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ABSTRACT 

A preliminary conceptual mael of the East 
Mesa hydrothermal system i s  developed and a sub- 
region selected for quantitative modeling. 
axisymetric model approximating the data available 
within the subregion i s  us& together w f t h  a reser- 
voir simulator to develop a computer model simulat- 
ing the natural flow o f  heat and f lu id  mass w i t h i n  
this geometric constrainr. The axfsymnetric cal- 
culatfons demonstrate t h a t  the balance between the 
convective and conductive modes of heat transport 
required to match the temperature and heat flow 
dat3 imolies & very low effective formation verti- 
cal permeability throughout the system. 

The East Mesa hydrothermal system, lying in 
the southern Imperial Valley, is currently an area Fig. 1. Schematic of preliminary conceptual model 
a: active geotharmai develooment. Fourteen geo- of fu l l  East Mesa hydrothermal system and 
cnermai wells (as o f  14773 nave oeen dr i l led  w i t h i n  the subregion modeled i n  this  project. 
the KGRA. The geothermal reservoir l i e s  below a 
depth of 2.000 f ee t  and is separated from shallow Seepage from the Colorado River and the unlined 
groundwater aquifers by a clay cap of extremely low irrigation canal system i s  the principal source of 
vertical permeability. %e are presently develo the recharge water. Part of this recharge, @ , 
an integrated computer model of the shallow and will flow into the shallow confined aquifer 
deep hydrothema1 systems i n  t h e  East Mesa region studied by Miller [1977]; part w i l l  flow down 
of t he  Imperial Valley whicn w i l l  be used to permeable fau l t s ,  @ , since the recharge water 
examine t h a  response o f  the fu l l  hydrothermal sys- is cooler (and denser) than the deeDer fluid. 
tem t a  large scale flow o f  i;ectharinal f l u i d  and downward fiowing water w i l l  be heated w i t h i n  some 
assoclatod hea t  transport. Of particular interest  "heating volume". Some of the heated fluid mass 
will be changes fn the shaitowsr groundwater system will then convect upward along owmeable faults. 
due t o  fluid ~ E S S  and hear trzcsport processes 0 . Most of this upwelling fluid will l ikely 
the deeoer geothema? s y s c s ~  3 e  53 rese e i ther  leek off la te ra l ly  into the aeothermal res- 
sinv1a;or lWSHiW i s  being ~ 3 %  f a  synthesi ervoir or be forced la te ra l ly  by the relatively 
f x r t  $lent geothenal and ~ a o ~ h g d r o l  ogical impermeable geothermal reservoir cap. @ b u t  
fnt3 L, full three-dimansfcn.! .xokti. Because of some will leak across fn to  the shallow confined 
tric inccnpieteness o f  ike szza aase, the WSHRM aqulfer, . P a r t  of the fluid leaving the 
sirrulator has f i r s t  baen i i s d  !n i t s  two-d 
a1 mode o f  operation t s  ~er fzrn  e sequence 
culatjsns t o  ouanti tacivtiy investigate va 
aspects 0; a cancepibai x t e 1  3 i  the East 
tenr 3nt :o examine chi ef%c:s o f  uncertai 
t h 8  input data. This pzpar scmarires the 

perfomid f o r  an axfsymerr!: 2 
geothermal systen. 

Figure 1 presents E scneslrtic of our concep- 
tual n;OQel o f  the bydroloqfczi cnaracteristics of 
the i n t q r a t e d  East Nesa hydrotkermal system. 

f i e  

11 hydrothermal system would 

re,  water quali ty,  rock thermal conduc- 

m. howledge of the natural flux of 
fluid mass and heat would also be required. A l -  
though tho  East Mesa system. i s  one o f  the cost  ex- 
tensively explored hydrothermal systems in the 
United States, sufficient data will probably never 
be available to model t h P  comolete system 

include rhe three-dimensional distributions o f  

of a series -;f 2-0 $!csjjFwg 2x;lIjratory talc orosity, permeabil f t y ,  etc.  throucrhout 
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represented schematically i n  Figure 1. Our ef for t  
is restricted to  the depicted subregion which is 
centered on the geothermal anomaly and extends to  
a depth which includes the geothermal reservoir of 
interest  for e lec t r ica l  power generation. I t  en- 
compasses the region for  which the bulk of the 
available geohydrologic data have been generated. 

As indicated i n  the conceptual model, fau l t s  
czn ac t  as conduits fo r  r ising geothermal fluids 
and descending cold groundwatrr. Three fau l t s  wi th  
no surface expression (Rex Fault, aabcock Fault 
and Corbs-Hadley Fault) have Seen inferred. The 
three intersect near the center a t  the high heat 
flow region a t  East Mesa. Combs and Hadley E19771 
hypothesize tha t  the convective u3welling of hot 
f luid i n  an associated deep vs r5ca l ly  fractured 
region is the cause of the meassrad abnormal sur- 
face heat flow. Figure 2 shows the surface traces 
of the three f au l t s  superposed on the surface heat 
flow contours a t  East Mesa. ihe contours a r e  
based on heat flow measurements made i n  shallow 
d r t l l  holes throughout the area. The raw data 
Mere reanalyzed by TRW and the results summarized 
by Pearson (19761. The heat flow measurements 
extrapolate t o  surface temperatures between 80' 
and 90'F. rather than to  the mean annual tempera- 
t u e  of 73'F. probably due to poor thermal con- 
ductivity of the layer of unsaturated sandy soil  
above the water table and influx of water from the 
irrigation canals. 
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Fig. 2. Surface heat f:=r cont?urs taken from TRW 
resul ts [ PearSm , I S i 5  j. 
the four geotherr;.aT rra!Is dril led subse- 
quent to TRW analysis z re  denoted by 2 .  

Strata f n  the East  %sa zraf, and throughout 
the cencrai part of ;ne :,:;etiai :/alley, a re  es- 
santially horizontal, 
fraisewgrk for construct!ng i m c t l  which includes 
the vrriatfons o f  tire tt?!ml ?nc geohydrological 
charac;er!s:ics of ;he r z s i o n  stocied, we have 
dividaa the iySt3i l  into s i x  wrizontal layers (see 
Figure 2) .  From the t a r i i s r  Tax analysis of the 
well logs frcm fhe 3eo:h2ma! and o i l  t e s t  wells 
i n  the region [Pearson. 1575:.xe have estimated 
the distribution of the f;mat!cn sorosity (0) for 
the sand/shale sequancs c?qr:s:ng each layer. 
The assumed tamperrturs [T) distribution in the 
region i s  basea on the approxiinate subsurface 

Locations of 

c 

Tj ;rovi2r a reference 

temperature contours a t  1,000 foot depths con- 
structed by TRW from well measurements. 

Mid 0i.hn laODM1 

Fig. 3. Oistri bution of subsurface temperature 
('F), surface heat flow, and formation 
porosity In ideallzed axispmetric 
model. Axis of radial section i s  
located near center of  anomaly. 
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The axi symetrf c approximation to the subsur- 
face 6 and T distributions are shown on the radial  
section presented i n  Figure 3; the axis of the 
section i s  considered t o  penetrate the center o f  
the geothermal anomaly midway between Mesa wells 
6-1 and 6-2. An axisynanetric approximation to  the 
surface heat flow data !of Figure 2) is a l so  
shown. T 

' 5  The horizontal formation permeability (kh) is 
assumed to be related t o  the porosity by a kh - 4 
transform [Riney, e t  al . .  19791. The transform i s  
calibrated by the m X 1  t e s t  results 
[Witherspoon, e t  a l . ,  1978; Narasimhan, e t  &, 
19781, i.e.,  kh ?r 20 md near t h e  center 3 t h e  
geothermal reservoir. The CorresDOnding distribu- 
tion of kh  i s  deffned by Figure 3 and the follon- 
i n g  transform values : 

ab(%) : 0-5 5-12 !O 10-15 15-20 20-25 25-30 
kh(nd): 1 4 9 20 90 320 850 

I 

1 

Since the fnterbedded shales and sands w i t h i n  
each formation layer are predominantly horizontal, 
the vertical formation pemeabilitv (kv) wT11 be 
drastically restricted by nearly impermeable 
shales. Except for flow w i t h i n  vertical  fractures, 
any net vertfcal flow will l ikely follow tortuous 
paths around the end of t h e  interbedded shales, if 
such sand paths are i n  fac t  available. In t h e  ab- 
sence of any d i rec t  information, we w i l l  need to 
vary kv parametrically i n  our model studies. That 
kv  f s  small near the center of the reservolr seems 
rpparent from the fac t  that saline irater f s  pro- 
duced from the formation below 6,000 fee t  and d i -  
lu te  water from shailower depths [Hoagland and 
E l  ders , 19771. 

f i l e  w i t h  the data f w  the Yesa 5-2 well. the 
axisynmetric approximations to the data are 

Figure 4 comcares the axial temcerature wo- * 
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Selected ob- 

1-1 {r.] 
20a0'Layers Corresponding Vertical Grid Used i n  

Fiaure 3 Axisysmetric. Calculations 

x Xesa 6-2 (10/15/73 Oata) 

* ' TRW based objectlve temeratures 
E l  

Fig. 1. Comparison of axial temperature-depth pro- 
f f l e  of axisynmetric model w i t h  the mes- 
sured profile for  the Mesa 6-2 well. The 
vertical dimensions of the f i n i t e  dif-  
ference grid used i n  the axisymmetrlc 
calculation i s  superposed. 

? Z G z : 5 ; j  gsod n s t r  zit ce':9: ;f :?le ano~naly. 
The model is incaDable of representing the east- 

the approximation 

A, = 16.9 kg/sec (Tc - 469.26OK) . 
In the numerical solution, the mass influx 

from the bottom boundary i s  represented by a mass 
source i n  the zone closest  to the axis of symmetry 
(see Figure 5) .  Figure 5 shows the various bound- 
ary conditions used i n  t h e  numerical model, The 
temperature distribution a t  the outer boundary vi), used to  compute the f lu id  density and hence 
the prescribed hydrostatic pressure (PR) , was com- 
puted from the surface temperature and an effec- 
tive thermal gradient. & note tha t  thermal 
conduction dominates heat transfer above a depth 
o f  2,500 fee t  (Figure 4) ;  layer j - 1 l i e s  i n  this 
regime and represents the lower part of the geo- 
thermal cap. The heat flux a t  the surface, Qig 
was modeled by a distributed volumetric heat s i n k  
i n  the toD layer of the form 

. 

where subscript i denotes the radial grfd block, 
Ts is the surface tmperature, Ti  

constant. 

i s  the computed 
temperature in the g r i d  block ( i .  1 ) and A is a 

to-west variations i n  the sand content (and hence 
i n  3)  of the horizontal layers b u t  radial varia- 
tions are included i n  Figure 3 so that  the general i ig .  5. Computational Grid, internal sources/ 
s f f ec t  of la te ra l  variations can be examined i n  the sinks, and boundary conditions. Heat 
2-1) calculations. Any asscciated directionali ty of 
the f l u i d  flow i s  necessarily isnored i n  the axi- 
symmetric approximation; the cy1 indrical boundary 
conditions a t  the periphery o f  :he model reprpsent 
averaged conditions. 

The axisynmetric mcdt? :S;LBCS that  a cylin- 
drical!y fractured reaicn, *n trie vicinity of the 
intersecrfcn of the thr%s 5 ~ 7 %  shown in Figure 2,  
channels cot geothemal f l . 11~  ?ran deep w i t h i n  the 
basernem rock, ihrou5h t.Le ;:ntrAse nearly im- 
pemezsla overlying sha?t-riz.'l Mimentary se- 
quence, and fn to  ;he h$?her :eEeabili ty sand-shale 
sequenc? t h a t  comprises :no r:;trvoir. Euch of the 
hot f l ~ ! d  i s  shunted r3df'ly olitward as i t  r i ses  
w i t h i n  the reservoir. Tcs ;axheflal  cap prevents 
any c i  ::e hc: f l u i d  ? r x  rctcning the surface. He 
further ~ S ~ U X ?  that tnnrt i s  no fluid exchange 
across :ne 5o;ts.n o f  t?e reservoir (bottom of layer 
5) except the Centra i  c:nvec-,fri !nflux. Then the 
t s ta l  i n i ? o x  3 2 s ~  ra t? ,  gC, ms: be balanced by an 
equal net outdare f i o w  a t  c?.? seriphery of the Sub- 
region. 
reservoir less the enthaloy rJf the fluid leaving 
gust be balancsd by the surface heat flux in excess 
o f  the n o n a l  geothermal gratient. 

flow through the top boundary is modeled 
by heat sinks i n  zones indicated by x. 

A saries of MUSHRY calculations employing the 
g r f d  shown i n  Figur. 5 were carried out t o  investi-  
gate the effects o f  permeability d i s t r i b u t i o n  w o n  
the surface heat flux and subsurface temperature 
d i s t r i b u t i o n .  
ployed a formation porosity distribution which es- 
sentfalty duplfcated that shown i n  Figure 3, The 
corresponding horizontal formation permeabilities 
(kh) i n  each cornputatfonal ce l l  were calculated 
from the .3 - kh transform; the vertical  f C r m 3 t i O n  
permeability (kV) i n  oach compgtational ce l l  i n  
layers 2-5 was simply se t  equal t o  kh/3. Since 

the value of layer 1: c t s  as a geothemal 
calculated flow 

ve loop accom- 
kv = 10- md vas used there. 
pattern exhibited a large co 
panied by s temperature inversion i n  the reservoir. 
The convective loop i s  fed by two mechanisms (1) 
the rising hot f l u i d  from the convective source 
which flows outward a t  the top and ( 2 )  the i n f l u x  
of colder (and dznser) f l u i d  from the outsr bound- 
ary which f1o:~s inward a t  the bottom o f  the reser- 
Voir.  

In an early calculation, we em- 

f 

, 
The ?nthalpq, ci the fluid entering the 

This leads t o  
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In attempts to interrupt the large convective 
loop, we tried various assumptions regarding 
permeabilities (e.g., reducing both horizontal 
and vertical permeabilities, larger vertical 
permeability i n  layer 1 a t  radii outside the h o t  
spot to allow influx of cold water from top, i n -  
troduction of a hiqher vertical permeability i n  the 
axial ce l l s  to simulate the penetration of the 
highly fractured cylindrfcal region i n t o  the reser- 
voir) ,  and convective source (e.g., increasing its 
strength). These calculations demonstrated that kv 
must be drastically reduced to  diminish the im -  
portance of the convective lcop. I t  was found tha t  
a reduction i n  the vertical  forn.?tfon permeability 
to k, 4 0.3 -'O.S md was required'tqestablish 
the balance between conducffv? rncl cdnuective heat 
transport. In one simulation, '53 employed porosity 

Figure 3; vertical  permeability k was set equal t o  
0.5 md everywhere. F i  u r e  6 S ~ D W Y  the approximatfon 
to the steady-state sofut ion obtained. The calculat- 
ed temperatures and heat f l u x  a re  i n  good agreement 
w i t h  the data (.see Figure 31. 

I- 

and horizontal permeability <h corresponding t o  

.\ 
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Fig. 6. Calculated steady-state tenperature f ie ld .  
Simulated heat flow a t  surface i s  com- 
pared w i t h  values i n  axisymmetric model 
(Figure 3). 

I t  is appropriate to point out here the non- 
uniaueness of the model. 
describe a numjer of other s i m l a ~ o ~ u t i l i z i n g  
different porosity and kh  distributions which 
yield quite satisfactory agrepent  w i t h  the ob- 
served heat flow and ten:tratwo data. In the pre- 
sent case, however, thare is j s f f ic fen t  information 
available that the ranga ~i x+r_?eters t h a t  give an 
adequate solution i s  reassra>:/ ;imited. The con- 
clusicn that the effectfve '3Tation vertical  
perneaoiltiy i n  the Easz '%sa cydrothermal system 
i s  snali %Doears to ?e 01 fic yor;nd. This con- 
clusion i s  i n  a q r e m e x  v f z h  the ?ode1 proposed by 
Hoaglarid and Eiders [ i477] -5r the evolutton of the 
sys:m. Goyal and Kasszy (j?? Goyal [1978]) have 
neglecret vsrt ical  ?cmsz.oili-.y altogether i n  t he i r  
analytjcai smdies g f  :kg gs.::knal reservoir. 
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