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ABSTRACT

ihe Cerro Prieto geothermal field is located near the southwestern
margin of the Colorado River delta in the Mexicali Valley, which 1is part of
the seismically active Salton Trough/Gulf of California rift basin system.
The Cenozoic stratigraphic record in the Imperial Valley to the north and
the geologic history of the Colorado River suggest that the southwesterly
progradation of the Colorado delta‘across the marine rift basin began in
middle Pliocene and‘vas essentiaily complete by late Pliocene.

The subsurface‘stratigraphy’at CerrovPrieto is characterized by complex
vertical and lateral variations‘in lithofacies, which is typical of deltaic
deposits.. The geothermal production zone is not a uniform reservoir layer
overlain by a laterallv continuous top-seal of low-permeability strata.

The deeper part of the stratigraphic section in the main producing area
including the productive intervals representsrlower;deita plain deposits of
the ancestral Coiorado delta. A thicklpredominantly sand sequence just west
of the main producingrareavis interpreted'as a deitaic coastal compiex in a
tide- or tide/wave-dominated deita. Thegarea between the coastaledeitaic
deposits and the basin margin alluviai fans to the west was probably an area
of at least intermittent marine deposition until the middle Pleistocene.

In addition to the northeast-southwest and northwest-southeast fault
trends, which have been emphasized in earlier fault interpretations of the
Cerro Prieto area, north-south and north northeast—south southwest trends
are also prominent. Older faults, reactivated older faults, and vounger faults
are present in the field. There does not seem to be any convincing geophysical
evidence forva basement horst;underlying the field, as suggested by various

workers in the past. instead, there is apparently a general deepening of the




basement in a southeasterly direction across the field.

The top of the hydrothermal alteration zone has a dome-like configuration
which cuts across the sedimentary strata. Shales in the altered zone ekhibit
high densities and high resistivities on the well logs. Except for the rela-
tively cool, shallow production on the northwest flank of the Cerro Prieto
field, the geothermal production intervals generally straddle or underlie the
top of the high-resistivity, high-density shales.

Sandstones in the hydrothermal alteration zone commonly have fair to good
porosities (15% to 35% or higher), which resulted froﬁ the removal by solution
of unstable grains and carbonate cement. Open fractures appear to be unusual
in thé altered zone based on core descriptions. While fractures may be an
important contributor to reservoir permeability locally, secondary matrix
porosity and permeability are considered to be more important volumetrically
in the Cerro Prieto reservoirs.

It appears that the older faulting of the basin fill, the densification
of sediments by hydrothermal alteration, and the onset of Quaternary volcanism
northwest of the Cerro Prieto field were roughly synchronous. The date of the
oldest known eruption at the Cerro Prieto volcano (approximately 109 yr B.P.)
may be a minimum age for this major thermal-tectonic "event," Episodic
thermal and tectonic activity occurred from this event to the present. The
secondary solution porosity in the altered sandstones developed during this
period. There may have been localized cooling in some areas since the "maiﬁ"
thermél-tectonic event.

Surface geophysical detection of geothermal anomalies in the Cerro Prieto
region may be difficult from resistivity, magnetic, or gravity data. The
occurrence of a reflection-poor zone coincident with the hydrothermal
alteration zone at East Mesa and at Cerro Prieto suggests that the seismic

reflection method may be a good approach, but other types of geophysical
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data are necessary to eliminate alternate sources of reflection-poor zones

. on seismic profiles.

1. INTRODUCTION

The subsurface investigation of the Cerro Prieto- field and surrounding
area described below WEs_undertaken to provide information on the stratigraphy,
structure, hydrothermal alteration, and reservoir properties for use in
designing reservoir simulation‘modéls and for planning development of the
field. Another objective was to gain insight into the depositional, tectonic,
and thermal hisfory of :the Cerro:Prieto'area. ‘Since 1975 numerous geological
and geophysical studies of the Cerro Prieto geothermal field have been
published or presented at technical neetings by investigators from the
Comisién Federal de Eiectricidad de México (CFE), Lawrence Berkeley
Laboratory (LBL) of the University of California, Fhe U. S. Geological
Survey, thquniversity‘of California at Riverside, and several other
organizations. ' Specific studies used are referred to throughout this
report.

‘The following types of dafa were used in this study: (1) well sample
descriptions aﬁd analyses (x-ray diffraction, petrography, and porosity-
permeability determinations); (2) well ‘logs (spontaneous potential,
resistivity, gamma-ray, density, sonic and caliper); (3)'geophysica1
surveys CresiStivity,’gtavity,-magnetics,;refrgction seismic, reflection
seismic, aﬁd'seismicity); (4) physiography :(modern depositional patterns
and surfaée-manifestafions of.faults); and (5) regional geology.

The detailed interpretation of the suﬁsurfaceigeology presented in this
report‘shéuld be useful for field development. A simplified version will be

necessary for. reservoir simulation modeling. The approach taken in the study




and the concepts developed herein may be applicable to geothermal exploration

and field development in other sedimentary basins. . (-J

2. STRATIGRAPHIC FRAMEWORK

General Dgpositional Setting

The Cerro Prieto geothermal field is located near the southwestern margin
of the Colorado River delta in the Mexicali Valley, which is part of the
seismically active Salton Trough/Gulf of California rift basin system (Figure 1).
Paleontologic da;avindicate a Miocene age for the oldest sediments in the
Imperial Valley to the north and in the Gulf of California to the south
(Elders and Biehler, 1975; Wagoner, 1977). Aithough the oldest sediments in
the field have not been dated, the regional data imply that rift basin
deposition began in the Cerro Prieto area during the Miocene as well; the
deeper sediments are older. The Cenozoic stratigraphy in the Imperial
Valley (Wagoner, 1977) and the geologic history of the Colorado River
(Hunt, 1969) suggest that the progradation of the Colorado delta across
the marine rift basin began in the middle Pliocene. By late Pliocene, the
southwesterly advance of the delta was essentially complete, which resulted
in the conversion of the Salton basin to a nonmarine depocenter and delta
plain deposition in the Cerro Prieto area.

Some workers have suggested that the deltaic sediments of the main
producing area intertongue with alluvial fan sediments derived from the
Cucapa Range to the west (e.g. Puente C. and de la Pefia L., 1979). A
different interpretation of the stratigraphic relationships in the Cerro

Prieto area will be developed below.

Lithofacies Analysis

One of the main controls on the geometry, volume and recharge/discharge k_)

of the geothermal reservoir is the distribution of porosity and permeability
. .
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in the subsurface. Permeability results from matrix porosity and/or
fractures. Matrix porosity and permeability depend on lithology (deposi-
tional texture) and on post—depositioﬁal modifications by diagenesis and
metamorphism. The main purpose of this section is to illustrate the
three-dimensional variations in subsurface lithology at Cerro Prieto which
represents one aspect of the permeability distribution.

Deltaic strata are characterized by a complex‘vertical and lateral
arrangement of lithologic units for the following reasons. First, deltas
comprise a diversity of depositional environments that may include some
or all of the following, depending on the interaction of river discharge,
waves , an& tides: distributary channel,‘levee, delta plain/swamp, béy,
tidal flat including tidal channels, distributary-mouth}bar, lagoon,
coastal_barrier, fringe (shoreface), and tidal bars andjshoals. Second,
diversion and abandonment of distributary channels and relative sea level
changes result in repeated shifting of depositional environments.

Four cross sections were constructed for the Cerro Prieto geothermal
field to illustrate the stratigraphic complexities of the subsurface,
including both the older producing area and the new area currently being
developed to the east (refer to the index map in Figure 2). Sections
I-I° and II-II’ are nearly transverse and sections III-III‘ and IV-IV’ are
nearly longitudinal with respect to a southwest-to-westerly progradation
of the Colorado delta. Sections I-I‘ and III-III’ closely follow seismic
reflection profiles for most of their lengths.

The first step in constructing subsurface stratigraphic cross sections
is to determine the stratigraphic or lithologic sequences penetrated by
the wells along the line of section. Subsurface sample descriptions and

wire-line (geophysical) well logs are used for this purpose.
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In the correlation sections of Elders et al. (1978), the subsurface
stratigraphy in the Cerro Prieto field is represented by sandstone percentage
logs derived from cuttings descriptions. Such lithologic logs may be very
misleading due to problems inherent in drilling. First, where unconsoli-
dated sands are interbedded with fine—grained sediments, sand recovery is
commonly very poor resulting in the section being logged as dominantly
fine-grained sediments. Thus, sand percentage is often underestimated in
the shallow part of the section. Second, caving of the borehole wall
results in continued recovery of the up-hole lithology while a new lithologic
unit is being drilled, which causes some lithologic units to be overestimated.
Finally, a less serious problem, there is a lag between the actual depths
dé lithologic transitions and the depths shown on the lithologic log due
to the time required for the recovery of the cuttings. For these reasons,
lithologic logs derived only from cuttings descriptions are not satisfactory
for jillustrating the subsurface stratigraphic framework.

In subsurface studies, reduced wire-line log curves are often used to
represent the lithologic sequence on stratigraphic cross sections. This
approach was not taken in this study for two reasons. First, to illustrate
the stratigraphic relationships from the surface down to the total
depths of the Cerro Prieto wells without vertical exaggeration, the degree
of log reduction necessary for a convenient cross section size would have
resulted in a loss of stratigraphic information. Second, interpreting
lithology from a single log curve, such as spontaneous potential (SP) or
gamma-ray, is often very difficult in the Cerro Prieto wells because of
pore-water salinity variations in the shallower section and complex

hydrothermal alterations in the deeper section. We have observed that many



sands in the unaltered section exhibit an anomalous SP response (suppressed
or reversed) accompanied by high resistivity and '"normal" density, which
indicates low-salinity pore waters. Based on the SP log alone, such
intervals could be misinterpreted as shales or silts. - Conversely, in the
hydrothermally altered section, the gamma-ray curve commonly loses its
character while the SP curve normally discriminates between the hot brine
sandstones and the altered shales. Thus, based on the gamma-ray curve
alone, lithologic discrimination in the unaltered zone is generally good,
but in the altered zone is often difficult. The resistivity and density
curves are also frequently helpful in determining the lithologic sequence,
but the criteria are variable.

Detailed lithologic'sequences were interpreted fcr Cerro Prieto wells
by utilizing the’SP, gamna—ray, resistivity, and density‘curves and by
calibrating the log response patterns with lithologic data (i.e., cuttings
and core descriptions). To illustrate the vertical and‘lateral stratiéraphic4
variations in the subsurface at Cerro Prieto, these detailed lithologic
sequences had to be simplified because of display scale limitations.

The anproach taken in this study was to construct lithofacies columns
for the wells on the cross sections based on)the lithologic sequences in-
terpreted from:tﬁe'ﬁell logs (Wire—line, not litholcéic)‘and’the litho-
logic descripticns (cuttings and cbres). ‘After a preliminary analeis of
the lithologic sequences penetrated by several wells in the field five
lithofacies classes were defined ranging from predominantly sand (I) to |
Vpredominantly silt/shale (V). Lithofacies classes II III and v were

differentiated primarily by the thickness distribution of sand depositional

units. Five lithofacies classes do mot represent particular depositional




environments. Examples of SP curves for the lithofacies classes based
on SP curves are given in Figure 3. As mentioned above, it was often
necessary to use other log curves to interpret the lithologic sequence.
Consequently, in some parts of the section, the lithofacies classes were
interpreted from gamma-ray, resistivity, and/or density log curves using
the same curve shape patterns for classificatiqn.

Lithofacies I is characterized predominantly by sand with very thick

sand units (commonly greater than 150 ft or 46 m) separated by thin shale

beds (less than 10 ft or 3 m). This lithofaclies suggests stacked channels

or possibly eolian deposits.

Lithofacies II consists dominantly of sand with sand unit thick-
nesses up to 50 ft (15 m) or more and shale unit thicknesses up to 20-30

ft (6-9 m). On the logs, the thicker sand units frequently appear as

cylindrical or "blocky" curves with abrupt lower boundaries that suggest
channels. The thinner sands may tepresenﬁ either channel overbank sands
on the delta plain or delta-front sands; the log shape and position in the
stratigraphic sequence may distinguish between these two depositional
environments.

Lithofacies III is characterized by roughly equal sand and shale
percentages, although sand may be dominant in some cases. The thicker
sands are 20-30 ft (6—9 m) thick and have transitional bases. These
features and the association with thinner sands, silts, and shales suggest
a delta-front environment. However, some of this lithofacies may represent
distributary overbank deposition on the delta plain.

Lithofacies IV also consists of nearly equal ?and and shale percentages,

but the sands are thinner than 10 ft (3 m). This lithofacies may represent

10
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Figure 3.

Eiémples of the lithofacies classes based on the spontaneous
potential (SP) curve.
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either "distal" overbank deposition on the delta plain or lower energy
delta-front deposition ("outer fringe").

Lithofacies V consists dominantly of silt and shale and may represent
a Qariety of depositional environments: delta plain swamp, coastal bay/
lagoon, or prodelta. For all five lithofacies discussed above, the vertical
and lateral lithofacies relationships may help to distinguish among multiple
environmental interpretations of each.

After constructing the lithofacies columns for the wells, the next

step was to search the well logs for marker horizons which could be

correlated from well to well along the stratigraphic crosé sections. The

correlation markers recognized on the Cerro Prieto well logs represent the
, tops or bottoms of distinctive depositional units (sands or shales), many of
which were identified from a combination of well log curves (particularly
SP, gamma-ray, and resistivity). These correlation markers are considered
to be approximately time-equivalent stratigraphic horizons. Very few
correlation markers were found that could be carried across the field, which
is not surprising in view of the deltaic depositional setting. With the

correlation markers as a guide, lithofacies correlations were made from well

to well. The geometry of the correlation markers suggests that some of the
lithofacies correlations essentially parallel time horizons and others clearly
cut across time horizons. The lithofacies columns, correlation markers, and
lithofacies correlations are given on the four stratigraphic cross-sections
(Figures 4~7). The intervals open to production are also shown for reference.
In order to emphasize the distribution of relatively thick sand units, litho-
facies I, 1-II, II, II-III, and III are highlighted on the cross sections

(lithofacies I-II and II-III represent transitional or intermediate types).
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Referring to the stratigraphic cross sections in Figures 4-7,
the strafigraphic framework at Cerro Prieto is clearly characterized by
complex vertical and lateral variations in lithofacles, which 1s typical
pf deltaic deposits. A lithofacies correlation between two wells does not
imply continuity ofyindividual sands between the wells. The actual

probability of sand continuity within a given lithofacies depends on the

~ depositional environment and the orientation of the line of section with

respect to depositonal trends.

‘To clarify the lithofacies relationships within the main geothermal

production zone, the effect of later structure was removed by using the

nearest overlying correlation marker with the greatest lateral extent as
a datum for restoring the stratigraphic relationships in the underlying
section. The restored Crosé-sections,‘whi;h are given in Figure 8, follow
stratigraphic cross éections II¥II' and 1iI-III' (Figures 5 and 6), but

are shorter because 6£ the limited distribution of the datum horizon. The

lithofacies vary from I to IV both vertically and laterally within the

production zone. The position of Reservoir A (Abril G. and Noble, 1979;
Prian C., 1979a,b) is shown on the restored cross-sections vhere 1nformation
was available. Even within this "reservoir," the lithofacies vary from 1
to III-IV. It 1is clear from Figure 8 that the geothermal production zone
is not a uniform reservoir layer overlain by a laterally continuous
top-seal of lowfpermeability strata.

It seems reasonable that the pronounced lithofacies varjations illustrated
in the stratigfaphic cross-sections,(Figures 4-7) ﬁusi significantiy influence
the,moveﬁent of hot brines and cold recharge waters and reservoir productivity.

Thus, this information should be usefulrfor designing reservoir simulation
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models and for planning and monitoring field development (i.e., production and

injection wells).

3. DEPOSITIONAL MODEL

As mentioned earlier, the Cerro Prieto field is located near the
southwestern margin of the Colorado River delta. There is general
agreement that the stratigraphic sequence penetrated in the main producing
area represents deltaic deposits and that alluvial fan deposits occur in
the subsurface along the western margin of the basin near the mountain
front. Between these areas, however, the paleo-depositional environments
are not as clear. One of the keys to the problem is the environmental
significance of.the stratigraphic sequence encountered in wells northwest,
west, and south of the main producing area. The deeper parf of the section
in wells M-96, M=3, M-6, and S-262 is dominated by lithofacies I. Several
workers (e.g. Mafion M; et al., 1977) have interpreted the stratigraphic
section in the,viéinity of these wells as the intertonguing of alluvial fan
deposits deéived from the Cucapa Range to the west with deltaic deposits
derived from the Colorado River. On the other hand, Prian C. (1979a) relates
the very thick lithofacies I 1nter§a1 to a major paleochannel on the delta.
Various types of data that bear on ﬁhe interpretation of depositional
environmentslin the Cerro Prieto>area will be considered in this section.
Several problems with thé‘alternate interpretations sabove willvbe diécussed,
and a new depositional model will be suggeéted for the deeper part of the

section including the main production zonme.

Sandstone Composition

In the Imperial Valley, van de Kamp:' (1973) found that Colorado
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- River sands are compositionally distinct from sands derived fromAthe
intrusive and metasedimentary rocks of the Peninsular Ranges on the west
flank of the basin. The composition of Cerro Prieto sandstones was
examined to differentiate sands derived from the Colorado River from sands
derived from the Cucapa Range to the west, which is comprised of basically
v the same rock types as the Peninsular Ranges to the north. To determine
sandstone composition quantitatively, a petrographic study was done on
thin sections prepared from nine core samples representing seven wells.
The cores studied are listed in Table 1. Point counts of 300 to 500
points were made on seven sandstones from six wells.

The sandstone composition data (Table 1) show that the major detrital
components are quartz, plagioclase, K-feldspar, and volcanic -rock fragments
with minor amounts of chert, carbonate, and micas. Quartz is the dominant
component comprising 44% to 76% of the solid framework by volume. Feld-
spars make up 12%Z to 182 of the framework. As illustrated on the ternary
compositionalbdiagram in Figure 9, these sandstones are similar to the
Holocene Colorado River sands in van de Kamp (1973) and are considerably
less feldspathic than arkosic Holocene sands derived from the Peninsular
Ranges on the west flank of the Imperial Valley. Although these thin
sections are a'small statistical sample of sandstone composition below abou
800 m, the cuttings descriptions by CFE personnel indicate that the petro-
graphic data are representative of the sampled interval. Therefore,lit
appears that sandstones throughout the Cerro Prieto field area, at least
below 800 m, were derived from the same source as the Holocene Colorado

River sands, i.e., the Colorado Plateau provenance.
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TABLE 1. CERRO PRIETO FIELD SANDSTONE COMPOSITIONS

Well Number and Depth (m)

M-6  M-9  M-96  M-96  NL-1  M-92  M-20
1910 818.5 1979 1§81 2735 2510 915.3
Quartz 64.3 44.0 76.0 63.0 63.2 64.0 66.7
Plagioclase 8.9 6.7 7.0 4.7 7.2 7.0 6.0
K-feldspar + 9.6 9.7 6.3 9.7 6.2 7.3 6.0
perthite :
Muscovite tr. 0.7 tr.
Biotite 0.7 0.3 tr. tr.
Chlorite tr. - tr. 0.3
Illite + 'clays 1.0 0.3 1.0  12.1 1.0
Heavy & opaque 0.7 0.3 tr. 0.2 tr. 1.0
Siltstone & 0.5 0.3 1.7 1.3
shale R.F.
Volcanic R.F. 9.3 7.7 3.7 11.7 2.5 13.0 10.7
Chert 1.4 1.0 2.7 1.3 1.2 0.3 1.0
Metamorphic. R.F. tr.
Granitic R.F. 0.7 0.6
Glaugoniter' B ‘tr. tr.
Epidote . ; 0.3 . 1.4 0.3
Carbonate - 21290 -+ 33 &3 5.7 5.7
Isotropic mineral 1;4 B
Organic matter 0.3
Grain Size" m . m f-m m-c R ’ f f-n
Sorting w w W ™ w ' w w
Porosity (%) 23.5 18.0 22.3 14.2 21.5 28.6 23.7
22.0 33.0

Permeability (md)

47.0 4.8 2.5 18.1 4.9
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Figure 9. Composition diagram comparing sandstones from subsurface at
Cerro Prieto (dots), Holocene Colorado River sands (circles), -
and arkosic Holocene sands derived from Salton Trough margin
(squares). The samples from Cerro Prieto and the Colorado
River are similar, suggesting they had a common source. a

-
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Pore Water Salinities

Pore water salinities for sands were interpreted from well log data

to provide clues to depositional environments (fresh-water, transitionmal,
or marine). In well NL-1 east of the field, sands in the unconsolidated
to semi-consolidated portion of the section commonly exhibit anomalous SP
(suppressed or reversed), high resistivities (5 to 20 ohm-m on the deep
investigation curve), and "normal" densities. These characteristics
indicate low pore-water salinities, i.e., fresh-water sands. Good
SP deve}opment and lower resistivities indicate more saline sands. The
gamma~-ray log is useful for recognizing sands where the SP response is
anomalous, while the sonic or density log normally discriminates high-
" resistivity zones due to induration (anomalously low transit time or high
density) or gas saturation (anomalously high transit time or low density).
Thus, a suite of well logs is necessary for interpreting salinity changes
with confidence.

Based on the well log data, the percentage of fresh-water sands gradually
decreases in a westerly direction across the producing area as shown on the
cross section in Figure 10, thch corresponds to cross-section III-III’
in Figure 6. In well M-6 on the west edge of the field,-only one thin
fresh watér sand was noted (at about 900 ft o;_274 m) , although others
may be present in the interval abbve 830 ft (253 m) for which logs are
not available. , ,

This latergl salinity gradient suggests a transition %rom an upper
delta plaiﬁ envirohment east of the Cerro Prieto fiéld to a marine environment
west of the field. This transitional environment interpretation ié supported

by the geochemical analysis of the reservoir fluids by Truesdell et al.
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(1979). Their data indicate mixing of Colorado River ﬁater*with sea water
(or possibly lagoonal or estuarine water).

The salinity data are not consistent withvg continuous alluvial fan"
wedge from the mountain front to the west side of the field. If the thick.
lithofacies I sequences in S$-262, M-6, M-3, and M-96 represented'diétal
alluvial fan facies, low~salinity sands should be characteristic of the -
interval in these wells. This is clearly not the case.

If the predominantly sand interval in these wells represented a
major paleochannel on the delta (actually, stacked distributary channels,
because of the great thickness) as suggested by Prian C. (1979a), delta plain
sediments would be.expected'to the west. In that case, salinities on
the west side of the field should not be significantly‘different from
salinities on the east side. Hence, this environmental interpretation
is also not consistent with the lateral salinity gradient.

Surface resistivity surveysk(e.g., section E-E’ located in Figure 2,
and in Wilt et al., 1979) showed decreasing resistivity from northeast to
southwesﬁ'above the production zone, which may be explained by the lateral
salinity gradient interpreted froﬁ well log data..-Other evidence will be -
discussed below supporting a depositional environmentvintErpretation for
the salinity gradient. Variations iﬁ salinityldue tO'depos;tional environ-
ment should be taken :into account ‘before interpreting the distribution'of

hot brines and cold, low-salinity recharge waters from resistivity data.

Seismic Reflection Patterns

Seismic reflection patterns can be useful -for interpreting lithofacies
variations and depositional environments. Before discussing the seismic data

from the Cerro Prieto area, a brief review of basic principles is in order.
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Seismic reflections are produced by the interaction of a down-going
seismic signal with acoustic impedance (velocity times density) contrasts
in the subsurface. Génerally, these so-called primary reflections parallel
bedding (depositional surfaces) and thus define the geometry of the
subsurface strata.>‘C§herent seismic events may also represent multiple
reflections; diffractions (normally hyperbolic events caused by lateral
terminations of reflectors, inhomogeneities, or tight curvature); reflections
from out of the plane of the seismic profile ("side-energy"); or source-
generated.shfface waves. These unwanted events oftgn can be recognized
by their discordant geometry, but not always. Multiples that may be
generafed within the stratigraphic section and at the surface may not be
recognizable. Velocity analysis data (velocity spectra) are also useful for
discriminating primary reflections from unwanted events (noise).

The principal characteristics of seismic reflections for stratigraphic
interpretation are amplitude, spacing (frequency), lateral continuity,
lateral waveform variations, and geometry. Although it is beyond the
scope of this report to discuss these parameters in detail, it must be
noted that they also depend on factors unrelated to stratigraphy, such as
source signal characteristics, recording parameters, processing of the
data, various types of noise, surface statics, multiple reflections,
structure, and pore fluid variations. However, from a careful analysis of
seismic sections, inferences about stratigraphy and depositional environments
can be derived from the combined reflection attributes, if the data are
not too noisy.

The porfion of the D-D’ seismic profile extending from weli M-9 to the

southwest is given in Figure 11. Primary reflections are obscured in places
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by (1) random noise, (2) steeply inclines, low velocity events, which are related
to surface waves, and (3) fault disruptions and diffractions (just southwest of
M-6). Only minimal processing of the data was done; namely, band-pass filtering
(16/24/60/80 Hz) and stacking based on widely spaced-velocity analyses. With
additional processing, it is conceivable that the seismic section could have
been "cleaned up." Looking through the noise, we see closely spaced parallel
reflections southwest of shotpoint 180 extending from near the surface down to
the strong reflection below about 1.7 seconds. Since many of the reflections
are truncated at the end of the line, the lateral reflection.continuity may be
much greater fhan seen on the seismic section. Because of the variable data
qualit& and the processing used, reflection amplitude and waveform variations
may ndf represent stratigraphic changes. The seismic reflection pattern from
just southwest of M-6 to the end of the D-D’ profile suggests an alternating
lithologic sequence with good lateral continuity of the lithologic umits.

In contrast, at well M-6 there is downward loss of reflectioms.
Comparing the reflection pattern to the stratigraphic sequence in the well
(refer to cross-section III-III’ in Figure 6), it is apparent that the well
developed reflections in the shallower part of the section correspond to an
alternation of lithofacies types (I, II, III-IV and 1IV), while the reflection-
poor zone corresponds to the thick lithofacies I interval. Surface wave
noise, faulting, and possible diffraction energy also interfere with any
primary reflections in the reflection-poor zone; but it is glear from the
well log data that very few primaries would be expected in this zone. Since
the strong reflections below thevreflection—poor zone were not penetrated

by M-6, their stratigraphic significance 1is unknown.
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Another example of the relationship between the stratigraphic sequence
and seismic reflections is on seismic profile A-A’ at M-93 (Figure 12).
The abundant feflections seen on the section correspond to a complex
alternation of 11thofacies types (f:om I to IV). The loss of reflections
below about 1.9 seconds is probably related to ﬁ&drothermal alteration,
which will be discussed in detail later. |

The relationships between stratigraphic sequence and seismic reflection
patterns seen at M~6 and M-93, which we observed in a variety of sedimentary
basins, support our interpretation ofvthe reflection pattérn southwest of
M-6: 1.e., alternating lithoioéic’sequence ﬁith good lateral continuity of
lithologic units. We cannot conclude that a unique depositional environment
exists, particularly without moré seiémic‘coverage to determine the geographic
extent of this reflection pattern. Fdr a deltaic setfing, some possibilities
are coastal bays in a river-dominated delta, tidal flats (lower delta
plain) in a tide- éf wave/tide-&oﬁinated deita, drylow-energy delta front
to prodelta. |

In spiﬁe of the environmentalyambiguity of the reflection pattern south-
west of M-6, it seems clear that thekthickklithbfacies Ibinterval in M-6
18 not continuous with the'basin'ﬁargin alluvial féﬁ wedge to the southwest,
but is sepérated by an afga of altetﬁati’ng sand andr shgie deposition.
‘This is cénsistent with the«sandstbné,cbﬁposition_ana pore water salinity
data. The lateral salinity g#adient described earlief‘suggests that a
delta front to mérine environment”would be more 1ike1y'than céastal-deltaic
or lower delta plain.- |

Combining well data and seismic reflection pattefns, an attempt was

made to map the distribution of the thick lithofacies I encountered in
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$-262, M-6, M-3, and M-96. :&hé extent of this lizﬁ;faéies in a transverse
direction is best defined in the vicinity of M-6. Although the seismic
reflection pattern immediately southwest of M~6 is obscured by faulting,
the position of the southwest liﬁit of lithofacies I can be rather closely
approximated. Northeast of M=6, however, sgismiclinterpretation of tﬁe
lithofacies bbuﬁdaty is not possible because of thé'disruption of deposi-
tional refléctions>by the cross-cutting hydrothermal alteration zone
(discussed later). ‘Bééause the 'ecllu'ivalent'inAter.val in M-9 is represented
by lithofacies I1II, III-IV, and‘IV, the boundary is arbitrarily placed
midway betweeﬁ.M-6 and M-9.

The‘northeaétern boundary of lithofacies I in the'vicinity of S§-2622
was interpreted from the seismic reflection pattern on the nearby AFA’ seismic
profile (Figu;e 12). The reflécti&h-poor zone bélowuaboﬁt 0.65 seconds to
the south of shotpoint 305 in Figﬁfé 12 probably correSpon&s to the litho-
facies I interval in S-262, although faulting may be partially reSponsiblg
for the disappearance Qf,reflections- This pattern is in sharp’ﬁqntrast to
the closely spaced paréllel reﬁléctionszngrth of shotpoint 290. The pattern
co;relates with a comp;ex alternatiﬁg stratigraphic sequence in n-92 (refer
to cross-section I-1° in Figure 4, locgged about 360 m_west of thevprofile.
The reflection pattern nqrth‘of ghotpoint 2?0 cgpﬁinueS»té the M-93 well
mentioned above. _It'was ﬁot,posgibie to recognize a southwgft boundary in
this area due to seismic;détg quality\deterioration and the lack of well
v control. | |

A possible egtensipn Qflthe.nOrtpeas; boundarylpf,the ligbofacies I
belt to the southéast was based on a tentative interpretation of reflection

patterns on seismic profile E-E’. Because of shallow data gaps and poor
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data quality, this interpretation is less reliable than the interpretation
of profiles D-D’ and A-A’.

No seismic profiles are available to define the lithofacies I boun-
daries near M-3 and M-96. East and northeast of M-3, the boundary can only
be approximated based on well control. A thick lithofacies I sequence was
not found in M-9, M-11, M-114, or M-94, but it is not clear whether the

lithofacies I belt includes M-7 and Q-757 because of the relatively shallow

depths of these wells. No well control is available to define the southwest
boundary near M-3 or either boundary near M-96.

1 Based on the above interpretation of well and seismic data, the thick

| lithofacies I sequence occurs in an arcuate belt extending from northwest

to south of the field. This is illustrated on the depositional environment
map (Figure 16) at the end of Section 3 (Depositional Model). The environ-

mental significance of this lithofacies belt will be discussed below.

Present Physiography

The present physiography of the Colorado delta suggests that the
distributary channels trended from northwesterly to southerly during the
late Cenozoic evolution of the delta, but, in the vicinity of the field, were

dominantly southwesterly which is roughly normal to the thick lithofacies 1

belt. It would be a remarkable coincidence if the four wells (M-96, M-3,
M-6, and S~262) all penetrated separate stationary distributary channel
sequences. Furthermore, since deltas are characterized by shifting
distributaries, the great thickness of lithofacies I in these wells

(2 3280 ft or 1000 m) seems inconsistent with a composite distributary

channel interpretation.
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Rather, the position and trend of the arcuate lithofacies I belt
suggests a coastal-deltaic environment. The apparent lateral continuity
of this lithofacies beiﬁ indicates strong wave_and/o; tidal influence (as
opposed to a river-dominated birdfoot delta). A variety of coastal genetic
sand types are piesent/in,such deltas, including some or all of the follow-
ing: distributary channel or esfuary, eolian, beach/shoreface, tidal
channel, and tidal bar/shoal.erhus the thick lithofaciés I sequence may
be a composite ofkmany'genetic/sand types. Grain size vatiations noted in
cores from fine-grained sand t0‘conglomeratic coarse-grained sand and complex
dip pat;erns on dipmeter logs (variable dip azimuths aﬁd magnitudes) support
such a composite sequence, aithdugh it was not possible to'break the
sequence down into genetic units with the available data. ’CIOSely spaced
cores would be neceésafy for a de;ailed genetic interpretation.

Based on the ﬁresent tOpdgraphy southwest of the field, the late
Quaternary alluVialrfgns on the flank of the Cucapa Range do not appear
to extendbintoAtﬁe aféa underlaiqlbyvcléselyispaéed, parallel, laterally
continuous reflectioné southWéSt of,éhé thick lithofacies I belt (seismic
profiles D-D’ and E-E;);i'fﬁé:gr;vity daﬁa (Fiéure 13) and seismic profile
E-E’ (Figure 14)'suggeét tp§t2the main basihkboundary fault is buried
in the sqbsdrfacé apprpxim#ﬁefylz.é kp to ;heiéast of the present mountain
front, which is toward the basin of the limit of the "modern" fams. Buried
mountain fronts have also been observed in the valleys of the Great Basin in
Nevada (g.g., Foster, 1979). Nonétheless, the dimensions of the late
Quafernéry fans suggest that évén fanéxreigteq_to:thé buried:mountain front
would ndt have extended across the area Of'the’réfléétioﬁ paftern described

above (Figure 15). This 1is consistent with the interpretation given
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earlier that this reflection pattern represents an area of marine deposi-

tion separating the Colofado deita from the basin margin alluvial fans.

Imperial Valley Deppsitional Record

According to Woodard (1974), intermittent shallow marine deposition
continued until middle Pleistocene in the western part of the Imperial
Valley. This implies that there was an intermittent connection to the
Gulf of California west of the Colorado delta until middle Pleistocene which
is probably‘represented by the area between the basin margin alluviai fans
and the thick lithofacies I belt.

Considering the strong tidal currents at the head of the present Gulf
of California, it is reasonable to assume that strong longitudinal tidal
currents wefe-pfesent in the narrow remnant of the paleo sea-arm eouthwest
of the Colorado delta. Such currents would have redistributed sand supplied
by the distributaries EIOng the delta front, thus contributing to the develop-
ment of a continuous sand belt. Shoreward’and longshore transport by wave
energy (longshore drift)imay alse have been a factor. Tebbuild up‘Such a
thick sequence of lithofaciesrl, depositibn aed subsidence must have been
in balance.

The thick lithofacies I seqﬁence in M-G;'fof eﬁemple,»is overlain
by about 2700 ft or 823 m of interﬂedded sands and shales.’ The salinities
of the sands, indicated‘by eleetrical‘log curves and the}eolof:ef fhe fine-
grained sediments fromrthe cuttinge/descriptioes, sﬁggest en>ﬁpward gradatibn
from;shellow mariﬁe/nearshore to nenmeriﬁe.r Tﬁis sequence probeblyiebrre~

sponds to the late Pleistocene infill of the connecting’"eStuery."
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Synthesis

A generalized map of the depositional environments is shown in Figuré
16 for the deeper part of the section (including the main productive zone) in
the Cerro Prieto area. This interpretation is based on the lithofacies
relationships, sandstone composition, pore water salinities, seismic

reflection patterns, present physiography, and regional basin history.

4. STRUCTURE
‘Granitic rocks were penetrated in three wells (M-~96, M-3, and S-262),
which suggests thaﬁ the basement underlying the Cerro Prieto area corres-
ponds to the Upper Cretaceous granitic and metasedimentary rocks outcrop-
ping in the Cucapa Range to the west and southwest. The subsurface struc-
ture 1s characterized by complex block faulting of the basement and over-
lying sedimentary section.

Fault maps have been produced by several investigators based on
different types of data: i.e., ﬁell log correlations (Abril and Noble,
1979, Prian C., 1979a; Puente C. and de la Peiia L., 1979); aerial photos
and seismic refraction (Puente C., and de la Pefia L., 1979); gravity
(Razo M. et al., 1979); and seismicity (Albores L. et al., 1979). One
widely held view is that there are two principal fault systems: north-
east-southwest trending normal faults forming horsts and grabens in the
f}eld area bounded by en echelon northwest-southeast trending strike-siip
faults to the northeast and southwest (Figure 17). An analogy has been‘
made to pull-apart basins (possibly spreading centers) between en echelon

transform faults in the Gulf of California (Elders et al., 1972).
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Fault Interpretation

In this study, a fault map (Figure 18) was produced based on an
integrated interpretation of well log correlations, linear surface features
(mainly drainagé patterns), thermal springs, seismic reflection and refrac-
tion profiles, and gravity and magnetic maps. Linear surface features are
indicated as faults on the map only where there is supporting evidence of

displacement from other data. It is not known whether the other surface

linears represent major faults or minor faults with insignificant displacement.

Some of the faults interpreted by other workers were recognized and
some were not. There may be many more faults present than shown in Figure
18.‘,Fau1t§ could be seen on the reflection seismic sections for which
the fault trends could not be determined, due to the lack of supporting
evidence away from the seismic profiles. Moreover, some apparent offsets
of correlation markers between well pairs céuld notrbe mapped as faults
with the subsurface control used in the study (46‘wells out of 64 were
correlated). If all the wells at Cerro Prietd'h;d been(correlated, undoubt-
edly more faults would have been ﬁapped.

Three principal classes of faults were identified based on the timing
of fault displacements of the basin fill which were recognized from offsets
of~cqrre1atign markers. The three classes are: (1) older‘fauits offsetting
.the,deepér part of the section’on1y; (2) reaétivated older faults with»a
smallérvoffset orlfeversedvsense of offset above some horizon relative to
the offset beIQW'th§t horizon (the reversed offset case may represent two
sepérate nearby faulgéj;‘and_(3) young faults offsetting the entire section.
An example of the first tjpé of‘fault displacement between wells M-50 and M-90

is .illustrated in Figure 5, the second type between wells M-39 and M-10 1is
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shown in Figure 6, and the third type betweenvwe11s7M490 and M-101 appears
in Figure 5. These fault classes are identified on the fault map in
Figure 18.
This classification of faults does not imply that there were only
two periods of faulting since the formation of the basin in the Miocene.
The well log correlations indicate that the older faults are not all time-
equivalent (refer to the stratigraphic crosé-sections in Figures 4-7).
Furthernore;_earlier faulting events may,bnrfecorded in the older part
of the basin fill not penetrated by the wells at Cerro Prieto. Although
the surface linears indicate very young fault movements, at least some of
these features may be\?eactivated older faults. Any of the faults recog-
nized in the basin fill maj répresent reactivation of the initial fauiting
of the basement in the Miocene. It is not clear how many periods of
faulting have occurred, but it there may have been intermittent faulting in
this area since the Miocene. |
The northeast-southwest ﬁrending Zigzag line on ihe fault map (Figure
18), extending from just eést‘of Mf53 to just west of M-105, represents
the south-eastward terminafion pf_sever;i distinctive sands in the shallow
part of the section which exhibit anomaipus log respgnse_patterns,(guppressed
or reversed'SP and relatively high resistivities). Tbese sandsvwere -
discussed in Section‘Zv(Lithofaciés Analfsis). Ihin,lateral discontinuity
nay Se a étrike-slip fault because well lbé correlntions'suggest that (l)
there is no significant verticél disniacement along éome parfs of this
liné,'and (2) whété there is vertical displacenent,‘it’may‘bé related to

faults with a different trende
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Only dip-slip fault displacement could be recognized from the geo-
physical data and well-log correlations. Consequentlf, although the
faults are shown as dip-slip faults on the map in Figure 18, there may be
a significant lateral-slip component in some cases (oblique-slip faults).

The faulting in the Cerro Prieto area appears more complex than
indicated in previous papers, in terms of fault trends and history of fault
movements. In addition to the northeast-southwest and northwest-southeast
fault trends which have been emphasized in earlier fault interpretationms,
north-south and north northeast-south southwest trepds are also prominent
on the fault map.

It has been suggested thaf>the faults in the field are growth faultsA
because of increasing offset of correlation markers with depth (Razo
M., personal communication, 1979). This offset pattern is illustrated by
most of the faults shown in the cross sections in Abril G. and Noble
(1979). Many of the earlier correlations are questionable, however, due to
pronounced lateral stratigraphic changes (refer to the stratigraphic cross
sections in Figures 4-7 of this report) and cross=-cutting hydrothermal
alteration effects (e.g., the A/B boundary discussed in the Lithofacies
Analysis section). Well-log correlations in this study, however, suggested
distinct episodes of fault displacement for most of the interpreted faults

rather than continuous growth.

Basement Structure

Using available data, it is very difficult to define basement structure
in the Cerro Prieto area. Only three wells penetrated basement (M-3, M-96,
and S-262), at depths of 2722 m, 2547 m, and 1478 m, respectively; but nearby

wells indicate abrupt changes in depth to basement. Basement interpretation
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from geophysical data is confused by anomalies within the basin fill.
Geophysical data coverage is another limiting factor. Various problems in
interpreting basement structure in this area from geophysical data are
‘discnSSedrbelow,Vfollowed by an interpretationhof the’major basement
structnralpfeatures. | |

The seismic‘reflection,data,are not tied to any of theibasement tests.

An apparent basement reflection was recognized only in a few places south
and southeast of the field (e.g., on profile G-G in Figure 19). Part

of the structural confusion on this seismic section is apparently due to

- reflected energy coming from out of the plane of the section._ A strong
westerly dipping reflection southwest of the field (profiles D-D’ and E-E’
in Figures 11 and 14) has been interpreted as basenent by Fonseca L. and
Razo M. (1979). This reflection iS'interpreted in ‘this study as a volcanic
71ayer underlain by sedimentary-strata'for'the folloving reasons:

1. Apparent‘primary reflections:can be seen,beneath the record of
‘this event, especially on profile D-ﬁ"ﬁhich 1s less noisy than E-E’.

2. It appears to grade laterally into‘lower'anplitude reflec-

tions on profile DfD’ rather than terminate hy faulting.

3. .Just northeast.of‘ this stnrong reflecton orn profile D-D’, the
vstacking (normal moveout) velocities indicate sedimentary
finterval velocities for the interval which appears to be
;wlaterally equivalent to the apparent primaryvreflections

seen beneath‘the:"basenent" reflection.
‘4.' The naénetic?nap»(Figure 20) suggests a’uniform vesterly
dip for the magnetic ‘basement in the area of this strong‘

reflection, which also has a monoclinal westerly dip. The
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Bouguer gravity map (Figure 13), however, shows a gravity minimum
axis crossing profiles D-D’ and E-E’ in this area suggestiné that
the sedimentary section thickens and then thins in a westeriy
‘direction across the area of the sfroﬁg reflection, which

seémé to require sedimentary strata below this supposed

basement reflection.

The &istributiou'of this apparent volcanic lﬁjer was estimated by
extrapolating away from the reflectionylimits on profile D-D’ by following
the trend of the magnetic contours. The estimated distribution is consis-
tent with the apparent limits of this refleqtion/dn profile E-E’. A small
positive magnetic anomaly occurs within this area south of profile E-E°
along the interpreted b;sin boundary fault zone (based on gravity aﬁd
seismic reflection profile E-E’). This anomaly ma& represent the volcanic
center responsible for the postuiated volcanic layer (Figure 18).

A possible interpretation of the basgment'structure southwest of
the field is given in the in Figure 15. In this area, the gravity data
seem to define the basement sﬁructure betﬁer than the magnetic or reflec-
tion seismic data (compare Figures_ll, 13, and 20). However, the occurrence
of high-density sedimentary rocks above baseﬁent in other areas suggests
that gravity data may not always provide accurate depths to basement
throughoﬁt the regiqﬁ;':be éxample; in thg Impefiél Valléy,'the coincidence
of seven of the known geothermal4anomaliés4coinpide‘with pdsitive/gravity
gnomalies, which have beeniexplained by densificafion of the sediments
during hydrothermal alteration (Smith,‘1979). This may not be th; sole
reaéon for the high gravity reédingrover part‘bf‘thé Cé:ro friefo field
(see Figure 13) because of a more complex geology, inéiuding the alteration

history, which will be considered later.
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Norfhwest of the producing area, however, wells M-96 and Q-757 are on
a narrow northwest-southeast trending gravity high (Figure 13). The
gravity field on this ridge-like anomaly is approximately‘SS mgal higher
than the field at well $-262, which intersects basement at a depth 1244 m
shallower than basement at M-96 (Figure 13). This discrepancy appears to
be due to densified sediments above basement. In both M—§6 and Q-757,
especially in Q-757, the sediments show a more rapid increase in density
with depth than in most of the other Cerro Prieto wells. The interval
from about 800-1730 ft (244-527 m) in Q-757 is particularly anomalous with
sandstone densities ranging from about 2.25-2.45, which corresponds to a
porosity range of about 242f12%.‘ This‘in;erval was described as dominantly
quartzite by CFE personnel based on cuttings. A petrographic examination
of a thin section from a core taken at 271 to 280 m depth revealed a well-
cemented quartzose sandstone with no carbonate and very little clay. If
the thin section ig representative of the high-density interval, the
porosity indicated by the demsity log is probably mainly secondary solution
porosity. So in this area of densified sediments, a basement interpretation
before drilling based on gravity would be téo shallow.

Seismic refraction data probably provide the most reliable geophysical
" definition of basement, but unfortunately, in 4n area offcomplex block faulting,
refraption data coverage and its limited spatial'resolution generally are
not sufficient‘fﬁr mapping bésement,sf;ucturé in any détgil., Because of
the s;ruc;ural com?lexity agd{lqéal og#ur:ence of densifiedksedimgntsvand
magnetic igneous rocks'above basement (volcanics, sillé,:and/or dikes) in
~ the Cerro Prieto region, interpretation of basementrstructure‘;eQuires

integration of gravity, magnetic, reflection, and refraction data. The
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data coverage and data quality, however, do not allow us to do much more
than interpret the major basement structural features as discussed below.

Both the magnetic and Bouguer gravity maps (Figures 13 and 20) suggest
that the basement penetrated by S-262 is on a northwest-southeast trending
fault-bounded basement high (horst). The surface expression of the Cerro
Prieto fault on the southwest flank (alignment of linear streams, ponds,
and thermal springs), seismicity data, and well log correlations from M-90
to M-lOlvsuggest that this basement high is a very young feature.

The negative magnetic anomaly'between M-3 aﬁd M-96, which crosses the
high-gravity ridge discussed above, implies a basement low between these
two. basement penetrations (Figures 13 and 20). The gravity map suggests
that the basement deepens to the east, southeast, and south aﬁéy from M=3.

A young northeast-southwest trending fault between M-3 and M-7 was interpreted
from the alignment of a surface linear and an apparently young fault on reflec-
tion profile B-B’. Surface linears with a similar trend between M-3 and

M~96 suggest that M-3 is on a northeast trending horst separated from the

M-96 basement high by a graben (Figure 18). This basement horst and graben
§tructure also seems to be very young, but in contrast to the S-262 horst, the
bounding faults are apparently now aseismic (refer to seismicityvdata in
Albores L. et al., 1979).

Another major basement fault was recognized by severai workers just
east of the Cerro Prieto volcano. Gravity, seismic refraction, and resis-
tivity surveys (Majer et al., 1979; Razo M. et al., 1979; and Wilt et al.,
1979) 1ndigate a large westerly downward displacement. The observed dis-
plécement coincides with a north-south trending set of surface linears, thus

establishing the ;rend of the fault.
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The faulting may be complex 1in the(producing area, but the gravity
map'(Figure 13) indicates a general deepening of the basement in a south-
easterly direction across the field. Although a basement reflection cannot
be seen beneath the field, the seismic reflection profiles suggest a
relativeiy deep basement. There does not seem to be any convincing geophys-
ical evidence for a basement horst underlying the field as suggested by
various workers in the past.

The positive magnetic anomaly southeast of the field, where the
gravity indicates a deep basement, suggests the presence of volcanics
and/or dikes and sills within the basin £ill (Figures 13 and 20). A
reflection-poor zone ‘can be seen on seismic profile C-C’ across this
magnetic anomaly. This interpretation was appafently confirmed by recent
drilliﬁg whiéh éncountered diabase in well NL-1 ét a depth of about 6500 ft
(2000 m) which has been interpreféd as a dike/sill complex by CFE personnel

(Goldstein, 1980, oral commuh.);

5. HYDROTHERMAL ALTERATION

Induration of Sediments

Puente C. and de la Pefia L. (1979) dividgd the stratigraphic
section intoAtwo major'uﬁits based on well samples (principally cu;tings)--
Lithologic Unit A‘and Unitqf. The principal difference betﬁeen these two
units is the degree of consolidation or induration. Thus, the A/B‘"contact"
represents .the transition'ftom/uﬁconsolidated,and—seﬁiconsqlidated to’
consolidated. Elders et al.‘(l978, b.‘iB)'reiated.a high degree of indura-
tion to cement#tion or metamorphic changes and concluded that the A/B -
'

‘boundary "may not be a depositional boundéry within the geothermal reservoir.'

The stratigréphic correlations in our study indicate that the A/B boundary
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1s not a stratigraphic marker horizon, but an induration boundary that cuts
across the sedimentary strata, suggesting localized post-depositional
alteration. This relationship is i1llustrated in Figure 21 for the four
cross sections discussed in the lithofacies analysis section.r A dome-like
configuration can be seen for the induration boundary with the shallowest
part coincident with the older producing area (e.g., wells M-5, M—9; M-10,
M=-14, M-21, M-25, M-39, and M-46). The well-log correlation markers on the
cross sections cléarly show that the induration boundary does not parallel
the strata (seismic reflection correlatioﬁs are given where well log

correlation markers were lacking).

Well Log Evidence

Density logs were examined to determine the effect on rock densities
of the change in consolidation at the A/B boundary noted in the well cuttings.
A marked increase in shale densities was generally observed at the top of
the indurated zone as illustrated by the close correspondence between
the depth below which shale densities exceed 2.4 and the A/B boundary on
the cross sections in Figure 21. A map of the depth to this shale density
level is given in Figure 22.

In addition to shale "densification," electrical logs indicate that
induration also produced a marked increase in shale resistivity, but at a
greater depth, as shown in Figure 21 by the deﬁth below which shale
resistivities exceed 5 ohm-m. The general configuration of the top of the
high-resistivity shales is similar to that of the A/B boundary. Figure 23 is a
map of the depth to this shale resistivity level. Note the similarity of the
two maps. The rock properties of the sandstones are anomalous and will be

discussed later.
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Hydrothermal Minerals

Elders et al. (1978, 1979) have determined the distribution of hydrotﬁermal
minerals in sandstones and shélés in 23 wells at Cerro Prieto by x-ray diffrac-
tion analysis of well cuttings. They found a dome-like paftern of hydrothermal
mineral horizons similar to the iéotherm pattern from borehole temperature
surveys, which 1ed them to conclude that temperature is the priﬁcipal control
over the observed mineralization'(Figure 24). The shallowest hydrothermal
minéralizatiéﬁ occurs in the older producing area. Three mineral hofizons
were selected from the data in Elders et al. (1978) and plotted on the
cr&ss sections in Figure 21. The horizéns consist of the first occurence
of epidote, in which the chlorite/illite ratio iqcreases to greater than 1, and
the first occurrence of preﬁnite. In addifion,'tﬁe first occurrence of green

.cemént (probably epidote); based oﬁ.cuttiﬁgs descriptions by CFE personnel, is
also shown. |

Not sufprisingly, the configuration of the h&drothermal mineral horizons
éonforms in general to the doge—l#ke‘paﬁtern of the consolidation, density,
and resistivity transifions, vhich suggests that these changes iﬁ phygical :
properties of the‘sediments.were caused'by h&drothermal alteration. Maps.of
the depths to various miﬁeral hofi?ons in Eldefs'et al. (1978) ére similér-
to.théAshale density and resiséivity horizon maps in Figures 22 and 23. The
discordant‘gepmetry of :the altered zdnerwith‘reSPeﬁt to the strata indicates a

localized heat source rather than burial diagenesis (burial metambrphism).

Subsurface Temperatures

The depths corresponding to a borehole temperéture of 250°C are also
given on the étbsstsectidnsfin Figufe 21. This temperature ﬁaslarbitrarily

selected to represent the configuration of the high-temperature zone in the
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field area. Since temperature survey data for many of the wells were not
available to this study, it nas not possible to draw a 250°C isotherm across
the cross sections. |

It must be emphasized that temperatures measured in the borehole are
commonly lower than the true formation temperature because of cooling by
drilling fluids.in the borehole.: Several temperature surveys were made in
some wells. In such cases, the temperature-~depth curves generally exhibit
a systematic shift to higher temperatures with increasing time since the last
circulation. The depths to 250°C were taken from the curve with the longest
lapsed time, which varies from well to well. ‘For wells M-93 and M-105,
temperature surveys during steam discharge were available (Barker, 1979), and
these were helpful in estimating the actual formation temperature. For the other
wells for which the 250°C depth is given in the cross sections, however, the
hottest temperatnre surveys may still be too cool in some cases. Consequently,
the 2500C depth should be regarded only as a maximum depth, i.e., the
250°C formation temperature may actually occur at shallower depths than
indicated on the cross sections.,_ ‘

Although the borehole temperature data indicate that the consolidated,
high-density, high-resistivity shales correspond to high—temperature
conditions, the 250°C depth in Figure 21 is quite variable in detail with
respect to the consolidation, density, and resistivity transitions described
above. In addition to the borehole cooling problem, these deviations may
reflect cooling of the subsurface since the thermal event" that caused the
hydrothermal alteration: of the.sediments below the A/B boundary. Other
evidence of post-alteration cooling will be discussed later. -

- Barker (1979) determined ritrinite reflectance-depth trends for four
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Cerro Prieto wells (M-84, M-93, M-94, and M-105). Because this physical
property is a measure of maximum temperature conditions, isoreflectance
levels would be expected to conform more closely té the physical and minera-
logical alteration horizons than borehole temperature isotherms. There is an
abrupt increase in vitrinite reflectance at the A/B boundary from less than
1.0 above to greater than 3.0 a few hundred meters below. Correlation of
vitrinite reflectance with burial diagenesis and metamorphism in other areas
indicates burial diagenesis down to the A/B boundary and metamorphism below
(Lyons, 1979). From Barker’s reflectance-depth trends, the depths to 2.0 and
2.5 km were plotted on the cross sections. These reflectance values consistently
are between the A/B boundary and the top of the high-resistivity shales.
Thus, as anticipated, this paleotemperature indicator is more conformable to

the alteration horizons than to borehole temperatures.

Productive Intervals

With the exception of the relatively cool, shallow broduction on the
northwest flank of the field, the geothermal production intervals generally
straddle or underlie the top of the high-resistivity, high-density shales.
This suggests that the geothermal resource is related to the same heat
source responsible for the hydrothermal alteration of the sediments. The

thermal history of this area will be discussed later.

6. NATURE OF THE GEOTHERMAL RESERVOIR

Because of the evidence of induration and metamorphism below the A/B
boundary, previous workers concluded that interstitial or matrix porosity

and permeébility is poorly developed in the deépér part of the Cerro Prieto
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field. Observations of fractures in cores suggested fractured reservoirs.

This conclusion is supported‘by correlations of sandstone porosity/permea-
bility with burial diagenesis and metamorphism in a variety of sedimentary
basins (e.g., van de Kamp, 1976; Lyons, 1978, 1979). However, evidence will be
presented below that secondary matrix porosity and permeability are well

developed below the A/B boundary throughout the Cerro Prieto field.

Well Log;Evidence

Resistivity, density, and sonic logs in the altered zone indicate
that whereas_the shales are indeed low-porosity, highly indurated rocks,
the sandstones'eommonly have fair to good porosities'(ISZ to 35Z or higher).
The porosity calibration of the density log response by Schlumberger is
based on quartz-ricn sandstones, which is consistent with the sandstone com-
position data discussed earlier. These relatively high log porosities were
corroborated by core porosity measurements by CORELAB, Inc. (18Z to 28.6%
below the A/B boundary) which are given on the crose sections.

’ An example of the resistivity and density log patterns above and below
.the A/B boundary is shown in Figure 25. Sand resistivities are higher than
shale resistivities'above theVA/B boundary, bnt below the top of the high-
resistivity shales most of the sandstone intervals have lower resistivities.
Shale densities are normally higher both above and below the A/B boundary,
but the density{difference between sandstones and shales below A/B is gener-
slly muehjgrester than the_density~difference between sands and shales:above
A/B. Asrillustrated in theidensity—deoth olots in Figure 26, while the
shaleslexhibit the expected marked increase in demsity at the top of the
alteredvzone,'most of the sandstone'intervsls show a'much‘smeller»cnange

in density (porosity). Some sandstone porosities in the altered zone are
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Figure 25. Typical example of the contrasting resistivity and density
log response patterns for sands and shales above and within
the altered zone. The lower density curve was shifted to the
left (lower density) with respect to the upper density curve .
for display purposes. b’
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but much smaller change in density in sandstones.

69




apparently even higher than those above the A/B boundary. The occurrence

of fair to good sandstone porosity interbedded with low-porosity, metamor-
phosed shales implies secondarf porosity development by solution of chemically
unstable framework grains and pore-filling material. Typically, there is

more scatter in the density-depth relationship for sandstones below A/B than
for sands above A/B which suggests variation in the degree of secondary
porosity development.

In‘contrast, in the M-96 well, which is a nonproductive well northwést
of the field, the density-depth trend suggests progressive porosity destruc-
tion with increasing burial depth (Figure 27). The A/B boundary was not
picked in this well by CFE, but below the 2.4 shale density horizon, sand-
stone porosities decrease systematically from about 19% to 6%Z. The borehole
temperature surveys indicate that M-96 is presently cool, but the sandstone
density-depth trend for M-96 exhibits higher densities (lower porosities)
versus depth than the trend for M-94, which is a much hotter well. This
suggests that the porosity destruction in M-96 is related to higher
paleotemperature conditions. Secondary solution porosity is apparently
not very significant in M-96. Differences in the alteration history between

the producing area and this well will be discussed later.

Petrographic Evidence

To check the secondary solution porosity idea, alterations and textural
relationships were examined in the petrographic study referred to in Section
3 (Depositional Model; see Table 1). All samples are from the indurated
zone (below the A/B boundary). The rocks were impregnated with blue epoxy
resin before cutting the thin sections. The blue resin fills the pore

space and facilitates the recognition of porosity.
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71




The sandstones are very fine- to coarse-~grained and are moderately
to well sorted. Matrix clays are 1% or less in most samples. Alterations
similar to those previously described in Elders et al. (1978, 1979) are
common. The most abundant cement in these sandstones 1s pore-filling
carbonate. Quartz grain-overgrowth cement and epidote pore-filling cement
are minor constituents.

Textural relationships suggest that cementation reduced sandstone
porosities to less than 10% below the A/B boundary. However, subsequent
solution of chemically unstable framework grains (mainly feldspar and some
volcanic fragments) and carbonate cement resulted in increased porosity to
28% or more. These relationships are illustrated in Figures 28 to 31. In
the presently cool M-96 well, solution porosity is not as well-developed as
in the producing wells.

The texture typically varies from tightly cemented to apparently
isolated "vuggy" porosity to interconnected porosity in the same thin
section, which suggests that permeability will vary from poor to good in
these porous hydrothermally altered sandstones. The core permeability
measurements support this suggestion. The variability in sandstone
permeability in the altered zonme is illustrated by the core porosity-

permeability crossplot in Figure 32.

Fracture Versus Matrix Permeability

Thus the density logs, core measurements, and thin sections consistently
indicate fair to good sandstone porosities in the hydrothermally altered zone.
The textural relationships clearly support the above interpretation that
these anomalously high porosities are due to post-alteration solution. It

follows then that matrix porosity and permeability are significant even in
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. | CBB 802-2543

Figure 28. . Photomicrograph of sandstone core sample from well M-20, at
© 915.3 m depth, plane polarized light. The dotted areas in
this view are pores mostly resulting from removal of carbonate
cement and feldspar. Elsewhere in this section, the cement is
present. Measured porosity is 23.7% in this rock. View is
V 1.2 mm across.
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Figure

CBB 802-2541

Photomicrograph of sandstone at 915.3 m depth in well M-20 showing
porosity in dot pattern. On the right side of the view an area
cemented by carbonate is present. The packing arrangement of
detrital grains is similar in both cemented and cement~free areas.
View is 1.2 mm acrosse.
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. ‘ , L . ~ CBB 802-2547
Figure 30. Sandstone in well M-96 composed of angular to well-rounded grains.
' Dotted areas are pores. In the left center of the view is a
feldspar grain with four holes resulting from partial leaching
of the grain. This sample is from 1981 m depth. View is 1.2 mm
across.
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Figure 31.

CBB 802-2545

Sandstone, well M-96 at 1979 m depth. This is a fine grained,
moderate to well sorted rock, with secondary porosity shown in a
dot pattern. The grain in the center is a partly leached feldspar.
View is 0.5 mm across.
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(measurements by CORELAB, Inc.).
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the deeper reservoirs.

Descriptions of cores from 12 wells supplied by CFE suggest that
open fractures (fracture pefmeability) are unusual in the hydrothermally
altered zone. Fracture permeability may be significantxnear faults, although
the core descriptions suggest that this is generally not the case. Fractures
were observed in both sandstones and mudstones.

Some fractures aré filled with sediment, mainly fractures in mudstone
| ~ filled with sandstone, indicating injection of unconsolidated sediment: into

adjacent, more consolidated fractured sediment. Such fracturing apparently

occurred before hydrothermal alteration.

Post-induration fractures are commonly sealed by hydrothermal minerali-

zation as described by Elders et al. (1978, p. 76). They interpreted repeated
fracturing and sealing in the altered zone based on "multiple and cross-
cutting mineral veins." Calcite was mentioned as a common vein mineral as
fracture filling. Some of the calcite may represent reprecipitation of
the calcite cement removed from the sandstones. Perhaps some of the other
vein minerals may be related to the solution of unstable grains in the sand-
stones (i.e., to feldspars and volcanic fragments).

Although fractures may be an important contributor to reservoir perme-
ability locally, secondary matrix porosity and permeability appear to be more

important volumetrically in the reservoirs of the Cerro Prieto field.

7. SURFACE GEOPHYSICAL DETECTION OF GEOTHERMAL ANOMALY

Resistivity

Generally speaking, hydrothermal alteration of sediments results in the

formation of authigenic cements in sandstones and clay mineral transformations
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in shales, both of which causes a decrease io‘primary porosity and an Increase
in resistivity. This effect hay be offset to some degree by the development of
secondary solution porosity in sandstones as discussed in the previous section.
 Another offsetting factor,is the‘increese in pore floid salinitv related to
hydrothermal‘resctionsrwhich prodhce higher concentrations of iomns in the pore
fluid. The effect of the salinity change depehos on the net porosity loss in
the aitered zone. In an area where iateralpand/orrvertical gradations from
nonmarine to marinerdepositionallcohditions occcrred, the resulting salinity
variations would complicate the resistivity response and obscure, to some
degree, the effects of hydrothermal activity.

The interpreted surface resistivity along seismic line D-D” by Wilt et al.
(1979) shows a high-resistivity body below 800 m, which approximately coin-
cides with the productive zone in the older part of the field. The researchers
relate this body to porosity loss by hydrothermal alteration because it correlates
well‘with the altered zone (cross section III-III’ in Figure 21). The top
of the high-resistivity shales observed on the well logs (Figure 21) shows
good agreement with the high-resistivity body interpreted from the surface
surveye.

‘Wilt et al. (1979) also recognized a similar high-resistivity body on
their profile D-D* northwest of the’ field 4n ‘an area which is presently cool.
This ‘body correlates with a high-gravity "ridge" that -wells Q-757 and M-96
reveal is dué*td'densified:sediments (see Section 4, Structure).

In general, deteétiﬁgigeothermal‘ahOmalies’iﬁ’this'regioh on the basis'e
of surface resistivity data aloné could be difficult and risky for the

reasons discussed above. Moreover, reSiStivityfsurveys’without‘proper,
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detailed interpretation might very well supply misleading informationm.

Magnetics

According to Fonseca L. and Razo M. (1979, p. 36), "Hydrothermal reactions

and metamorpﬁism also seem to affect magnetic anomalies." This is not apparent,
however; in the ground magnetic data obtained by CFE (FigureJZO).' The x-ray
diffraction analyses of well samples reported by Elders et al. (1978) indicate
that the only magnetic mineral present in the al{ered zone is the weakly mag-—
netic sulphide pyrrhotite, which is generally abéent. Where detected, the

concentrations were generally less than 1% by weight. Therefore, magnetics does

not seem to be a very promising detection method for the Cerro Prieto region.

Gravity

As mentioned earlier in the Structure section, positive gravity anomal-
ies are associated with most geothermal anomalies in tha Imperial Valley due
to densification (porosity loss) of the sediments by hydrothermal alterationm.
Coincident positive gravity and magnetic anomalies suggest basement highs,
which may or may not be associated with hydrothermal activity, but a positive
gravity anomaly coincident with a negative magnetlic anomaly, or absence of
a magnetic anomaly, suggests densified sediments above basement.

At the Cerro Prieto field, hydrothermal alteration also produced
densification, but as discussed in the preceding section, later removal of
unstable grains and cement froﬁ the sandstones by solution resulted in
anomalously low density sandstones interbedded with high-density shales.
Coansequeaatly, the 2£fect of the densificaplon on gravity depends on the
percentages of sandstone and shale which varies laterally as shown on the

stratigraphic cross sections in Figures 4-7. Not surprisingly, there is
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no‘positive gravity anomély coincident with the production area (Figure 13).

It is not yet élear whether low-porosity, high-density altered
rocks (as in the Imperial Valley and perhaps northwest of the field) or higher
pdrosity, lower &ensity altered rocks showing secondary solution porosity (as at
Cerro Priéto) are more typical in other geothermal anomalies in the Mexicali

Valley area.

Reflection Seismic Profile o . , /

The A/B boundary or top of the hydrothermal élteration zone does not appear
as a reflection on the seismic profiles for several reasons. First, the top of
the altered zone‘is,a transition in the degree of consolidation or induration,
not an abrupt change, which means a long-wavelength, low-frequency change in
acoustic impedance. Frequenéies less than 10 Hz would be required to produce
a reflection from this transition. In the Cerro Prieto seismic data, however,
frequencies less than 16 Hz were eliminated by the bandpass filter applied in
the data processing. Second, even if very low frequencies had been recorded
and preserved in the seismic data, higher-frequency primary reflections and
noise would obscure the discordant 16wffrequency reflection. Third, well-log‘
data indicate that the magnitude of ;he acoustic impedance change at the top
: of‘;ﬁé,gltéged zone varies considerably‘across_the'fieldiérea;due to two
factors. The varia;ion:of magnitude is caused by'change,in\the_burial‘deg;h of
the overlying sediments{and change in the percentage of relatively low écoustic
impedance sandstones due to secondary solution porosity in the altered zone.
Where such‘sandétqnes,predominate,over,densified shalgs in the upper part of
the al;efgd zone, there méy‘actually beré,polarity reversalLin,thé‘acoustic :
impedancé cﬁange- Thgse~1atera1 Variationsvin,the mggnipudé and polarity of

the acoustic impedancé change’would also make it very difficult to recognize
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a coherent reflection corresponding to the top of the altered zone. Finally,
although well correlations suggest a rather simple dome-like configuration for Q;;
the top of the altered zone, the detailed geometry may be much more irregular,
which would also complicate the recogﬁition of a reflection from this acoustic
impedence transition.

Arreflection-poor zone, cross-cutting several strata and coincident with the
hydrothermally alteréd zone, was bbserved at the East Mesa geothe;mal field
in the Imperial Valley by van de Kamp (in Howard et al., 1978). This zone
i1s characterized by relatively low matrix porosities and permeabilities
and by higher velocities and densities than in the laterally equivalent
lower temperature strata. The dome-like configuration of the reflection-poor
zone agrees well with a gravity maximum over the field. The productive
intervals in the East Mesa field are within or just above this zone.

A similar reflection-poor zone was observed at Cerro Prieto on seismic
profiles A-A’(Figure 12), B-B’, and D-D’ (Figure 11). Although there is not
sufficient seismic reflection data coverage to map this dome~-like zone as at
East Mesa, it agrees reasonably well with the producing area on these pro-
files. With the exception of the shallow production on the northwest flank
of the field, most of the producing intervals are within the reflection-
poor zone. A comparison of the top of this zone and the induration, density
resistivity, hydrothermal mineral, temperature, and vitrinite reflectance
horizons discussed in the Hydrothermal Alteration section can be seen on
cross sections I-I° and III-III’ in Figure 21.

It was suggested that the lack of reflections at East Mesa may be
due to extensive fracturing of the relatively brittle rocks in the high=~

temperature zone resulting in dispersion of seismic energy. However,
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it‘was pointed out (Sectioh 6, Nature of the Geothermal Reservolir) that open
Eractures ma& be :eletitelymuncommon in tﬁe hydrcthermally alteted zone at
Cerro frieto. Perhaps closely spaced older faults contributed signif-
icantly to the development of this’reflection pattern in the older producing
area by,disruptieg teflection continuity. A more significant factor at
Cerrc Prieto, hewever, may have been the obliteratioe of acoustic imped-
ancevlayering (strata) by porosity destructicn duethvhydrothermal altera-
tioner Even though iater preferectiai'solution of unstable components in
sandstones prcduced fair;to-good secondary porosity, the original acoustic
~ impedance layering probably was notﬁfrecreated" because.of the vertical
and lateral variability of the solutionrporosity;

Therefote, in eitherrthe Eeet Mesa situation (pqtosity destruction and
fracturing) 5; the Cerrq Prieto situation (porosity destruction followed
by porosity er;hancemect) , the seismic reflection method could be a good approach
for identifying geothermal targets. Great caution is necessary, however,
because st;uctural complexities,'dominantly one-lithology sequences, and
" shallow basement highs may produce_eipilervseismic reflection patterns. By
utilizing other geophyeicel deta, at ieestrsome of the altetnatives may often
be elimitlated. Moreover, since adequate seismic reflection coverage for
| V'geothermal exploration may be prohibitively expensive, this geophysical
methpd is ptobebly_most useful‘for delineating the.limits‘of the geothermal

resource after a discovery has been made.

8. - THERMAL-TECTONIC HISTORY
The induration or densification of the sediments below the A/B boundary

" by hydrothermal alteration preceded the development of secondary solution
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porosity iﬁ the sandstones and the ;epeated fracturiﬁg and sealing of frac-
tures recorded by mineral veins. This suggests a relatively long period of
hydrothermal activity in the Cerro Prieto area.

The culminétion of the A/B boundary (at the top of the main altered zone)
in Figure 21, in the older producing area (wells M-5,M-9 ,M-10,M-14,M-25 and
M-39 on cross section III-III") is nearly flat. This implies that the top of
the hydrothermal zomne was near the surface, i.e., the stratigraphic horizon
just above the flat culmination of the altered zone approximately dates the
densification of the sediments. |

The weii log correlations in this étudy revealed localized angular
unconformities in the field area that were related to older fault displace-
ments. (This occurs between wells M—127 and M~149 on c“ross-s-ection I—I.i',
M-50 and M-90 on cross-section II-II", M-10 and M-39 on cross-section
III-III’, and M-51 and M-91 on cross-section IV-IV’. See Figures 4-7 or
Figure'21). The stratigraphic position of many of these unconformities
appears to be very close to the upper limit of the altered zones. This
suggests a relation between the northeast-southwest and north-northeast to
south-southwest faulting and the hydrothermal activity which caused the
densification of the sediments.

A local angular unconformity between M=-6 and M-9 is indicéted by discordant
reflection geometry on seismicrprofilebD-D' (Figure 11). This discontinuity
seems to be at about the same stratigraphic horizon as the cﬁlmiﬁation of
the altered zone and many of the unconformities recognized in the main
producing area. It is interesting to note that the shallow production zone
west and northwest of the main production (M-3, M~6, M-7, M-9, M-11, M-29,

and Q-757) appears to straddle this unconformity horizom. It represents
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an offshoot of the main hydrothermal aone (refer to the isotherm cnnfigura—
tioa in Figure‘24). This is somewhat analogous tc the intrusion of an igneous
sill from a stock into surrounding sediments;
Acccrding to de Boer (19795, paleomagnetic data indicate that eruptions
of the Cerro Prieto volcano began apnroximately 110,000 years ago.
The unconformities discussed above were followed by the deposition of
about 2500 to 3500 ft (762 to 1067 m) of sediments. Although the unconform-
ities and the older faulting cannot be related to the initiation of
volcanism directly, the depositional rates suggest‘that denosition of the
post-unconformity sediments in the past 110,000 vears is certainly reasonable.
This is supported by the interbreted thickness of the Holocene in the
Colorado River delta plain'southeast of Cerro Prieto (van de Kamp 1980,
oral commun.) and by the calculated depositional rates for the New River
delta at the south endrof the Salton Sea (Stephen and Gorsline, 1975).
Therefore, it appears that the onset of the northeast—southwest and
north-northeast to south-southwest faulting, the onset of hydrothermal activity,
and the onset of the Quaternary volcanism were roughly synchronous. The
topographic elongation of the Cerro Prieto volcano indicates northeast-southwest
structural control; It'seems reasonable that the rise of isotherms in the
fleld:area and tha uuvard;nuvement of rhyodacitic’magma'tc‘the'ndrthwest
was in response to the‘extensional faulting. The age of this major |
thermal—tectonic event is not clear, but: the date of the oldest known
eruption,atrthe Cerro Prieto volcano could be considered a minimum age.
Episcdic thernal and tectcnic”activity from the event described~above
to the present is indicated by the paleomagnetic evidence of at least FLvP

major eruptive phases of the Cerro Prieto volcano (de Boer, 1979), the ev1dence.
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of repeated fracturing and sealing of fractures by hydrethermal minerali-
zation (Elders et al., 1978); and the present thermal springs and seismicity.
The secondary solution porosity in the altered sandstones developed during
this period. It seems likely that low-saiinity waterermoved laterally into
the altered zone f:om the cooler unaltered sedime;ts. ‘As these waters heated
up, increasing their chemical activity, solution of the uestable components
in the sandstones began. It is not known whefe all the dissolvee material
was precipitated, but the mineralization of fractufes may acount for at
least part of it. This process was probably more effeetive at times when
open faults and fractures were present in the altered zone. Secondary
porosity may have developed at different times throughout the field area
acce;ding to the availability of open faults and fractures or gradually in
response to the repeated fracturing indicated by the mineral vein relationships.

As discussed in Section 6, that secondary solution porosity is not
very significant in M-96, which is a cool well northwesf of ehe field.
High densities and resistivities in the lower part of the well, as well as
an indurated texture observed in thin sections, suggest cooling since the
main thermal-tectonic event. Secondary solution porosity development may
have been limited by the relatively low subsurface temperatures following
the induration of the sediments. | 7

It was mentioned in Sectien 5 (Hydrothermal Alteration)>thet, in detail,
the 250°C isotherm does not(parellel ﬁhe coneolidation, deﬁsity, and resis-
tivity transitioqs.v These devietions may also suggest localizedbcooling
since the ﬁe@n thermal-tectonic event.

The history ef the Cerro Prieto area from the formafion of the basin

to the present is summarized in Table 2.
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GEOLOGIC HISTORY OF THE CERRO PRIETO GEOTHERMAL FIELD: HISTORY

TABLE 2.
OF THE AREA FROM FORMATION OF THE BASIN TO THE PRESENT
I. Basin formation Miocene
II. Early stage basiﬁ,fill’iﬂélﬁding volcanics Miocene
III. Onset of Colorado delta progradation Mid-Pliocene
filling trough from northeast
IV. Termination of lithofacies I deposition west Middle Pleistocene
of field and shoaling of marine connection
to Imperial Valley area
V. Onset of NE-SW and NNE-SSW faulting. Onset Late Pleistocene
of thermal activity: (a) volcanism northwest (110,000 years or older)
of field, and (b) induration of sediments by
hydrothermal alteration ,
VIi. Episodic faulting and thermal activity: - Late Pleistocene to

(a) repeated faulting, fracturing, and
fracture mineralization, (b) secondary
solution porosity, (c) volcanism

present
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9. CONCLUSIONS

1. The subsurface stratigraphy at Cerro Prieto is characterized by complex
vertical and lateral variations in lithofacies, which is typical of deltaic
deposits. The geothermal production zone is not a unifofm reservoir layer
overlain by a laterally continuous top-seal of low-permeability strata.

2. The deeper part of the stratigraphic section in the main producing area
including the productive intervals, reﬁresents lower delta plain deposits of
the ancestral Colorado delta. The arcuate lithofacies I belt (thick predom-
inantly sand sequénce) just west of the main producing area is interpreted as
a deltaic coastal complex in a tide- or tide/wave-dominated delta. The area
between the coastal-deltaic deposits and the basin margin alluvial fans on
the flank of the Cucapa Range to the west was probably an area of at least
intermittent marine deposition until the Middle Pleistocene.
| 3. In addition to the northeast-southwest and northwest-southeast fault
trends, which have been emphasized in earlier fault interpretations of the
Cerro Prieto area, north-south and qorth northeast-south southwest trends
are also prominent. Older faults, reactivated older faults, and younger
faults are present in the field.

4, Basement structure in the Cerro Prieto area is difficult to interpret
because of very few basement penetrations by wells, anomalies within the basin
fill (volcanics, dike/sill complexes, and densified sediments), and geophysical
data coverage and data quality limitations. There does not seem to be any
convincing geophysical evidence for a basement horst underlying the field as
suggested by various workers in the past; instead there is apparently a
general deepening of the basement in a southeasterly direction across the

field.
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5..: ' The top of the well consolidated or indurated sediments has a dome-like
configuration which cuts across the sedimentary strata. Shales in the
indurated zone exhibit high densities and.high resistivities on the well
logs. The metamorphic mineral horizons, high temperatures, and high
vitrinite reflectance at the'top of the indurated zone indicate that the

changes in the physical properties of the sediments were caused by hydro-

thermal alteration. Except for the relatively cool, shallow production on

the~northwest flank of the Cerro Prieto field, the geothermal production
intervals generally straddle or underlie the top of the high-resistivity,
high-density shales.

6. Sandstones in the hydrothermal alteration zone commonly have fair to good
porosities (15% to 35% or higher) which resulted from the removal by solution
of unstable grains and carbonate cement. Open fractures appear to be unusual
in the altered zone based on core descriptions. While fractures may be an
important contributor to reservoir permeahility 1ocally, secondary matrix
porosity and permeability‘are’consioereo toihe more important volumetrically
in the Cerro Prieto reservoirs. | -

7. Surface geophysical detection‘of geothermal anomalies in the Cerro Prieto
region may be difficult from resistivity, magnetic or gravity data. The
occurrence of a reflection-poor zone coincident with the hydrothermal alteration
zone at Cerro Prieto and at East Mesa suggests that the seismic reflection method
may be a good approach but other types of geophysical data are necessary to
eliminate alternate sources of reflection—poor zones. This geophysical method
would probably be most useful for field_delineation because adequate seismic

reflection coverage for geothermal explorationimay be prohibitively expensive.
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8. It appears that the older northeast-southwest and north northeast-south o
southwest faulting of the basin fill, the densification of the sediments below &ia
the A/B boundary by hydrothermal alteration, and the onset of Quaternary

volcanism northwest of the Cerro Prieto field were roughly synchronous. The

date of the oldest known eruption at the Cerro Prieto volcano (approximately

110,000 years B.P.) may be a minimum age for this major thermal-tectonic "event."
Episodic thermal and tectonic activity occurred from this event to the present,
including four major eruptive phases of the Cerro Prieto volcano, repeated

fracfuring of the densified sediments and sealing of the fractures by hydro-

thermal mineralization, and development of new faults and reactivation of older
faults. The secondary solution porosity in the altered sandstones developed

during this period. There may have been localized cooling i{n some areas since

the "main" thermal-tectonic event.

10. ACKNOWLEDGMENTS

The authors gratefully acknowledge Lawrence Berkeley Laboratory of
the University of California and the Comisidén Federal de Electricidad de
México for supplying the data used in this study. We also thank the per-
sonnel of both organizations for many beneficial discussions, including Maura
0‘Brien, Stephen Vonder Haar, and John Noble of Lawrence Berkeley Laboratory
for reviewing the manuscript, Margot Harding for drafting the figures, and
Cathy Donnelly for typing the manuscript.

This work was performed for the U.S. Department of Energy, Division of

Geothermal Energy, under contract W¥7405-ENG-48.

90



11. REFERENCES CITED

Abril G., A., and Noble, J. E., 1979, Geophysical well-log correlations along
various sections of the Cerro Prieto geothermal field, in Proceedings,
First Symposium on the Cerro Prieto Geothermal Field, Baja Califormia,
Mexico, Septembe: 20-22, 1978: Berkeley, Lawrence Berkeley Laboratory,
LBL-7098, p. 41-48. |

Albores L., A., et al., 1979, Seismicity studies in the region of the Cerfo
Prieto geothermal field, in Proceedings, First Symposium on the Cerro Prieto
-Geothermal Field, Baja California, Mexico, September 20-22, 1978: Berkeley,
Lawrence Berkeley Laboratory, LBL-7098, p. 227-238.

Barker, C. E., 1979, Vitrinite reflectance geothermometry in the Cerro
Prieto geothermal system, Baja California, Mexico (M.S. thesis):
Riverside, University of California, 126 p.

de Boer, J., 1979, Paleomagnetic dating of the Cerro Prieto volcano (Abstract),
in Program and Abstracts, Second Symposium on the Cerro Prieto Geothermal

Field, Baja California, Mexico: Mexicali, Comisién Federal de
Electricidad, p. 20-21. |

Elders, W.A., 1979, The geolqgical background qﬁ the geothermal fields of
the Salton Trough, in Elders,_W.'A., ed., Cuidebook: geology #nd:geo-
thermics of the:Salton Trdugh,(Field Trip N°°,7' Geol. Soc,;America

, Annﬁal Meeting, San,Diego): University of California Riverside Campus
Museum Contributions,Nof 5, p» 1-19.

Elders, W.A., and Biehler, S., 1975, Gulf of California rift system and

its implication for the tectonics of western North America: Geology,

ve 3, no. 2, p. 85

91




Elders, W. A., et al., 1972, Crustal spreading in southern California:
.Science, v. 178, p. 15-24.

5 1978, A comprehensive study of samples from geothermal reservoirs:
Petrology and light stable isotope geochemistry of twenty-three wells
in the Cerro Prieto geothermal field, Baja California, Mexico:
Riverside, University of California, Institute of Geophysics and
Planetary Physics, Rept. UCR/IGPP-78/26, 264 p.

_____» 1979 Hydrothermal mineral zones in the geothermal reservoir of Cerro Prieto,
in Proceedings, First Symposium on the Cerro Prieto Geothermal Field,
Baja California, Mexico,'September 20-22, 1978: ﬁerkeley, Lawrence
Berkeley Laboratory, LBL-7098, p. 68-75.

Fonseca L., H., and Razo M., A., 1979, Gravimetric, magnetometric and
seismic reflection studies at the Cerro Prieto geothermal field
(Abstract), in Program and Abstracts, Second Symposium on the Cerro
Prieto Geothermal Field, Baja California, Mexico: Mexicali, Comisidn
Federal de Electricidad, p. 36-37.

Foster, N. H., 1979, Geomorphic exploration used in the discovery of Trap'
Spring field, Nye County, Nevada, in Newman, G. W., and Goode, H. D.,
eds. , Basin and Range Symposium: Rocky Mountain Assoc. Geol. and
Utah Geol. Assoc., p. 477-486.

Howard, J. H., et al., 1978, Geothermal resource and reservoir investigations
of U.S. Bureau of Reclamation leaseholds at East Mesa, Imperial Valley,

California: Berkeley, Lawrence Berkeley Laboratory, LBL-7094, 305 p.

92

i



Hunt, C. B., 1969, Geologic history of the Colorado River, in Rabbitt, M. C.,
et al., Ihe-Colofado River region and John Wesley Powell: USGS Prof.
Paper 669, p. 59-130.

Lyons, D. J., 1978, Saﬁdstoge reservoirs: Petrography, porosity-permeability -
relationship and burial diagenesis: - Japan National 0il Corporationm,
Technical Reéearch Center Report, no. g8, p. 1-69.

——» 1979, Organic metamorphism and sandstone porosity. prediction from
acoustic data: Japan National Oil Corporation, Technical Research
Center Report, no. 9, p. 1-51.

Majer, E. L., et al., 1979, Seismological studies at Cerro Prieto, in
Proceedings, First Symposium on the Cerro Prieto Geothermal Field, Baja
Califorﬁia, Mexico, September 20-22, 1978: Berkeley, Lawrence Berkeley
Laboratory, LBL77098, Pe 239-245.

Maiion M., A., et al., 1977, Extensive geochémical studies in the geothermal
field of Ce;tq Prieto, Mexico:’ Berkeley, Lawrence Berkeley Laboratory,
LEL-7019, 113 p.

Prian C., R., 1979a, Lithologic corrélations of the Cerro Prieto wells
based on well log interp:etgtion, ;B:Pfoceedings,fFirst Symposium on the
Cerro Prieto Geotherma;tFiqld,’BaJa_California,‘beico, September 20—22,
1978: Berkeley, Lawrence Berkeley Laboratory, LBL-7098, p. 49~56. -

s 1979b,»Deve1bpmeng pbséibilitiesuatythg Cerro Prieto geothermal field
(Abstract) in Program and Abstracts,,Second Symposium on tlie Cerro’
Prieto Geothermal Field, Baja: California, Mexico: beicali Comisién

{

Federal de Electricidad, ps . 49=56.

93




Puente C., 1., and de la Pefia L., A., 1979, Geology of the Cerro Prieto
geothérmal field, in Proceedings, First Symposium on the Cerro
Prieto Geothermal Field, Baja California, Mexico, September 20-22,
1978: Berkeley, Lawrence Berkeley Laboratory, LBL-7098, p. 17-40.

Razo M., A., and Fonseca L., H., 1978, Prospeccibédn gravimetrica y
magnetometrica en el valle de Mexicali, B.C.: Mexicali, Comisién
Federal de Electricidad Rept., 34 p.

Razo M., A., Arellano G., F., and Fonseca L., H., 1978 CFE resistivity

‘ studies at Cerro Prieto, in Proceedings First Symposium 6n the Cerro
Prieto Geothermal Field, Baja California, Mexico, September 20-22, 1978:
Berkeley, Lawrence Berkeley Laboratory, LBL-7098, p. 167-178.

Smith, J. L., 1979, Geology and commercial development of the East
Mesa Geothermal Field, Imperial Valley, California, in Elders, W. A.,
ed., Guidebook: Geology and geothermics of the Salton Trough (Field
Trip No. 7, Geol. Soc. America Annual Meeting, San Diego): University
California, Riverside Campus Museum Contributions No. 5, p. 86-94.

Stephen, M. F., and Gorsline, D. S., 1975, Sedimentary aspects of the
New River delta, Salton Sea, Imperial County, California, in
Broussard, M. L., ed., Deltas -~ models for exploration: Houston Geo-
logical Society, p. 267-282.

Truesdell, A. H., et al., 1979, Geochemical studies of the Cerro Prieto
reservoir fluid (Abstract) in Program and Abstracts, Second Symposium
on the Cerro Prieto Geothermal Field, Baja California, Mexico: Mexicali,

Comisién Federal de Electricidad, p. 28-31.

94 .



van de Kamp, P C., 1973, Holocene continental sedimentation in the
\Salton Basin, California: A reconnaissance: Geol. Soc. America
Bull., v. 84, p. 827-848.

‘____, 1976, Inorganic and organic metamorphism in siliciclastic rocks
(Abstract): AAPG Bulletin, v. 60, no. 4, p. 729.

Wagoner, J. L., 1977, Straﬁigraphy and sedimentation of the Pleistocene
Brawley and Borrego formations in the San Felipe Hills area, Imperial
Valley, California, U.S.A. (M.S. thesis): Riverside, University of
California UCR/IGPP-77/24, 128 p.

wilt, M. J., Goldstein, N. E., and Razo M., A., 1979, LBL resistivity
studies at Cerro Prieto, in Proceedings, First Symposium on the Cerro
Prieto Geothermal Field, Baja California, Mexico, September 20-22,

1978: Berkeley, Lawrence Berkeley Laboratory, LBL-7098, p. 179-188.

Woodard, G. D., 1974, Redefinition of Cenozoic stratigraphic column
in Split Mountain Gorge, Imperial Valley, California: AAPG Bulletin,

Ve 58, Pe 521"539.

95




Thrs repon was donc thh support from the

" Department of Energy. Any conclusions or opinions

4~ exprcsscd in this report represent solely those of the

- | * author(s) and not necessarily those of The Regents of
" _the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy o

T ~“Reference to a company or product name dm,v ‘

1 not “imply - approval- or ‘recommendation of the
product ‘by the University of California or the us.

"~ Department of Energy to the exclus:on of oxhcrs that -

_..may bc smtable




: £

TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
" UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

B
A )

e ant
i
2w B N K t"'A_‘



	ABSTRACT
	1 l INTRODUCTION
	3 DEPOSITIONAL MODEL
	Sands tone Composition
	Pore Water Salinities
	Seismic Reflection Patterns
	Present Physiography
	Imperial Valley Depositional Record
	S yn t he si s

	4 STRUCTURE
	Fault Interpretation
	Basement Structure

	5 HYDROTHERMAL ALTERATION '
	Induration of Sediments
	Well Log Evidence
	Hydrothermal Minerals
	Sub surface Tempera tures
	Productive Intervals

	6 NATURE OF THE GEOTHERMAL RESERVOIR
	Well Log Evidence
	Petrographic Evidence
	Fracture Versus Matrix Permeability

	7 SURFACE GEOPHYSICAL DETECTION OF GEOTHERMAL ANOMALY
	Resistivity
	Mag net i c s
	Gravity
	Reflection Seismic Profile

	8 l THERMAL-TECTONIC HIS TORY
	9 CONCLUSIONS
	10 ACKNOWLEDGMENTS
	11 REFERENCES CITED



