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Abstract

" Earlier studies at Cerro Prieto by our group
at UCR have led to the development of a qualita=-
tive model for fluid flow in the geothermal system
before it was drilled and perturbed by production.
Our current efforts are directed towards numerical
wodelling of heat and mass traasfer 1n the system
" in this undisturbed state.

Our two-dimensional model assumes that the
heat source was a single basalt/gabbro intrusion
which provided heat to the system as it cooled.
After compiling various information on. the physi-
cal properties of the reservoir, we then calcula-
ted the enthalpy contained in two 1 em thick
sections across the reservoir orthogonal to each
other, Next we considered various shapes, sizes
and depths for the intrusion as initial condi-
tions and boundary conditions for the calculations
of heat transfer. A family of numerical models
which so far gives the best matches to the condi-
tions observed in the field today have in common '
a funnel-shaped intrusion with a top 4 km wide
emplaced at a depth of 5 km some 30,000 to 50,000
years ago. ‘

Our qualitative model postulated the exis-
tence of an inclined plume of hot geothermal water
rising from the northeast with an inclination of
45°, This inclination, if due to the effect of
regional groundwater, requires very high herizon-
tal permeability. We believe, therefore, the com-
ponent of horizontal flow is due largely to
locally low permeability in the shallow surface
rocks.

OQur numerical modelling is still in progress.
Although none of the models so far computed may be
a perfect match for the thermal history of the
reservoir, they all indicate that the intrusive
heat source is young, close and large. Perhaps if
nothing else, these models will stimulate-the
search for magma by geophysical means and possibly
in the future by deep drilling.

Introduction

The Geothermal Resources group at the Univer-
sity of California, Riverside (UCR),

has partici-
pated in the collaborative program of investiga-
tions of the Cerro Prieto geothermal field since
1977. 1During this time our emphasis has been upon
petrological and geochemical study of borehole
samples and surface emanations. .We have applied
the methods of hydrothermal mineralogy and petro-
logy, fluid inclusion geothermometry, stable iso-~
tope geochemistry,. vitrinite reflectance, fluid
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chemistry, fission track dating and interpretation
of wireline logs toward the understanding of this
hydsothermal system. Among the aims of our work
(1) to assist in making lithological corre-
lations between deep wells; (2) to improve the

. definition of the shape of the geothermal reser-

voir, as well as defining the nature of its boun-
daries; (3) to use a varilety of geothermometric and-
dating methods to determine the thermal history of
the field; (4) to determine various patterns of

" hydrothermal alteration which record the dynamics
~of fluid flow through the reservoir; and (5) to

discuss the location and nature of the heat sources
and how they couple with the geothermal system.

. These data are necessary input to modelling the

natural circulation in the system as it was before
exploitation. In turn such models are applicable
to exploration, to assessment, to development and
to reservoir management.

Highlights of Our Earlier Work

Earlier findings from our studies at UCR were
presented at the first three Symposia on Cerro
Prieto in 1978, 1979 and 1981. However these
publications dealt with only the first four of the
topics listed in the previous paragraph. For
example, at the First Symposium we reported on the
regular sequence of mineral zones which form in
response to increasing temperature within the
field™ and upon the use of oxygen and carbon iso-
topes to determine temperatures of equilibration
between minerals and brines“. At the Second
Symposium these ideas were expanded to use hydro-
thermal mineral zones to describe the shape and
boundaries of the geothermal zome> and to use
vitrinite reflectances to 2xplore relative dura-
tions of heating across it”. Similarly a compre-
hensive study of the discharge of hot springs and
other natural surfaceé emanations from the reservoir
was reported at that time”. .

At the Third Symposium the work of our group,
in collaboration with other investigators, was

~extended to embrace a qualitative but comprehen-

sive model of fluid flow for :he Ciirizprleto field :
before production began .7 This

model was based upon (a) the 1ocacion of the nat-
ural surface discharges in an arc west of the
£1el1d>,10; (b) the temperature gradients measured

in wells by the engineers of the Comision Federal

de Electricidad (CFE)13; (¢) the depths of the

-production zones in flowing wells reported by

CFEL3; (d) the depths to the first occurrence of
various hydrothermal mineral zones, especially
epidote and biotites; (e) isotope and fluid inclu-
(£) the relative_durations
of heating from vitrinite reflectances (g) the



locations of zones of high and low electrical
resistivity, based on downhole electrical logso{
(h) the location of intrusive dikes, in wells H2,
NL-1, T-366 and M~189, along the eastern margin of
the field®; (i) correlations with surface surveys
of DC electrical resistivity by the geophysics
group of Lawrence Berkeley Laboratory (LBL)LY4; and
(j) the results of newer step out wells drilled by
CFE.

Oﬁr Qualitative Flow Model

A key feature of this model -is that we divi-
ded the field into four divisions: (i) an area of
cold water recharge to the northeast; (ii) a zone
of upward flowing boiling water in the center;
(111) a region of surface discharge lying to the
west; and (iv) an aquifer in which flow of hot
water is primarily horizontal, which lies at the
extreme western boundary of the field (Figure 5 in
Reference 6). We further inferred that this pat-
tern was produced by hydrothermal convection in

vwhich a buoyant hydrothermal plume, dipping at 45°

to the northeast, discharges to the southwest.’
Mass flow is recharged by cold water from the

. northeast which descends and is heated by a deep
magmatic heat source in that direction (Figure 1l).

Simflarly our study of oxygen isotope data
and of subsurface temperature data indicated that
a reservoir volume of about 12 km3 has exchanged
its oxygen isotopes with water at temperatures
greater than 200°C7. Based upon the measured iso—
tope shifts between unreacted sediments and hydro~
thermally altered sediments, and upon the §l80 of
the waters, we calculated a water to rock mass
ratio of 1.33 or a volume ratio of approximately
3. . Thus 36 km3 of water hotter than 200°C reacted
with the 12 km3 of the so far explored reservoir,
.. causing the observed isotoplc exchanges7.

‘Our detailed studies of fission track amneal-
ing in detrital apatites in sandstones indicated
that the well T-366 on the eastern side of the

field went through the temperature range 160-180°C -

less than 10,000 years ago®, If this age can be
generalized to the whole reservoir, it implies
that the flux of >200°C water occurred in less
than 10,000 yearss. This in turn requires a flow
of more than 36 billion liters of water a year
through the whole reservoir in the natural state
for approximately 10,000 years. If this fluid was
flowing through a typical cross section of the
reservoir averaging 6 km? in area, then the aver-
age flow rate would be 6 m/year. Because we
believed that such a flow rate is similar to that
which we expected for the subsurface flow of
groundwater down the delta of the Colorado River

from its apex near Yuma, Arizona, to Cerro Prieto,-

we further suggested that the inclination of the
thermal plume, suggested in our model, was the
resultant of the regional hydrologic gradient and
“‘the buoyancy forces of the geothermal systeme.

_ We have since quantified this inference as
follows. In ovder to cause the resultant flow of

the thermal plume to be ‘inclined at 45°, the ver-

tical momentum of the buoyant plume and the hori-
zontal momentum of the cold river subflow must be
equal. Yuma lies 57 km to the northeast and 33 m
higher than the surface elevation of the Cerro

Prieto field. If we assume p, the density of cold
water, is 1.0 gm cm‘3, that u, the coefficient of
viscosity, is 0.0054 gm/cm (pure H,0 at 50°C and

200 bars), and that the delta has a uniform per-

meability, k, of 5x107'%cm2, we can calculate the
velocity of the horizontal Darcy flow as

= ok (2 o 22
v k() g5
= 5.25x10"8cm/sec = 1.66 cm/year.

‘Thus the average time for such water to traverse a

2 km horizontal distance would be about 12,000
years with this topographic gradient and permea-
bility. If we assume the mean density of the
hydrothermal water to be 0.7 gm cu® (p at 300°C
with saturation pressure of 86 bars), for the hori-
zontal velocity of the cold water given above, the
vertical velocity of the thermal water must be
7.5x10-8cm/sec (2.4 cm/year), an order of magnitude
less than the velocity we estimated from our iso-
topic exchange and fission track amnealing study.
As we shall indicate later, it now seems unlikely

" to us that the indication of the thermal plume is

caused solely by the interaction of the vertically
flowing hot water and the horizontally flowing
regional groundwater, as this requires the high
horizoutal permeability to persist at depth.

The Magma-Hydrothermal System

- Our rough estimates of the heat stored in that
part of thils geothermal reservoir hotter than
200°C, down to a depth of 3 km, show that it is
equivalent to the enthalpy contained in at least
several of cubic kilometers of molten basalt. For
such a large amount of heat to be transferred into
the sediments in 10,000 years by convection also
requires that the source of heat is both large and .
close. Therefore, the Cerro Prieto geothermal
field should be considered as an active magma
hydrothermal system.

Although the nearby Quaternary volcano of
Cerro Prieto is a rhyodacite domel3, we believe
there are two compelling reasons for assuming that
the heat source for the field is basaltic intru- .
sions. Firstly, the dikes encountered in deep
boreholes are largely diabasesb. Secondly, in
this tectonic setting of. crustal spreading associa-
ted with "leaky" trausform faults of. the San
Andreas fault - Gulf of California system, basalt
intrusions are likely.

Ten years ago we postulated that this thermal
anomaly lies in a "pull-apart basin" between the
Cerro Prieto and Imperial faultsi®. 1If these
faults move at rates comparable to the plate-edge

- deformations measured at the mouth of the Gulf of

California, they have a spreading rate of about

5 cm/year implying a pull-apart rate of 10 cm/year
for the "basin" or spreading ceaterl®. If the
"basin" elongates in this way, it extends 1 km
each 10,000 years. As the distance from the Cerro
Prieto fault to the Imperial fault is about 15 km,
this requires addition of a prism of new crust 1
km wide, 15 km long and up to 20 km deep (the
approximate Moho depth) each 10,000 years. Suppose
that this new crust is supplied from below by
basalt magma from the mantle and from above by ..
deltaic sediments of the Colorado River. A section
of this prism only 3 km long and 1 km deep would



contain about the same amount of heat as 12 km¥ of
the Cerro Prieto reservoir. .

Médelling Heat and Mass Transfer

The prime criterion for successful calcula-
tions of the heat and mass transfer in the Cerro
Prieto magma-hydrothermal system is that the -
obsexved conditions of temperature, pressure and
the subsurface thermal energy in storage are repli-
cated by our numerical analog models. Although
the processes of heat and mass transfer in the

"earth's crust are irreversible processes and thus
path dependent, constraints on the nature of the
deep subsurface heat source and rock permedbility
can be made using simplifying approximations and
making models which match the observed thermal
regime in that part of the system so far explored
by drilling.. For computational simplicity we have
restricted our calculations to two dimensionms.

Our method is to critically evaluate: (1)
the subsurface thermal energy in the Cerro Prieto
field; and (2) thus to infer the possible nature
of the magmatilc heat source and the deep subsur-
face permeability that can replicate the observed
distribution of temperature and pressure in the
part of the system so far drilled.

Thermal Energy of the Cerro Prieto Geothermal Sys-
tem

Because we are interested in modelling the
heat in storage before wells were drilled and pro-
duction began, and because subjective decisions
nust commonly be made to infer equilibrium temper-
atures from downhole temperature logs, we have
chosen to construct subsurface. isotherms based on
our isotopic data, using the calcite-water oxygen
isotope geothermometer, and assuming fluid ia the
reservoir is isotopically well-mixed (Figure 27
Utilizing oxygen isotope temperatures for two
approximately orthogonal cross-sections of the
geothermal system presented in Figures 3 and 4
permits calculations of the thermal energy in the
rock and fluid. The cross-sections are construc-
ted for a SW to NE direction (CERROl, Figure 3)
~ and a SSE to NNW direction (CERRO2, Figure 4).

Thus the first section (in Figure 3) is parallel
‘to the horizontal component of the thermal plume
and the second (in Figure 4) is perpendicular to
the horizontal component of flow.

The total thermal energy of the Cerro Prieto
geothermal field can be approximated by the
following equation:

o v -
En (wrpfuf + (1-¢.] o H )dv
where ¢T = total porosity
f = fluid density, gm/cm3
f
Pr

fluid enthalpy, cal/cm
rock density, gm/cm3
rock enthalpy, cal/em

H
by

Our thermal energy calculations for Cerro Prieto
are normalized to. 1 cm? of rock and fluid-filled
pores where :

~ 0
'Fluid energy = Grpﬂzo (HHZO,T,P HHZO,TO,PC)
Rock energy = (l—QT)pr c. (1-Tp)

Pr

. from drillhole and geophysical datal

- capacity range from .238 to .284 cal/em®C.
 tered samples at less than 300°C ranged from .204

Total edérgf = Fluid energy + Rock energy’
. e

10,90 Pr

assuming Cp is constant wi:h a time and volume

-O-I’a
Be,r,2.~ Bp, 10 p0 dr,

averaged Cp . The calculated energy values appro-
ximate the total anomalous thermal energy refer-
enced to a background geothermal gradient of

25° C/km for each grid point.

‘The two orthogonal cross-sections (Figures 3
and 4) through the Cerro Prieto geothermal field
utilize a 15 x 20 grid covering a lateral distance
of 7 km and a vertical depth of 2 km. The tem-
peratures from the oxygen isotope and other geo-
chemical datab»7 were input to a program which
retrieves fluid properties. Thermodynamic data
for H,0 are calculated using saturation pressures
for the temperature valuesl/, 18,

Values for porosity have been agproximated

Similarly
we chose values of the heat capacity for rock as a
function of temperature and rock compositionm, using,
published heat capacity data?0,

Rock Density and Porosity

An average grain density value was computed
using a typical sand composition from Cerre Prieto
drillhole cuttings, and mineral density values from
reference 21, Both altered and unaltered grain
densities averaged 2.7 gm/cm3 which shows the
dominance of quartz and feldspar in the sand compo-
sition.

Measured values for porosity of cores as a
function of depth were reported for several drill-
holes at Cerro Prieto These values range from
5% to 40Z between surface and 2 km depth. Using
the porosity-depth trends in wells M-96 and M-127
reported in reference 19, a grid of porosity values
was determined for the cross-sections in Figures 3

"and 4.

Heat Capacity

Heat capacity of rocks varies with mineralogy
and temperature. For the Cerro Prieto geothermal
field an average composition of Colorado River
delta sand was used to compute heat capacity of the
sands at different temperatures. Heat capacities
were computed for both altered and unaltered sam~
ples. For a 300°C sample, variations of heat
Unal-

to .24. We used an average value of .25 cal/gm°C
as an acceptable approximation, based on these

calculations.

It is evident in Figures 3 and 4 that the
topology of the thermal energy sections is strongly
controlled by the isotherms. The maximum energy
in the fluid phase is about 55 cal/cm'3, which
represents about a third of the total thermal
energy in the system at porosities of 30Z. The
effect of decreasing fluid density opposes the

effect of increasing standard molal heat capacity



of water with increasing temperatures at low pres-
. sures. Thus the thermal energy of the fluid de-
. creases with increasing temperature at 345°C.

Geologic Characteristics.Used in the Numerical
Analog Models .

Our preliminary calculations of heat and mass
transfer presented below were designed to approxi-
mate a geologic cross-section 16 km long and 10 km
deep along an approximate NW~SE section through
the geothermal field, east of the Cerro Prieto
fault. This numerical section was chosen to be
parallel to the regional tensional stresses and
perpendicular to the numerous dip slip faults
within and near the production zone. Because this
section is nearly perpendicular to the assumed
regional groundwater flow in the delta, complica-
tions of this hydrologic gradient are minimized
for these preliminary calculations. As is seen in
Figure 4, the pattern of isotherms in this cross-
section 1s approximately bilaterally symmetrical.

The observed and inferred stratigraphy,
structure and temperature distributions for this
cross-section are summarized In Figure 5. Note
that the high angle normal faults are centered
about the shallow subsurface thermal anomaly, and
that these faults apparently offset the postulated
three major geologic units. These are Unit A
(unconsolidated sediments), Unit B (consolidated
sediments), and granite basement, as defined b
De la Pena gg_g;.zz and Lyons and Van de Kampl .

" The location of the basement is based upon the
work of Fonseca and Razo and the seismic base-
ment is after that shown by Prian24. The 300°C .
isotherm is locally within 2 km from the surface.
It can be inferred from Figure 5 that at 2.5 km

depth this isotherm extends over a cross-sectional’

distance of about .4 km or more.

Preliminary Numerical Analysis

For ease of calculation we have limited the
calculations to two dimensions and assumed that
the heat source was emplaced as a single event.’

In order to rapidly and .inexpensively evalu-
ate the nature of possible magmatic heat sources
and the subsurface permeability distribution, the
numerical section was divided into only forty
internal grid points. Each point represents the
volume averaged thermodynamic and transport pro-
perties of a representative elementary volume of
rock and fluid 0.001 km thick and either 2 x 2
km or 1 x 1 km in area. Calculations are made
-using the computer program FLOWSl and the graphics
support developed by Norton and Knight at the
University of Arizona23, All boundary conditions
-were chosen to be conductive to heat transfer with
various combinations of open or closed. boundaries
‘to fluid flow. The surface temperature is 20°C
and the initial regional temperature gradient is
25°C per kilometer.

Nature of the Heat Source

The calculations presented below evaluate the

-the Cerro Prieto reservoir.

effects of various permeability distributions in
the upper 10 km of the earth's crust on the disper-
sion of thermal energy from a tholeiitic basaltic
maguma intrusion whose dimensions are arbitrarily
chosen, The initial temperature of the intrusion
is 1150°C which crystallizes during a temperature
drop of about 100 to 150°C to release about 100 -
cal/gm due to the heat of crystallization2l,26,

For a time and volume averaged heat capacity of a
gabbro of 0.25 cal/gm°C the intrusion will release
about 330 cal/gm to cool to an average ambient
temperature of 220°C. We can then vary the dimen-
sions and locations of the intrusion and observe

- the propagation of heat into the Cerro Prieto re-

servoir at.successive time steps.

Initially we calculated the cooling history of
vertical diabase dikes intruding the sediments at
various levels. This analysis showed that however
the -dikes cooled, by conduction, or. by both con-
duction and convection, such dikes rapidly lose
most of their heat by horizontal conduction. Even

. a dike 1 km thick would contain too little enthalpy

and would cool too fast to be the heat source for
This led us to con-~
sider larger basalt intrusions in close proximity.
To give rise to the heat comntained in the cross-
section ‘across Cerro Prieto, we need an intrusion
which is at least 4 km by 4 km in cross-section
and emplaced no deeper than 6 km. This assumption
is consistent with the heat requirad to provide the
heat in storage in the drilled section of the geo-
thermal field. The total energy of the 4 km by 4
km by 1 em thick cross-section of the pluton is

about 4x1013 calories (Figure 6A).

The maximum temperatures in the numerical
cross~section that result from the conductive

‘cooling of this type of intrusion (thermal conduc-

tivity = 6x10~3 cal/°C) are shown in Figure 6B.
Note that the 300°C isotherm progresses <2 km

. above the intrusion which is >4 km from the sur-

face. The effects of convection on the thermal
energy transfer from this intrusion are given
below.

Maximum Temperatures with Convection

The effects of permeability with an open top
boundary (i.e., no caprock) on the maximum temper-
ature distributions for four different models are
shown in Figures 7A and 7B for each model. The
permeability structure representative of 2 km by
2 km representative elementary volumes (REV's) over
the 16 km by 10 km numerical cross-section are
given. The distribution of permeability reflects

‘the general structural characteristics given in
-Figure 5. The volume averaged permeability of the

2 km by 2 km REV's are: Unit A, k = 107 '%m?;
Unit B, k = 10" !lem?; and the gramitic basement,

k = 107}2¢m2. High angle normal faults assoclated
with the subsurface thermal energy anomaly.are

- represented by higher permeabilities shown in
‘Figures 7A and 7B.
_of 107!3 to 107!2cm? begin to be realized at a

Permeabilities of the intrusion

fracture temperature of 1000°C in the crystallizsd
basalt or gabbro (after Norton and Taylor, 1978)2°.
Note that the intrusious in aumerical models CPPl
and CPP2 have permeabilitiles of 10~!3cm?, but in
models CPP3 and CPP4 the top half of the intrusion



has a permeability of 107!2cm2,

The permeabilities of the host rocks lateral
to the intrusion are equivalent for all models
with the exception of CPP3, where higher permea-
bilities are assigned to the host rocks near the
base of the.cross-section. Similarly, the permea-
bility structure above the intrusion is the same
for all the sections illustrated in Figure 7 with
the exception of CPP2 where higher permeabilities
were chosen.

The maximum temperatures throughout the num-~
erical domain as a result of cooling the same
intrusion with the four different permeability
structures are also illustrated in Figure 7.

Note that none of the models replicate exactly the
observed subsurface temperatures observed in the
Cerro Prieto geothermal system. Nevertheless
these calculations do give somewhat similar re-
sults to ‘the actual subsurface conditions of the
present thermal energy anomaly at Cerro Prieto. -

Effects of permeability variations directly
above the intrusion can be seen in comparing
models CPPl and CPP2. Because the permeability
within and lateral to the intrusion are equivalent
in these models, the flux of thermal energy
through the top of the intrusions is approximately
the same for both CPP1 and CPP2. As a consequence
of the higher permeabilities of CPP2 the thermal
energy flux through the top of the intrusion is
rapidly dispersed. Note that the 300°C isotherm
in CPP2 progresses only ~1.5 km above the intru-
sion, which is less than that observed for the
conductive cooling (Figure 6). In CPPl, which has
lower permeabilities, the 300°C isotherm advances
about 2.2 km above the intrusion. It {is apparent
from these calculations that the permeabilities
within and lateral to the intrusion need to be
known if this 4x1013 calorie energy source is to
replicate the observed temperature distribution at
Cerro Prieto.

The consequences of increasing the permea-
bility within and lateral to the intrusion are
shown in Figure 7 by comparing the results of CPP3
and CPP4 with CPPl. 1In all three of these models
the permeability structure above ‘the intrusion is
the same. Note in CPP3 that the 300°C isotherm
advances 3.3 km above the intrusion to within
about’ 2.7 km of the surface. This 300°C isotherm
is <3 km wide at its highest point and thus the
model does not provide the necessary thermal
energy transfer to the shallow subsurface as re-
quired by observations from drillholes at Cerro
Prieto. It is apparent in these numerical approx-
imations that the permeabilities within and lat-

“eral to the intrusive heat source are critical to
the style of thermal energy transport in these
magma-hydrothermal systems.

. Calculated temperatures at depths of 1, 2,
and 3 km from the surface directly above the
intrusive heat source are given in Figure 8 as a °
function of time after the intrusiom. In all four
models the intrusion cools below 1000°C and frac-
" tures to give the assigned permeability at
~70,000 + 5,000 years. Maximum rates of change of
temperatures in the upper 3 km of the earth's
crust above these Iintrusions occurs just after the

.

. to CPP4 models.

fracturing of the intrusion. Maximum temperatures
in the shallow subsurface occur within 10,000 to
20,000 years after the intrusion cools to <1000°C
(Figure 8). Note that temperatures >275°C at 3 km
depth in CPPl, CPP3, and CPP4 occur for times of
<10,000 years after fracturing of the pluton.

It is apparent from these preliminary calcula-
tions that the observed thermal anomaly at Cerro
Prieto cannot be explained exactly by a cross-
sectional energy source of 4x1013 calories at 6 to

.10 km deep, with reasonable permeability structures

in the upper 10 km of the earth's crust with the
boundary conditions shown in Figure 4. Increasing
the permeability of the intrusion and the adjacent
host rocks will increase the thermal energy trans-
fer to the shallow subsurface, but values larger
than that shown in CPP3 (Figure 7) are not justi-
fiable26, Consequently, for the boundary condi-
tions chosen the ultimate energy source for the
Cerro Prieto geothermal system must be >4x10}3

~ calories. We have therefore considered a larger

heat source in the numerical model presented below,
and also considered the effects of the depth of the
heat’ source and of a closed -top ‘boundary.

Revised Numerical Models

In view of the results presented above, an,
expanded numerical cross-section was employed to
evaluate the consequences of depth to a larger
heat source. These models have 80 intermal grid
points, each denoting a representative elemental
volume of 1 km by 1 km-x 0.001 km. Three different
heat sources emplaced at different depths from the
surface are considered. The permeability struc-—
tures chosen are given in Figures 9, 10 and 1l.
Note that it has been modified relative to the CPPL
Unit A has a permeability of
10"!lcm? and for Unit B k = 5x107!2cm?, Also a
higher permeability for the geothermal reservoir of
10-19 was chosen. Other than these differences
the general permeability structure is similar to
the earlier models. An important difference in
these models is in the top boundary condition which
is chosen as a no-flow boundary (see Figures 9, 10
and 11). : C

It is apparent from the calculated isotherms
given in Figures 9, 10 and 11 that the closed top
boundary condition results in a very wide dispersal
of heat in' the upper 2 to 3 km of the numerical

sections. The temperature gradient reversals in

the upper 3 km are a consequence of the lateral
migration of fluids due to the impermeable top
boundary and mass recharge by cold groundwater at
depths of 2.5 to 3 km.” Because heat can only be

" transferred by conduction through the top boundary,

high temperatures occur in the shallow subsurface
over a very large portion of the cross-section.

For example, the 200°C isotherm extends for >10 km
in width-at <1 km deep in the three models shown in
Figures 9, 10 and 11 at 100,000 years after the .
intrusion. The width of the 300°C isotherm is also
instructive. Its maximum width in the upper 3 km
is >4,5 km as opposed to the 3 km actually observed
at Cerro Prieto. It would appear therefore that
the heat source must be smaller or deeper than that
represented in models CPP5, CPP6 and CPP7.



Whereas Figures 9, 10 and 11 (models CPPS5, .
CPP6 and CPP7) depict three different sizes of the
heat source for impermeable surface boundary con-
ditions, models CP41, CP42 and CP43 depict more
realistic shapes for a gabbro/basalr ingrusion
which commorly are funnel-shaped 26,27,2 The
plutons in Figures 12, 13 and 14 are smaller than
those in the Figures 9, 10 and 11l. The boundary -
condition also differs in that the surface is open
to fluid flow. The numerical cross-section of CP42
has a low permeability surface zone of 0.1 md above
the intrusion. As can be seen from these Figures,
these boundary conditions give a closer approxi- .
mation between temperatures calculated for the
model and the observed temperatures in the down- -
hole logs. In all three cases the width of the
thermal plume is approximately correct after
30,000 years have élapsed. The low permeability
zone above the intrusion in model CP4l, which acts
as a leaky caprock, gives a thermal plume of ap-
proximately the correct width and rise time.
However, the model CP43 (Figure 14) which has an
impermeable caprock, seems to give an even better:
fie.

We are currently evaluating the transport
and thermodynamic characteristics of various other
models in order to improve our predictive esti-
-mates of the nature and location of the heat
source and how it relates -to the Cerro Prieto
magma-hydrothermal system. Models with a 500 m
grid spacing will help -give a higher degree of
resolution. Similarly models including horizontal
regional groundwater flow are in progress.

Conclusions

The very high temperatures at shallow depth
in the Cerro Prieto geothermal field suggest that
there should be a heat source which 1s a young,
large, nearby igneous intrusion. Our preferred
model at present is that it is a funnel-shaped
gabbro intrusion, probably 30,000 to 50,000 years
old, some 4 km across at a depth of 5 km. Above
it there is probably a2 sheeted dike complex &s is
typical of ophiolite complexes in ocean spreading
centers28,29. Our numerical models for simplicity
assumed that there was a single intrusive event
which is now cooling. 1If, as is likely in a tec-
tonic setting of crustal spreading, there have
been repeated incursions of magma for a.long
period, then the intrusion must be even larger and
older. Whatever its form, the existence of the
igneous intrusion seems to us to be inevitable.

- It should be detectable geophysically and perhaps
in the future may be found to be accessible by
deep drilling. Perhaps before the next century it
.will be found to be a viable energy source.
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