has been heated in an extensive basement fractured 

system. The rate of charge cannot be obtained ~ priori, without a 

global analysis of the entire convection process. The liquid rises up 

in the reservoir section of the fault.. The presence of clays in the 

cap suppresses the vertical transport there. Water pushed out of 

the fault by the overpressure associa·ted with convection is assumed to 

flow horizontally in the aquifer. The vertical transport should be 

less import:ant, in large because of the presence of shaley layers 

associated with interbedding. 

For mathematical purposes,the fracture zone is idealized as a 

vertical slab of porous medium. The adjacent aquifer is represented as a 

porous medium of lateral half width H' with horizontal permeability much 

larger than a vertical value of small absolute magnitude. The overlying 

clay cap is assumed to be impermeable. Spatially uniform temperature 

boundary conditions are imposed on the cold cap surface and at the hot 
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bottom boundary of the reservoir. On the lateral boundary far from the 

fault ( H 1 > > L 1 » y ' ) the 'cemperature distribution is assumed to be - e 

controlled by vertical conduction. The associated pressure distribution 

can be found once the density dist.ribution is calcula·ted. Finally, a 

horizontal mass flux is permitted in order to conserve matter. 

A quasi-analytic theory is developed for high Rayleigh number con~ 

vection of a liquid in a rigid porous medium. In this approximation 

liquid rises up the fault and spreads into the near regions of the 

reservoir adiabatically. The cooling effect of the cap in the reservoir 

is confined to a thin layer adjacent to the interface. The layer grows 

;ori th distance from the fault. In the far field of the aquifer, the full 

depth of ·the reservoir is cooled by the surface. 

A detailed derivation of the describing equations for a thermally 

active, saturated, and deformable porous material is given in Goyal [1978] . 

The equations used here are obtained from that set by assuming that 

the flow is steady, the solid matrix is rigid, the fault medium is 

homogeneous and isotropic, liquid properties (except density) are constant, the 

thermal conductivities of the fault and aquifer media are constant and 

equal, the clay cap is impermeable,and that the vertical permeability in 

the aquifer is much smaller than the horizontal value, which is equal to 

that of the fault. Thus for all practical purposes vertical velocity in the 

aquifer is nearly zero. In addition, the Boussinesq approximation is invoked. 

The describing dimensional equations are: 

Fault zone: 

V' + W' 
y' z' 

0 ( 1) 



V' 
K' 
V' 

'(tJ' 
J(' 

{ 
v' 

{v• ·r• 
y' 

p' p' 
0 

ll 

v' ( z') 

v' 8' 
y' 

+ 
y' 

P' 
y' 

(P' ~ 

+ W' 

V' 

0 
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( 2) 

( p' ' ) } ( 3) + z' 

T' '} ' {T~, y' + T' J (4) 
z ·- z' z' 

('I" rri! 
0 

) J ( ,-;; \ 
~I 

( 6) 

·+ e' > z' z' 
( 7) 

(8) 

where ·the variables are defined following equation (25). The solution of the 

above is ected to the following boun and continuity conditions. 

Boun Conditions: 

Fault Zone 

W' ( y' ,0) ""' 0 upper boun (9) 

W' (y' L'} dy' M', mass flow rate ( 10) 



T', (O,z') 
y 

uif er: 

0, 

8'(y',- L') 

8'(H', z')"" T' 
- ac 

T' 
max 

T' 
max 

~ (T' ~ T' ) 
max ac 
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hot lower boundary 

symmetry 

hot lower botmdary 

z' L''- L'( z'< O, aquifer edge 

where T' is the aquifer-clay cap interface temperature at the far field ac 

boundary and can be expressed as: 

A.' 
T' m 

ac 

Clay Cap: 

R,'T' 
max 

!1,' A. 
' m 

o, 

T' 
ac 

f 

+ Ac L'T' 
m 0 

f 

+ L'A.c 
m 

~(T' ~T') 
ac o 

cold upper botmdary 

symmetry 

' z 

7• 0 < zp < R.'' clay cap edge 

Con tin at the Fa ul 

T ' ( ' ') ye' z 

V'(+ v' z') = + v'(z') - ,, e' 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(lS) 

(19) 

(20) 



p' ( 

Con tin 

z') ""p'(y' ~z') .. e 

C-onditions at the Faul 

' 0) ( ' 0) 

;\' T' ,(y', 0) ,,, Ac' . , (y', 0) 
m z - 1.n z 

Con tin Conditions at the 

0' (y', 0) 

;\' 
m 

(y' ~ 0) 
c,.. 

e , ( , o) 
z 
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The dimensional variables are defined by: 

(21) 

(22) 

(23) 

(24) 

(25) 

V' horizontal Darcy mass flt1X in the fault per mit area, gm/ em 2~sec 

T;J' vertical Darcy mass f1 UK in the favlt per unit area gm/cm 2~,sec 

v' 

p' 

p 

g' 

c' 
p 

T' 

a ' 
e 

fault permeabUi and horizontal permeability in the aquifer, cm 2 

kinematic v:Lsco sec 

fault pressure, dynes/ 

cold hydrostatic pressure with respect to density p'. dynes/cm 2 
. - o· 

density of the liquid at the ambient temperatJJre T~, gm/cm 3 

density of the liquid at the 'J'' I 3 ure _ , gm em • 

acceleration d L'€ to ty • em/ sec 2 

specific heat of the liquid at constant pressure, cm 2 I sec 

fa nl t OK vre :» ._ 

medium thermal cond 12ct of the fault and the aquifer 9 sec 

coefficient of thermal expansion of the 
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T' ambient temperature, °K 
0 

v' horizontal Darcy mass flvx: in the aqtrUer per unit area, gm/cn 2~sec 

p' aquifer pressure, dynes/ em 2 

8' aquifer temperature, °K 

ec' clay cap temperature, °K 

Y ' serlifault width. em . e , 

L' depth of the reservoir, em 

H' - mass flow rate per unit length in the direction perpendic u1ar to 
the plane of paper, gm/cm~sec. 

T' maximun. temperature at the hot bottom boundary of the reservoir,°K 
max 

H' width of the aquifer in the y' -direction, em 

2' thickness of the clay cap, em 

"Ac' ""meditm thermal conductivity of the clay cap, gm~cm/sec 3~°K. 
m 

In the fault, where the characteristic horizontal dimension and velocity 

component are much smaller than their vertical counterpart, the appro-

priate nondimensional variables can be defined as: 

y 

v = v' I ' P ' H ye qo o ' ' T T' /T' 
0 

(26) 

T = (T' ~ T')/T ', P = (P' - PH'.)/P
0
' 

max o o 

Substitution of (2fi) into (1) to (5) leads to an inherent balance between 

the buoyancy, Darcy and press l're terms in the vertical momentum eq tJation, if 

q~ reference convection velocity 
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P , ""' p 'g'a' 1.'/'l.T' 
o o " e 

reference convection pressure 

p' q'C'L'IT' 

R ~ 1SJ-( ~~~~ fl,'Y Rayleigh ntmber 
m 

where liT' T' 
max 

T' 
0 

The non->dimensional eq U<:ttions, transformed boundary and continuity 

conditions relevant in the fault zone can be written as: 

ult Zone: 

0 

W - P + (T-1)/T 
z 

k 
R2 

y '"' y <) 

~-

\V(y,O) "' 0 

Ty ( 0, z) 0 

T(y,O) ~ (y,O) 

+ y 2 .e 

2y f p I q I 

e o o 

(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

(35a,b) 

(36) 

(37) 

(38) 
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T (y,O) 
z 

(39) 

V(:±:l,z) ""+ v(z) 

where A is the ratio of the thermal conductivities of the cap and 

the aquifer. Eqmtions (3fl) and (39) represent the continuity of 

temperature and heat flux at the boundary between clay cap and 

fault, In the aquifer, where the horizontal scale is measured 

by y "' y' /H', the pressure p "' p, the temperature e T, and the 

velocity v = V 1 the appropriate system of eqtations is given by: 

Aquifer: 

v(z) ~ ~ Pyld (41) 

(42) 

where 

H' /L' O(l) n vmber (43a,b) 

The magnitude of H' -.;.:rith respect to the fault depth L' in (43) is 

chosen to ensure a balance between the nondimensional aquifer velocity v 

and the horizontal press t1re gradient shown in ( 41). The n tmber d, vsed 

in this sttrly to define the locationof the far-field hotndary of the 

aquifer, will be determined by finding a location where the horizontal 

temperature gradient in the aquifer becomes vanishingly small. It may 

be emphasized that the horizontal motion exists at the far field botndary 

but the heat transfer is due to vertical conduction only. The nondimensional 

bomdary and continuity conditions for the aqpifer are: 

(44) 

(45) 
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8(y ) (46) 

e 1 ' z) (47) 

8(y 
T 

1 + ·Hi (!I, ~ A.z), ~ 1 < z ( 0 (48) 

tetions (44) and (45) represent the continuity of 

the temperature and the heat fl m at the interface between the aquifer 

and the cap. 

In the clay cap,where the ure ec = Ef '/T' th 
0 

~ e energy eq pa~ 

t:Lon~ botmdary,and c.ontin conditions are as follows: 

(49) 

1 (50) 

c 
eg (O z) 0 (51) 

c e (l,z) 
T 

1 + A.+i (!l,~z), 0 < z < !1, (52) 

Temperature and heat flux contin v:i.ty cond:i.t:i.ons between the fault and clay cap 

and also between aqu:i.fer and clay cap interfaces are already expressed in eqte~ 

In order to proceed further we must consider the magnitude of the 

Rayleigh n nnber and the parameter y associated with the East He sa anomaly. 

The depth of the basement in this anomaly is abo vt 4.15 km [Combs, 1977]. 

From well logs, one can assume the thickness of the clay cap (£ 1 ) to 

be 0.8 km. Thl1S the reservoir thickness (I/), consisting of both low and high 

permeab:Llity zones, equals to 3. 35 km. The ratio ( !1,) of cap thlckness ( £') 
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to the reservoir depth (L') is thus equal to 0.238 The formation tempera~ 

t ures ~ based on Na~K~Ca geothermometry, are about 200°C ± 30°C [Railey~ 1977]. 

0 
If the formation temperature ( T' ) is ass uned to be 200 C, we find 

max 

that the maximtm temperat11re difference (Ll.T') across the system is 175°C and 

the overheat ratio (T) is 0.587. The thermal condt~tivity of a geothermal 

reservoir depends on many factors such as its porosity, grain size, size 

distribution, physical properties of rocks and fluids, fluid saturation, 

temperature, and pressure. In the laboratory, the thermal conductivity of 

rock samples is found to increase with increasing liquid saturation [Somerton 

et al., 1974] and decreases with increasing temperatures [Hartinez~Baez, 

1978 L The thermal conductivities of the saturated sand stones were 

~3 ~3 0 
found to vary between 4 x 10 to 6 .L, x 10 cal/ cm~sec~ K in 

the Cerro Prieto geothermal field, Hexico [Hartinez-Baez, 1978]. 

Besides being less than 50 km apart, East t1esa and Cerro Prieto fields both 

lie in the Colorado River delta stratigraphic system. Thus the physical 

properties of the sediments in the two systems are not expected to vary 

much and so we assune an average thermal condt~tivity (.\') value of 
m 

-3 0 
4.91 x 10 cal/cm~sec~ K for the reservoir part of the East Hesa 

system. Measured thermal cond t~tivi ty values of unconsolidated sands, 

silts and clays in the upper 40 to 150 meters range from 2.48 x 10~3 

-1 0 [ J to 3.88 x 10 - cal/cm~sec~ K Combs, 1972 • Thus an average thermal 

concluctivity (A.C') of 3.44 X lQ~J cal/cm-sec-°K is assumed for the clay cap 
1.'1 

of the East Mesa system. This data leads to a thermal conductivity ratio 

(.\)of0.7. 
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The penneabil values obtained from the log is for the Republic 

geothermal wells ranged from 68.8 me to 941.3 md at a depth interval of 1524 

m to 2134 m lsmith 1 1979]. A drastic decrease in the permeability 

values -v;ras noted below this depth interval. Based on well test analysis 1 

the perrneabilities of the USl3R wells ranged from 30 md to 84 md 

[Howard et al 1 1978]. Thus we have assumed a representative value of 

100 md (K' = l0-9 cm 2 ) for the permeability in the Rast Mesa area. If the 

thermodynamic variables evaluated at T' "" 298°K are used in 
0 

(27) and (35b) we find that 

q~ 0.43 em/day 

p' 14 7 atm 
0 

For a fault width of 230 m1 as calculated later in this paper, vJe find 

from (35b) that M ' 
0 

5 9.89 x 10 kg/day-km. 

The local values of the above parameters may be 10 to 20 times higher 

if the local values of the physical properties are used. The Rayleigh 

number is also sensitive to the changes in permeability. The large 

values of R suggest that the energy transfer associated with liquid 

convection is far greater than that due to conduction. In this regard 

one may expect that fluid particles moving through the system will tend 

to behave isothermally unless affected by cooling associated with a 

relatively cold boundary. 

It is possible to calculate the fault width based on energy transfer 

considerations as follows: 

energy convected upward in the :fault, per unit area E' "' p' q 'e 1 

conv ··o 
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where e is the internal energy of the liquid flowing in the fault. For 

an average temperature of 200°C in the fault, the convectec'l energy 

is ahout 10 7 cal/sec-km 2 • In contrast, for a normal tenperature gradient 

of 30°C/km, heat conducted through the clay cap is about 10 4· cal/ sec-km 2 • 

Thus the convected energy is about 3 orders of magnitude larger than the 

purely conductive flux. The temperature c'lrop experienced by the fluicl in 

moving fron Hesa vJell 6-2 to 5-l is about 10% in the convection-dominated 

zone (Figure 5). Thus for a 10% energy loss to the surroundings, total heat 

lost through the cap is equal to .~x10 6 cal/ sec where A~ is the 

area of fault in km2. This quantity, when measured from the contours of 

Figure '2. is 4.88 x lOb cal/sec crossing an area of 110 1m 2• Upon equating 

these quantities, one can then obtain the horizontal fault zone area (A~) 

of 4.88 km2. Since the thermal activity of the Hesa fielc1 extends along the 

primary fault for about 21 km, a fault (fracture zone) width (2y ') of 
e 

2:i0 m is suggested. Harrison et al. ll979J came up with a fault width of 

300 to 600 m based on their self potential study. It may be noted that the 

1'1esa vell 44-7, located at the intersection of the Rex and Babcock faults 

(Figure 2) is the hottest in the field (Figure 5). This suggests that 

the Nesa fault is not the only fault contributing to this anomaly. Thus one 

should recognize that the suggested fault width is an order-of-magni-

tude estimate. Given the variable nature of inpu~ a range 50 m < y ' < 
e 

150 m might be appropriate. If the characteristic permeability were far 

-9 2 
smaller than 10 em , the fault zone area estimate would be far larger 

and thus not representative of the relatively localized anomalous properties 

of the Mesa field. 

The parameter y is assumed to be an 0(1) number because ye is consi

dered small. For instance, a value of 0.034 is obtained for ye and 0.63 
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for Y if the discussed data of East Mesa is used. In the 

matheJ'latical analysis, solutions are sought in the 1J_IYdt of large R with 

Y = 0(1~ implying,of cours~ that y is small. 
e 

Above the fault the cooling effect of the cap is confined to a thin 

thermal-boundary ad to the cap-fault interface, for a high 

Rayleigh number flow. The cooled boundary layer thiekness increases as 

the fluid moves horizontally away from the fault. Beneath the boundary 

layer, the flow is isothermal. In the far field, the surface cooling 

effect influences the temperature distribution throughout the aquifer 

depth. 

It can be noted from (2Q) that the horizontal pressure gradient in 

the fault is very small, O(y 2 ). Thus the basic fault pressure is only a 
e 

function of depth and can be calculated in terms of W or v. The horizontal 

aquifer velocity distribution v(z) can then be caleulated explicitly from 

(lfl) because far-field pressure is known once (14) and (18) are specified. 

Upon decoupling the fluid mechanics frof'l the therf'lal problem, the energy 

equations (42) and (49) can be solved for temperatures in the 

aquifer and the clay cap respectively, ensuring the continuity of the 

temperature and heat flux at the interface. To determine the temperat11res, the 

fault aquffer system is divided into seven regions as shown in 

Figure R. The solution procedure is similar to that used in Goyal and 

Kassoy [1980] to describe the capless system. 

First we obtain the basic temperatures in the fault and near fault 

regions of the aquifer (regions 1 to 4). With the interface temperatures 

known, we then calculate the lowest-order temperatures in region 6 of 

the clay cap. To ensure the continuity of the heat flux at the interface, 

we then calculate the boundary layer temperature corrections in regions 1 

and 3. 
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Figure 8. Seven different regions in the fault-aquifer system. 
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5 and 7 are subsequently obtained for y + 0. 

\\lith these known initial conditions, equations (42) and (49) are solved 

numerically in regions 5 and 7 for continuous heat flux and 

at the interface. 

FAULT ZONE SOLUTION 

ture 

The presence of the clay cap over the faul t~aquifer sys tern acts as 

an insulator that reduces the heat transfer to the surface relative to a 

capless sys ter'l. The basic ture of the hot liquid rising in the 

fault at a high Rayleigh number will remain at the ture. 

Since the cooling can occur only through the cap, the lowest order 

temperatures in regions 1,2,3 and 4 of the are also expected to 

be equal to that in the fault. Once the temperatures in the fault zone 

are known, solutionB for pressut·es and velocities in the fault and 

are calculated in a manner: similar to Goyal and Kassoy [1980]. 

In this case equations (29) and (30) are solved to obtain a relation 

between W and P to the lowest order. It turns out that to this order 

both P and W are functions of z only. A relation between aquifer velocity 

v and vertical fault velocity W can be obtained from the mass conser-

vation equation (28) Finally, equations (4.1) and (/+~\) can be used to 

determine a relation between fault pressure P and aquifer velocity v, 

It can be noted that equation (48) is used to determine the hydrostatic 

pressure at the far-field boundary of the field. Three relations thus 

obtained, can be used to form a second order ord :!.nary differential 

equation in terms of H, and the equation can then be solved for boundary 

conditions (33) and (34). Once W is known, P and v can then be obtained 

from the relations mentioned above, 
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The basic solutions of the fault-aquifer system are: 

1 + T 

v(z)d(l-y) -

+ O(y 2) 
e 

>vhere 

a = 
2 

A 1 
H + A+ Q, cosh 7d A 
---·---- , b2 = lci( A+Q.) 
ld sinh ld 

(53) 

(54) 

(55) 

(56) 

(57) 

(SR) 

(59a,b) 

( Q.2-2 Q.z+ AZ 2 ) 
It may be noted that\- 2 A+2 £ represents the pressure at the far field 

boundary of the aquifer and is consistent with the specified temperature 

field (48). It may also be observed that the temperatures given by (53) are 

only valid in regions 2 and 4 of figure 8. Once the fault temperature 

is known, one can calculate the basic temperatures in region 6 of the 

clay cap from the system of equations (91) to (95). The result is given 

by (96). The continuity of heat flux at the horizontal interface 

between the fault and the clay cap implies the necessity of a thermal 

boundary layer near the top of the fault. If the apnropriately scaled 

variables 
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z 7, 
and w H 

y ye e 
(60a,b) 

are used in the basic fault-zone enuations then the lowest order boundary 

layer system has the form: 

Voy + ~vo:z () (61) 

ply 0 (62) 

T ~1 
0 p 0 
T 

(63) 

(64) 

However~ it can he seen that the lowest order fault teiYJ.perat:ure 'r and -··o 

pressure I' are constant and wl1en ·r1atched with the outer solutions 
0 

(53) and (56) one finds that 

T 
0 

p 
0 

1 + T 

Equation (65) satisfies the energy equation (64) identically. The 

solution to the system of equations (61) to (63) is subjected to the 

following boundary, matching,and continuity conditions. 

~ (±I,z ) = ± v (z) 
0 0 

[equation (84-)J 

(65) 

(66) 

(h7) 

(68) 

(69) 



33 

It may he note~ that the matching conditions (~ + - oo) are 

obtained from the outer solutions (55) and (56) respectively. The 

solutions to this system for all values of Y and ~ are equal to 

those expressed by the matching conditions (67) to (69). This occurs 

because the bounrlary layer is required to smooth a discontinuous derivative 

of T rather than the function itself. The describing system for the O(y ) 
e 

terms is 

-
VJy + \Vl~ 0 

d~ 

The momentum equations in y and z directions can be used to shmv 

that T1 is only a function of i. The associated matching and 

boundary conditions for the system of equations (70) and (71) are 

[equation (89)] 

cY' 0) [equation (96)] 

It may be noted that (74) implies continuity of heat flux at the 

horizontal interface between fault and clay cap. The solutions to 

the system (70) to (75), when added to 0(1) solutions (65) to (69) 

form the complete solutions for the boundary layer, as follows: 

(70) 

(71) 

(7 2) 

(73) 

(74) 

(7 5) 
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v 

u 
l. 

y + y 
e 

b z2 

z ~ y e ~leT+ O( 
2 ) 
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+ O(y 2) 
e 

T VllTA [ ~ ] 1 + T ~" ye ~2:Bi 1 + erf(Rz) + O(y e 2) 

where 

B 

(76) 

(77) 

(78) 

(79) 

(80) 

The thermal boundary layer initiated at the top of the fault continues 

into the adjacent aquifer over a horizontal distance to scale y •• In 
e 

this initial aquifer zone of water cooling, the relevant lowest order 

equation for the velocity and pressure field is 

v (z) 
0 

the appropriate boundary and continuity conditions are 

1, z) d ( [equation (66)] 

(81) 

(82) 

(83) 
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The solution forms are 

The aquifer momentm"l equation 9 describing O(ye) terms is 

The appropriate boundary and continuity conditions are 

r 1 (y + n,z) "" P1 (y "" l,z) "" z , [from equation (69) J 

p (y 
1 1, z) = 0,:~) 

(84) 

(85) 

(86) 

(87) 

(88) 

The solutions to the system (86) to (88) w·hen a0ded to 0(1) solutions 

(84) and (85) give the following complete solutions in the aquifer 

boundary layer. 

v(z) (89) 

p(y,z) (l~y) + £z l + O(y 2) (90) 
A+£- e 

It is observed that the boundary layer solutions [equations (89) and (90)] 

match with the outer solutions [equations (57) and (58)]. 
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TEHPERATURES IN THE CLAY CAP 

The lowest~order energy equation in the region 6 when~ the length 

scale is of 0(1'), is given as follows: 

0 (91) 

where y "' y' /1' (92) 

The appropriate boundary conditions are; 

c 
80 y (O,z) "" 0 symmetry (93) 

1 cold top boundary (94) 

8; (y,o) y 0 (1) , bottom boundary (95) 

where 

8~ (y + oo,z) is well behaved. 

The symmmetry condition in (93) implies that the complete temperature 

solution is given by the elementary form, 

8~ (z) (96) 

The higher-order temperature distributions in the clay cap above the fault 

can be calculated in a manner similar to equations (91) to (96) if the 

higher-order interface temperatures are knmm. The interface temperature 

between clay cap and fault can be obtained from O(ye) terms of equation 

(79). The temperature solution in the clay cap for Jy j < 1 is 

given as follows, 

c 
8 '(y,z) 1 + T (1 - ~ (97) 
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The tenperature in region 6 of the clay cap for all values of y, 

which is compatible with that in region 3 of the aquifer, can be written as: 

where 8~ is given by following l,aplace equation and boundary conditions. 

0 

0 

1/2 
~ y 

e~ (y + 0. z) 0 

8~ (y + 00
1 z) increases algebraically at most. 

(98) 

(99) 

(100) 

( 101) 

(102) 

Equation (101) represents the interface temperature between aquifer region 3 

~ 
and the clay cap. Equation (102) shows that the terms of 0 (ye 2

) disappear 

for y + 0 as evident from (97). 

The solution to the system of equations (99) to (102), obtained by 11sing 

a Fourier sine integral transform with respect to y, is given as follows : 

8c ( y. z) 
1 

1 

2R- [ I coeh 

sin 1 (R,~z) s1
/

2
ds 

1 (iy ~ sl) +cos Ii (9rz) 
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(103) 

A series solution, also obtained for the above system, can be written as 

00 

1 . niT ( 0 ) 

(~f)n SHl T "rz 

~ exp { niT ( 

00 

J l/2 
1;; 

0 

An asymptotic solution for large values of y can be obtained direetly 

from the system of equations (99) to (102). The same solution can also be 

(104) 

developed by expanding (104) for y + 00
• Substitution of such a solution in 

(98) results in the following expression for clay cap temperature: 

(lOS) 

The temperatures in region 7 of the clay cap can be obtained by solving 

equation (49). Besides equation (50) 1 another boundary condition is as 

follows. 

where e (y) is the interface temperature hetween the clay cap region 
m 

7 and region 5 of the aquifer. 8 (y) is calculateil numerically at 
m 

each step of (y) for continuous heat flux and temperature at the interface. 

The 0(1) temperature solution in this region is: 

(106) 
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c A 

8 (y,z) (107) 

The temperatures in region 7 compatible with equation (105) can be 

obtainert from (107) for small values of 
A 

Y• The resulting expression is: 

8c(y 0, z) 1 + (1 ~ -%) -Iii: TA 
(1 ~ 3~J + O(y) (108) + "' T 

B R,J 

TF.HPERATURF. DISTRIBUTION IN THE AQUIFER 

Once the velocity field in the aquifer is known the temperatures can be 

calculated from the energy equation. This must be done for five different 

regions shown in Figure 8. Since the effect of the surface cooling is limited 

to the boundary layer regions 1 and 3, the flow in regions 2 and 4 is isothermal. 

The solution structure in aquifer region 1 for 1 ~ y ~ oo appears to be 

more complex and will not be considered further because reasonable progress can 

be made without it. For all practical purposes, temperatures in aqt1ifer region 

1 can he assumed to be equal to those in fault region 1. The equation des~ 

cribing the thermal boundary layer in region 3 is: 

Y2 v( z*) 8 
y 

where 

z* 

y 8 +8 ...... 
e- yy Z"Z"" 

z 
1/2 

Ye 

(109) 

( llO) 

A similarity solution, compatible with equation (96) can be obtained for 

region 3. Elementary methods yield 

1/2 [J-
( 2 YYITe ) BT ~ IT { (R ) } 8(y,z*) l+T ~ ._ 2 Rn l+erf Ti n 
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B 2 
z* 

+ e 
2 0( ) • ll 1/2 

y 
(llla,h) 

It is possible to obtain an analytical solution of (42) in 

region 5, when y « 1, anct z << 1 such that 
z 

:1/2 
y 

0(1), which can be 

matched with (llla). We find the form 

ec y. z) 1 + '[ ~ ( R z )} + erf 72d · yll 2 

+ e + O(y) 

by using coordinate expansion methods. 

(112) 

The energy equation in (42), parabolic to the lowest order, must he solved 

subject to the boundary conditions in equations (45), (46) and (106) and the 

initial condition 8(y + o,z) = 1 + T for lzl > 0 obtained from matching with 

region 4. The last formal condition at the far end of the aquifer, (48) 

is used to determine a value of d. Numerical integration by standard finite 

difference methods is carried out for assumec1 values of d until the solution at the 

far edge is within 1% of the real condition and the heat flux and temperatures at 

the interface are continuous. This approximation provides an engineering type 

estimate of the boundary location. At that point 1 convection of energy associated 

with the ey ~ term in (42) is very small compared to the conduction 

term. Of course,in the formal mathematical sense, the purely conductive profile 

can be found only for y + oo. From the mathematical viewpoint~ the reduction of 

the full-elliptic problem in the far-field aquifer to the parabolic system in 

(~2) a silnplified numerical computation procedure" The fact that 
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the reduction can be developed in a formal, rational manner for the large Rayleigh 

number approximation shov7s that the inposition of the far-field boundary 

condition at an a priori specified location is fundamentally unsound. That 

means, in physical terms, that the thermal anomaly associated with the up1vard 

fault zone flow has a natural horizontal relaxation length,associated basically 

with the distance required to transfer out of the surface,heat in excess of 

that arising from the natural geothermal gradient 6T'/(f'+L'). A quantitative 

indication of this matter involves the evaluation of d. 

It is found that d is different for different sets of parameters as listed 

in Table 1. It can be observecl from this table that an increase in H, R, T or 

Ye increases d. Most notably, cases IV, I, V and VI in Table 1 show 

that d increases nearly linearly with growth in M, at least for 0.5 < M 

< It is clear that a longer aquifer is needed for the transition to the 

conduction temperature profile when any parameter except ;\ in Table 1 is 

increased. In physical terms this result implies that the hot isothermal 

portions of the aquifer, maintained by horizontal convection effect~ will be 

more extensive in systems of relatively larger mass flow, permeability, 

ter:1perature difference, and fault size. An increase in A is associated with 

a decrease in d. Faster convergence to the far-field boundary condition 

occurs because of increased cap heat transfer. A reduction in cap heat trans-

fer caused by an increase in cap thickness implies that a longer aquifer 

(or increase in d) is required to stabilize the temperatures, as confirmed 

by Table L 
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Table L Values of d for Different Sets of Parameters 

---~-~~--- -~-~.~~~~~~-~~- -~--

~~---
--~-.~.~~~~~-.-~~---~· ~=-~_, ____ ,._ 

Case No. d A N R 't Ye 

~~.,...~-~--~-~---~--·--~-~~~-~--~~~-~~--· 

I 0.24 0.24 0.7 1 500 1 0.025 

II o. 28 0.50 0.7 1 500 1 0.025 

III 0.22 0.24 LO 1 500 1 0.025 

IV 0.14 0.26, 0.7 0.5 500 1 o. 025 

v 0.'-',9 0. 2LI 0.7 2 500 1 0.025 

VI 0. 7 L1 0.24 0.7 3 500 1 0.025 

VII 0.18 0.24 0.7 1 338 1 0.025 

VIII o.so 0.2.4 0.7 1 1000 1 0.025 

IX 0.24 0.24 0.7 1 500 0.6 0.025 

X LOL1 0.24 0.7 1 500 1 0.05 

XI 0.32 0.24 0.7 1 338 f).6 0.034 
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RESULTS At\TD THEIR COHPARISON ~HTH THE FIELD DATA 

The distribution with depth of the nondimensional aquifer velocity and of 

temperature in the aquifer and clay cap are shown in Figures 9 to 12. 

Parameters used in these plots are those calculated previously for the East 

Mesa anomaly. In Figure 9 we observe a significant distribution with depth 

of the velocity in the aquifer. This configuration is determined by the 

vertical distribution of the horizontal pressure gradient in the aquifer. 

The gradient near the top of the aquifer is relatively large because of the 

stagnation point effect near the top of the fault zone. It should be noted 

that this result has been obtained for an aquifer at constant horizontal 

permeability. One may speculate that a reduction in deep permeability 

will reduce the high velocity in the lower portion of the system. The 

dimensional value of the Mass flow rate per unit area can he obtained by 

multiplying the nondimensional velocity of Figure 9 by y q' p' 
e o o 

Figure 10 shows the variation of the aquifer and clay cap temperatures 

vrith depth at several horizontal locations for the parameter set shown. The 

value y = 1 represents the far end of the aquifer, which is located 

at (d/ye)I/ = (9.41)(3.35km) = 31.5 km. Even at y = 0.6 (18.9 km) the 

temperature profile is nearly at the conduction value. The temperature 

decreases with distance from the fault at a given depth in the aquifer which 

is a result of heat loss through the clay cap. It may be noted that at 10% 

out in the aquifer, the bottom 60% of the reservoir is still within about 

94% of the high temperature value. A qualitative comparison of Figures 5 

and 10 implies that the hot wells, 48-7, 6-1, 6-2, 8-l,and 44-7, are located 

in or near the fractured fault zone. Relatively flat temperature profiles 

in Mesa wells 8-1, 44-7, and 48-7 below about 0.95 km can be interpreted 

as resulting from the near-fault zone flow. It is important to recognize that 
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Figure 9. Horizontal velocities in the aquifer. 
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Figure 10. Temperatures in the aquifer and clay cap for 
different values of 9. 
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these flat temperature profiles can occur in regions of purely horizontal flow 

as long as the bore is reasonably close to the hypothesized fault zone. One 

may observe from Figure 10 that even at y "" 0.1 (3.15km) the lower part of the 

temperature profile is relatively flat. Temperature profiles for y > 0.2 

(Figure 10) are similar to those of remaining wells in Figure 5, indicating 

that these wells are further away from the fracture zone, In particular 

well 18-28 is the farthest from any known fault zone. The nondimensional mass 

flux value M=l corresponds to an input at the bottom of the fault of 1L44 

kg/sec for each kilometer of horizontal extent, This value is quite similar 

to the estimate used by Riney et al., [1979a] in a recent study of the north

west lobe of the Mesa system. The isotherms corresponding to the temperatures 

of Figure 10 are shown in Figure 11. It :i.s apparent in this figure that the 

horizontal temperature gradient decreases as the liquid moves away from the 

fault and becomes negligibly small near the far end. The near-fault isotherm 

values are calculated from the boundary layer solutions of regions 1, 3, and 6. 

The temperature gradients at the cap surface are shown in Figure 12. 

T'he discontinuity in the curve arises because the solutions in aquifer 

regions 3 and 5 and clay cap regions 6 and 7 have been calculated to different 

orders of accuracy i.n the asymptotic analysis. It is found that an increase 

in M, R, T, and Ye enhances the temperature gradients at the surface while an 

increase in 1 and A decreases the temperature gradients there, as expected. 

In F:i.gure 12 we see that the fault zone convection process enhances the 

surface heat flux by a factor of about 4 above the background conductive 

value. A similar rati.o can also be obtained from Figure 2 where the near~ 

fault heat transfer is about 8 heat flow units (HFU) compared to the background 

value of LS to 2.0 HFU. 
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Heat flux contours measured in the ty of the East Mesa wells are 

shown in Figure 13. A t of heat flux versus distance three lines 

CD , Q) and Q) of 13 1.s given in 16. The surface heat flux 

predicted from the theory is also shown in Figure 14 along with the related 

parameters. This comparison shows that heat flux in field observations is 

somewhat larger than predicted. The discrepancy c;1n arise for a variety of 

reasons. In this analysis we have considered the reservoir to be a zone of 

constant horizontal permeability while the field data shows the existence of 

two distinct zones of permeability (Figure 6). For a mass M we 

would expect more hot liquid to pass through the upper? more permeable section, 

thus increasing the surface heat flux. Liquid transport properties are 

assumed to be constant in our model. However to some extent the decrease 

of viscosity with depth (temperature) compensates for the actual decrease in 

permeability deep in the system. The actual mass flow rate in the field may 

5 be different than 9.89 x 10 kg/day~km used in Figure 14. It is clear 

on physical grounds that a larger mass flux would increase the surface heat 

flux. This is verified theoretically by the solution in (98). r1ost signi~ 

ficantly, the planar geometrical configuration used in the model, representing 

flow up to a vertical narrow fault and into adjacent aquifers, is not an 

accurate representation of the localized northwest lobe from which the data 

in Figure 14 is obtained. In all probability, an axisymmetric model, like 

that used by Riney et aL [1979b] would be more compatible with the local 

system. Also, it appears that the Rex and Babcock faults (Figures 2 and 13), 

as well as the Mesa fault contribute to the anomaly. This seems reasonable 

since the hottest wells, 44-7 and 48-7, lie near the intersection of the 

Rex and Babcock faults (Figures 2 and 13). In retrospect it seems that the 
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the mass input value were not chosen in a way that would specifically encourage 

the predicted results to agree with the field measurements. In particular~ 

no special distributions of temperature or heat flux on the upper or lower 

boundaries were considered in order to improve the agreement. Nor was an 

attempt made in this model to manipulate the permeability distributions in 

the aquifer. That we obtain results reasonably similar to the 

observations without iterating these constraints suggests that the con-

ceptual model is ically plausible. 

In a :related study by Riney et al. [1979a], described in 

more detail in Riney et al. [1979b], a conceptual model similar to that 

used here is developed for the Mesa system. The mathematical model is based 

on a cylindr:l.cal, axisymmetric geometry with fracture zone-type upflow 

localized nc~ar the center. 'The effects of variable fluid properties and 

spatially-dependent material properties (permeability and porosity), are 

included. At the aquifer bottom,the temperature decreases slowly with 

increasing radial distance from the or:l.gin. Other boundary conditions are 

like those employed in the present work, although the location of the 

far-field boundary at a radial (Hstance of 10 km is selected A 

finite difference technique based on line-successive overrelaxation is used 

to develop solutions. The computations are carried out for a mass input, 

obtained from an overall energy balance, of 16.9 kg/sec, at 469.26°K, A 

variable-size grid 9 basically 5 cells high and 13 cells long, is used in the 

computati.on. Results are presented for a variety of spatial distributions 

of the vertical and horizontal permeability. It was found that intrusion of 

deep cold water from the far-field boundary could occur if there was adequate 

vertical permeability in the In this case, there was inflow in the 
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cteep section and outflow in the shallow section such that the net mass 

flux at the far boundary was just equal to the value" 111is partial 

convective circulation cell results from the propensity of a system with a 

hot bottom temperature, highest near the axis cold and open side 

boundary to develop a natural convection mode. Cheng and Lau [1974] have 

considered a related problem. The associated prediction of an :i.nverted 

temperature profile at depth is not compatible with knovm fi.eld clata. It 

vas concluded that only a very mi.nir1al verti.cal permeability~ 0. 3~0. 5 m·J lli 

darcy, relative to a maximum horizontal value of 90 md was needed ro model the 

Hesa system. This conforms with the known p;eological structure in the 

area. The flow pattern in this case. involves outflow through the aquifer 

depth. Vertical permeability reduction leads to the suppression of the 

natural convection mode. An excellent reproduction of the surface heat 

flux pattern was obtained by carefully tailoring the spatial distribution 

of vertical and horizontal permeability. In general the results obtained 

are qualitatively similar to those found in the present work. It is 

reasonable to conclude that fault zone controlled charging of a geothermal 

reservoir is at least plausible if not a fact. 

SUm1ARY 

A conceptual model of fault~zone-controlled charging of a geothermal 

reservoir, based on data from the East Hesa system, has been developed. 

The mathematical model is based on flo"t·J in a liquid-saturated porous 

medim'1. A t\.;o-dimensional, vertical, planar geometry is considered. The 

problem formulation is based on perturbation methods and asymptotic 

procedures valid in the limit of large Rayleigh number and small values of 
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the nondimens:Lonalizecl fault width. Both analytical and numerical methods 

are employed to develop solt1tions for the velocities, pressures,and 

temperatures in the fielct. ·rnere is better than qualitative agreement 

between predictions of variation of temperature-depth profiles with 

distance from the fault, and surface heat flux terns with the associated 

fieli! data. It is sho"m that flat temperature profiles at depth can be 

associated with purely horizontal water motion (Darcy flow rate of 

about 0.01 em/day near to hypothesized faults) rather than only with the 

More rigorous upflow itself. Although the model used here lacks the various 

eleMents of reality discussed earlier, the comparison of prediction and 

field data is quite reasonable. VJe are led to believe that the model is a 

plausible generic type that may be useful in considering other systems as 

well. In particular, we believe that :improved interpretation of field 

data may be possible by utilizing some of the physical ideas presented 

here. 
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