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ABSTRACT

The Cerro Prieto geothermal area in the Mexi-~
cali Valley, 30 kilometers southeast of Mexicali,
Baja California, incurred slight deformation be~
cause of the extraction of hot water and steam,
and probably, active tectonism. During 1977-78,
the U.S. Geological Survey established and measur-
ed two networks of horizontal control in an effort
to define both types of movement. These networks
congisted of: (1) A regional trilateration net
brought into the mountain ranges west of the geo-
thermal area from stations on an existing U.S.
Geological Survey crustal-strain network north of
the internatiomal border; and (2} a local net tied
to stations in the regional net and encompassing
the present and planned geothermal production
area.

Electronic distance measuring instruments
were used to measure the distances between sta-
tions in both networks in 1978, 1979 and 1981.
Lines in the regional net averaged 25 km. in
length and the standard deviation of an individual
measurement is estimated to be approximately
0.3 part per million of line length. The local
network was measured using different instrumenta-
tion and techniques. The average line length was
about -5 km. and the standard deviation of an
individual measurement approached 3 parts per mil-
lion per line length.

Ground-surface movements in the regional net,
as measured by both the 1979 and 1981 resurveys,
were small and did not exceed the noise level.

The 1979 resurvey of the local net showed an
apparent movement of 2 to 3 centimeters inward
toward the center of the production area. This
apparent movement was restricted to the general
limits of the production area. The 1981 resurvey
of the local net did not show increased movement
attributable to fluid extraction.

INTRODUCTION

The Cerro Prieto geothermal area is approxi=-
mately 30 km. (kilometers) southeast of Mexicali,
Baja California, in the Mexicali Valley. Twenty-
seven production wel&s clustered in an area slight-
1y more than 5.5 km.” (square kilometers) discharge
approximately 3,400 metric tons per hour of water-
steam mixture, This water leaves the area by
canal or evaporation as less than 1% is re-injected.

The withdrawal of large volumes of fluids
from subsurface reservoirsg commonly is accompanied
by the development of largeé stresses within the
reservoir formations. The resulting strains at
depth within the reservoir tend to be transmitted
to the surface, resulting in measurable deformation
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of the land surface. From an analysis of measured
surface changes, insight may be obtained on the
nature of subsurface deformation, and also on the
mechanical and recharge characteristics of the
reservoir system.

Three networks of precise geodetic control
were established during 1977-78 to measure the
natural tectonic and induced surface deformation
around the geothermal area. A first-order level-
ing network was established by DETENAL (Direccidn
General de Estudios del Territorio Nacional,

Mexico D.F., Mexico) to measure vertical changes
from the international border south through the
geothermal field.3 Two networks were established
by the U.S. Geological Survey to measure horizontal
deformation., These are: (1) A regional trilater-
ation net that is a southward extension of the pre-
existing crustal-strain net in southern California;
and (2) a local network of horizontal control
established in the vicinity of and through the
production area. This report is concerned only
with the measurement and analysis of horizontal
changes.

NETWORK LAYOUT
The regional trilateration net that was

extended southward from the existing crustal—
strain net north of the border is shown in Figure 1.

Stations on the local net (solid triangles) that

were tied to stations om the regional mnet {(open
triangles) also are shown, as is the location of
the production area.

SURVEYING EQUIFPMENT USED

The regional net was measured with a long
range (as much. as 40 km.) Spectra-Physics Model
3G Geodolite, This instrument also was used in
tying local-net stations to stations on the re-
gional net. Lines on the local net were measured
with a medium range (as much as 12 km. under goed
conditions) Kueffel and Esser Ranger III in 1978
and 1979. A Hewlett-Packard Model 3808A was used
in 1981. (The use of brand names in this report
is for identifiwmtion only and does not imply
endorsement by the U.S., Geological Survey.) The
Ranger III and Geodolite instruments both use a
modulated helium-neon laser beam in the visible
spectrum. The Hewlett~Packard instrument uses an
invisible modulated infrared beam. The precision
of the measurements using the Ranger III and
Hewlett-Packard instrument is + (5 mm + 3 ppm),
whereas the precision of the measurements using
the Geodolite* is + (3 mm + 0.2 ppm). The retro-
reflectors used to measure both nets are commer-
cially available units of conventional design.
They are designed so a light ray or beam projected
from an instrument is returned to the instrument



along the path of propagation.
MEASURED GROUND-SURFACE MOVEMENTS

The initial measurement of the regional net
was made during January and February 1978, with
subsequent measurementg during March 1979 and April
1981, The local net (Figure 2) was first measured
in February and March 1978. Subsequent measure-
ments were made during March 1979 and January 1981,
Lengths of the lines for the regional net are listed
in Table 1 and are arc distances reduced to sea le-
vel. Line lengths for the local net are listed in
Table 2 and are mark-to-mark. measurements.

Strain accumulation was determined from
changes in the lengths of lines within the networks
assuming a uniform strain field 5. The orientation
and magnitude of the maximum and minimum principal
strain rates for the portion of the regional net
east of the Cerro Prieto Volcano is shown in Figure
3. The strain accumulation rate for the 1978-79
period is less than one part per million and is not
significant at the two standard deviation or 95%
confidence level. A nomuniform strain field resul-
ted from displacements due to the June 8, 1980
Victoria Guadalupe earthquake (M. Lisowski, U.S.
Geological Survey, Menlo Park, California, oral
communication). Consequently, no strain analysis
was computed for this portion of the regional net-
work for the period 1978-81. The data obtained
on the portion of the regional net east of the Cer-
ro Prieto volcano during the 1981 resurvey are be-
ing analyzed to determine the earthquake effects;
these data will be reported by others and is not
part of this report.

The principal strain diagram (Figure 4) for
the portion of the regional net west of the Cerro
Prieto volcano shows a slight expansion or positive
dilatation for the 1978-79 period. The maximum
principal strain rate ig marginally significant
and oriented in a northeast-southwest direction.
The principal strain rates for the same area for
the period 1978-81 (Figure 5) shows no significant
strain accumulation.

The maximum and minimum principal strain rates
determined from measurements within the production
area are shown in Figure 6 for the 1978-79 period.
This diagram of the strain accumulation rates shows
a significant inward movement toward the center of
the production area in a northeast-southwest direc-
tion (31 + 6 parts per million per year) with a
slight expansion in the northwest-southeast direc-
tion (2 + 1 parts per million per year). The
strain diagram for those same lines covering the
production area for the 1978-81 period (Figure 7)
shows a similar orientation, but a lower rate of
18 + 5.6 ppm per year in the maximum principal
strain and a higher rate of 3.4 + 1.7 ppm per year
for the minimum principal strain.

The principal strain diagrams for the local
net, excluding the lines through the production area,
for the periods 1978-79 and 1978-81 (Figures 8
and 9) show very little strain accumulation. The
principal strain rates are significantly less than
the noise level, except for the maximum principle
strain for the 1978-81 period which is only mar-
ginally significant.
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CONCLUSIONS

Ground-surface movement inward toward the
center of the production area due to fluid ex-
traction has occurred during the study period
(1978-81). This movement occurred principally
during the period of 1978-79; it is confined to
the production area, and probably does not ex~
ceed 6 or 7 cm. A congistent change in length
of the lines through the production area for the
1978-81 period similar to the general shortening
that occurred in 1978-79 was not observed.
Consequently, no increase in the rate of deforma-
tion resulting from continuing fluid extraction
appears evident for the longer time period.

Any ground-surface movements that occurred
outside the production area, excluding probable
earthquake-induced movement, are small, as shown
by the strain rates displayed in Figures 3, 4, 5,
8, and 9. No movement vresulting from fluid ex-
traction is evident outside the production area.
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Figure 1. Regional-trilateral network of horizon-
tal-control and bedrock ties, morthern Baja Calif-
ornia and southern California.

Figura 1. Red regional de trilateracién de
control horizontal, y estaciones de liga en roca
firme, norte de Baja California y sur de Califor-
nia.
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Figure 2. Local network of horizontal control, Cerro Prieto geothermal
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Figura 2. Red local de control horizontal, area gedtermica de Cerro
Prieto.
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Figure 3. Principal strain diagram, regional net, Cerro Prietoc Volcano
east, 1978-79.

Figura 3. Diagrama de deformacidn principal, red regional, al este del
volcan Cerro Prieto, 1978-79.
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Figure 4. Principal strain diagram, regional net, Cerro Prieto Volcano
west, 1978-79,.

Figura 4. Diagrama de deformacidn principal, red regional, al oeste del
voledn Cerro Prieto, 1978-79.
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Figure 5.

Principal strain diagram, regional

west, 1978-81.

Figura 5.
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net, Cerr¢ Prieto Volcano

Diagrama de deformacidn principal, red regional, al oeste del
volcdn Cerro Prieto, 1978-81.
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Figure 6.

Figura 6.
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Principal strain diagram, production area, 1978-79.

Diagrama de deformacién principal, area de produccidén, 1978-79.
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Figure 7. Principal strain diagram, production area, 1978-81.

Figura 7. Diagrama de deformacidn, area de produccidn,l1978-81.
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Figure 8. Principal strain diagram, local ner, excluding production area
lines, 1978-81.

Figura 8. Diagrama de deformaciom principal, red local, excluyendo las
lineas en el Area de produccién 1978-79.
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Table 1.

Figure 1).
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Figure 9.
lines, 1978-81.
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Figura 9. Diagrama de deformacidn principal, red local, excluyendo las
lineas en el &rea de produccién, 1978-81.

Measured distances, regional net (see

. . . . -
Tabla 1. Distancias medidas, red regional (véase

la Figura 1).

N ‘s 1978 1978 1981
Stattan to Station {mecars) Uneters} (meters)
Prieta | 6,047,565 6,097,582 6,037,587
Priete [§4] 12,559,994 12,5359, 946 12,560,011
Priowe 17 15,576,748 15,5%4h, 748 15,536.637
Prioto 24 9,301,380 8,301,380 9,301,381
Privve k] 11,001,117 11,011,118 11,011,162
priecs 36 19,672,411 19,672,476 19,672,442
vrloto 8 8,419,082 8,419,085 8,419.070
Pricle g 14,49%,270 11,493,277 11,493,264
Priete 1P 10065 4,152,208 4,152,222 4,152,215
Buvid 3 28,61%,14) 28,611,159 28,812.970
Bavid 17 14, hbk 48 24,664, 5U2 26,664,457
David 928 12,394,765 22,494,791 22,394,754
Puerin 24 14,827 .46 14,827,424 14,827,364
Puerts 228 27,394,736 27,784,757 27,394,747
Puercu Peisto 14,715,652 14,715,656 14,715,661
Fierro g 34,557,181 e, 557,207 34,557,228
Flerro 928 29,945.950 28,345.976 29,345,976
328 Biablo 22,858,437 22,858,045 22,858,440
Centineiy Carrize 36, 448,082 36,448,104 36,448,081
Centénela Cita & 27,132,181 27,132.188 27,132.182
Cenrinela Diabio 37,926,342 37,826,356 37,926,347
Centinela Dixie 20,451.178 20,451,194 20,451,185
Centinela Fierro 23,306,474 23,306.48 23,305,468
Cila & Diable 16,291.250 16,291,253 16,291,243
Cila 6 Fierre 33,549,804 33,545,814 33,545,808
Cila 6 Javumba 35,921,953 39,9231.950 35,921,947
David Flerra 26,583,973 28,585,984 28,583,979
David Puerta 17,632.973 17,632,980 17,432,988
Diabio Fierro 33,566,783 31,364,802 33,566,802
Diabis Puerta 39,96G. 087 38,989,109 39,%6%.092
Filerro Pristo 24,093,038 24,093,053 24,093,076
Fierro Puerts 12,936.809 12,936,818 12,996,796
Mayor V7 27,832.873 27,632,887 27.632.912
Mayor 3 36,803,830 34,801,844 4,803,568
Mayor 28 5,746%. 618 35,743,619 35,743,640
Mayor pavid 18, 348 882 18,348,892 18,348,897
Moyor Prieta 36,374, 40% 16,333,400 36,333,422
Hayor Puerta 34,698,118 Y 698,178 34,698, 154
OfEser 229 Ceneinein - 3,286,302 3,2B6.261
Offser 229 Ceontineln 20,919,438 20,919,452 20,919,442
Offset 2% Cita & 20,192 128 26,192,327 20,192.332
Offset 229 Fierre 40,186,218 403,186,256 40,186,226
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Table 2.

Figure 2).

Principal strain diagram, local net, excluding production area

Measured distances, local net (see

. . s »
Tabla 2. Distancias medidas, red local (véase

la Figura 2).

: . 1978 1573 1981
Statien b Station (meters) (meters) (meters)
Volcano 3 10,445.933 10,449, 924 10,449.957
Volecano 32 8,754.654 B,754.638 8,754.642
Yolcune 21 5,518,471 9,518,450 9,518,346
Yoleano 24 9,551,576 9,551. 583 $,551.606
Valeano Salads 1,604,509 1,606, 602 1,604,600
VYelcano MO~ 4,611,886 5,691,897 4,691.891
Voleans M-S 4,783,270 4,783,270 4,783.215%
Voleane MOJ-& 5,023,537 5,023,532 5,023.488
Voloane 7 10,971,736 10,971.751 10,971,646
¥alcano M-3 3,213,154 3,213.168 3,213,209
VYoleano 10 11,892,135 11,892,116 11,892,138
Veleano 30 8,410,425 8,410,418 8,410,455
Volcane 37 3,991.452 3,991,455 3,991.448
Volcano 8 7.841.617 7,841,629 7,841.613
Voloano 29 3,893,782 3,893.79%8 3,893,790
Voleano 3% 6,355,904 6,945,912 4,945,898
VYeleane BNP10D06ES 3,448,200 3,448,198 3,548.183
22 HOdw6 1,864.480 1,856,473 1,864,536
22 WoJI~7 1,403.208 1,405,190 1,405,228
22 38 1,092,476 1,082,457 1,082,434
22 31 3,187,141 1,157.12% S
22 13 1,8587.392 1,897,371 1,897,385
H-3 & 2,747.373 2,747,371 2,749 .432
M-3 28 2,307.706 2,307,711 2,307.730
U3 13 1,910,648 1,810,489 1,910,694
#~3 MOJ-6 2,487 884 2,487,842 2,487,773
¥-3 28 2,406,650 2,406,650 2,406,702
M3 I~ 2,346,150 2,346,126 2,358.102
M-3 22 3,473,331 3,473,341 3,473,363
H-3 18 3,222.7%0 3,222,788 1,222.82%
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MOVIMENTOS DE LA SUPERFICIE DEL TERRENO MEDIDOS
EN EL CAMPO GEOTERMICO DE CERRO PRIETO

RESUMEN

El &rea geotérmica de Cerro Prieto
en el Valle de Mexicali, 30 kilOmetros al
sudeste de Mexicali, Baja California, sufrid
une leve deformacidn debido & la extraccidn
de vapor y agua caliente y, probablemente, a un
tectonismo activo. Durante 1977-1078, el U.S.
Geological Survey establecid y relevo dos
redes de control horizontal con el fin de definir
ambos tipos de movimiento. Estas redes consisten
en: (1) una red regional de trilateracidn
extendida hasta las sierras situadas al oeste
del area geotérmica desde estaciones de una
red del U.S. Geological Survey establecida ante-
riormente para medir la deformacidn de la
corteza al norte de la frontera internacional; y
(2) una red local ligadea & las estaciones de la
red regional y que cubre las zonas de produccidn
geotermica actual y futura.

En 1978, 1979 y 1981 se utilizaron
instrumentos electrdnicos de medicidn de
distancias para determinar las distancias entre
las estaciones de embes redes. La longitud pro-
medio de las lineas de la red regional fue de
25 km, y la desviacidn esténdar de cada
medici%n se esitimd en aproximadamente 0.3
partes por millon de longitud de linea. la
red local fue medida utilizando diferentes instru-
mentos y técnicas. La longitud promedio de las
lineas fue aproximadamente 5 km y la desviacibn
estandar de cada medicidn fue de unas 3 partes
por milldn de longitud de linea.

En la red regional los movimientos de la
superficie del terreno determinados por los levan-
temientos que se repitieron en 1979 y 1981 fueron
pequefios y no excedieron el nivel de ruido. Ila
repeticion del levantamiento de la red local
realizada en 1979 mostrd un movimiento aparente
de 2 a 3 cm hacia el centro del &rea de pro-
duccidn. Este movimiento aparente estuvo
restringido a los limites generales del &area de
produccidn. La repeticidn del levantamiento de la
red local completada en 1981 no mostrd un aumento
del movimiento atribuible a la extraccidn de
fluidos.

INTRODUCCION

Fl &Area geotérmica de Cerro Prieto
se encuentra en el Valle de Mexicali a unos 30 km
al sudeste de Mexicalil, Baja California. Veinti-
siete pozos productores agrupados en un ares
algo mayor de 5.5 km? descargan aproximadamente
%400 toneladas de mezcla agua-vapor por horal.
El agua deja el Grea a través de un canal o
se evapora; menos de 1% de la misma es reinyectada.

La extraccidn de grandes vollmenes de
fluidos de yacimientos del subsuelo generalmente
estd acompafiada por la generacidon de grandes
esfuerzos en las formacicnes del yacimiento2.

Las deformaciones resultantes a profundidad, dentro

del yacimiento, tienden a ser transmitidas hacia la.

superficie, produciendo deformaciones detectables
en la superficie del terreno. Del an&lisis de
los cambios medidos en la superficie se puede ob-

tener una idea de la naturaleza de las deformacio- |

nes en el subsuelo, y también de las caracteris-
ticas mechnicas del sistema del yacimiento y de
8u recarga.

En 1977-1978 se establecieron tres redes
de control geodetico de precisidn para
medir las deformaciones tectbnicas e inducidas
de la superficie alrededor del area geotérmica.
DETENAL (Direccidn General de Estudios del
Territorio Nacional de México) estableci®
una red de nivelacidn de primer orden para
medir los cambios verticales al sur de la frontera
internacional pasando por el campo geotérmicol.
Para medir deformaciones horizontales el U.S. Geo-
logical Survey establecid dos redes: (1) una red
regional de trilateraci®n, que constituye una
extensi%n hacia el sur de la red preexistente
en el sur de California, y (2} una red local de
control horizontal establecida en el area de
produccibn y sus alrededores. Este trabajo
discute solamente las mediciones y el an&lisis
de los cambios horizontales.

ARREGLO DE LA RED

En la Figura 1 se muestra la red regional
de trilateraci®n que se extendid hacia el
sur desde la red que actualmente existe para
medir deformaciones de la corteza al norte de la
frontera. Se muestran también las estaciones
de la red local (tridngulos sblidos) que se
ligaron con las estaciones de la red regional
(trigngulos abiertos), asi como la ubicacidn de
la zona de produccidn.

EQUIPO DE RELEVAMIENTO UTILIZADO

La red regional se nidid con un Geodolito
Spectra-Physics modelo 3G de largo alcance (hasta
40 km). BEste instrumento tambi®n se utilizd para
vincular las estaciones locales con las estaciones
de la red regional. En 1978 y 1979 las lineas
de la red local fueron medidas con un Kueffel y
Esser Ranger III de mediano alcance (hasta 12 kum
bajo buenas condiciones). FEn 1981 se utilizd
un Hewlett-Packard modelo 38084, (La mencidn
de marcas comerciales en este trabajo es sdlo
para efectos de identificacibn y no implica
endoso por parte del U.S.

Geological Survey). El Ranger III y el Geodolito
utilizan un haz laser de helionedn modulado en

el espectro visible. El instrumento Hewlett~
Packard usa un haz infrarrojo modulado en el espec-
tro no visible. la precisidn de las mediciones es
£(5 mm + % ppm) usando los instrumentos Ranger III
y Hewlett-Packard, y (% mm + 0.2 ppm) i se uti-
liza el Gecdolito%. los retrorreflectores que se
usaron en las mediciones de ambas redes son uni-



dades disponibles comercialmente, de disefio
convencional. Bstan disefiados tal que un

rayo o haz de luz proyectado desde un instrumento
es reflejado hacia el mismo a lo largo de la
trayectoria de propagacidon.

MOVIMIENTOS MEDIDOS DE LA SUPERFICIE DEL TERRENO

La primera medicidn de la red regional se
efectud durante enero y febrero de 1978; los rele-
vamientos subsiguientes se realizaron en marzo de
1979 y abril de 1981. 1La red local (Figura 2) se
midid por primera vez en febreroc y marzo de 1978;
subsiguientes mediciones se efectuaron durante
marzo de 1979 y enerc de 198l. Las longitudes de
las lineas de la red regional, especificadas
en la Tabla 1, son distancias de arco reducidas =z
nivel del mar. las longitudes de la lineas de
la red local, detalladas en la Tabla 2, son medi-
ciones de estacidn a estacidn.

La acumulacidn de deformacidn se
determind a partir de cambios en las longitudes
de las lineas dentro de las redes, asumiendo
un campo de deformacidén uniformed. En la
Figura 3 se muestra la orientacidn y magnitud
de las tasas de deformaciones principales maximas
y minimas para la parte de la red regional al
este del volcan Cerro Prieto. 1la tasa de acumula-
cion de deformacidn para el periodo 1978-79 es
menos gue una parte por milldn, y no es significa-
tiva a dos desviaciones estindar o a 95% de
niveles de confianza. Un campo de deformacidm
no uniforme resultd de los desplazamientos debidos
al terremoto Guadalupe Victoria del 8 de unio de

1980 ( M. Lisowski, U.S. Geological Survey, Menlo
Park, California, comunicacibn oral). Por lo
tanto no se realizd un an&lisis de la defor-
macidn para esta parte de la red regional

para el periodo 1978-81. Los datos obtenidos

en la parte de la red regional al este del volcén
Cerro Prieto durante el relevamiento que se repitid
en 1981 estan wmiendo analizados con el fin de
determinar los efectos del terremoto. Estos datos
serén publicados por otros y no forman parte de
este trabajo.5. :

El diagrama de deformacidn principal
(Figura 4) para la parte de la red regional al
ceste del volchn Cerro Prieto para el periodo
1978-79 muestra una pequefia expansidn o dilatacidn
positiva. La tasa de la deformacidn principal
méxima es marginalmente significativa, teniendo
una orientacidn NE-SC. Para la misma area
las tasas de deformacibn principal correspondien-
tes al periodo 1978-81 (Figura 5) no presentan
una acumulacidn significativa de deformacidn.

las tasas de las deformaciones principa-
les maximas y minimas determinadas a partir
de mediciones dentro del &rea de produccidn
para el periodo 1978-79, se muestran en la
Figura 6. BEste diagrama de las tasas de acumula-
cion de deformaciones muestra un movimiento
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importante hacia el centro del area de produc-
¢idn en direccidn NE-SO (31 * 6 partes por
milldn por afo), y una pequefia expansidn en direc-
¢ibn NO-SE (2 * 1 partes por millon por

afic). Kl diagrama de deformaciOn para

aquellas mismas lineas que cubren el area

de produccidn para el periodo 1978-81

(Figura 7) muestra una orientacidn similar

pero con una tasa menor para la deformacidn
principal méxima (18 % 5.6 partes por milldén por
afio), y una tasa mayor para la deformacidn
principal minima (8.4 * 1.7 partes por

millon por afio.

Los diagramss de deformacidn principal
para la red local, cuando se excluyen las lineas
a través del &rea de produccidn para los periodos
1978-79 y 1978-81 (Figuras 8 y 9) muestran muy
poca acumulacidon de deformacidn. Las tasas de
deformacibén principal son significativamente
menores que el nivel de ruido, excepto para la
deformacidn principal méxims para el periodo
1978-81 la cual es sblo marginalmente significa~
tiva.

CONCLUSIORES

Un movimiento de la superficie del
terreno hacia el centro del &rea de produccidn,
debido a la extraceidn de fluidos, ha ocurrido
durante el periodo de estudio (1978-81). Este
movimiento ocurridé principalmente durante el
periodo 1978-79; estd restringido al Area de
produccibén y probablemente no excede los 6 o 7
cm. Durante el periodo 1978-81 no se ha observado
un cambio uniforme en la longitud de las iineas a
través del area de produccidén similar al acorta-
miento general que ocurrid em 1978-79. Por lo
tanto para el periodo més largo no hubo un
aumento aparente en la tasa de deformacidn debido
a la extraccidn continue de fluidos.

Todo movimiento de la superficie del
terreno que ocurrid fuera del &rea de
produccibdn, excluyendo probablemente los
movimientos inducidos por terremotos, ha sido
pequefio, como lo indica las tasas de deformacidn
presentadas en las Figuras 3, 4, 5, 8 y 9. Fuera
del &rea de produccidn ningln movimiento
resultante de la extraccidon de fluidos es
evidente.
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