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INTRODUCTION

In March 1986, a research borehole, called the "State 2-14", reached a depth of 3.22 km in
the Salton Sea Geothermal System (S8GS), on the delta of the Colorado River, in Southern
California (Figure 1). This was part of the Salton Sea Sclentific Drilling Project (SSSDP}, the
first major (i.e., multi-million U. §. dollar) research drilling project in the Continental
Scientific Drilling Program of tHe U. S. A. The principal goals of the S8SDP were to investi-
gate the physical and chemical processes golng on 1n a high-temperature, high-salinity,
hydrothermal system. The borehole encountered temperatures of up to 355°C and produced metal-
rich, alkali chloride brines containing 25 welght per cent of total dissolved solids. The rocks
penetrated exhlbit a progressive transition from unconsolidated lacustrine and deltalc sediments
to hornfelses, with lower amphibolite facles mineralogy, accompanied by pervasive copper, lead,
zinc, and iron ore mineral. The SS5SDP included an intensive program of rock and fluid sampling,
flow testing, and downhole logging and scientific measurement (Elders and Sass, 1988). The pur—
pose of this paper 1is to.describe briefly the background of the project and the drilling and
testing of the borehole, and to summarize some of the important scientific results.

BACKGROUND TC THE S5S8nDP .

The concept of drilling the continental crust of the U. 8. A. for sclentific purposes has
been actively discussed for many years. Among the prime targets selected for drilling into
magma—-hydrothermal regimes was the 88GS, for numerous reasons (U. 8. Geodynamics Committee,
1979). Many students of water-rock iInteractions are familiar with the SS8GS5 through the
pioneering publications of White, and others (1963), and Helgeson (1968). This hydrothermal
system is one of a number of geothermal fields within the Salton Trough at the head of the Gulf
of California. The high heat flow and volcanic activity assoclated with this structural setting
give rise to numerous high-intensity geothermal fields within the Trough {(Lachenbruch and
others, 1985).
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The Salton Sea field is the largest, hottest and most saline geothermal field in the Trough.
In spite of its size, the pace of commercial development has been slow due to the difficulty of
handling hypersaline brines. As well as being a locus of high heat flow, high temperatures and
high salinity, the fleld 1s also assoclated with positive gravity, magnetic and seismic velocity
ancmalles, low electrical resistivity, and high microseismicity. Typically temperatures in the
central part of field exceed 320°C at 2 km depth with the highest reported temperature being
365°C at 2,200 m in the Elmore No. 1 borehole. Similarly heat flow in the field exceeds
400 mWm™ 2., New wells drilled to the northeast of the main part of the fleld, on the other hand,
reached 3,000 m before encountering 300°C (Figures 1 and 2},

Unfortunately much of the information obtained by drilling of commercial wells 1s kept
proprietary for competitive reasons. This situatlion lead us to renew the proposal for sclen-
tific drilling in this field and in 1983 to make a direct approach to the U. S. Congress for
funds. In 1984 the necessary funds for drilling a borehole 3.2 km deep (10,000 ft) were given
to the U, 8, Department of Energy. Eventually the budget for engineering and management of the
S$8SDP grew to be U. S. $6.7 miliion. A further U. 8. $2.65 million was funded by government
agencies for sclentific studies. In all, some 40 different sclence and technology development
projects were involved (Sass and Elders, 1986). Our aims in the 388DP were to probe the roots
of a very hot geothermal system, a unlque hypersaline, high-temperature environment never before
thoroughly investigated scientifically. The current drilling for new commerclal developments
also presents the opportunity to extend the results of the S$SSDP over the whole geothermal
field. : :

THE WELL STATE 2-14

The well was drilled to a depth of 3.22 km (10,564 ft) between 24 October 1985 and 17 March
1986. The well was designated the State 2-14 because it lies on lands owned by the State of
California. The specific location of the borehole (Figure 1) is in a zone where horizontal tem~
perature gradients are highest. Thus the site is potentlally able to yleld information on hori-
zontal fluid circulation. It is about 50% deeper than typical production wells in the center of
the field. High priority was given to obtalning: 1) core and cuttings, 2) formation fluids, 3)
geophysical logs, and 4) downhole physical measurements, especially temperatures and pressures
(Sass and Elders, 1986). The well was drilled using standard oll field technology so cost con~
siderations precluded continuous coring, but extensive collections of drill cuttings were
obtained except in zones of total loss of circulation. A total of 36 core runs were attempted
which recovered an aggregate length of 224 m of wide diameter core., These samples demonstrate a
sequence of unconsolidated lake mud and deltaic sediments being progressively transformed into
hornfels. A highly altered silicic volcanic tuff and twe partly altered diabase (dolerite)
811ls were also penetrated.

No significant permeability was encountered between the first casing point at 1,071 m (3,515
ft) and the second at 1,829 m (6,000 ft). However a major loss zone associated with abundant
vein-filling epidote was encountered between 1,865 and 1,870 m, A flow test of this zone was
successful in obtalning very satisfactory fluid samples. A resource temperature 305°C was
measured downhole and the pre-flash total dissolved solids content was 24.8 wt%, with an
enthalpy of 930 kJ/kg. Drilling then continued.
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From 2,022 to 2,803 m a succession of five zones of total loss of circulation were encoun-
tered. Hundreds of thousands of litres of drilling fluid were lost. We therefore cemented off
these zones before continuing. When circulation was again lost near total depth (3,193 m), the
loss zone was cemented and a 17.8 cm (7 inch) liner was set (but not cemented) to a depth of
3,089 m. The well was then deepened to a total.depth of 3,220 m without regaining circulation.

A second flow test was then carried out, its duration being limited by the capacity of the
available storage pond (5.7 x 108 1itres). Flow rates as high as 265 tonnes/hr with enthalpies
of 1,260 kJ/kg were observed. However, the brines produced during this test however were con-

.taminated due to flow from behind the liner, from the 2,620 m level. A temperature of 355°C was
measured at the bottom of the liner shortly after the flow ended. Attempts to obtain samples
using a downhole sampler after both of the flow tests proved difficult. Out of a total of 12
attempts, using three different samplers, only one was completely successful and four partially
successful.

More than 450 hours of rig-time were devoted to downhole logging and measurement.
Commercial wireline logs were attempted at each casing point. However, at temperatures greater
than 300°C, problems were severe. The only log which was successful below 1,829 m was provided
by the deep induction tool. A United States Geological Survey logging truck with special tools
and a TFE-insulated, MP35N~armored, seven—conductor cable, rated to 315°C, was stationed con-
tinuwously at the site, so that logs could be run during interuptions of drilling. These
included temperature, 3—arm caliper, natural gamma, gamma spectral, epithermal neutron, acoustic
velocity, fullwave form, and acoustic televiewer (Paillet and Morin, 1988). Above 300°C, the
best results were obtalned from passive gamma and neutron tools, but the sonic and borehole
televiewer logs were of poor quality and the caliper tool failed. A new continuously recording,
digital pressure~temperature tool, built around a dewared, downhole, electronic memory, was also
deployed, which has considerable advantages over the mechanical systems previously used above
300°C {Carson, 1986),

After the second flow test the borehole was shut in and a series of temperature profiles
were measured to monitor the return to thermal equilibrium. By the end of May 1986 it was found
that the 7 inch liner had corroded and parted at 1,883 m preventing logging below that depth.
In August 1986 when the nine joints (82 m, i.e. 270 ft) of liner which remained suspended were
removed, the collars on these joints were found to be moderately to severely cracked due to
stress corrosion. Remedial work was delayed until August 1987 when it was found that the fallen
liner could not be retrieved. The borehole was therefore plugged at 1,860 mw and redrilling com-
menced, using downhole turbine motors to sidetrack past the old liner. Numerous technical dif-
ficulties caused this drilling to be abandoned at only 2,188 m. In June of 1988 the. redrilled

"borehole was flowed for 19 days through a full flow separator to an injection well. The purpose
of this reservolr engineering test was to obtain step-rate flow data for resource and well
assessment. The well was flowed at rates of up to 350 tonnes/hr of steam and brine.

THE SCIENCE PROGRAM -

A total of 40 different science projects were part of the $8SDP. Of these, nearly half were
concerned with geochemical studies of rock, fluid, and gas, including organic chemistry of the
fluids. These projects Iinclude major, minor and trace element chemistry, fluid inclusions,
light stable isotopes, and radiocactive 1sotopes, among others. Some ten projects involve
various aspects of mineralogy and petrology and physical properties of core and cuttings. The
remalnder concern downhole sampling, geophysical logging, and other geophysical measurements,
and technology development. The SSSDP will be the subject of a special issue of the Journal of
Geophysical Research in 1988. .

The lithostratigraphy of the rocks penetrated by the State 2-14 borehole consist of
Pleistocene to Pliocene lacustrine mudstones and siltstones, and minor amounts of sandstones,
deposited as lake margin, channel-fill, and freshwater lacustrine-~delta environments (Herzig and
others, 1988). A silicic tuff from 1,704 m depth appears to be correlative with a widely~-
dispersed tephra in Southern California, the Bishop Tuff, erupted 720,000 years ago (Herzig and
Elders, 1988). .

The occurrence of diabase sills in the State 2~14 is at first sight inconsistent with the
occurrence of rhyolitic Quaternary volcanoes in the field (Figure 2). However such mafic rocks
present a much more likely source of the high gravity and magnetic anomalies than does rhyolite.
A conceptual model emerges of cold evaporitic brines sinking through a sedimentary pile being
intruded from below by a sheeted dike or sill complex of basaltic composition. Thus hydrother—
mal circulation in this system may be as much controlled by salinity gradients as by temperature
gradlents (Williams, 1988; McKibben and others, 1988a).

With increasing depth the sediments become progressively metamorphosed and develop horn-—
felsic textures. The metamorphic zones observed include a chlorite-calcite zone (610-2,480 m);
a biotite zone (2,480-~3,000 m); and a clinopyroxene zone (3,000-3,180 m). Authigenic epidote,
quartz and albite are abiquitous below 900 m. The coexistence of actinolite, hornblende, and
oligoclase in the clinopyroxene zone demonstrates the transition from greenschist to amphibolite
facies (Cho and others, 1988; Shearer and others, 1988).

" Studles of the drill cores provide direct physical evidence for the origin of the salt in
the 85GS brines. Recrystallized, metamorphosed bedded anhydrite aad anhydrite-cemented shale
breccias, which appear to have formed by solution—collapse are apparently the residues from the
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dissolution of non-marine evaporites. Fluld inclusions within some of these anhydrites contain
halite, sylvite, and carbonates in a Na~Ca-K-Cl brine, and have homogenization temperatures of
300°C (McKibben and others, 1988b). Apparently halite—saturated brines were trapped during
dissolution of evaporites by hydrothermal flulds. Comparison of the data on brine chemistry of
the State 2~14 with that from other wells in the S8GS suggest a sharp interface exists between a
cooler, shallow, metal-poor fluid of <12%IDS and a deeper, hotter, fluid containing 25% TDS
(Williams, 1988). An intense zone of mineralization and ore genesls occurs in the zone of
mixing these two fluids. An earlier mineralized vein system contains epidote, adularia,
ankerite, and calcite with sphalerite, pyrite, chalcopyrite, galena and pyrrhotite. A later,

more open, vein set contains epidote, quartz, chlorite, chalcopyrite, pyrite, hematite, with

sphalerite and galena. These mineral veins record a complex history of fracturing and infiltra-

tion by the two different brine types which differed in salinity, temperature and oxidation

state (McKibben and others, 1988a).

CONCLUSIONS

In gpite of technical difficulties the SSSDP met or exceeded almost all of its initial
objectives. We showed that although the rocks in the SSGS become indurated with depth, the per-
meability increases due to fracturing. Another lesson learned is the difficulty of dealing with
zones of massive loss of circulation if it 1s necessary to drill deeper. We also learned that
it 1s important to obtain as much core as possible. The results of logging above 300°C were
disappointing. However better coring systems are needed to make coring of very hot wells econo-
mically feasible. OQOur experience with the $SSDP has convinced us of the importance of broadly
based scilentific study of hot deep wells to probe the roots of magma-hydrothermal systems.
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