o Rift

:; with anomalous surface heat flow.
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;gyebhave compiled detailed geophysical,
hydraulic . and -geochemical  data . from
numerous - major liquid-dominated geo-
thermal fields in order to develop a

- generalized hydrodynamic and = geo-
chemical model for typical  geothermal
systems which are found ‘in sediment-v
filled rift valleys.’

The location of these geothermal
‘fields is determined by their tectonic
framework and"associated structures
like ~spreading ' ridges,’
zones, and continental rifts. This
study is dominated by the extensive
data available on moderate to high
temperature geothermal ‘fields which

‘r are typically found w1thin continental

rifts or“ where ooeanic spreading

ridges extend onto the continent. Rep-

resentative examples of this common '

o type of. geothermal systens - are the
East uesaﬁ, Salton Sea?’(both USA),
Cerro Prietof/ (Mexioo),‘ and Olkaria
‘ field (Kenya).» ; :

i'valleyiassooiated . geothermal
fields are usually located in regions

The |
geothermal fields of the Imperial Val-‘
f ley ‘have a surface heat . flow above 200.
mW/m2 (Lachenbruoh et al., 1985). This

systems. The upper extreme is found in
high temperature systems like that at
Salton Sea where the. local heat flow
exceeds 2500 mW/m? (Newmark et al.,
1986) .

Thekpattern of the geothermal-gradient

. varies considerably within each field,

subduction '

depending on the location of the con-

vective or conductive heat flow zones.

The maximum of the near surface
geothermalﬁ gradient ' is commonly be-
tween 0.83 %C/m (Salton Sea; Newmark
et al., 1988) and 0.18 °Cc/m (East
Mesa; Combs, 1971). Laterally within
one field,‘the near surface gradient

can vary wigdely.

aNewmark et al., 1988 report, for exam-

a rise of the shallow geothermal
{(0.09

Ple,
gradient' from near regional

"°C/m) o an extreme value of 0.83 °c/m
'laterally ~over 2.5 "km  across

the

AASalton Sea geothermal field.

"highly variable,

Within the thermal cap ‘above geother-
the gradient 'is also

“for ‘example, from
about: an average value of 0.38 S¢c/m

mal. reservoirs,

:.for the Salton Sea (Elders and- Cohen,

e 1983) -

to - 0. 14 ‘°C/m for the Heber :

"1:geotherma1 field.,v

Below the cap’ in the reservoir, repre-

'~'sentative gradients of the Cerro Pri-
- ‘eto-or Salton Sea geothermal field are

flux is similar to those reported from N

other fields and approximates a lower
limit to surface heat flow of these

-89-

0.08 to 0.1 °c/m and in the Heber

geothermal field with 0.015 ©c/m

(Lippmann and Bodvarsson, 1985).




A relatively high geothermal gradient
for a reservoir with mocderate tempera-
tures is 0.06 °C/m within the East
Mesa geothermal field (Elders and Co-
hen, 1983). The ranges indicate
clearly that hydrothermal systems with
high maximum reservoir temperatures,
like the Cerro Prieto and Salton Sea

geothermal fields, have also the high-

est temperature gradients in the three
thermal 2zones. The pertinent depth
range for these temperature gradients
depends mainly on the variability of
the reservoir geometry from field to
field, as discussed next.

RVOIR GEOMETRY

Rift valley-associated
fields can be best described litholog-
ically by three or four different
depth zones: over-laying sediments,
caprock, reservoir and basement.

The caprock is commonly of sandstone
with interbedded shales and extends
down to a minimum of 350 m in the
Salton Sea field (Randall, 1974) to a
maximum of approximately 2,500 m in
the Cerro Prieto field (Elders, 1979).
However, an average thickness of 500
to 700 m (within the Dunes, East Mesa,
Heber and Salton Sea geothermal field)
seems to be more representative.

The thickness of the reservoir ranges
typically from 600 to 2,500 m. Fluid
flow 1is restricted below 3,000 to
3,500 m depth due to the increasing
influence of the porosity-reducing
alteration of the upper  greenschist
facies in the hotter, deeper rocks. In
this kind of reservoir, the production
interval is typically in the 600 to
1,800 m depth range and reflects the
relative large permeability in the up-

geothermal

per and middle part of reservoirs.
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Surface evidence ‘like hot springs,
fumeroles, and sinter terraces, or
data on contours of reservoir tempera-
tures indicate typical areas of 25 to
55 km? and an area of approximately 35
km? seems to be representative (e.g.
Olkaria; Grant and Whittome, 1981).
However, resistivity measurements sug-
gest that geothermal systems are
larger, such as in the Olkaria field
(Kenya) field with an approximate area
of 80 to 100 km? (Grant and Whittome,
1981). Similar uncertainties affect
estimates of reservoir volumes or cal-
culations using data from Lippmann and
Bodvarsson (1985), and Salveson and
Cooper (1981). The approximation indi-
cates that the Heber field near 35 km3
is one of the smaller reservoirs. Max-
imum volumes of larger geothermal sys-
tems, like the Salton Sea system have

a range of 70 to 100 km3.

N OF G ‘S S IN R
VALLEYS |

Both maximum reservoir temperature and
the characteristic variation in salin-
ities are plotted in Fig. 1. Included
are salinities from six different
fields in sediments in comparison to
salinities from ten geothermal fields
located in a volcanic dominated rift-
valley (Taupo zone, New Zealand). A
representative range for total dis-
solved solids in the sediment domi-
nated type is 4,000 ppm (East Mesa;
Hoagland,1976) to 270,000 ppm (Salton
Sea; Elders and Cohen, 1983). The"
deep, hypersaline brines within some
of' these systems are mainly the prod-
uct of downward percolation and par-.
tial evaporation of lake or groundwa-
ter (Rex, 1985). The large variability
within high and low temperature reser-
voirs is illustrated by the Salton Sea



(T.D.S.: 50,000-270,000 ppm) and East
Mesa systems (T.D.S.: 1,500~24,000)
(Mc Kibben et al, 1988; Coplen, 1975).

180 220 260 300

340 380

50000 }
100000 +
150000 +

200000 +

T.D.8. [ppmj

Figure 1: ®m sediment-associated fields
. .0.volcanic dominated fields

This range is considerable larger than
that within theffields_of the Taupo
zone (data from Ellis, 1979),
total ' dissolved ‘soiids' are
10,000 ppm. .

where

RO RI S

able Poros s
nggtion‘ . - Porositg (%)
Sea ' '
1. Base of Caprock 15 - 20
2. Upper Reservoir ~ 30
3. Lower Reservoir 19
4. Lower Reservoir 11
5. Reservoir Average 14
Cerro Prieto System
6. Near surface 40
7. 2,000 m Deep 5
8. Reservoir Average 10
Heber Field
9. Caprock 15 - 30
10.: Lower. Reservoir 10
East Mesa Field
11. Caprock. 33
12. Reservoir Average 23
Source
1. Mc Dowell and Elders, (1980)
2. . Schroeder et al., (1976)
3.-5.. . Calculated here from McDowell
. and Elders, (1980), Tewhey,
. (1976) and others.
6.-7.  Lyons and van de Kamp, (1980)
8.4 . Elders et al., (1982)
9.~10. Ershaghi and Abdassah, (1983)

- 11.-12 Calculated here from well logs

belowin

:‘:f;indioate

'For the evaluation of reservoir behav-

ior,
porosity as it varies with depth. This

~ exercise is complex because of the éf;V‘“V~

we must approximate the rock .

in Pearson, (1976)

‘ siQnificantly in wells deeper than

1, 400 m.
Data in Table 1 and f£rom other fields
“that reservoir porosities

vary usually between 40 and 3.%.

7?»EEBM§ABILII! BELATIQNS i

fects on pore space of alteration re- ;fk

_actions and various dissolution and_;ﬁf
‘,{precxpltation processes.
" tive data: on some geothermal fieldsfg*

‘are given in Table 1.

" fThese values are‘ only estimations.’i"
_Note that of all samples with a poros-f?

1ty near 5 %, their number increases

S99

Representaéﬂft

'Few permeability data or estimates are
ﬁpublished for these geothermal fields.
QwPermeability increases are quite com~ -
Loomon: due to fraoturing in, the lowere?
:;_reservoir zones and are reported from -
-~ several fields.
‘measured well’ permeabilities are ap-
Eiproximately five to ten times ‘higher

In fractured zones,‘

than in measurements on cores.




Table 2 Reservoir Permeabilities

Lgégtion Permeabilities (md)
Salton Sea System  horiz.  vert.
1. Upper Reservoir ~500 -—
Sandstones -
2. Reservoir Shales ——- 0.1-1.0
3. Reservoir 100-500 ——
East Mesa Field
4. Average 170 45
Source

1. Schroeder et al., {1976}

2. Morse and Thorsen, (1978)

3. Morse and thorsen, (1978)

4. Calculated here from wire log data
" in Pearson, (1976)

own calculations (Table 2) based on
well logs from East Mesa (Pearson,
1976) seem to be consistent with pub-
lished permeabilities from core and
well tests.

Similar permeabilities reported from
other fields, 1like Cerro Prieto and
Heber (Lippmann and Bodvarsson, 1985;
Elders et al., 1984), fall also in a
range between 600 to 50 md horizontal
permeability and 100 to 0.1 md verti-
cal permeability,
this hydrothermal environment.

representative of

AN ROSITY:
S YD E
S

S LD

ON ON

Detailed porosity and permeability
data, derived from well logs and core
logs (Pearson, 1976) are shown in Fig.
2, 3 and 4. They represent averaged
intervals of 250 m (820 ft.) and
combined porosity and permeability
values from eight geothermal wells
from East Mesa and four nearby non-
thermal wells.

The caprock, 610-762 m thick (2,000 -
2,500 ft) is mainly unconsolidated

sediments, which extend to a depth df

.848 m (2,780 ft) (Coplen, 1976).

The relatively large porosities and
permeabilities of <the caprock show

10000 }

OEPTH [ ft 3

12000

Figure 2: ® hydrothermal wells
= non-thermal nearby wells
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Figure 3: ® hydrothermal wells
- non-thermal nearby wells
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Figure 4: ® hydrothermal wells
- non-thermal nearby wells

that it is relative permeable. Lower
permeability and intensely cemented

permeabilities of about 100 to 150 md,
which would allow significant/ flow
along fractures, was mainly found in
deeper parts'of the reservoir (Howard
et al., 1978)

The ' general oscillatory decrease of
these parameters with increaszng depth
may be a result, either of the initial
shale content or more thoroughly ce-
mented zones as reported by Hoagland,
(1976) .

W ONS

There is a large variation in surface
discharge of this type of geothermal

- systems. The maximum, in the Cerro
Prieto "~ field is 5 x 106 m3/y
- (Truesdell et " al., 1984). Moderate

temperature systems, like the West-~

‘moreland or Dunes fields, usually show
‘no surface discharge.

A specific flow of 3.6 x 10° m3/y

‘through the Cerro Prieto reservoir

sandstones occur first at a depth near .

640 m (2,100 ft) Hoagland (1976).
‘The initial porosity of the rock sec~
_tion (Fig. 2) varies over 30 ‘and’ 38%

and indicates no significant decreasej

. due to compaction within ‘the upper
1 800 m (5 900 £t).

"are significantly reduced compared - to
“the initial rock values.

. cementation, which decrease the perme-

: 2-4 show. that in the reservoirr
';(about eoo-z 340 m (2, ooo-7 700 ft)),
the average porosity and permeability'

(Truesdell et al., 1984) is apparently

ca maximum rate.

Calculations for the low temperature
reservoir of East Mesa (Kassoy, 1975)

‘and the high temperature reservoir of

' the Cerro Prieto field show that the

L0.6.:m/Y,
'gfsentative of other fields of this

'L]type.

; This trend A
' reflects the increased alteration and

: ability even at: moderate geothermal :

temperatures. - The vertical
‘ability. (Fig. '3)

,reservoirltoeabout 15 md near 99o.m

(3,250 f£t) limiting. major‘fluid‘trans-.ﬁ
".port below . ‘this depth to horizontal g

flow or flow along fractures. However,
significant fracturing with resulting

perme-?
drops within “the .

}1980).

specific discharge is approximately
an order of magnitude repre-

The surface discharge can change

quickly. "For example the present dis~

'charge of the ‘Salton Sea field 3.9 x

104 3/y was considerably larger in
the last century (Muffler and White,
There are strong indications,
that the fluid flow within the Cerro’

;Prieto reservoir changed significantly
_over - time
_;(approx.;
fields. ﬁcKibben et al.,

relative  young.
110,000  years)
(1988) demon=-
Salton Sea

_in this
16,000 - to

strate that now the

95




geothermal field is characterized by a
dynémic flow stage during which hot
fluid rises 'along highly permeable
zones from the deep recharge aquifers
to the upper reservoir. The brine res-
idence time of 102 to 103 y, (Z2ukin et
al., 1987) reflects the present rapid
flow.

Similar flow and time relationships
may be indicated by the temperatﬁre
development of the Cerro Prieto reser-
voir where around 10,000 y have been
necessary to reach reservoir tem-
peratures of 160 to 200 °C (Elders et
al., 1984). However, the extreme high
temperatures of 350 to 370 ¢ were
probably reached in a considerably
shorter period. The apparently major
variation in flow rates of a reservoir
occurs over intervals short in compar-
ison to the life of a geothermal sys-
tem. For the well documented Wairakei
system,' Ellis (1979) deduced the
static or minimum flow stage lasted
10% to 10° Yy and the dynamic stage
for 10% to 102 y representing general
intervals types of
geothermal systems.

for various
In Fig. 5 is a generalized cross sec-
tion through a geothermal system in a
sediment~-filled rift valley (across
the principal flow direction) includ-
ing typical values of some parameters.

This research-was supported
by the Gas Research Insti-

tute under contract no.
5088-260-1746.

REFERENCES

Combs, J., (1971), "Heat flow and

geothermal resource estimates for the
Imperial Valley," in, Cooperative geo-
logical-geophysical-geochemical inves-
tigations of geothermal resources in

SILICA or CARBONATE
.| sus
GEOTHERMAL -~ FUMEROLES
_AREA:x00km? -l LITHOLOGICAL
HOT SPRING 'sym
Yeaprock oo —F3E T == = J"GROUND-
and SILL : /L WATER.
(400-1000m) ) ~—\, _/ TeBLE
- X ~ N €
HYDROTHERMAL - g _is0%
RESERVOIR < , CONTOUR
(800-2500m) 200-370°C /] ’
T0S:  \
: [xP00-212000
BASEMENT PP
10 ~20km
| HEAT SOURCE I
Figure 5: Generalized cross section

‘through a geothermal system
across the principal flow
direction.

the Imperial Valley area of Califor-
nia: Final report (FY. 1971), Contr.

No. 14-06-300-2194, U.S. Bureau of
Reclamation, p. 5-28.
Coplen, T.B., (1976), "Cooperative

geochemical resource assessment of the
Mesa geothermal system, " Final Report
U.S. Bureau of Reclamation, Contr. No.
14-06-300-2479, p. 97.

Elders, W. A., and L. H. Cohen,
(1983), "The Salton Sea geothermal
field, cCalifornia, as a near-field

natural analog of a radiocactive waste
repository in salt"%, UCR/IGPP-83/10,
Institute of Geophysics and Planetary
Physics, University of California,
Riverside, Ca., 139 p.

Elders, W.A., (1979), "The geological
background of the geothermal fields of
the Salton Trough, "Geology and geo-
thermics of the Salton Trough, W.A.
Elders, ed., Campus Museum Contribu-
tion, No. 5, University of California,
Riverside, Ca., p. 1-19.

Elders, W.A., D.K. Bird, A.E.,
Williams, P. Schiffmann, and B. Cox,
(1982), "A model of the heat source of
the Cerro Prieto magma hydrothermal
system, Baja California, Mexico," Pro-
ceeding of the Fourth Symposium on the
Cerro Prieto geothermal field, Vol. 1, -
p. 265-284. :

Elders, W.A., D.K. Bird, - A.E.,
Williams, and P. Schiffmann, (1984),
"Hydrothermal flow regime and magmatic
heat source of the Cerro Prieto
geothermal  system, Baja California,
Mexico," Geotherm., Vol. 13, p. 27-47.

i .



Ellis‘A.J., (1979), "Explored gecther-
mal systems,” in: Geochemistry in Hy-

drothermal Ore Deposits, H. L. Barnes
ed., sec. ed., p. 632-683.
Ershaghi, I., and D. Abdassah, (1983),

"Interpretation of some wireline logs
in geothermal fields of the Imperial
Valley, California," paper  presented
at 1983 california Regional Meeting,
Soc. Pet. Eng., Ventura, Ca.

Grant, M.A., ‘and A.J. Whittome,
(1981), "Hydrology of the Olkaria
geothermal field,"™ paper presented at
the 1981 New Zealand Geothermal Work-
shop, Univ. of Auckland, N.Z., p. 125-

129.

Hoagland, J. R., (1976),
and geochemistry of hydrothermal al-
teration in borehole Mesa 6-2, East
Mesa, geothermal area, Imperial Val-
ley, California," IGPP-UCR-76-12, De-
partment of Earth Sciences and Insti-
tute of Geophysics and Planetary
Physics, University of ' california,
Riverside, ca., 90 p.

Lachenbruch, A.H., J.H. Sass, and S.P.
. Galanis, Jr., (1985), "Heat flow in
southernmost California and the origin
of the Salton Trough," J. Geophys.
Res., Vol. 90, p. 6709-6736.

Lippmann M.J., and Bodvarsson G.S.,
(1985), "“The Heber geothermal field,
California: Natural state ‘and ex-
ploitation modeling studies," J. Geo-
phys. Res., Vol. 90, p. 745-758.

Lyons, : D.J., and van de- Kamp,
(1980), "Subsurface geological = and
geophysical -and study of the :Cerro
Prieto geothermal field, Baja Califor-

“Petrology

P.c" N
: SChroeder,

. nia, Mexico, Berkeley, Lawrence Berke-..:

ley Lab. Rep., LBL-10540.

) McDowe11,~ S. D.,a and ,W.A.
(1980), "Authigenic layer

Sea = Geothermal ' Field,
USA", Contr. to Min, a.
74, p. 293-310.

.California,
Petrol.,

_Morse, 'J. G.,. . and- L. ‘D. Thorsen,
(1978),
of - a portion .of the - Salton
‘geothermal. ' field," Geothermal

‘sources COuncil Transactions, Vol 2,

P. 47%k- 474.

Elders,j'
silicate
minerals in Borehole Elmore 1, Salton:

Vol. :

-"Reservoir . engineeringv'studylﬂw
Sea -
Re-

‘sented

‘Salton -Sea,:

"Tewhey,
~characteristics of a portion of the
Salton Sea geothermal field,"

McKibben M.A., J.P. Andes Jr., and
A.E. Williams, (1988), "“Active ore
formation at ‘a brine interface in
metamorphosed deltaic lacostrine sedi-
ment: The Salton Sea geothermal sys-
tem, California", Econ. geol., Vol.
83, p. 511-523. i
Newmark, R.L., P.W. Kasameyer, and
L.W. Yonker, (1988), "Shallow drilling
in the Salton Sea region: The thermal
anomaly," J. Geophys. Res., Vol. 93,
p. 13,005-13,023.

Newmark, R.L., P.W. Kasameyer, L.W.
Yonker, and C.P. Lysne, (198s6),
"Research drilling at the Salton Sea
geothermal fielq, California: The
shallow thermal gradient project," Eos
Trans. AGU, Vol. 67, p. 698~707.

0., (1976), "Planning and
design ' of additional East Mesa
geothermal test - facilities (Phase
1b)", SAN/1140-1/1, Energy Research
and Development Administration, Divi-
sion of Geothermal Energy, Vol. 1, p.
1-1 to 5-7.

Pearson R.

Randall, Ww., (1974) "An analysis of
the subsurface structure and stratig-
raphy of the Salton Sea geothermal
anomaly, Imperial Valley, California,"
Ph.D. Dissertation, University of Cal-
ifornia, Riverside, ca.

Salveson, J.0., and A.M. Cooper,
(1981), “Exploration and Development
of the Heber geothermal field, Impe-
rial Vvalley, California," paper pre-
at’  the 1981 New Zealand
Geothermal Workshop, Univ. of Auck-
land, N.Z., p.: 3-6.

R.C., (1976), "Reservoir
engineering report for the Magma-SDG&E
geothermal experimental site near the
California," UCRL-52094,
Lawrence - Livermore National Labora-

«tory, Livermore, CA.’

3.0, (1977), "Geologic

UCRL~
52267, Lawrence Livermore Laboratory,
Livermore, Ca., p. 51. : .

N.L. Nehring, J.M.
Janik, :(1984), “a

Truesdell,
Thompson,’

A.H.,
‘and ' C.J.

“~'review of progress .in. understanding
_the: fluid. geochemistry of the Cerro

" Prieto geothermal system, " Geotherm.,
',Vol 13, p. 65-74.

-95-






