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khigh permeability and productivity.

RESERVOIR ENGINEERING REPORT FOR THE MAGMA-SDG&E
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CALIFORNIA

_ AbStrac_t'

A description of the Salton Sea
geothermal reservoir is given and
includes approximate fault 1ocations,
geology (1ithology), temperatures,
and estimates of the extent of the
reseryoir. ‘The reservoir's tempera~
tures and chemical composition are
also reviewed. ' The flow characteris-
tics are discussed'after analyses of
drillstem tests and extended well
tests. The field production,
reserves and depletion are estimated,
and the effects of fractures on flow
and depletion are discussed.

,The_reservoir is believed to be
separated into an "upper" and "lower"
portion byfa relatively thick and; ‘
continuous shale layer. The upper

reservoir is highly porous, with '

The lower reservoir is at least

twice as large as the upper but has

‘much lower storativity and permea-

bility in the rock matrix.: The

_lower reservoir may be highly

fractured, and its temperatures and
dissolved solids are greater than
those of the upper reservoir. The

proven reserves of heat in-the upper

- reservoir are about 1/4\GWoyr (in the

fluid) and 1/3 GW-yr'(in the‘rock).

In the lower reservoir the proven

reserves of heat are 5-3/4 GWeyr (in

~ the fluid) and 17 GWeyr (in the rock).
. Unproven reserves greatly exceed

: these numbers. Injection tests

following well completion imply that

"hydraulic'fracturing;has taken place
'~inutﬁo of the SDG&E wells and at

least one other well nearby.

Introduction

A reservoir engineering
report usually.consists of a collec-
tion of all data’relating to the
reservoir's properties and its
production of fluids, followed by
an analysis indicating how the

reservoir would react to hypothetical

production‘histories. Hydrocarbon
! reservoirs can be analyzed. for

ﬁprimary“and.sometsecondary recovery

by considering mass flow only. But
geothermal reservoirs must be
analyzed for both physical and
thermal properties of the fluid and
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rocks to determine the depletion
and flow parameters of the resource
during production.

In this report, the analysis
will apply to a limited portion of the
Salton Sea KGRA.* The Salton Sea

*KGRA is the abbreviation
adopted by the U.S. Department of
Interior for "known geothermal
resource area."

" KGRA is shown in Fig. 1, .along with

other»KGRA's in the Imperial Valley,
and the shaded area inside the
Salton Sea KGRA is referred to as
thé Salton Sea Geothermal Field
(SSGF). _

The SSGF is an area in which
geothermal wells have been drilled
and flowed, thus allowing initial -
indications of the nature of the

reservoir and.its fluid. Observations
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_the saline brine.
" Company will be selling brine to SDG&E
during the planneditests.r A total nf:
‘about 10 MW will be available at two

| pated by cooling ponds.

1ndicete that{the SSGFVreseryoir is

zliquid-dominated; with cnrrent deep
‘temperatures as high as 360 C (680°F).
‘The reservoir fluid is a s:aline, ,
;acidic brine, having up to one-third
by weight of ‘dissolved solids, »

 San Diego Gasfendelectfic

‘Company (SDG&E) has been involved in

geothermal exploration and equipment

‘development in the Imperial Valley

1

since 1971." The Magma lease, on

twhich SDG&E will be'Qperating; is

shown by the shaded area in Fig.(Z,”<
where the hatched outline denotes the

boundary of thejSSGF. The current

'SDGSE plan is to flow fwo“wells'ddring

1976, in order to demonstrate the
q‘feasibility‘of extracting heat from

imperial Magma

wellheads, and thevheat will be dissi-

Expansion~

. spray nozzles and natural -atmospheric -
‘convection will be used for the cool- R

:ing process.

The equipment to be tested

fduring this well—production'periqd is
‘a eystem of heat exchangers and steam’
:scrubbers. No usefni'poﬁer'will be
Eproduced during this initial demon-
"stration period, and some of the -

spent fluid fromrthe'proeess is to be

reinjected into two or more wells.

iFiguresﬁ'is'a closer view of the

Magma—SD&&ELsite, snnwing‘the fenr
SDG&E wells and some of the nearbj
wells outside the area leased by
Magma. Magma Power Company's
Woolsey-No; 1 and Magmamax No. 1

‘will be the producing wells. The

Magmamax No. 2 and No. 3 wells will
be used for reinjection, and one or
both‘pf the Elmore wells might also

be used for reinjection during the

- test period. 1Magmamax No. 4 is a

shallow>welljand will be used for

- observation (monitbring) during

production and reinjection. The

~ Sinclair and Elmore wells might also

be used for monitoring.‘

In,subsequent Sections, we will
examine'the feasibility of producing
10 MWe or more for an extended time
period from the Magma-SDG&E reservoir.
In order to do so, a detailed review .
of the reservoir properties is

presented and analyses of some of

the wells_are used to estimate the

‘reservoir behavior. .

As usual, we will find more than

one set of units appearing in the

kfigures and calculations. This

" arises from the desire to use the

standardized SI units while most

‘engineering data is presented in

either- engineering or oil-field units.

- To make the presentation more coherent,

the SI units will usuélly be used,
with engineering er'eiléfield units
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given in parentheses nearby. 1In

Table 1, some conversion factors from

éngineering to SI units are given for

convenience.

Reservoir Description

FAULTS NEAR THE RESERVOIR

In Fig. 4 is shown the setting
‘of the Salton Trough with respect
~ to shallow earthquake epicentefs
along the East Pacific Rise.zr An
Varrow indicates the approximate
location of the Salton Trough
north of the Gulf of California.

The latter feature is believed to be
an extension of thé East Pacific
Rise, and the northern portion of the
gulf is part of a transition from
the oceanic spreading center ’
associated with the East Pacific Rise
to a major continental fault system,
owahich the well known San Andreas

Fault is one component. In Fig. 5,

Bl

Table 1. Conversion factors from engineering units to SI units. One Pascal
’ (Pa) equals one Newton per metre squared.

To convert from engineering

Multiply by the

Symbol units of To SI units of conversion factor
K millidarcy n? 9.87135 x 10 1%
u centipoise Pa.s 1x 10—3

B psi t pa L 1.45 % 107

c Btu/1b-°F 3/kgeK 4.1868 x 10°

R Btu-ft/hr-£t2-°F W/m K 1.73073

o 1b/£t3 | kg/m> 16.0185

P Psi Pa 6.895 x 103

H - Btu/1b J/kg 2,325 % 103

r, D ft m 0.3048

q 1bs/hr kg/s ' 1.26 x 107%
§£¢p6 : £t2/hr n?/s 2.58 x 107°
K/96C : , ,

k/u millidarcy/centipoise m2/Paos 9.87135 x 10-11
g Psi/ft | Pa/m 2.26 x 10

*h millidarcy-ft - 3  3x107t
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recent (1973-1974) earthquake epicen- anomaly, and this heat source

ters are shown on a map of the Imperial possibly plays a role in the )
Valley.‘3 We ¢aﬂ see thét an aéfive, reservoir's heat-regenerat;oﬁ R
major fault zome pésses thrdugh the during production of‘gedthermal -
SSGF, and in fact is in close fluid. '
proximity-to the Magma-SDG&E site. Severai‘studiés have been made E
The presence of a’major fault zone of both thevgeology and the observed
close to a geothermal reservoir is or implied fault loégtions. For our
of importance for several reasons: " purposes, it‘ié sufficient to

e A fault intersecting a o summarize the studies with respect

‘ producing réservoir can in to faultllocations aé follows.

some cases act as a barrier to

fluid flow, and can appreciably
affe#t the ;esefﬁbif‘s’produc—
tion characteristics. This
happens, for‘examﬁlé,vwhen
‘existing sand and shale
sequences are offset vertically.
Extensive fracturés are
associated with major fault
systems. Such fractures can
play a role in both the mass
flow and thermal depletion -

of a reservdir.

The fault zone indicated in

Fig. 5 is cdinci&ent with
sufface indications of A
Quaternary volcanic activity.4’5
The most apparent indications:
are five volcanic intrusions,
which are terminated by
extruded ryolitic domes (see

. Fig. 6). One can infer that
the fault zone is related to a
magmatic heat source, which

has produced the.geothermal

. AKélley and Soske4 observed

‘ that the line of mudpots and
fumaroles and ﬁhe large extru-
sion known as Mullet Islana
form a straight line (see
Fig. 6). They interpreted
this as an indication of a
northweét—trending fault pQSSing
through Mullet Island. '

¢ The data of Hill,.gg_gl.,3
shdwn in Fig. 5 suggest that
two or more roughly parallel

" northwest-trending faults pass

- through the SSGF. One of the
faults passes through Mullet
Island and has been labeled the
Calipatria Fault by Meidav and
Furgerson6 (see Fig. 7).

e Towse7 has found evidence of a
major fault southwest of the
Alamo River (within the SSGF)

‘ in both electric log cof;ela—
"tions (Fig. 8) and in-aerial
reconnaissance pho;ographs.

Meidav and Furgeréqn'refer to
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this fault as the Red Hill
Fault (see Fig. 7). It

passes through the pair of
extrusions usualiy referred to
as Red Island (called Pumice
Butteé ianef; 4);. -
Biehler and Kasameyer8 have
located the approximate posi-
tion of the Ré& Hill Fault néar
the SSGF's southeast boundary

using seismic refraction.

=10~

Salton volcanic domes showing the line of volcanic phenomena. From

e Lee9 and Meidav6 indicate a
A major northwest~trending fault
passing near the extrusion
known as Obsidian Buttes (see -
Fig. 6). This fault is |
referred to by both as the
Brawley Fault. The picture
that has unfolded from these .
studies is shoﬁn'in’Fig. 9.
The faults passing through
Mullet Island and Red Island
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are identified as the Calipatria
and Red Hill Faults, respectively.
The fault near Obsidian Butte is
indicated as an extenéion of the
Brawley Fault.

The prec1se 1ocat10ns of the
faults and . their angles of dip are not
known, but the lines shown in Fié. 9
are believed to approximate their
surface locations within the SSGF.
The4Calipatria Fault probably will
not directly affect the production
behavior af the Magma-SDG&E site,
since it lies beyond the Réd Hill
Fault. -

GEOLOGY

The Salton Trough is a depression
that is related to the spreading center
of the East Pacific Rise. During
recent geologic time, the meanders
and periodic flooding of the Colorado
River have deposited lacustrine and
deltaic deposits of sand, silt and
clay in the trough. The most recent
flood occurred from 1905 to 1907, and
formed the curfent Salton Sea.l®
Colorado River water used in agri-
cultural irrigation now makes its wayA
to the two major rivers —- the Alamo
and New Rivers -- and then to the
Salton Sea, compenéétihg for
evaporation. The rainfall and
associated runoff is small.

The area's geology has been

studied by observations of out-

-14-
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crops, and cores, cuttings and

logs from wells drilled in the
SSGF.13’14 In a groundwater study,
Dutcher, ggngl.,ls give a large
number of references. The simplified

conclusions of these many reports

‘are:

e The depth to -the basément,
granitié rock under the Magma-
SDGSE site is approximately
6 km (20 000 fr).>
The depth at which appreciable
amounts of high-temperature

‘metamorphic minerals, such as
epidote, are found is about 7
1100 m (3500 f£t). This depth is
obtéined from a correlation of
temperature vs depth and the .
work of Muffler and White,‘16
which correlates the SSGF sedi-
méntary metamorphism with |
temperature.b Helgeson1
estimates that as much as 257%
of the reservoir's rock has
been converted to epidote,
pyrite, and hematite in the

- hottest portions of the
reservoir. This metamorphic
conversion appreciably alters
the porosity andwlowers the
permeability of the rock.
Although the sedimentary sand-
stones do not undergo appreciable
metamorphism even at temperatures

_~as high as 400 C, the shales,

silts, etc., undergo appreciable




-

[ ]

fractures exist in the shale

;hreserv01rs.

metamorphism above 300 C.
Hydrothermal transport of these’
metamorphosed minerals in the
permeable sandstone may be
accompanied by precipitation,
which would decrease the sand--
stone'svporosity and permeabiiity.'
The reservoir rock is overlaln
with a shale bed about 350 m
(1150 ft) thick, which partially ‘
insulates the. reserv01r (ther-
hally)_from the,atmosphere.14
This reservoirfcap rock also

has very low permeablllty.l

The main sequence reserv01r rock
is bedoed sandstone w1th shale
1enses and’ layers.; The Magma—s°l
SDG&E reservoir might be

\,separated into two parts by

a shale layer approx1mately

12 m (40 ft) thick. This

shale layer has been correlated
on electric logs taken from" G
all four Magma—SDG&E wells. 14
It is not known whether

to provide vertical permeability,
or whether the reservoir is
actually separated into two-

14

portions. Towse and Palmer
refer,to the main sequence
rock as "upper" and "lower"
The respectlve
thicknesses are about -

450 m (1500 ft)’and“more )

than 1000 m (3300 ft). The

-15-

afiles“of'temperature
Fig. 11,

approximate depths of the
separating shale layer near the
Magma-SDG&E site are shown in
Fig. 10.

e Within the main sequence
reservoir rock (excluding
several identifiable shale
layers), the percentage of sand-
stone is often greater than 507,
averaged over about 30 m
(100 ft). 14 18

: ] ‘Estlmatesfof average sandstone
h pOrosity in the reservoir range
from about 15 to 30% (excluding
shale) 15 19 .
. The main sequence reservoir'rock
‘appears to be highly fractored
"in some areas.l?‘ Rock well
“.jhelow the:metamorphic.transition
depth of about 1100 m obtained

| from the State No. 1 well

, (located:about 4 km NE of the

‘:MagmaeSDC&E site) also showed a

large;humher‘of cracks.

TEMPERATURES WITHIN THE RESERVOIR

.ﬁeasuremehts have been made
throughout4the=SSGF, providing pro-
vs depth. In
the temperature-depth
profiies'for the Magma-SDG&E wells
and some of the nearest neighbor
wells are shown. NHelgeson17
discusses:the’implicationshof the
teﬁperaturerprofiles and concludes

that,Talthooghftemperaturevgradient




\SSGF boundary

Fig. 10. Approximate depth to the major shale break separating the upper and
lower reservoirs of Towse. Lines show assumed contours of depth:
~ Approximate locations of major faults are labeled. The wells are
identified by a letter and a number: Magmamax No. 1 = M1, Elmore
No. 1 = E1, Sinclair No. 1 = S1, and Woolsey No. 1l = Wl.:

-16-




.

. @ Sinclair No. 1 - O Magmamax No. 1 4 Elmore No. 1

v Sinclair No. 3 & Magmamax No. 2 ¢ Woolsey No. 1
® Sinclair No. 4 . O Magmamax No.” 3 =~ =

1000
2000
/3000

4000

Depth — ft

- 5000

6000

R 1

7000 L _ ' '
0

50 100 150

neighbor wells.

values of about 0.4 K/m (0.55°F/ft)

give a reasonable’heat'flbw at the

surface equal to 0. 75 W/m (about
17 HFU ) (when the mechanism is

Fig; 11. Temperature~depth profiles for the Magma SDG&E wells and ‘some nearest

assumed to be heat conduction in the

* L 2
1 HFU = 1 {ical/cm"»s

~large-scale convective heat transfer
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acaprock), the*much smaller tempera-

_ture gradients below the caprock

200 = 250 300 350
Temperature - C A

imply that the heat-flow mechanism is
probably convection. The only

problem with using the concept of

to model the reservoir is that, at




vthe present time, the effects of the
shale layers and lenses are not
known, and values of vertical
permeability are not available.

The temperature profiles for
many wells in the SSGF have been
compiled by Palmer,20 who has used
the depth profiles to generate
areal temperature contours. In
Fig. 12, areal isothermal contours
are shown with the existing faulﬁs
- near the Magma-SDG&E site. The
contours give temperatures at a depth
of 457 m (1500 ft). This depth
passes through the major portion of
the‘ggggg reservoir. The contours,
although subjective, imply that the
two faultS‘ﬁight bound the convectingf
cell (if it exists). The contours
also imply that the temperature at
a given depth (between the faults)
deereasesfas the distance from the
line of volcanics (hypothesized heat
axis shown in Fig. 12) increases. |
It is not known if the contours
extend an equal distance under the
Sal;on Sea from the volcanics.

From these observations, it
appears that the Magma-SDG&E and
the Elmore sites are well situated
with respect to the depth to the
upper reservoir, hence require less .
drilling. However, the upper
reservoir between the depths of
335 m (1100 ft) and 915 m (3000 ft)

is cooler than the lower reservoir.

-18-

rsolids are less.

The temperatures in the upper reser-

voir range from about 200 C at the

caprock to about 300 C at the shale
barrier. In the lower reservoir,
temperetures«are above 280 C and
beneath the,SDG&E'SiFe may:be as

high as 360 C (see Fig. 11). A
complication asseeiated with the
higher temperatures is that the
increasing temﬁerature may correlate
directly with the amount of dissolved
solidg.‘Hence, in the wells tapping
the upper reservoir, both the drilling
costs and concentrations of dissolved
Against these
positiverfactors must be weighed the
negative factor of much less available
power per kilogram of fluid at the
lower temperatures in the upper

reservoir.’

EXTENT OF TEMPERATURE ANOMALY AND
FLUID

In hydrocarbon reservoirs, an
estimate of pay thickness and areal
extent is sufficient to approximate
the size of the resource. For
geothermal reservoirs more factors
must be evaluated. Not only is the
extent of the reservoir's fluid a
required value, but the extent of the
heat is as well. The total areal
extent of the fluid at the Magma- .
SDG&E site is not known, but it
appears from the data at neighboriﬁg

wells that the reservoir rock is




»

SSGF boundary

Temperature contours at 457 m (1500 ft) below ground level with
approximate fault locations shown. .The dashed line is.the approxi-
mate axis of the volcanic intrusions. At -greater depths, the 200 C
contour encompasses much more area. The wells are identified by a
letter and a number: -Magmamax No. 1 = M1, ‘Elmore No. 1 = El,
Sinclair No. 1 = S1, and Woolsey No. 1 = WI1. -
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fully saturated with fluid at least
to the boundaries of the temperature
anomaly, Hence, in estimating the

reservoir's areal extent, the tem-

peratute profiles are the determining

factor. 1In Fig. 13, the three-

dimensional composite of the tempera-

ture contours from a narrow section
. 21

of the SSGF is shown. A study of

such temperature contours shows that

the high-temperature surfaces in

- Garst Road

State No. 1

'Salton Sea

‘Elmore No. 1

the reservoir dip steeply to the
south of the Magma-SDG&E site, less
steeply toward the east and north,
and show little change to the north-

west. In fact, the reservoir may be

slightly hotter in the immediate

vicinity of the volcanic extrusion
known as Rock Hill. ,

The area's geology, faults,
temperatures,vand their areal extent

suggest that the Magma-SDG&E site

SSGF ,
boundary’

A B
N
|
500
' -E
I
5 1000
jo R
3
1500
2000 ‘ '
‘ 350C 300C
Fié.vIS. Bléck diagram of isothermal surfaces, Salton Sea Geothermal Field

after Palmer2l,

=20~

Vertical is exaggerated 4x.




ision the southeastern flank of
both the upper reservoir and. the
major, lower (or deep) reservoir A
crude estimate of the volume of the
reservoir in the vicinity of the
Magma-SDG&E site is obtained as B
follows. ‘ :
- Upper reservoir" The upper
reservoir: between Brawley and l
. Red Hill Faults has a caprock of
ﬁvrapproximately constant thickness,
“'but Fig. 10 shows that the shale
:layer separating the'upper‘and
lower reservoirs dips to the
vnorthwest.« The areal extent
v withinkthe'average 200-C contour
‘is estimated to be at least
10 km2 (4bmiz) This is an area
that does not include any- of
the region ‘under the Salton Sea
and is within the bounds of the
Brawley and Red Hill Faults; The
average upper reservoir thick? |
~ ness in this regioniis about
450 m (about 1500 ft). These
very}rough figures give an
approximate upper reservoirrr
volume of 4.5 km> between the
'two~faults;-
-Lower reservoir: .The average
depth of the bottom of the shale
~layer defining the top of the
lower reservoir is ahout 760 m
(2500 ft), Choosing a total.
depth for the lower reservoir is

more difficult, but the deepest

well in,the vicinity of the Magma-
SDG&E'site'is the Elmore No. 1
well, which was drilled to about

2100 m (7000 ft), at which point

, igneous rock began appearing in
the sediments. The lower
yreservoir thus appears to have
~at least 1000-m thickness down -
to volcanics that may or may not
be impermeable. The areal

b’extent of the\lower reservoir

tis unknown, but we can conserva-
’tively take the same area used
for the‘upper reservoir. This
gives a total extent for the
FloWer_reserVOir of about /10 km>.

The totalivolume of fluid and sand,

shale and other rock types is then

at least 14 km>. Note that this is
an estimate of the reservoir volume
containing both fluid and rock. It

is important ‘to note that the system

of wells.at the Magma-SDG&E site is

not near the center of the large

block system formed by the Brawley
;and Red Hill Faults but is closer to
the Brawley Fault Zone. Thus, the

Brawley Fault might affect the well
system during production.

The size and depth of the heat
source probably determines the extent

of the temperature anomaly. - In

_ Fig. 14, the magnetic anomaly map. of
~Kelley and Soske4-is;shown,landyin

Fig. 15 the more recent map of

Robinson<g£_§l.5‘is given. In

-21-
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Fig. 14. Isonomalic vertical intensity map of Salton volcanic domes area.
From Ref. 4. :

Fig. 16 the Bouguer anomaly map22 localized, with a mushroom-shaped

is shown. All of these geophysical extrusion at the surface. "Biehler
studies have been interpreted to imply points out that thé gravity anomaly

a deep, extensive, igneous body which is positive over the entire Imperial
is undoubtedly related to the extent Valley-~a surprising observation,

of the temperature anomaly. Kelley - given that the relatively:10w4density
and Soske4 picﬁure the volcanic ' sediments are up to 6 km deep in the
intrusions in the area as very Salton Trough. Either a thin crust
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B Geothermal test well
/7.Q ‘Contours :of -total intensity | -
A\°°  magnetic field in gammas- - |

‘X magnetic maximum - =

A Tocal a,'n'oriiél"y
) rhyolitet.;';:{% Lo :

R
) i ‘\ ,IID No. 2

>/

@ @Elmore no. 1

Obsid
B

) /
jan Butte

Magmamax No. 3

Calipatria P

Fig. 15. Map showing’ Salton Buttes, selected geothermal wells, magnetic
anomalies, and magnetic contours. From Ref. 5.
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or a-deep, igneous, intrusive body of

-.higner-density rock can be hypothe-

sized to explain this observation.

Note that the Bouguer values are
negative in Fig. 16 ~felative. to the
basement rock in;the mountains .
flanking the Salton Trough, but the
anomaly is peaked positively over
theétrodgn and is less negative there
than'wonid be expected, given the
depths of the sediments. Both the
magnetic and -gravity anomalies ‘are. . .

rouénly}centered on a portion of the

" THERMAL AND CHEMICAL PROPERTIES OF

THE FLUID

The thermal and chemical

: properties of the reservoir s fluid

and rock are not well known. An
1ndication of this is seen in Table

2 below, where data for dissolved

;"solids from two of the Magma—SDG&E

given.

wells and two nearby wells are
ZO?Zd ‘The reasons for the

ilarge discrepancies among these data

.‘include failure to account for steam

Red%Hillﬂfanlt, or‘verymclose'toiit;wu

loss. and 1ncomplete elemental

Taﬁleii. Reported20’23therma1 and chemlcal properties of brine from wells
f . _in and near the Magma-SDG&E site. ' '
; Total Total wt: Bottomhole Well
% of analyzed fraction of - temperature, depth,
; ; ~pH_ . constituents .  dissolved: . C .
Well - ' . solids reported. . - (ft)
Pioneer ' 6.5  0.110 0.110 >70- 321
Denver Co. , : : (1054)
Magnamax No. 1 6.65 0. 284 ’ 0.284 265 701
HE. 0.218 0.218 ‘ (2300)
Woolsey No. /1% 6127 1%-70i121° ©00.132° © 238 731
. 645 0.088 . 0.09 (2400
= 6.25 ~  0.153°" 4004151
Sinclair No. 3 5.3 - 0.155 ° 0,184 252 2110
4.3 0.233 0.276 (6992)
Sin¢lair No. 4. - 5.0 = 0:356 - 0,388 260 1616
o 53 0.259 0.267° (5300

-25e




- H,0 boiling curve _ - ]
B L"Liquid-phase region o ]
| State No. 1 (no tubing)
100 - IID No. 1
"k 1ID No. 2(2) I -
[ | . \L
i Sportsman No. 1-_ /70C : o s i
 State No. 1—__ / TR o k -1
| C _]
50 (tubing in hole) 260 ,
5 i ]
Y 'Thrgetphqse SO AT :
i L equilibrium , Twophase redio -
(solid NaCl+ wo-phase region
£ solution 20y . £
a +"vapor) . L SR ) 37
2 —~fffinC S &
n_ .
10 —
5} —
C)Exfrapo]ated from steam quality-pressure data
9 ' | | - B
0 100 200 . 300 400 - 500 - 600 700

Enthalpy — cal g'] : S -

Fig. 17. Abridged enthalpy-pressure diagram for H20 and the geothermal fluid: -
- produced by the wells., The curves shown for the geothermal system
were computed. From Ref. 17. '
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analysis. In addition, the experi-
mental conditions corresponding to
the reported values atre- ‘not made
clear.f;Finally,'the analyses were
made from brine at the, wellhead
where the conditions differ signifi—
cantly from those in. the reservoir.
One of the most important considera—
tions, particularly with regard to .
reinJection, is the presence of
silicajin the:brine,and its behavior
after féiﬁjec;ion,(see;ﬂfof example,
Ref.. 24). -

In order to estimate the amount
of energy that can be extracted from
the brine, we must know the"brine s

equation of state and the values and:

variation of 1ts temperature—

dependent parameters, such -as specific

heat. Since this estimate involves
fluid flow and heat flow, we also '
need the temperature dependence of .-
such physical and thermal properties
"as viscosity, compressibility, and
thermal conduct1v1ty.
the enthalpy diagram from Helgeson,17
and the temperature dependence .of the
a viscosity 1is shown in Fig. 18 25, 26
' In'Figs. 19 and 20,25.27
sibility of water and some typical-.
reservoir rocks, respectively, are
given. In Fig. 21, the temperature
dependencefof the specific heat of
water is show.n.28 In subsequent Figs.
22-26, the thermal properties of -
29,30

some typical rocks are given.

: and the lower reservoirs

Figure '17 is Qﬁ‘

‘Viscosity?-?‘éP‘tr;f

coo
oo
Oy

: the compres—'~5f

Fig. 18a.

‘ DESCRIPTIVE SUMMARY

The Magma—SDG&E test site is

located between two active faults,

‘which are part of the major tectonic
_zone responsible for the existence

iof the geothermal anomaly (SSGF)-—

The reservoir is probably separated
into two distinct layers—— the upper
The upper
reservoir is capped by a shale layer,
which thermally 1nsu1ates it from the .
surface. The shale bed separating
the upper and 1ower reservoirs dips

toward the line of volcanic intrusions,

" which may have been the original

source of heat’ for thevshallower -

! " el
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‘ Estimated max error
Temp - °F p* f
-40° - 120° 1% :'5%

- 120° - 212° . 5% 5%

212° - 400° 10% 5%

;r//Viscosity (p%) at 1 atm |
_ pressure below 212° and
- at saturation pressure of

1.3 water above 212° : 00 |
o | o ' 0 100 200 300 400
T “r Temperature — °F |

L1k - oF |

Pressure correction factor (f)
for water vs temperature.

" Presumed applicable to brines but

L 3

=15

;? -
w 0.9
S not confirmed experimentally.
w

=

Viscosity at elevated pressure
UpsT = pu*T fp,T

o
~
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Fig. 18b. Water viscosities for various salinities and _ temperatures (from
Ref. 26).
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Fig. 19. Compressibility of water

(from Ref. 25).

At the
Magma—SDG&E 51te, we estimate the -

portlon of the anomaly.:

total volume of the upper reservoir
to be at least Akm3 and the total
volume of the lower reservoir to be
at least 10 km3.

for the Magma-SDGSE site, the SSGF,

Other estimates

and the Salton Sea KGRA can be found

7 and 20.

“Fractures in the main sequenCeV‘

in Refs.

rock as inferred from cores taken '
elsevhere in the4SSCF:8PPear:t° be -
inumerous'and‘play a‘role in the flow

“of “fluids.

probably limited only by temperature,

since the rock appears to be liquid-
saturated throughout the reservoir

beneath the SSGF.

body implied by geophysical measure- o

ments is extensive and suggests that

-29~
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" hotter, lower reservoir,

The reservoir's extent is

‘The deep magmatic
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Temperature — °F

the anomaly extends out under the
_current Salton Sea. The brine
prebably’contains less potentially
* troublesome dissolved solids in the
cooler, upper reservoir than in the
However,
the relationship between the brine's
enthalpy and temperature is such

‘that the hotter brine is more attrac-—

tive for power generation, since it

results in larger generating
efficiency. o '
 Additional drilling and geophysi-

 cal measurements are necessary to

adequately define the shape and

size of the resource and the proper—
ties of the reservoir's rock and -

fluid.

future measurements are included

Detailed recommendetions for

in the final section of this report.
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Fig. 20. Effective formation (rock) compressibility. From Ref, 27.

Reservoir Flow Characteristics

- To characterize the flow patterns
in a reservoir, the transmissivity
(permeability) of the reservoir rock
for flow of a given fluid or fluids
nust be determined. Permeability
is a tensor quantity, requiring both
magnitude and direction for a complete
description. Rarely does this com-
plete information become available
during the coqfse of reservoir analy-.
sis. The magnitude of the trans-

missivity ﬁrovides the measure of

-30-

fluid flow per unit drawdown.
Directional dependence of the per-
meability indicates.directions of ...
restricted or enhanced flow (from a
given point). However, transmissi@ity
is usually assumed to be isotropic in
the bedding plane when no information
is available. In bedded sediments,
the permeability .in the bedding plane
may often be many. times that in the
perpendicular direction. This is

particularly true for averages over
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Fig.
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Experimental heat capacities of some typical dry rocks.

Fig. 24.

Influence of pressure and
temperature on heat capa-

- city of saturated rock.

From Ref. 30.
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large distances when shale layers or
lenses are present, as is.the case at,
the SSGF..

CHARACTERISTICS OBTAINED FROM
DRILLSTEM TESTS A

Ve have obtained and analyzed ‘
drillsﬁem:testr(DST) records for two -
of the Magma-SDG&E wells:fe
No. 1. and Woolsey No..1l

Magmamax:-
.-. In each
well, three DST's were recorded when
the wells were drilled.. .In all cases,
the DST showed equalization when the
well was flowed for more than a few
Equalization occurs when

the formation s permeability -and

and is ‘charac-
terized by a return of the downhole

pressure to nearly the hydrostatic—

o reservoir pressure during extended

i ;flow periods.

“In oil and tgas DST' s,‘f?

’Wthe flow periods and shut-in times'>?A

.:flonger.j

about an hour.

for. saturated rocks.. From .-
Ref. 30. 7 . ' y ’
T
i ! !
200 400 600 800 1000

Estimated thermal diffusi~ .

‘ From Ref
30 Ll V"‘A.' / SOTEE

':Magmamax No.>1*= o

'are often several hours, days, or
In these geothermal well .. .:
tests, the DST was completed within ??

‘: -

For the Magmamax No. l Well'"*:”““

three DST's were recorded during '
drilling, but only- the first DST
record allowed quanitative analysis
for transmissivity. In the remain-

ing two tests,, equalization'occurred,:

'so fast that such analysis was not

:possible.
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' The well was initially drilled
nonstop to 802.2 m (2632 ft).
DST No. 1, the packers were set at
781.5. m (2564 ft) and 779.1 m (2556
ft), providing 2.4 m (8 ft) flow
interval. In Fig. 27, fhe electric

For

iog correlation of Towsé7 is shown,
where the approximate depths of the
DST's are denoted by arrows. DST
No.

780 m (2560 ft) and the shale bed -

1 was carried out at about

(2380 ft). The DST was therefore
sampling the lower reservoir, near
the separating shale layef. o

‘The record of DST No. 1 is shown
in Fig. 28. The initial flow inter- .
val was only 1 min and was followed
by an 1l-min buildup.
the buildup period, the well was

Followiqg‘

flowed for 30 min. A buildup analysis
using the common Horner plot method

gives a formation permeability of

reported in Towse7 is at about 725.4 m about 7 x‘-10>-15 m2 (7 md). However,
. )
_ ,,bepec
Magmamax No. 3
22 3
Magmamax . | Q 2
No. 2 Woolsey No. 1
o Magmamax ———
No. 1
I Ea— |

Log olati ‘pﬁgt
correlation 4 S .
POTNtS —— | | 5@3/ DST No. 1

N 7~ . ‘ -

h -DST No. 2°
Major of o \ :
shale ______,_+ R R
intervals 50 100

DST No. 3
E DST No. 1
. —_—t )

Casing 50 100
perforations

T~}

B —
50 100
% Sandstone

Fig. 27.

dimensions are true).
sandstone at that depth.

\ 1000' =
Vertical and
horizontal scale

Electric log analysis at the Magma-SDG&E geothermal test”site;"The
wells are shown in oblique projection ‘(horizontal and vertical
Jagged lines along wells give percent
Information from D. Towse, 1-5-76.
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R

this result is not reliable, since
the initial flow périohz(inmédiatel§; .
follow1ng drilling) was "too’ short for ’
the well to stabilize and was probab1y7
too short for the flow to remove the
cake built up during drilling.

| This leaves the 30-min drawdown
of DST No. 1 to be anaiyzed. jihev N
drilier’s record indicates "a moderate
steam blow decreasing to nothing
during the flow period”. : No liquid
"Such a
flow testjﬁith equalization can be
qualitatively: pictured as in Fig. 29.

"The .DST. tool is opened with an - -,

accompanying pressure drop - in the .. |

-~ 7 71500
C]ock t1me —_ hr

" model shown in Fig. 29.

1600

s e

The record of the first drillstem test in the Magmamax No 1 well.
"The 'depthof the test was 802 m (2632 ft) i

formation At time t = o, the fluid

begins to £ill the drillstem. During

- the equalization;,some steam blows .- .

off. . R R TS L

};Iokestimate the formation's.
permeability, we will . first deter— .. ..
mine.the'time—4ependentlfiowgraFev;:u;w
during drillstem fillup, using the . .
}'Then we
will use a nultirate'énQIYSis‘ofithe
DST No. 1 data from Fig. .28 to get
the-value of transmissivity.f?

If Z is the height of the column

of liquid,and s .is the head; then,:

neglecting friction, well-bore heat

loss, . etc. .
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/ / pressure %
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t=0 t=t t=t, t=t; t=t, totg L=t
Fig. 29. Model used to estimate;trénsmissivity of reservoir formation from

DST data.

The horizontal bars in the wells at different times show

the level of the liquid as a function of time as.the fluid flows into

the drillstem at the point corresponding to t

ds _ dz
dt P& 4t

where qq is the mass flow rate of

=& (@-q) (1)

the steam, q is the total mass flow
rate, and'A is the drillstem's cros-
sectional area. Using x as the steam
quality, we have the time-dependent

mass flow rate, q(t) given by

_ A ds (t)
(&) = Tx()) at
A 1 As '

The driller's record from Magmamax

No. 1 reports the steam blow declined

to zero, and for simplicity we assume

0.

a linear decrease from an initial
value of x(0) & 0.18.

position principle gives the trans-

The super~

missivity for a multirate analysis
26 o ‘
as

kh _ 1
U (2mp)
3).
?;1 Fqi'91~1)vpn (1’ tDi_tDi-lﬂ
) (@, P )
1nitiall rw’FDN

" The flow interval is h, the well -

radius is rw,fand P_ is the dimension- -

D

less drawdown function. 'The initial
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mass flow rate is- defined to be- q0—~w
0, and the dimensionless time. is
At :

v = At
| D r2 o » (4)

Here, A ]{S the’ diffusivity:“ o "’

A B (in m /s). 1 (5)
In these equations, |

g = initial hydrostatic

%initial pressure (in Pe),

P o |
r»tpy = Pressure at radius

r, at time ;DN’*

porosity,

viscosity (in Pe's);

L]

)
u
B compresiibility

(in Pa 7).

We assume Pj to be a line sodrce

in an infinite reservoir. Then the

dimensionlessxpressure-drop PD‘is
approximated by o ?

P (r/r s t ) = i/2 ln(klt/yr ) (6)

;where Y istuler s constant ¥ 1.78.

In Table 3, the appropriate values of -
these parameters, obtained from the
first DST in the Magmamax No.;1 well '
are given. S ;

The permeabilities caicuiated
from these parameters are éhonn with
the corresponding incremental ‘mass—
flow rates in Fig‘ 30. The per—‘
meability stabilizes at about 160 md.f
The corresponding transmissivity is
about 3.25\,)210_13 (m3/s)/Ps.5

The ‘assumed value for permeabil—"

- ity, which is used in calculating

a

The estimated parameters for interpreting DST No. 1 in the Magamamax

Table 3.
No. 1 well. R
Symbol ‘ In métric units B In English units
A Value Units: i Value Units
T S '4?0 028575 SRR LDUmAT O i o 2025 0 "Ei" in.
¢ . hﬂ_.O 2 i:iv TR
M 1. 2 X 10 -4 - Pass 0.12 cP
B :5 2 x 10 10 . Pé—.lf 'lyri4z’*,i’e<‘y;410<—6 \psi_..:,
[ .'1000; kg/m 00 T
R T T R T g 8 s

k. TexwB g2
-Tassumed- e N RN

o e
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Fig. 30. The incremental flow rates and permeabilities from the Magmamax No. 1
well, DST No. 1, obtained during flow equalization. The dashed
line gives the flow-rate increments, with the scale at the left,
and the solid line gives the permeabilities, with the scale at the

right.
the diffusivity, and hence the line- _ In the first DST at the Magmamax
source type—funétion is not for- Nbg 1 well, the interval sampled is
tuitous. The k value of about 160 quite small (2.4 m, or 8 ft), and one
md was obtained by iterating until the might argue that the test was realiy
permeability resulting from the | sampling a much greater section of
drawdown analysis agreed with the thevreservoir. However, we note<again
assumed permeability in the that the test was made very close to
diffusivity. T -~ - the thick shale layer separating the
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. upper ‘and lower‘reservoirs;v From
this,' we ‘can conclude that the test
only sampled below the upper packer —
in the lower reservoir — since near
the:shale we would expect very little
vertical permeability.

Another consideration is the
effect -of the chdiges of parameters
oﬁ the resulting value of permeability.

_The drillstem's radius can be aésumed
to be exact and, since the values of
¢ .and B appear only in the diffusiv-
ity, the product ¢up will change the
permeability less than 10% when the
product varies by a factor of two
(for the time intervals considered
here). The only remaining parameter

that can affect the result is p, and

. we consider the value p é;ibdo kg/m3
correct to about 5% (see for example
Ref. 17) o

The driller's records for Magma-
max No. 1 show that immediately after ~

DST No. 1, the hole wés backfilled
with cement to 558.7 m (1833 ft) to -
combat fall-in. After drilling out
the cement to 588.3=ﬁ'(1930 ft), the
second and third DST's were run.

DST No. 2 proddbed about 15 gal/min
for eight minutes, according to the
driller's log. Fig.'27 shows that

'the‘sééond and thirq'DST's in Magmamax
No. 1 were made in the prime sand of
the upper reservoir. The DST No. 2
record shows that equalization occur-

red within eight minutes after the

-39-.

.DST -No.

initial drawddwn. This implies much
higher permeabilities than we have
calculated for the lower reservoir
near the shale layer. .DST No. 3 was
taken following mud reconditioning',i
and showed slower equalization (as
might be expected) because of skin -
formed during reconditioning. Even-
with the skiﬁ, the permeability appears
much higher than measured from. DST

No. 1. The eqdalizations of both .
' 2-and DST No.

rapi& to allow any quantitative

3 were too

estimate of transmissivity from the

data.

Woolsey No. 1

Three DST's were run during the
drilling of the Woolsey No. 1 well.

The firstxtest was made at about -

"393.3 m (129Q ft) with the packers at

392.1 m (1286 ft) and 394.4 m (1294 ft).

“"The open interval is again about 2.4 m

(8 ft)f EDuring both the buildup

“‘following a two-minute flow interval

and theifinal,SO;mipute flow interval,
the well eqhaliied extremely rapidly,
allowing-no analysis of DST No. 1 at

all.
No. 1 that the permeability around

We can only conclude from DST

the Woolsey No. 1 well in the upper
reservoilr at about 375 m (1230 £ft) is

. very large and is similar to the
 permeability around the Magmamax No. 1

well in thébupper reservoir at about

- 575 m (1890 ft).




+~ The second DST at the Woolsey: layer — located between 610 m and 640 m
No. 1 well was carried out after the (2000 and 2100 ft) — separating the
well was drilled to 602.6 m (1977 ft). reservoir.

The packers were set at 583.1 and Figure 31 is the record of DST

581.3 m (1913 and 1907 ft), for an No. 2. This record was analyzed by

open interval of about 2.2 m (6Aft). the same method as was the first DST
The well showed "medium blow decreas- of the Magmamax No. 1 well. 1In

ing to faint blow". The well was Fig. 32, the permeabilities computed
flowed for one hour; no buildup was from the analysis are plotted. The

recorded. From Fig. 27, we see that parameters used in the computations

DST No. 2 took place in the upper were the same as in Table 3, except

reservoir but quite close to the shale for the iteratively determined value

Final
hydrostatic
847 psi

Pressure

Initial
flow

835 psi

Initial
hydrostatic
919 psi

380"

psi

| | 1 1 I I
0100 0130 0155 0200 0230 0300
- Clock time — hr

Fig. 31. The Woolsey No. 1, DST No. 2 taken at 603 m (1977 ft).
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Fig. 32. The incremental flow rates and permeabilities from the WOolsey No. 1

well, DST No. 2.
scale at the left.
scale on the right::

of permeability,

247 md, which 87

was used in the line-source, type~ .-

-curve . fﬁnction.~
DST transmissivity is about 4.5 x .
13 (m /S)/Pa; . TR oy r"

The corre3ponding ol

\,; ‘Figure 33 .is the record of the <«

third DST performed at :the Woolsey -
No. 1 well, v ’
after the well was drilled to 732 m
(2400 ft). .
with;datalto,analyze-the;lgggg

'Hence5;it provides .us

This DST was performed-

The dashed line gives the flow rates, with the
The solid line gives the permeabilities, with the

reservoig.;'Figure.34 shows the per-
meabilities obtained ffomvthe DST
:ecordgj;Analysis_was-not made at early
times beeause of the presenee‘of an
apparent skin. - The: skin effect is-
present in. .the plot.in Fig. 31-of the
mass- flow -rate (notwilow;rate4incre-

ment); which. shows ‘an :initial increase

in flow rate as the drawdown decreases

-.,4_1-‘,

during drillstem fillup.
177 md, is similar to the

- The resulting

value, k&




Initial
hydrostatic
1098 psi

Final value
1004 psi

Final
hydrostatic
1081 psi

L

Final shut-in
value 1018 psi

‘k\\\\‘lnitia] flow

value 420 ‘psi

£ 0300 0318

0400 0420 0500

vCIock time — hr

Fig. 33. The Woolsey No. 1 DST No. 3 taken at 732 m (2400 ft).

result k ~ 160 md, obtained from the
first DST of the Magmamax No. 1 well
at approximately the same depth.

We can summarizeé our analyses of
the DST's for these two Magma-SDG&E
wells as follows.

e The permeability of most upper
reservoir sands is very high. "The
values probably exceed 500 md, -and
the sands have high porosity — 30%.
ormore.19

‘e However, in the upper reservoir,

near the shale layer that’ separates

it from the lower>reservpir, the per-
meability is probably less than 250
md, and there is probably very little
vertical permeability. The porosity -
in this area is much lower — less than
20%.

e In the lower reservoir, near
the Shalé layer, the permeability is
between 150 and 200 md, and the
porosity is about 20%.

19 at Magmamax

e Saraband analyses
No. 2 and Magmamax No. 3 support

these findings for the Magma-~SDG&E
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CFig. 54. The'mess flow rate, given by the'dashed line and left scale, and

the permeability, given by the solid line and right scale,

Data

is from DST No.- 3 at the Woolsey No. l we11.~

reservoir down to about 820 m (2700Q i

ft);,However,rbelOW»this depth the

Sérebend analysis‘indiCAtes less

porosity and lower permeability at .,?}

: these wells

CHARACTERISTICS OBTAINED - FROM WELL—
FLOW TESTS

One of the major problems 1imit-§”

ing our reservoir assessment and pro-' .~

duction extrapolation is the lack of
sufficient well-production data.

fuation in reservoir studies,

" Most of“the meagefidete“thet"exist;
~ -are currently held confidential.

vf;However, this is not an unusual sit—

“Fortu-

‘f;nately, we' do have some information
iabout the;Megma—SDG&E wells and some

of'theirymeetestineighbor wells.

Magmamax No. 1 productlon test

The Magmamax No.»l well was
completed as shown in Fig. 35. The
8-5/8-in. casing has a slotted section
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Magma-SDG&E wells

The numbers on the right of each diagram are the depth in feet.

diagram are the casing diameters in inches.

for the shale break separating the upper and lower reservoirs.
location of the perforations.

Sinclair - Sinclair Magmamax Magmamax Magmamax Elmore Elmore
No. 3 No. 4 No. 1 No. 2 No. 3 ‘ No. 1 No. 3
3 i 20! 100 20 100 20 107 16 100
. il 135 13§ 1 3§ ]33 IOI _
o 8], 1009 1032 8l 1 1068
5— ] 7-——, )
-2 Lildh3es : 1510 7
Rework li l 5 »
string il Rework " | 5 ) ] [2007
Rework { string, .5 ° 2618 2505
depth .  — ‘
"Nl 8l | ] |3076 5
\ i I 8| |=—
l 788 | P I 3784
&5 I—---4019 Total "_ Jl '
) 4254  yrework 4360 l
5047 e l e
—p12 0 |
5278 L5260
| 5 i
5 - 63
63 1% Tbg. |
Fish in hole _
6913 7087

The numbers on the left of each
The heavy arrow is the depth of the correlation point
The heavy line indicates the

All data is believed to be current up to January 1, 1975.




from 547.7 m (1797 ft) to 690.1m

(2264 ft).

one week in 1972.

The well Qas tested‘for_
Unéortunately;f§o
we do not have a detailed description
of the test.
wellhead temperatures, wellhead

. pressures and mass.flowarates are;
plotted as a function%0£“time,;:iﬁis
test was carried out mitn‘a constant
orifice size of 8 in.‘wélthough the

wellhead pressure and temperature

appear to have been stabilizing near

the end of the test,ithe flow rate

does not.

From the location of the casing S%wh

perforations (the slots) and the loca-
tion of the shale break (see Fig. 35),

we see that Magmamax No._l;draws

entirely from the upper reservoir,ifﬂno
fracture permeability provides vertical

communication across the shale layer.

Determining permeability from the
model of Eqs.~(3);toi(6) requires
that we know two variables as‘a'~””
function of time. flow rate .and’ down—

hole pressure.

were not reported for thlS well test’ri“‘”””

only the wellhead:pressures are
known. Hence, we aregleft ‘with two
ways to estimate the permeability.

One is to simulate the two-phase
wellbore flow and, from a complicated‘
series of calculations,»estimate’

permeability by matching the flow rate
and wellhead conditions. The other

is to take advantage of the DST

In Fig. 36, the reported§$

"aafforations.f

perforated section exceeds 5x 10

' (m /s)/Pa.

information. _The latter approach is

i_ much simpler.j

We note that the second and

third, DST s 1n Magmamax No. 1 were

:carried out in the region of the per-

Figure 37 shows drawdowns
forﬁassumed values of permeability,
calculated from flow rates shown in

Fig. 36.,these calculations are

‘based on the multirate model pre—

~Although the
drawdown 1s likely to be greater in

viously described.

the week—longHWell test than in the
one-hour DST, in thé first day of

-the longer test it should only be a

feW‘percent greater -in strata of
equaljpermeability.
conclude from Fig. 37 that, in the

' Hence, we can

upper reseryoir, the average per-

meability in. the major sand sequence

—-exceeds 5% 10 13 2 (500 md). The
corresponding transmissivity in the
-7

s F Tl

The downhole pressures-j

o following well completion.

- in the lower reservoir.

InJection‘tests

[y

Fresh—water injection tests were

"wicarried out on Magmamax No. 2 and No.

: 3 and Elmore No..3  immediately

Magmamax

-No. 2 is completed with perforations

Magmamax

_/No.\3 is completed. with perforations‘

probably just below the shale layer
separating the upper and lower

reservoirs, as shown in Fig. 35.

45




380, — I —
Liquid value”
not available =

here _

370F

360 — \

Wellhead temperatufe —°F

350 \\ ' oo
heod | ;§J="\ . )7 i
<o ‘ Steam
A \
30— 1 M e il 3
0 2 4 6 8
4/28/72 v 5/4/72
] ‘ ~Time — days: :
o 7
& 175 b
, 11
o 150 —~1.0 ‘
g g
@ ' 0.9 3
o .
.8 1251 —0.8 8
- 1 —0.7%
o 100 Sl
@ —10.6.§
= 75L ' ‘ L 0.5 =
ég 0 2 4 6 8 9
4/28/72 5/4/72
o Time — days
550,000 i — r
C e .
= Uy
3 g
| 450,000 |
0] Q
z 3
T 350,000 e
S .
& £
250,000 ' ' '
0 2 4 6 - 8
4/28/72 5/4/72

Time — days

Fig. 36. Magmémax No. 1 produétion history during'agbne4week peribd in 1972.
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Elmore No. 3 is perforated above

the shale layer, in the upper
reservpir.'

7 The well completions and a
study of the temperature vs depth
before and after injection‘in&iéate :
that fresh, cold water has been
injected into both the upper and
lower reservoirs, and that, if
Magmamax No. 2 and Nb.w3 are used
for reinjection during the SDG&E
experiments, the reinjected brine
‘might appear in both the upper and
lower reservoirs. Rudimentary énaly-
ses have been carried out to give
estimates for the transmissivities
and permeabilities near the injection
wells. Estimates for the approxi-
mate average transmissivities in the
coﬁpleted Magmamax, Woolsey, and

Elmore wells are summarized in Table

4.

Table 4.

The injection tests in the-two
Magmamax injection wells (Nos. 2 and
3) indicate that hydraulic fracturing
probably occurred during the tests. _
In Fig. 38, the peak downhole pressure
at the midpoint of the perforatiomns
for Magmamax Nos. 2 and 3 is shown
on the plot of bottomhole fracturing
pressure vs depﬁh. The injection
tests show an initial high pressure
with a low flow rate. The pressure
then decreases as the rate increases
quite suddenly. The subsequent '
pressure and rate are constant there-

after to the end of the test. These

injection tests were carried out in
1972, and the fractures created at
that time may have "healed" and may
not be very important in future well
tests. A more important observation
might be that the injection tests

stabilize--at flow rates on the

Transmissivities for the Magma-SDG&E wells and the Elmore wells,

obtained from the indicated types of well tests.

Transmissivity (kh/u),

Well (m3/s)/Pa Type of well test
Magmamax No. 1 >5 x 10_7 DST and production
Magmamax No. 2 N5 x 10_8 Injection

Magmamax No. 3 V2 x 10_8 « 'Injectionr

Woolsey No. 1 1.5 x 10'-7 DST

Elmore No. 3 >2 x 10-7 Injection

Elmore No. 1 <5 x 10—8 Estimated from k=50 md
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Fig. 38. Theoretically predicted Bottomholexfracturiﬁg:préESufeé and field
data. from Ref. 32. The experimental peak downhole pressures for
the Magmamax wells are shown by the open circles..

order of 28 kg/s (225 000 1b/h), insufficient data from it to calculate
and an ovef—pressure between - = pefméabilify. In 1973, the well was
1.38 and 2.25 MPa (200 and 350 psi, 5  * reworked and an injection test was
respectively). ' These values were ob- carried out, but no data on‘this'tést

served in the'Magmaﬁax No. 2 and No. ' is available.
3 and the Elmore No. 3 injection tests, e L
| Production tests -

and indicate the approximate minimum - »
pressure required for reinjection. - Both the Elmore No. 1 and the
The Sinclair No. 3 well was pro- Sinclair No. 4 wells have been pro-

duced for one day in 1963, but ‘there is duced for extensive periods. In Fig.
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39, the production-test data curfently
available for the Elmore No. 1 well is
shown. No information is available

for this test regarding this well's
regulation, drawdown, the nature of the
solids deposited, etc. A common method
used to analyze rate data with regard
to production is to plot the rgté 7
logérithmically as a function of -cu~
mulative flow. This plot can then
be extrapolated to an abandonment
condition, at thch point the totai
reser?e is noted. Such a plot of
the production-rate data of Fig.'39
is shown in Fig. 40. We extrapolated
the data as shown by the dashed line,
ignoring the major excursions. If

the data is fitted with a least-squares
fit through all the data points, the
depletion appears to be rapid. Since
we do not have adequate ihformation
describing the test in which these
data were measured, we are unable to
draw convincing conclusions at this
time with regard to reserves. The .
testing of the Sinclair No. 4 well
has been recently terminated due to
casing deterioration, and no data is
available from that well either.

From the data shown in Fig. 36,
the average flow rate from Magmamax
No. 1 over a one-week period is about
50 kg/s.

(kg/s)/mz. Both Magmamax No. 1 and

This is equivalent to 1450

Woolsey No. 1 were completed with

8—5/8-in.-liners. Since the

Woolsey well was éompléted in less
productive strata, its flpw rate4
should be less than the value given
for Magmamax No. 1. From Fig. 35, we
see the injection wells (Magmamai Nos.
2 and 3) were completed with49—5/8—in.
liners, but, as we have remarked

earlier, reinjection will prbbably

be limited by overpfessure considera-

ﬂtions rather than wellbore radius.

Since the orifice value for test of
the Elmore No. 1 well is not known,
we cannot draw any conclusions about

the absolute flow rate from the well

test shown in Fig. 39. However, we

‘can say. that over the . one-year test

the flow rate did not diminish appre—
ciably, although the well was periodi—
cally shut in.

SUMMARY OF FLOW CHARACTERISTICS

Drillstem tests (DST's) have
been carried out during the drilling
of the Magmamax No. 1 and Woolsey
No. 1 wells. The DST's indicate
permeabilities in the upper reser-
voir are very high--probably greater -
than 500 md. The porosity (and
storage) of these strata are also
quite large. However, the DST’S also
show that, in that part of the upper
reservoir near the shale barrier
separating the upper and lower -
reservoirs, the permeability is only
about 250 md, and, in the lower

reservoir (below the shale layer),
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the permeability at these two wells
is about 175 md. A production tesfr
carried out over a seven-day period
at Magmamax No. 1 verifies the high
permeability in the upper reservoir
as indicated by the DST's.

The well tests indicate that,
if Magmamax No. 2 and No. 3 are used
for reinjection, the cooler fluid will
appear in both the upper and lower
reservoirs, due to the location of
the pefforations and hydraulic
fracturing in the Magmamax No. 3 well.
The Woolsey No. 1 well also appears
to be perforated acfoss the shale
layer and will draw fluid from both
the upper and lower reservoirs, al-
though at the Woolsey well limited
verfical permeability will mini-
mize the contribution from the lower

reservoir.

:‘ThektransﬁissiVities'in the
upper reservoir are probably greater
than 10_7 (m3/s)/Pa. In the lower
reservoir, they are less than 5 X |
10—.8 (m3/s)/Pa. The production
from the upper reservoir is from.
extensive, highly porous sandstone
beds. However, the probable:extent
of metamorphism in'the"deepei; hotter
reservoir implies that the flow in
the lower reservoir must be from
fractures that "bleed" the relative-

ly low-porosity sandstone beds.

The flow rates from the Magmamax

No. 1 well will probably be about 50

" kg/s (400 000 1b/hr) during initial
 flow testing, and probably will not

decline appreciably during the first
The
flow rate of the Woolsey No. 1 well

year or two of production.

can be expected to be less than this
amount, due to the poorer quality of
its perforated section. The injection
tests indicate that, in order to re-
inject about 50% of the produced
brine, an overpressure of about 1.5
MPa (about 300 psi) may be required,
and that initial hydreulic'fractur-.
ing may have taken place to achieﬁe

these values.

The effects of injecting spent
brine with appreciable weight frac-
‘tions of dissolved solids is currently

unknown. However, we note that

- at 50-kg/s flow rate; more than’
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4 x 108 kg of brine would be produced

each day by each well.;.If half this
brine is reinjected and the weight
fraction of dissolved solids is
assumed constant at about 1/4, then
aboutlS‘x 105 kg of dissolved solids
will be injected into each well each
day. Since the porosity in the lower

reservoir is.less than 20%, we might

conclude that prolonged inJection will
be possible only if a) the inJection

wells are or will be in communication

_Wlth_a'large‘aquifer'(e,g,, a large

fracture, fissure, or fault) or B)lthe
hotter reservoir rock heats the
reinjected fluid sufficlently to
redissolve any precipltates which

may have formed prior to reanection.

Field “Production :

The reservoir at the Magma-SDG&E
site has not been produced ‘over any "

extended period for which we have

'data, and detailed information for -

the extended well test of the Elmore
"1 well is not available. Hence,’

our analysis of the reservoir is

based on assumptions about how pro-

duction will be carried out in the

‘future. Clearly, this can lead to

" serious problems, and we stress the

fact that this report is part of a
preliminary study. Additional infor-
mation may require‘mpdifications to

our conclusions.

RESERVES =

- From ‘the few extensive well tests

we know of, we: can estimate the

_ proven reserves33 of heat, Although

not enough lnformation is available

~to provide an extremely accurate

. 1 yr T x 10

estimate, we can make a first ‘approxi-

mation based on what we presently

know.  We use the simple model of

Matthews and Russell to compute
reserve estimates -from the well test
data26. 'The‘estimatedfpore”volume v
perturbed during‘the well tests is d
given in m3 by

ki)

,, ;VP’.%ZEM(%),(%)), W

" where the symbols were defined in the

analysis of DST's at Magmamax No. 1

in the previods,eection.. The proven

_ heat in the fluid (in GWeyr) is then

given by*
Ef—"'ﬂpAvaxm 17 (8)

where AH is the enthalpy of the fluld
referred to some standard temperature,
‘which we take to be 25 C. . The corres-
‘ponding heat in the rocks is given by

*Here we have used the approx1mat10n
7
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b (1 - $)C | |
- r r 9
E_% —————-———-pf 5 E, . (9)

where C is the specific heat capacity,
and the f and r subscripts refer to
fluid and rock.

In Table 5 the calculated values
of the proven reserves of fluid and
heat from the wells with the most
extensive well tests are shown.

When the reservoir fluid is-. . ..
produced and subsequently reinjected
at a cooler temperature, the rein-
jected fluid quickly comes to thermal
equilibrium with the porous reservoir
Irockf Hence, it ié importaﬁt to v
consider the heat energy stored
in the rock and to include the heat

in the rock in the reserve estimate.

Since the Magma-SDGSE location is
near large faults, we have also ‘
calculated the approximate radii
of investigation for these tests, -
to see whether the fault'couid have
been detected as a barrier during
the well testing. In Table 6 these
values are shown.

'The radius at which a distur-

bance will be detected by these

‘tests might be greater than the values

of r, in Table 6, because the actual
lithology is a mixture of rocks with
higher and lower permeability énd
porosity. In these estimates,rthe
geology is assumed to be homogeneoué,
and this assumption.éffectively
produces a mean value instead of the

maximum value.

Table 5. Proven energy reserves for the fluid, Ef, from weil tests (reservoir

fluid in place — not electrical energy).

The total compressibilities

B are estimated values, while the transmissivities kh/i are from

well tests.

Length of

3 pH, J/kg* E

test, B, Pa khéu, Vp’ n £’ CWeyr
Well name days (m™/s)/Pa
Elmore No. 1 238 6x107 10 551078 1.3x108  1.2x10% 4.9
Magmamax No. 1 7 5x10 10 1x1077 0.95x10° 0.85x10% < 0.25
Sinclair No. 4 40 6x10 10 5x107®  2.2x10”  1.05x10° 0.8
Totals ' 1.6x108 | S 6

*#From Ref. 17.
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Table 6. Radius of investigation‘re and proven reserve of heat in the

reservoir rock corresponding to

the well tests.

¢ fr, Cr, Cf, o h’* Te, E
Well ‘ “kg/m3 J/kg*K J/kg*K m n GWeyr
Elmore No. 1~ 0.16 2300 1090 4300 714 600  14.7
Magmamax No. 1 0.3 2200 1050 4200 142 266 0.32
Sinclair No. 4  0.16 2300 1090 4300 150 540 2.4
Total 17.4

*Length of pérforated'interVél.

RESERVOIR DEPLETION . S ‘

The reservoir fluid is believed
to be at or near'the~saturatioh curve
(for the appropriate salinity)'ét
the Magma-SDG&E site.- The reservoir
will probably deplete similarly to
0il reservoirs producing above the
bubble point. This mode of production
is known to déplete exponentiallyaa:
and was the'depletiqn mode at Wairakei’
during the early production pefibd;
1f theréféré*ﬁq influx or formation
drives;‘thé initial reservoir deple-
tion can be quite rapid (depending on

production level and resource size).

vFlashing in the reservoir is not

expected to occur during the test

period at the Magma-SDG&E site.

In the upper reservoir at-the
Magma-SDG&E site, the high porosity
and permeability imply non-zero ver-

tical pefmeability in.the sandstone.
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In this formation, gravity segrega-
tion-would probably occur, reducing
the breakthrough time due to under-
cutting of the hot reservoir fluid by
cooler reinjected fluid. 1In the lower
reservoir, the permeability is low
and there is a higher fraction of
shale, hence the vertical mobility
will probably be very small except

for fracture effects, which at this

time are undetermined.

- 1f ‘the production is from Magma-

max No. 1 and Woolsey No. 1 (mainly

upper reservoir wells), and reinjec--

tion is through Magmamax No. 2 and
No. 3 ‘(mainly lower reservoir wells),
very little fluid will move from the
injectors to the producers, because
the major shale break separates the
reservoirs. - If the shale break does

not completely separate the upper

and lower reservoirs, some fluid may




migrate from the deeper Magmamax No. 2

and No. 3 wells to the shallower
Magmamax No. 1 and Woolsey No. 1. At
the present time this migration.
appears unlikely because the shale
layer seems to effectively separate
the upper and lower reservoirs.
However, this apparent reservoir
separation may also result in serious
overpressure problems, making reinjec-
tion more difficult. The high poro-
sity in the upper reservoir may also
result in detectable subsidence, if
appreciable fluid is withdrawn from
the upper reservoir with only small

amounts of fluid appearing from the

injection wells.

The mob'ilvity ratio (k/W)_ o4/ (k/
u)hot is believed to be favorable
(less than unity), but if the vertical
mobility is small and the upper and
lower reservoirs are well separated,
the stability of the injection fromnt
will not be a factor in well produc-
tion. Similarly, breakthrough times —
given the geology and well comple-
tions — depend heavily on which of

the four Magma-SDG&E wells are flowed.

FLOW PATTERNS
We can summarize the probable
flow patterns as follows.
e The Brawley fault is close
enough to the four Magma wells (see
Fig. 9) that, after a few weeks of

production from the upper reservoir,
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the fault should appear as either .a .

barrier or a conduit in the analysis

of well tests. v .
e The upper reservoir rock appears
to be of poorer quality at the Woolsey
well than at the Magmamax wells. Thi-

may imply limited production from

the southeastern portion of the upper

.reservoir.

e The fléw in the lower reservoir
will depend heavily on the fracture
permeability, the extent of which is
unknown at tﬁis time.

e The shale barrier dipé to the
northeast (see Fig. 10), and this
suggests that between the "bounding"
faults the flow pattern may dip
also. Ihere is no apparent reason
to suspect any major areal anisotropy
in flow patterns at the present time.

e The Woolsey and Magmamax No. 3
wells are not perforated in the most
highly permeable sands and have part
of the perforafed‘interval lost to
the large shale layer. The higher
permeability and storage in thé upper
reservoir may result in preferred

flow to or from the upper reservoir

at these two wells. |

EFFECTS OF FRACTURES

The. presence of fractures does -
not necessarily imply a reduced well
lifetime due to prefered flow from
an injection well to a producing

well. Kasameyer and Schroeder35~
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found that a reservoir with ‘injection
and production wells depletes as if
the rock-weré‘éom§1e£e1y~porous;

if the average spacing between distri-
buted fractures is less than about

20 m. This sort of depletion results
from the thermal diffusivity of the
average reservoir rock (<20 mZ/yr)5.~
which allows sufficient heat to be
removed from the rocks so that both
rock and fluid are at about the same
temperature. - But widely spaced
fractures — spaced more than 100 m —

can drastically reduce the lifetime

of production-injection well pairs

when both wells intersect the same
fracture and the fluid temperature
decreases faster than the rock temper-. -

ature.

SUMMARY OF FIELD PRODUCTION

’  “ We have not described in detail
the extended well tests carried -

out at :the Salton Sea because little
information is available from fhem.'
However, what information is known: '
from‘weil*drilling and testing has
aliowedfus'fo%estimate-heat reserves
within the upper reservoir as about
1/4 GWeyr in'the fluid plus about
1/3 GWeyr in the rock.: The heat"

reserves within the’ lower réservoir- .

are about»5—3/4 GW°yr‘in’the fluid
plus about: 17 GWeyr in'the rock. ' The

. reserves implied from assumptions of

lithological..continuity are many
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times these numbers. Production from
the upper reservoir might be accom~
panied by-abpreciable subsidence, if
the entire reinjection is in the
lower reservoir. ' If compaction does
not occur, the well pressures might -
rapidly decrease, strongly affecting.
the well lifetimes.

The effects 0f possible fractures
in the'shale layer separating the
ﬁpper and lower reservoir — in particu-
lar the effects on vertical mobility
of the reinjected brine — must be
determined to adequately characterize
the reservoir's behavior during pro-
duction and reinjection. The wells'
cqmpletidns'will probably result. in
a largé degree of separation during
prodqction and reinjection. The
Brawley fault may affect extended
production, because it is close to
the Magpa-SDG&E‘site. . No informa-

.tibn'is currently available on the

isotropy or aniétropy of ‘mobilities
and flow patterns in the vicinity
of ‘the SDG&E‘gxperiment, although
areal‘isotroﬁy is .assumed.  The
fréétﬁré sPacingvbbserved in wells-
in the SSGF imply that fractures
willAnot'degrade the thermal pro--
duétivity at the Magmé—SDG&E'site;x'
but the fracture spacing and well
apertures at the Magma-SDG&E site
are not well known and could play

a role-in thermal depletion of the

reservoir..




Conclusions and Recommendations

CONCLUSIONS: .

The SDG&E experimental geothermal
site is located in a tectonically
active area, and is bounded by at
least two active, northwest-trending
faults which may influence the geo-
thermal reservoir behavior during
-production and reinjection. The
sedimentary deposit making up the
reservoir rock is extensive and is
saturated with brine throughout the
high-temperature geothermal anomaly.
The reservoir appears to be separated
into an upper and lower portion by
a shale layer. The upper reservoir
is porous sand and shale with high
permeability and productivity,
bounded by a caprock at about 350 m
and a shale barrier at about 800 m.
The lower reservoir rock is sandstone,
shale, and metamorphosed minerals
and has much lower porosity and
permeability. However, it has much
greater thickness and is probably
extensively fractured.

The temperatures in the upper
reservoir range from 200 C at the .
caprock to almost 300 C at the shale
barrier. In the lower reservoir,
the temperatures may reach 360 C at
depth. The total reéservoir volume
(fluid and rock), as defined by having

a mean temperature above 200 C,

probably exceeds 1.4 x 109 m3 The
weight fractioh of dissolved solids
in the fluid may be as high as 1/4,
and this salinity and the associated
acidity providé the most difficult, .
unsolved technological problems
associated with;exfracting useful
power from the reservoir,

The transmissivities obtained
from well-test analyses are -about
5 x 10--7 (m3/s)/Pa in the upper
reservoir and 10—8 (m3/rs') /Pa in the
lower reservoir.
reserves are about 1/4 GWeyr (in the
fluid) and about 1/3 GW*yr (in the |
rock) for the upper reservoir, about
5-3/4 and 17 GW*yr (in the fluid and
rock respectively) for the lower
reservoir. Since the overall effi-
ciency of extracting electrical power
is probably about one-~tenth (this
includes plant efficiency, well-
field sweep efficiency, etc.), the

proven reserves of the upper reser-

voir appear capable of generating
10 MWe for at least five years.
There is not enough evidence from
well testing to predict depletion of
the reservoir or to estimate abandon-
ment conditions.

The injection tests indicate a
possible problem in that the injec-
tion wells will have to be over-

pressured to achieve flow rates that
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_ reinjection.

_ possible without the coordinated

.will accommodate the expected'produc-

tion of brine.r In addition, an un-

rdetermined amount of the dissolved

solids might appearrin the form of a
precipitate in‘the‘wellhore. iSince
a decrease by a factoriof‘two in a
rock's porosity can mean about three
orders of magnitude decrease in its

permeability,>®

it is imperative that
these precipitates not reduce the

pore space of the strata during

RECOMMENDATIONS

The most serious limitation
imposed on our well-test analyses is
inconfplete data. A complete reser-
voir characterization requires addi-
tional information from the well tests
over a sustainednperiod.i Data are ’
needed for both production and injec-
tion carried out in a prescribed manner
in all available wells. To obtain ‘the
maximum amountfof information; de-
scribing the locatioms of aquitards,v :
aquifers, etc., sensitive downhole -
pressure gauges, which provide
pressure—transient information, need
to be developed to withstand the high

temperatures in the wellbore. To allow

Aéknovvlédgtnents

This report would mnot have been

efforts of the people in the: LLL
Geothermal Geology Group. . They are:
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‘computer simulation of the multiwell,
Vproduction-injection phenomena, the

‘downhole flowing temperatures and

pressures are required at production,

-injection, and observation wells.

These data are particularly important

if hydraulic fracturing has already

occurred.

Determining the extent of the
geothermal resource requires addi-

tional geophysical measurements in

, the,vicinityhofpthe Magma-SDG&E site. -

The region under the current Salton
Sea between the Brawleyvand Red Hill
Faults is of special interest and
should be explored by drilling as
soon asfpossible,‘ Slant-hole methods
could'provide information relatively
quicklyrabout this portion of the
Salton Sea KGRA, without requiring
special drilling platforms.

The nature of the precipitates

vthat will appear at the reinjection

,well after the brine has been cooled

is a critical question. Chemistry

:‘experiments to be conducted by

vLawrence Livermore Laboratory personnel

in cooperation with SDG&E may provide

some answers to this latter, exceed-

'ingly important question.

cJQ'H.-Howard,»P.’W; Kasameyer, -
. C. R. McKee, L. B. Owen, T. D.

Palwer, J. D. Tewhey; and D. F.

Towse.
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