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Summary 
The degree of thermal alteration measured 

by reflectance of sedimentary vitrinite grains 
is dependent mainly on the maximum temperature 
reached in the sediment and the duration of this 
temperature. Temperature estimates from 
reflectance data in the Cerro Prieto system 
correlate with modern temperature logs and 
temperature estimates from fluid inclusion and 
oxygen isotope geothermometry indicating that 
the temperature in the central portion of the 
Cerro Prieto System is now at its historical 
maximum. Thus, any differences in vitrinite 
reflectance values for parts of the system that 
are now at the same temperature are apparently 
due to differences in the duration of heating. 

Isoreflectance lines formed by contouring 
vitrinite reflectance data for a given iso- 
thermal surface define an imaginary surface that 
indicates an apparent duration of heating in the 
system. 

The 25OoC isothermal surface has a complex 
dome-like form suggesting a localized heat 
source that has caused shallow heating in the 
central portion of this system. Isoreflectance 
lines relative to this 25OoC isothermal surface 
define a zone of low reflectance roughly 
corresponding to the crest of the isothermal 
surface. Comparison of these two surfaces 
suggest that the shallow heating in the central 
portion of Cerro Prieto is young relative to the 
heating (to 25OoC) on the system margins. 

Laboratory and theoretical models of hydro- 
thermal convection cells suggest that the form 
of the observed 25OoC isothermal surface and the 
reflectance surface derived relative to it 
results from the convective. rise of thermal 
fluids under the influence of a regional 
hydrodynamic gradient that induces a shift of 
the hydrothermal heating effects to the 
southwest. 

Introduction 
Kerogen is organic matter in sedimentary 

rocks composed of various types of distinctive 
plant debris (macerals; also termed phyto- 
clasts). Reflected-light microscopy allows the 

differentiation of the various macerals by their 
internal structure, external morohology, and 
brightness (reflectivity). Vitrinite is derived 
from woody plant tissues and occurs abundantly 
in shales and sandstones. Under the microscope, 
vitrinite has a homogeneous to cellular or 
handed internal structure, splintery to blocky 
external form, and an intermediate reflectivity 
(brightness) when compared to other maceral 
groups. Kerogen is also composed of two other 
maceral groups with obvious microscopic 
characteristics; liptinite (spores, pollen, 
resin, cuticle, and algal matter) and inertinite 
(charcoal, altered vitrinite, and fungal 
sclerotia). Kerogen was extracted from chip 
samples approximately every 100 m down 14 
boreholes. Core samples were used from an 
additional 4 boreholes. Kerogen was concen- 
trated by demineralization with acid and by 
heavy-liquid separation as previously described 
by Barker (1979). The .kerogen concentrate was 
washed, freeze dried, mounted in epoxy on 
stdndard petrographic slides (Baskin, 19791, and 
polished for microscopy. 

Chemical and physical properties of kerogen 
change in response to both heating duration and 
temperature. The integration of these two 
effects determine the rank of kerogen (Stach and 
others, 1975; Tissot and Welte, 1978; Hunt, 
1979; brand, 1980). The basis for heating 
duration studies is the irreversible changes of 
optical properties resulting from devolatization 
of kerogen in response to temperature and 
reaction time. This process, termed cata- 
genesis, involves a progressive evolution of 
H20, C02, and hydrocarbon, resulting in a 
relative increase in carbon content and greater 
crystallinity. Pressure is now thought to have 
little influence on catagenesis (Hunt, 1979; 
Tissot and Welte, 1978; Stach and others, 1975). 
The degree of catagenesis, or rank, of vitrinite 
can be measured by changes of both chemical and 
physical properties. The physical measure of 
rank utilized here was reflectance under oil ~ 

immersion (Ro), which is defined as the ratio of 
the intensity of reflected light to light 
incident on a polished maceral surface. 
Reflectance was measured on randomly oriented 
vitrinite without rotation to maximum 
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reflectivity (brightness). Following He& and 
Virgos (1977), we use mean random reflectance 
under oil immersion (51, apparently the hest 
optical measure of rank. Vitrinite was selected bi according to criteria listed in Barker (1979) 
with the additional restrictions that mud- 
additive lignite and material judged to he from 
borehole cavings were excluded from 
consideration. 

Heating duration--temperature effects on kerogen 
The relationshiv between heatinn duration, 

temperature, and viirinite reflectance can be 
modeled in several ways: the theoretical 
approach assumes a homogeneous chemical reaction 
dependent on temperature and duration of 
reaction, as described by the Arrhenius equation 
and first-order kinetics; the empirical approach 
uses an equation derived from temperature-rank 
studies in one borehole and applied later to 
other boreholes. Both methods must be cali- 
brated in a geological system similar to their 
intended use, therefore, the empirical method 
seems most reasonable in open geochemical 
systems where no adequate theoretical model has 
been developed (Barker and Elders, 1979a, 
1979b). 

Buck and Karweil (1955) first developed a 
theoretical model based on Arrhenius equation 
and first-order kinetics. This model wag 
originally developed for predicting rank in 
coal, but has since been applied to ke ogen 
studies. A heating duration estimate (10 yr; 
Barker and- Elders, 1981) from this model 
utilizing Ro-temperature data from the Cerro 
Prieto system exceeds the apparent geologic age 
of the reservoir rock (lo5 yr; Barker, 1979) and 
apatite fissi n-track annealing age of thermal 
activity (lo'*'; Sanford arid Elders, 1981). 
Other Time-Temperature-Rank (TTR) functions 
based on chemical kinetic theory (Lopatin, 1971; 
Royden and others, 1980) and an empirical model 
based on measurements in boreholes from numerous 
sedimentary basins (Hood and others, 1975) also 
give spurious heating duration estimates for 
Cerro Prieto. Therefore, models such as these 
cannot be applied to estimate absolute heating 
duration in this system. The failure of TTR 
models is apparently due to the fluid-rich, open 
Cerro Prieto system promoting catagenesis, 
relative to the more closed sedimentary basins 
for which these models were derived (Barker, 
1979). 
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Although a credible value of absolute 
heating duration in geothermal systems is not 
indicated by TTR models, vitrinite reflectance 
does show a strong correlation with tempera- 
ture in borehole M-84 (Fig. 1). The logged 
equilibrium temperatures in this borehole 
correlate with temperature estimated from an 
empirical vitrinite-reflectance geothermometer 
(Barker and Elders; 1979a, 1979b) at almost all 
points and also cortelate with the fluid- 
inclusion temperatures. Temperature profiles of 
several other boreholes studied in the field 

u e r e  also successfully predicted by the 
empirical method (Barker and Elders, 1979a, 
1979b). We conclude that vitrinite reflectance 
is an accurate geothermometer for the central 

portion 0; this system. Further, because 
temperature and rank are relatively well known, 
variation in rank of rocks at the same 
undiminished temperature across the system is 
apparently caused by changes in duration of 
heating. 

Relative heating duration at Cerro Prieto 
Barker and Elders (1979a. 1979 b), as 

discussed above, have shown that theoretical 
models based on chemical kinetics do not 
accurately predict absolute heating duration in 
the Cerro Prieto system. Barker and Elders 
concluded, however, that temperature-rank curves 
should indicate relative heating duration. 
Therefore, although the absolute heating 
duration cannot be determined, relative heating 
duration across this system can be derived from 
rank-temperature data. 

Chemical reactions causing rank increase 
are irreversible as volatile components are lost 
from the system. Thus, chemical and physical 
changes in kerogen record the maximum 
temperature that the sediment experienced. 
Accurate heating duration estimates require that 
temperatures in a borehole be at a maximum in 
the geothermal history of the system. 
Retrograde temperatures can cause spuriously 
long heating duration estimates because to 
attain a certain rank at lower temperature 
requires greater reaction time. However, this 
is not the reason for faulty heating duration 
estimates for Cerro Prieto. 

Depth to 25OoC derived from borehole 
measurements is typically shallower than depths 
to this temperature derived from isotope data 
(Appendix I). This suggests that the system is 
heating up and that the calcite-water geothermo- 
meter appears to lag behind in equilihrating to 
the higher temperature. Further, temperature 
estimates from reflectance data in the central 
portion of this system correlate directly with 
either modern logged temperatures, and (or) 
temperature estimates from the fluid-inclusion 
geothermometry. The correspondence of these 
geothermometers, which indicate either maximum, 
ambient, or short-term temveratures, indicates 
that temperature in most of the Cerro Prieto 
system is now at its historical maximum. 
Therefore, differences in vitrinite reflectance 
for parts of the system that are now at the same 
temperature are apparently due to differences in 
the duration of heating. 

Isoreflectance lines formed by contouring 
vitrinite reflectance values, corresponding to a 
single temperature in different boreholes 
(isothermal condition), define an imaginary 
surface that indicates relative duration of 
heating across the system. If uniform heating 
to a given temperature occurred at the same time 
across the system, the reflectances would have a 
single value defining a planar surface. The 
selected isothermal surface (which is not 
necessarily planar) indicates the position of 
the reflectance measurement, and, therefore, the 
relative heating duration at this point in the 
system. Differences in heating time between 
boreholes at the same maximum temperature are 
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indicated by lower reflectances (less heating 
time) or higher reflectance (longer heating 
time). These differences produce a curved 
reflectance surface. 

The 25OoC isothermal surface has a complex 
dome-like form, shallow about M-105, M-9, M-7, 
and M-3 (Fig. 2). This form suggests a 
localized heat source that has caused shallow 
heating of sediments in the central portion of 
this system. The central portion of this system 
is defined by boreholes that have measured 
temperatures in excess of 30OoC (Fig. 2) and 
occur near the crest of the 25OoC isothermal 
surf ace. 

Isoreflectance lines relative to the 25OoC 
isotherm surface in the Cerro Prieto system 
indicate an area of low reflectance bounded 
approximately by boreholes M-51, M-105, M-lgA, 
M-10, M-3, M-7, M-53, and M-84 (Fig. 3) .  
Preliminary data indicate that reflectance 
increases on the southern and northern flanks of 
this low. The form of a portion of the western 
flank and northeastern flank are not yet well 
defined by our data. Reflectance data from 
boreholes M-96 and Prian-1 do indicate that 
isoflectance contours close around the central 
portion of this system. 

Comparison of the 25OoC isothermal surface 
and the isoreflectance surface der€ved relative 
to it suggest that the shallow heating in the 
central portion of Cerro Prieto is young 
relative to the heating to 25OoC on the margins 
of this sys tem. 

Apparent thermal regime in the Cerro Prieto 
system 

Elder (1965) through laboratory models of 
hydrothermal systems, suggested that fluid rise 
by thermal expansion in a high-temperature 
geothermal system in high porosity rocks would 
occur as a narrow plume surrounded by relatively 
cool ground waters. The ascending thermal fluid 
cools as it rises and descends on the flanks of 
the plume thereby recharging the system. 

Barker and Elders (1979b), using borehole 
temperature measurements and vitrinite 
reflectance geothermometry, have shown that 
convection is apparently occurring in the 
central portion of the Cerro Prieto system. The 
effect of a convection system on borehole 
temperature profiles is illustrated in figure 4a 
(conductive heat transfer) and 4b (convection 
system). Convective systems are characterized 
by temperature gradients which decrease at 
depth, which is typical of boreholes in the 
central portion of Cerro Prieto (for example, 
see Fig. 1). The existence of relatively cool 
fluids adjacent to the central portion of the 
system, indicated by 25OoC isothermal surface 
(Fig. 21, is also strong evidence supporting 
convection in a hydrothermal system (Elder, 
1965). Further, Olson (1979) found that oxygen 
isotope data, from calcite in this system, 
indicated that a minimum of 10 pore volumes have 
passed through a given volume of rock assuming 
it has a 20 percent porosity. This water-rock 
ratio indicates that the Cerro Prieto system is 

relatively open and fluid flow is occurring. 
These observations suggest a similarity of the 
Cerro Prieto system to Elder's convective 
thermal model, and it forms a basis for 
interpreting flow conditions as indicated by 
iso-reflectance lines under isothermal 
conditions. Norton and Cathles (1979) 
mathematically modeled a hydrothermal system of 
an igneous pluton cooling by conduction and 
convection, which quantifies Elder's model. 
Their model is used here to formulate a 
hypothetical reflectance pattern resulting from 
a convecting hydrothermal system. They assumed 
an isotropic sedimentary basin heated by a local 
source at depth, resulting in buoyant rise 
of thermal fluids (Fig. 4a, b). The plume of 
thermal fluids rising in the crust will inter- 
sect and heat successively shallower rocks. 
Consequently, the deep rock at the margin of the 
plume will have been heated for a longer 
duration at some arbitrary temperature than will 
the shallower portions of the system that 
reached this arbitrary temperature later in the 
system's thermal history. Thus, reflectance of 
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vitrinite extracted from sediments at the same 
temperature in the system will be highest on the 
flanks and lower in the shallow, central portion 
(Fig. 4c). The zone of low reflectance will 
correspond with crest of the isothermal surface, 
and both these features will occur over the heat 
source (in this model, a pluton) of the system. 
Applying this model to the Cerro Prieto system 
indicates the heat source occurs below the 
central portion of this system as defined above. 
Fluid flow stream lines (not shown on Fig. 4) 
are roughly parallel (subvertical rise of fluid) 
t o  the heat source at its margin, but become 
sub-horizontal some distance away forming part 
of a convection cell. This fluid flow pattern 
suggests that the rise of the 25OoC isothermal 
surface northwest of the central portion of this 
system is due to recharge and convective rise of 
fluids towards the heating volume. Southwest o f  
the central portion of this system, the 25OoC 
isothermal surface descends rapidly, making the 
dome-like surface significantly asymmetric (Fig. 
2) when compared to Norton and Cathles model. 
The relatively gentle rise of isothermal surface 
in the northwest portion of the system (which 
according to the Norton and Cathles model should 
be quite sharp) and the asymmetry of the thermal 
dome suggest other geologic controls on convec- 
tion in this system than simple thermally- 
induced rise of fluids in an isotopic media. 
Anisotropic permeability and ground-water flow 
regime are major elements controlling hydro- 
thermal fluid movement, and their effect has 
apparently distorted the observed isothermal and 
reflectance patterns from those predicted by the 
Norton-Cathles model. 

Permeable zones in the Cerro Prieto system 
are indicated by production zones (Puente and de 
la PeRa, 1979) and borehole geophysical log 
correlation (Abril and Noble, 1979; Prian, 
1979). These permeable bodies are cut by 
northwest- and conjugate northeast-trending 
faults. The northwest-trending faults dominate 
the structure of the field and locally produce 
major offset of permeable zones. These faults 
offset the permeable zones with the down block 
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toward the basin axis, resulting in a step-like 
pattern of deepening production to the northeast 
(see Fig. 1 of Prian, 1979). Interpretation of 
orehole lithology, correlation of borehole id geophysical logs ian, 1979; Lyons and 
van de Kamp, 1979) and considering the 
geographic position of the field on the Colorado 
river delta indicates that, the storage structure 
and production zones consist of distributary 
channels and delta-plain deposits. The axis of 
elongation of these permeable bodies trends 
northwest (Prian, 1979) and appears to control 
hydrothermal fluid distribution that conforms to 
this trend (Puente and de la Pefla, 1979; Elders 
and others, 1980). 

The ground-water table or piezometric 
surface is a muted expression of surficial 
topography. Ground-water flow is normal to the 
isopotential lines on the piezometric surface. 
Groundwater flow, therefore, tends to follow the 
slope of the topographic surface. Ground-water 
flow through the Colorado River delta, whose 
topographic surface approximates a conic 
section, will be radial from the delta apex near 
Yuma, Arizona. Isotopic studies on ground water 
from the Cerro Prieto vicinity indicate an 
origin from underflow from the Colorado River 
across its delta (Crosby and others, 1972). The 
origin of fluids in this system fits the 
apparent ground-water flow pattern and suggests 
that the Cerro Prieto system is mainly recharged 
from the northeast and discharges to the 
southwest. 

The influence on the Cerro Prieto system of 
the northeast to southwest grounc-water flow and 
southwest-shallowing storage structure in a 
convecting hydrothermal system explains (1) the 
more gentle rise of thermal fluids than expected 
from the Norton-Cathles model because the hydro- 
thermal fluid movement appears to be controlled 
by the southwest-shallowing permeable zones; (2) 
the asymmetry of 25OoC isothermal surface that, 
under the influence of the regional northeast- 
southwest groundwater flow, would shift the 
hydrothermal fluids and their heating effects to 
the southwest (rather than a simple vertfcal 
fluid ascent); (3) the evidence of recharge 
(from its cooling effects and salinity changes) 
occurring on the northerly margin (Mercado, 
1970; Barker and Elders, 1979b; Elders and 
others, 1980; Seamount and Elders, 1981); and 
(4) discharge from the convection system 
occurring at shallow depth to the southwest 
(Elders and others, 1980). 

Conclusion 

system indicated by this study are: 
The major features of the Cerro Prieto 

(1) The form of the 25OoC isothermal surface 
and the isoreflectance surface derived 
relative to it suggests that the shallow 
heating in the central portion of Cerro 
Prieto is young relative to the heating to 
25OoC on the margins of this system; 
(2) similarity of the temperature and rank 
data to that predicted by Norton-Cathles 
model indicate Cerro Prieto is a hot-water 
convection system centered approximately 

about boreholes M-84, M-102, and M-39; 
(3) the Cerro Prieto hydrothermal system is 
distorted from a simple vertical convection 
cell by regional ground-water flow from 
northeast to southwest and permeable zones 
that shallow to the southwest. These 
controls on the system induce a shift of the 
hydrothermal fluids to the southwest with 
recharge occurring mainly deep in the 
fiortheast portion, strong convective rise of 
fluids in the northeast to central portion, 
and discharge chiefly in the shallow- 
southwest portion; 
(4) the position of the heat source for 
Cerro Prieto is difficult to determine only 
from its shallow manifestations. The 
Norton-Cathles model predicts the shallowest 
occurrence of high temperature fluid should 
correspond with the crest of isothermal 
surfaces over the heat source for the 
system. The close association between 
boreholes which exceed 3OO0C and the crest 
of the 25OoC isothermal surface at Cerro 
Prieto (Fig. 2), partially consistent with 
the Norton-Cathles model, suggest the 
southwesterly shift of hydrothermal fluids 
is minor and that the heat source for the 
Cerro Prieto system is approximatley beneath 
its center. However, the single, compact 
heat source utilized in the Norton-Cathles 
model is probably too simple for the Cerro 
Prieto system which has experienced numerous 
and widespread igneous intrusive and 
extrusive events; and 
(5) variation of heating duration across the 
system limits the use of the M-105 empirical 
vitrinite-reflectance geothermometer to the 
central portion of the Cerro Prieto system. 
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Figure 2. 
borehole temperature measurements. Solid c i r c l e s  
i nd ica t e  boreholes from t h i s  study i n  which measured 
temperatures exceed 3 0 0 O C .  

250°C isothermal surface derived from 

Queried depth ind ica t e s  
some uncertainty or o the r  problem i n  the  borehole 
measurements from which the  estimate was derived. 
Temperature logs used and borehole conditions during 
measurement l i s t e d  in Appendix I. 

Figura 2 :  f ipe r f i c i e  isot'ermica de 250oC 
derivada de mediciones de temperatura de pozos. 
L O 8  c l r cu los  l lenos  indican 10s pozos en 10s 
cuales la8 temperaturae medidas excedieron 10s 
3OOOC en este estudio. 
ci6n en las profundidades indican c i e r t a  
incertidumbre u otro problem en las  mediciones 
de l a s  cuales s e  obtuvo la e s t i m a c i b .  
r e g i s t r o s  de temperatura u t i l i eadoe  y l a s  condi- 

Figure 1. 
M-840 data from 
(1 978). 
zero wellhead pressure and allowing the borehole t o  
s t a b i l i z e  for  5.5 hours. Log T-9 was taken November 
18, 1977, with borehole bleeding through 8 6-mn or i -  
f i c e  and wellhead pressure = 3.66 kg/cm2. 
taken January 15, 1978, under conditions similar t o  
log T-9. Log T-30 taken September 6s 1978 with bore- 
hole  discharging 116.3 tons  s t e a d h o u r  through 5-cm 
o r i f i c e .  Kodified from Barker and Elders (19798). 

Figura 1: Registros y estimaciones de temperatura 
d e l  pozo W-84. Datoe de inclusiones f l u i d a s  de 
E l d e r s  y o t ros  (1978). 
3 de octubre de 1977 a pres& de cabezaf 
y permitiendo la e s t a b i l i z a c i h  d e l  pozo 
5.5 horas. E l  r e g i s t r o  T-9 se tom6 e l  l.8 
noviembre de 1977 con el pozo fluyendo a 
un o r i f i c i o  de 6 mm y presi6n de cabezal 
3.66 kg/cm2. 
de enero de 1978 bajo condiciones s imi l a r  
d e l  r e g i s t r o  T-9. 
6 de septiembre de 1978 con e l  pozo descargando 
116.3 toneladas de vapor por hora a trav'es de 
un o r i f i c i o  de 5 cm. Modificado de Barker y 
Elders  (1979a). 

Temperature logs  and estimates--borehole 
Others 

Log T-8 was taken October 3, 1977 under 

Log T-1 

sign08 de interroga- 

Los 

E l  r e g i s t r o  T-8 se tom6 e l  iones d e l  pozo durante l a s  medicionea est& 

El r e g i s t r o  T-12 s e  tom6 e l  1 

E l  r e g i s t r o  T-30 se tom6 e l  

? 
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Figure 3. 
therm in the  Cerro P r i e t o  system. Ci rc les  i n d i c a t e  
boreholes with i d e n t i f i c a t i o n  above and mean v i t r i -  
n i t e  re f lec tance  below. 
tance data or the  depth t o  25OOC datum from which 
i t  was determined. 

Isoref lectance l i n e s  f o r  the 25OoC iso-  

R,, refers t o  mean ref lec-  

Figura 3: Lineas de i s o r e f l e c t a n c i a  para l a  
isoterma de 250oC en e l  sistema de Cerro 
Prieto.  Loa c i r c u l o s  indican pozos con su 
nombre dado arriba, y-con l a  re f lec tanc ia  media 
de  v i t r i n i t a  abajo. 
c i a  media de v i t r i n i t a  en acei te .  E l  sLgno 
aproximdado que precede a 10s datos  de  Ro 
ind ica  c i e r t a  incertidumbre en 10s datos  de  
re f lec tanc ia  o en l a  profundidad correspondiente 
a1 dato de  250% a partir de 10s Cuales fueron 
determinados. 

Ro s e  r e f i e r e  a l a  ref lectan-  

94 
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(A) lntid ttwmal and refflectance conditions. (8) Thermal plume increases tempratwe in shallow portions 
Of the 8pteIn. 

(c) Resultant kwstlectance lines on the 250.C isothermal owface. 

Figure 4. 
system driven by an igneous i n t r u s i o n  i n t o  an iso- 
t r o p i c  sedimentary system. Hypothetical v i t r i n i t e  en un sistema sedimentario is'otropo. Los tri'an- 
r e f l ec t ance  values shown by black t r i a n g l e s  on the  
250OC isotherm. 
of system shown i n  cross-section of f igu res  a and 
b. Modified from Norton and Cathles (1979). 

Thermal model of a co ing  geothermal Figura 4: Modelo t'ermico de un sistema geot& 
micb convectivo impulsado por una intrusi 'on lgnea 

gulos negros muestran valores  h ipo t6 t i cos  de 
r e f l e c t a n c i a  de v i t r i n i t a  sobre la isoterma de 
250°C. 
d e l  sistema q u e , = a  su vez, se observa en c o r t e s  
t ransversalee en las f igu ras  a b. Modificado 
de Norton y Cathles (1979). 
c i a l e s  t'ermicas y de re f l ec t anc ia .  
penacho t'ermico incrementa la temperatura en zonas 
someras de l  sistema. 
i so re f  l ec t anc ia  sobre la supe r f i c i e  isot'ermica 
de 2 5 0 O C .  

Figure c represents  a map view 
La f i g u r a  c representa  una v i s t a  en planta  

(AT Condiciones ini- 
(B) El 

( C )  Lineas r e su l t an te s  de 



APPENDIX I. DEPTH TO 25OoC I N  SELECTED BOREHOLES, CERRO PRIETO GEOTHERMAL SYSTEM. 

APENDICE I: PROFUNDIDAD CORRESPONDIENTE A 250% EN POZOS SELECCIONADOS DEL SISTEMA GEOTERMICO DE CERRO F'RIETO. 

Minimum Maximum Borehole Calcite/water 
Depth t o  temperature temperature Borehole purging Oxygen i so tope  

Borehole 250'C (Log used (Log used e q u i l l b r a t i o n  through geothennometer 
( log  used) if d i f f e r e n t  i f  d i f f e r e n t  time choke depth  t o  

[metera] I°C @ meters ]  [OC @ meters ]  [days]  [mi l l imeters1  [meters  1 
fran Col. 1) from Col. 1) diameter  2 50% 

M-3 

M- 6 

M- 7 

n-9 

M-10 

M-11 
M-19A 

M-21A 

M-25 

M-39 
M-51 

M-53 
M-84 
M-9 1 
M-92 
M-93 

M-94 

M-96 
M-101 
M-102 
M-105 

M-130 
T-366 
NL- 1 
Prian-1 

700(?) (T-7) 

N.R. (T-14) 

620 (T-11) 

800 (T-6) 

940 (T-13) 

1020 (T-26) 
1000 (T-9) 

960 (T-1) 

770 (T-6) 

780 (T-14) 
1190 (T-6) 

1670 (T-8) 
1040 (T-12) 
1920 (T-4) 
N.R. (T-2) 
2350 
exp. (T-9) 
2600 (?) 
est. (T-11) 
note  e. 
N.R. (T-3) 
1360 (T-7) 
1380 (T-19) 
670 (T-21) 
note  f .  
1150 (T-8) 
2375 (T-18) 
2890 (T-12) 
N.R. 

note d. 

166 @ 152 

80 P 100 

170 @ 100 

102 @ 400 
(T-10) 
128 @ 200 
(T-14) 

3 6 8 0  
70 @ 200 
(T-8) 
59 @ 400 

54 @ 200 
(T-4) 
137 P 600 
53 @ 800 
(T- 5) 
76 @ 1090 
96 @ 600 
35 @ 600 
56 @ 1000 
38 @ 1000 

45 @ 100 

73 @ 100 
83 @ 100 
33 e 100 
33 @ 30 

92 B 700 
38 E 300 
102 @ 1800 
68 @ 1800 
(T-12) 

267 @ 823 
note a. 
154 @ 750 
note  b. 
260 @ 800 
note C. 

250 @ 800 
(T-6) 
329 @ 1445 
(T-11) 

283 @ 1214 
302 @1440 

277 @ 1000 

300 @ 1340 
(T-6) 
350 P 1400 
328 @ 1570 
(T-6) 
336 @ 2000 
346 @ 1700 

81 @ 1800 
310 @ zono 

240 @ 2300 

214 @ 1600 

99 @ 16x) 
2 9  @ 1 3 9  
343 @ 1780 
328 @ 1675 
(T-25) 
331 C 1625 
293 C 2650 
258 @ 3059 
115 @ 3200 
( T- 5) 

1 

unknown 

50 

96 (T-6) 
10 (T-10) 
unknown (T- 1 1 ) 
39 (T-11) 
40 (T-14) 
1.3 (?) 
40 (T-8) 
41 (T-9) 
unknown 

unknown (T-4) 
unknown (T-6) 
22 
4 (T-5) 
10  (T-6) 
21 
unknown 
1.8 
0.3 
1.3 

unknown 

1.2 
8 
37 
>60 (T-21) 
1 (T-25) 
unknown 
unknown 
unknown 
1.3 (T-S) 
unknown (T-12) 

s t a t i c  

s tatic 

12 

s t a t i c  
s t a t i c  

unknown 1240 

6 
s t a t i c  1090 
s t a t i c  

6 

s t a t i c  1040 
12 (?) 
static 1230 
s t a t i c  1140 
static 
s t a t i c  1720 

6 1100 
unknown 
s t a t i c  

unknown 

unknown 

unknown 
unknown 

6 
unknown 

6 
unknown 
unknown 
unknown 
unknown 

2450 

1110 

General no tes :  est. - es t imated;  exp. - e x t r a p o l a t i o n  of 108; N.R. - not repor ted ;  ? - da ta  unce r t a in .  
Temperature log s e l e c t i o n  was by p ick ing  log with longes t  repose time and, i f  poamible, 
purging through small diameter choke. 
are those recorded on t he  log and m y  not be t aken  a t  the minimum or meximum borehole 
depths.  
by A. E. Williama, I. G. P. P., h i v e r r i t y  of California, Rivers ide .  

Minimum and maximm tempera tures  i n  each borehole  

Oxygen i ro tope  temperaturea were taken from temperature c ross -aec t iona  auppl ied  

Spec i f i c  Notes: a. Temperature r eve raa l  t o  222OC a t  914 m. 
Temperature reversal t o  14OoC at  750 m. 
Temperature r e v e r s a l  t o  213'C a t  1000 m. 

b. 
c. 
d. D r i l l i n g  normally i n  progrnas when  lo^ T-1 t aken;  no b e t t e r  log a v a i l a b l e  t o  UI a t  

p reren t .  
Dcpth t o  25OoC from wide a x t r a p o l a t i o n  of log 'F-11. 
Borehole deepened from 1200 t o  1675 materr between temperature meaiuremnt  T-21 and 
T-25. 

e. 
f .  

(Both the re  1086 i n d i c a t e  a depth to 25OoC o f  670 m.) 

Nota8 gene ra l e s :  e a t .  - artimpdo; cxp. - n x t r a p o l a c i 6 n  de r c g i r t r o :  N.R. - no dad; 1 - d a t o  
incierto. La neleccidn de regirtror de temperatura r e  h i r o  e l i g i e n d o  lor 
r e g i r t r o r  con tiempo de  reporo  d e  largos y. cuando p o r i b l e ,  f lu lo  a travir  
de purgar de peque'io d i ime t ro .  
poro son Ian ind icadaa  por e l  r e g i s t r o  y pueden no corresponder  a laa  profundi- 
dader dnim o d x i m p  d e l  poro.  Lao t empera turar  ino tdpican  de oxi8ano fueron  
tomadan de recc ionea  transvernalen de tempera tura  p r o v i a t a s  por A.B. William, 
I.G.P.P.. Univers i ty  of C a l i f o r n i a .  Rivera ide .  

Lar tempereturaa dx im y minima en rada  

Notaa e speo l f i cea :  a. 
b. 
C. 
d. 

a. 
f. 

Invera iSn  de  tempera tura  a 2220C a 914 rn. 
Invera i6n  de tempera tura  a 140OC a 150 m. 
I n v e r s i b  de temperatura a 213OC a 1000 rn. 
Perforac i6n  e n  prugreao cuando a e  tom; el r e 8 i o t r o  T-1; h n a t a  e l p r e a a n t e  no 
dieponemod de un r e g i e t r u  mejor, 
Profundidad cor reapondiente  a 25OOC obtenida  ex t rapolando d e l  r e g i a t r o  T-1L. 
E l  polo fue  profundisado de 1200 a 1615 matroo e n t r e  loa  reglf l t roa de tempara- 
t u r a  T-21 y T-25. (Amboa r e g i a t r o a  Indican  121irr profundldad da 610 m Corree- 
pondiente a 750OC). 
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Ld 
RESUMEN 

EVOLUCION DEL SISTEMA GEOTERMICO DE CERRO PRIETO EN BASE A 
REFLECTANCIA DE LA VITRINITA BAJO CONDICIONES ISOTERMICAS 

E l  grado de alteraci 'on termal medido 
por l a  r e f l ec t anc ia  de granos de v i t r i n i t a  
ex t r a ldos  de sedimentos, depende principafmente 
de l a  temperatura m'axima alcanzada en e l  
sediment0 y de l a  duraci'on de esa temperatura. 
La temperatura estimada a p a r t i r  de datos  de 
r e f l ec t anc ia  en e l  sistema de Cerro P r i e t o  
correlaciona con r e g i s t r o s  modernos d e  temperatura 
y con temperatures estimadas a p a r t i r  de inclusio- 
nes  f l u i d a s  y geotermometria de is'otopos de 
oxigeno. 
t u r a  en l a  pa r t e  c e n t r a l  d e l  sistema de Cerro 
P r i e t o  est6 a c t u a h e n t e  en su m'aximo 
hist 'orico.  Por consiguiente,  l a s  d i f e renc ia s  
en 10s valores  de l a  r e f l ec t anc ia  de v i t r i n i t a  en 
pa r t e s  de l  sistema que se encuentran actualmente 
a l a  misma temperatura se deben, aparentemente, a 
d i f e r e n c i a s  en l a  duraci'on d e l  calentamiento. 

Estas medidas indican que l a  tempera- 

IDS contornos de i so re f l ec t anc ia  
basados en 10s datos  de r e f l ec t anc ia  de v i t r i n i t a  
para una supe r f i c i e  isot'ermica dada, definen 
una supe r f i c i e  imaginaria que indica una duraci'on 
aparente d e l  calentamiento en e l  sistema. 

La supe r f i c i e  isot'ermica de 250°C 
t i e n e  una compleja forma de domo que sugiere  una 
fuente  de c a l o r  local izada que ha causado calenta- 
miento a poca profundidad en l a  p a r t e  c e n t r a l  d e l  
sistema. Las lheas  de i s o r e f l e c t a n c i a  
r e l a t i v a s  a e s t a  supe r f i c i e  isot'ermica de 
25OoC definen una zona de baja  r e f l ec t anc ia  que 
corresponde, aproximadamente, con l a  c r e s t a  de l a  
s u p e r f i c i e  isot'ermica. La comparaci'on de 
e s t a s  dos supe r f i c i e s  sugiere  que e l  calentamiento 
somero en l a  porci'on c e n t r a l  de Cerro P r i e t o  
ea  joven en relaci'on a 1  calentamiento ( a  25OoC) 
en l a s  m'argenes d e l  sistema. 

celdas  de conveccibn hidrotermal sugieren que 
l a  forma de l a  supe r f i c i e  isot 'ermica de 
2 5 0 O C  observada y l a  supe r f i c i e  de r e f l ec t anc ia  
derivada en relaci 'on a e l l a  r e su l t an  d e l  
ascenso convectivo de f l u i d o s  termales bajo la 
in f luenc ia  de un gradiente  hidrodin'amico 
regional  que induce un corrimiento hacia e l  
o e s t e  de 10s e fec tos  de calentamiento hidrotermal. 

Modelos te 'oricos y de l abora to r io  de 

INTRODUCCION 

E l  ker'ogeno ea materia o r g h i c a  
en rocas sedimentarias compuesto de va r ios  ti 
de residuos de plantas  (macerales; tambi'en 
llamados f i t oc l a s tos ) .  La microscopia de l u z  
r e f l e j a d a  permite l a  diferenciaci 'on de 10s 
d i f e r e n t e s  macerales par su es t ruc tu ra  in te rna ,  
morfolog%a externa y b r i l l o  ( r e f l ec t iv idad ) .  ULa v i t r i n i t a  s e  der iva de t e j i d o s  de plantas  
1e"nosas y abunda en l u t i t a s  y areniscas.  
e l  microscopio, l a  v i t r i n i t a  posee una e s t ruc tu ra  

Bajo 

i n t e r n a  de homog'enea a c e l u l a r  o bandeada; una 
forma externa que va r i a  e n t r e  a s t i l l a d a  y 
blocosa; y una r e f l ec t iv idad  ( b r i l l o )  intermedia 
cuando s e  l a  compara con o t r o s  grupos de f i t o c l a s -  
tos.  El ker'ogeno tambi'en se compone de 
o t r o s  dos grupos macerales con c a r a c t e r i s t i c a s  
microsc'opicas obvias; l a  l i p t i n i t a  (esporas,  
polen, res ina ,  cu t i cu la  y ma te r i a l  de algas)  e 
i n e r t i n i t a  (carb'on, v i t r i n i t a  a l t e r ada  y 
e s c l e r o t i a s  de hongos). 
de muestras de r eco r t e s  de 14 pozos tomadas 
aproximadamente cada 100 m. 
de n6cleos de o t r o s  4 pozos. 
s e  concentr'o mediante desmineralizaci'on 
con 'acid0 y por separaci'on con l i qu id0  
pesado, como Barker (1 979) describi 'o previamente. 
E l  ker'ogeno concentrado se lav'o, se deshidrat 'o 
por congelaci'on, se mont'o en resina ep'oxica sobre 
p l a t i n a s  pe trogr'af i c a s  e s t h d a r  ( Baskin, 1979) 
y se pul i6  para microscopla- 

ker'ogeno cambian en respuesta a l a  duraci'on 
d e l  calentamiento y a l a  temperatura. 
ci'on de e s t o s  dos efectos  determina e l  rango 
d e l  kerbgeno (Stach y ot ros ,  1975; T i s so t  y 
Welte, 1978; Hunt, 1979; Durand, 1980). 
para 10s estudios  de l a  duraci'on d e l  calentamien- 
t o  son 10s cambios i r r e v e r s i b l e s  de l a s  propieda- 
des 'opticas r e su l t an te s  de l a  desvolatizaci 'on 
d e l  ker'ogeno en respuesta a l a  temperatura y 
tiempo de reacci'on. Este proceso, denominado 
catag'enesis, involucra un desprendimiento 
progresivo de H20, C02, e hidrocarburos,  
dando como resultado un incremento r e l a t i v  o en 
e l  contenido de carbono y una mayor c r i s t a l i n i d a d .  
Se piensa actualmente que l a  presi'on t i e n e  
escasa inf luencia  sobre la  catag'enesis 
(Hunt, 1979; Tissot  y Welte, 1978; Stach y o t r o s ,  
1975). 
l a  v i t r i n i t a  se puede m e d i r  por cambios en las 
propiedades qu'imicas y f i s i c a s .  
fisica d e l  rango u t i l i z a d a  aqui  fue l a  
r e f l e c t a n c i a  bajo inmersi'on en a c e i t e  (R,) , 
que se  def ine como l a  raz'on de l a  intensidad 
de l a  luz  r e f l e j ada  a l a  de l a  l u z  inc iden te  
sobre una supe r f i c i e  maceral pulida. 
t anc ia  s e  midi6 sobre v i t r i n i t a  estoc'astica- 
mente or ientada s i n  rotaci'on hasta  m'axima 
r e f l ec t iv idad  ( b r i l l o )  . Siguiendo a Hevia y 
Virgos (1977), usamos r e f l e c t a n c g  estoc'astica 
media bajo inmerai'on en a c e i t e  (Ro), aparente- 
mente l a  mejor medida bp t i ca  de rango. La 
v i t r i n i t a  fue seleccionada de acuerdo a c r i t  
dados por Barker (1979), con r e s t r i cc iones  
adicionales  de haber escluido l a  l i g n i t a  
adicionada a 10s lodos de perforaci'on y 
material juzgado como proveniente de derrumbes 
de 10s pozos. 

Se ex t r a jo  e l  ker'ogeno 

Se usaron muestras 
E l  ker'ogeno 

Las propiedades q u b i c a s  y f i s i c a s  d e l  

La integra-  

La base 

E l  grado de catag'enesis, o rango, de 

Za medida 

La reflec- 

DURACION DEL CALENTAMIENTO -- EFECTOS 
DE LA TENPERATURA SOBRE EL M O G E B O  

La relaci6n en t r e  l a  duraci'on d e l  
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calentamiento, temperatura y r e f l ec t anc ia  de l a  
v i t r i n i t a  se puede modelar de v a r i a s  maneras: 
enfoque te'orico asume una reacci'on qu-mica 
homog'enea dependiente de l a  temperatura y dura- 
ci'on de l a  reacci'on, se& 10 desc r i to  
por l a  e c u a c i b  de Arrhenius y cin 'etica de 
primer orden; e l  enfoque emp'irico u t i l i z a  una 
ecuaci'on derivada de estudios  de temperatura- 
rango en un pozo y aplicada luego a o t r o s  pozos. 
Ambos m'etodos deben ca l ib ra r se  en un aistema 
geol'ogico similar a aqu'el donde s e r h  
u t i l i zados ;  por consiguiente,  e l  m'etodo 
empirico parece ser e l  m'as razonable en 
sistemas geoqu'imicos a b i e r t o s  donde no se ha 
desarrol lado un modelo te'orico adecuado 
(Barker y Elders,  1979a, 1979b). 

e l  

Huck y Karweil (1955) fueron 10s 
primeros en desa r ro l l a r  un modelo te'orico 
basado en l a  ecuaci'on de Arrhenius y cin'etica 
de primer orden. 
originalmente para predecir  e l  rango d e l  carb'on 
per0 desde entonces se ha aplicado a loa estudios  
de ker'ogeno. Una estimaci'on de l a  duraci'on d e l  
calentamiento (106 a"nos; Barker y Elders,  
1981) basadaAn este modelo ut i l izando datos  de 
temperatura R,, d e l  sistema de Cerro P r i e t o ,  excede 
l a  aparente edad geol'ogica de l a  roca d e l  
yacimiento (105 a"no8; Barker, 1979) y l a  
edad de l a  act ividad termal obtenida d e l  recocido 
d e - l a s  t razas  de fisi 'on en a p a t i t a  ( l o e l ;  
Sanford y Elders, 1981). Otras funciones de 
tiempo-temperatura-rango (TTR) basadas en teor'ia 
cin 'etica q u b i c a  (Lopatin, 1971; Royden y 
o t r o s ,  1980), y un modelo emp'irico basado en 
mediciones en pozos en v a r i a s  cuencas sedimenta- 
rias (Hood y o t ros ,  1975), dan tambi'en estimacio- 
nes e s p t r i a s  de l a  duraci'on d e l  calentamiento 
para Cerro Prieto.  Por consiguiente,  t a l e s  
modelos no pueden ap l i ca r se  para estimar l a  
duraci'on absoluta d e l  calentamiento en este 
sistema. 
aparentemente, a1 sistema ab ie r to  r i c o  en f lu ido ,  
de Cerro P r i e t o  que promueve catag'enesis, en 
relaci 'on a cuencas sedimentarias m'as 
cerradas para las que s e  derivaron dichos modelos 
(Barker, 1979). 

Mcho modelo se desarroll 'o 

El fracas0 de los,modelos TTR se debe, 

Aunque en siatemas geot'ermicos 10s 
modelos TTR no indican un va lo r  c r e i b l e  de l a  
duraci'on absoluta de calentamiento, l a  reflec- 
t anc ia  de v i t r i n i t a  si muestra una f u e r t e  
correlaci 'on con l a  temperatura en e l  pozo 
M-84 (Figura 1).  Las temperaturas de e q u i l i b r i o  
r eg i s t r adas  en este poso correlacionan en casi 
todos loa  plntos  con l a  temperatura estimada con 
un geoterm'ometro empirico de r e f l ec t anc ia  
de v i t r i n i t a  (Barker y Elders; 1979a, 1979b) y 
correlacionan tambi'en con las temperaturas 
basadas en inclusiones f luidae.  E l  m'etodo 
emp'irico (Barker y Elders,  1979a, 1979b) 
tambi6n predi jo  exitosamente 10s perfiles de 
temperatura de va r ios  o t r o s  poeos estudiados en 
e l  campo. Concluimos que l a  r e f l ec t anc ia  de 
v i t r i n i t a  es un geoterm'ometro preciso para l a  
pa r t e  c e n t r a l  d e l  sistema. Adem'as, dado que 
l a  temperatura y e l  rango son bastante bien 
conocidos, l a  variaci'on en rango de l a s  rocas 
a la m i s m a  temperatura a trav'es d e l  sistema se 
debe, aparentemente, a cambios en l a  duraci'on 
d e l  calentamiento. 

DURACION RELATIVA DEL CALENTAMIENTO 
EN CERRO PRIETO 

Como se mencion'o, Barker y Elders  
(1979a, 1979b) mostraron que 10s modelos te 'oricos 
basad08 en cin'etica qdmica no predicen con 
precisi 'on l a  duraci'on absoluta d e l  calentamiento 
en e l  sistema de Cerro Prieto.  Sin embargo, Barker 
y Elders concluyeron que las curvas de temperatura- 
rango deb'ian ind ica r  l a  duraci'on r e l a t i v a  
d e l  calentamiento. Por lo tanto,  aunque no pueda 
determinarse l a '  duraci'on absoluta de calentamien- 
t o ,  l a  duraci'on r e l a t i v a  de calentamiento 
a trav'es d e l  sistema puede der ivarse  de 10s 
da tos  de temperatura-rango. 

u 

Las reacciones qu'imicas que causan 
aumento de rango son i r r e v e r s i b l e s  porque 10s 
componentes vol 'a t i les  se pierden d e l  eistema. 
De e s t e  modo, 10s cambios qu'imicos y f l s i c o s  
d e l  ker'ogeno r eg i s t r an  l a  m'axima temperatura 
que ha experimentado e l  sedimento. 
p rec i sa s  de l a  duraci'on d e l  calentamiento 
requieren que las temperaturas de loa pozos 
est'en en e l  m'aximo de l a  h i s t o r i a  geot'ermica 
d e l  sistema. Las temperaturas retr 'ogradas 
pueden ocasionar estimacion.es espuriamente l a r g a s  
de l a  duraci'on d e l  calentamiento porque para 
l o g r a r  un rango determinado a una temperatura 
m'as baja  se requiere un tiempo de reacci'on 
mayor. 
las estimaciones err'oneas de l a  duraci'on 
d e l  calentamiento en Cerro P r i e to .  

Estimaciones 

Sin embargo, 'esta no es l a  raz'on de 

Las profundidades correspondientes a 
25OoC derivadas de mediciones en loa pozos son 
tipicamente m'as someras que l a s  derivadas de 
da tos  isot 'opicos (Ap'endice I). Esto 
sugiere  que e l  sistema se est5 calentando y 
que e l  equ i l ib r io  d e l  geoterm'ometro de ca l c i t a -  
agua pareciera  e s t a r  siendo retardado por l a s  
temperaturas m'es elevadas. 
pa r t e  c e n t r a l  d e l  sistema l a s  estimaciones de 
temperatura baaadas en 10s datos  de r e f l ec t anc ia  
correlacionan directamente con l a s  temperaturas 
modernas de 10s r e g i s t r o s  y ( 0 )  con l a s  estimacio- 
nes de temperatura de l a  geotermometria de 
inclusiones f luidas .  La correspondencia e n t r e  
e s t o s  geoterm'ometros, que indican temperaturas 
m'aximas, ambientes o de corto plazo, indican 
que en l a  mayor par te  d e l  sistema de Cerro P r i e t o  
l a  temperatura s e  encuentra actualmente en su 
m'aximo hist 'orico.  Por consiguiente,  las 
d i f e renc ia s  en l a  r e f l ec t anc ia  de v i t r i n i t a  para 
pa r t e s  d e l  sistema que ahora est'an a la  misma 
temperatura, se deben, aparentemente, a diferen- 
c i a s  en l a  duraci'on d e l  calentamiento. 

Adem'as, en l a  

Los contornos de i so re f l ec t anc ia  
basados en 10s valores  de r e f l ec t anc ia  de v i t r i n i -  
t a ,  correspondiendo a una dada temperatura en 
d i f e r e n t e s  pozos (condici'on i s o t b m i c a )  , 
definen una supe r f i c i e  imaginaria que indica la  
duraci'on r e l a t i v a  d e l  calentamiento a trav'es 
d e l  sistema. 
mente en todo e l  sistema un calentamiento uniforme 
hasta alcanzar  una temperatura dada, las reflec- 
t anc ia s  tendr'ian un solo va lo r  que def inir ' ia  una 
supe r f i c i e  plana. La supe r f i c i e  isot'ermica 
elegida (que no es necesariamente plana) indica 
l a  poaici'on de l a  medici'on de r e f l ec t anc ia  

S i  se hubiera producido simultanea- 

- 
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y, por l o  tanto,  l a  duraci‘on r e l a t i v a  d e l  
calentamiento en este punto d e l  Bistema. 
d i f e renc ia s  en e l  tiempo de calentamiento e n t r e  
pozos a l a  misma temperatura miixima, est’an 
indicadas por r e f l ec t anc ia s  m’as ba j a s  (menor 
tiempo de calentamiento), o o i e  r e f l ec t anc ia s  
m’as a l t a s  (mayor tiempo de  calentamiento). 
Estas  d i f e renc ia s  producen una euperf ic ie  de  
r e f l ec t anc ia  curva. 

Las 

b, 

La supe r f i c i e  isot‘ermica de 25OoC 
presenta una compleja forma de domo, poco profunda 
alrededor  de 10s pozos M-105, M-9, M-7 y M-3 
(Figura 2). 
c a l o r  local izada que ha ocasionado e l  calentamien- 
t o  somero de sedimentos en l a  par te  c e n t r a l  d e l  
sistema. 
de f ine  por pozos cuyas temperaturae exceden 10s 
300oC (Figura 2)  y est’. local izada cerca 
de l a  c r e s t a  de l a  supe r f i c i e  isot‘ermica de 
250°C. 

Dicha forma sugiere  una fuente de 

La par te  c e n t r a l  de este sistema se 

Ea e l  sistema de Cerro P r i e t o  l a s  
l‘ineas de i so re f l ec t anc ia  r e l a t i v a a  a l a  
s u p e r f i c i e  isotermal de 250% indican un 
‘area de baja  r e f l ec t anc ia  l b i t a d a  aproximadamen- 
t e  por loa  pozos M-51, M-105, X-lgA, W-10, M-3, 
M-7, M-53 y M-84 (Figura 3). 
indican que la r e f l ec t anc ia  aumenta en 10s 
f lancos s u r  y nor t e  de este bajo. 
parte de loa  f lancos oes t e  y noreste  no est’an 
a b  bien def inidos por nuestros  resultados.  
Loa da tos  de r e f l ec t anc ia  de 10s pozoe M-96 y 
Prian-1 indican que 10s contornos de isoref lectan-  
c i a  se c i e r r a n  alrededor de la  parte c e n t r a l  de 
este siatema. 

Datos preliminarea 

La forma de 

La comparaci’on e n t r e  l a  supe r f i c i e  1 

isot‘ermica de 250% y la  supe r f i c i e  de 
i so re f l ec t anc ia  derivada en relaci‘on a e l l a  
sugiere  que el’calentamiento somero en la  par te  
c e n t r a l  d e l  sistema es joven en relaci’on a 1  
calentamiento a 250OC Bn las mzrgenes de 
este sistema. 

REGIMEN TERMICO APARENTE EN 
EL SISTENA DE CERRO PRIETO 

P o i  medio de modelos de l abora to r io  de 
sistemas hidrotermales, E l d e r  (1965) sugiri’o 
que en un sistema geot‘ermico de a l t a  temperatura 
con rocas de a l t a  porosidad e l  ascenso d e l  f lu ido  
por expansi’on t’ermica o c u r r i r i a  en forma 
de un angosto penacho rodeado por aguas subterrg- 
neab relativamente fr‘ias. E l  f l u id0  term1 
ascendente s e  e n f r i a  a medida que se eleva y 
desciende por 10s flancos de l  penacho recargando 
asi e l  sistema. 

Usando r e g i s t r o s  de 
pozos y geotermometria de r e f l ec t anc ia  de 
v i t r i n i t a ,  Barker y Elders (1979b) mostraron que 
aparentemente estii teniendo lugar  convecci’on 
en la pa r t e  c e n t r a l  d e l  siatema de Cerro P r i e to .  
E l  efecto de un sistema de convecci’on aobre 
10s p e r f i l e s  de temperatura de 10s pozos se 

/C$ lus t r a  en l a  Figura 4a ( t r ans fe renc ia  conductiva 
de ca lor )  y 4b (sistema convectivo). 
convectivos s e  caracter iean par gradientes de 
temperatura que dieminuyen con l a  profundidad, 10 
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que es  t i p i c o  de pozos de l a  pa r t e  c e n t r a l  de 
Cerro 
La exis tencia  de f lu idos  relativamente fr‘ios 
adyacentes a l a  pa r t e  c e n t r a l  d e l  sistema, 
indicada por la  supe r f i c i e  isot‘ermica de 
25OoC (Figura 2) tambi‘en const i tuye una 
evidencia f u e r t e  de apoyo a l a  convecci’on en 
un aiatema hidrotermal (Elder, 1965). Aden&, 
Olson (1979) encontr6 que 10s datos  de is’otopos 
de oxigeno de c a l c i t a  de e s t e  sistema, indican que 
un minima de 10 voljimenes de poro pasaron a 
trav’es de  un volumen.de roca dado asumiendo que l a  
miema t iene  una porosidad de 20%. 
roca indica que e l  sistema.de Cerro P r i e t o  es 
relativamente ab ie r to  y que hay f l u j o  de f luido.  
Estas observaciones sugieren una semejanza e n t r e  
e l  aietema de Cerro P r i e t o  y e l  modelo termal 
convectivo de Elder, y conetituye una base para 
i n t e r p r e t a r  l a s  condiciones de f l u j o  indicadas 
por las l ineae  de i so re f l ec t anc ia  bajo condicio- 
ne8 isot‘ermicas. 
modelaron matematicamante un aistema hidrotermal 
de  un plut’on igneo enfriado por conducci’on y 
convecci’on que cuan t i f i ca  e l  modelo de Elder. 
E c h o  mode€o se u t i l i z a  aqul para formular un 
patr’in hipot’etico de r e f l ec t anc ia  r e su l t an te  
de un sistema hidrotermal convectivo. El los  L 

supusieron una cuenca sedimentaria is‘otropa 
calentada a profundidad por una fuente l o c a l ,  que 
produce un ascenso boyante de f l u i d o s  termales 
(Figura 48, b) 
que asciende en la  corteea intersectar‘a 
y calentarii  sucesivamente rocas  menos profundas. 
Consecuentemente, l a  roca profunda a1 margen d e l  
penacho habr‘a s ido calentada a una dada temperatura 
por un tiempo mayor que las pa r t e s  menos profundas 
de l  sistema que habrib alcanzado esa m i s m a  
temperatura posteriormente en l a  h i s t o r i a  termal 

f d e l  sistema. De este modo, l a  r e f l ec t anc ia  de l a  
v i t r i n i t a  extraida de 10s sedimentos a l a  
misma temperatura, ser‘a miis elevada en 10s 
costados y menor en l a  parte c e n t r a l  no profunda 
d e l  sistema (Figura 4c). La zona de baja  reflec- 
tancia  corresponde con la c r e s t a  d e  l a  supe r f i c i e  
isotermal ,  y ambos car‘acteres aparecer’an 
sobre l a  fuente de ca lo r  d e l  siatema (en este 
modelo, un plut’on) . LB aplicaci’on de este 
modelo a1 sistema de Cerro P r i e t o  ind ica  que la 
fuente de ca lo r  se  encuentra bajo l a  parte 
c e n t r a l  d e l  sistema, t a l  como s e  defini‘o m’aa 
ar r iba .  Las l l n e a s  de co r r i en te  de  f l u j o  (no 
indicadas en l a  Figura 4)  son aproximadamente 
pa ra l e l a s  (ascenso subve r t i ca l  d e l  f lu ido)  a l a  
fuente de c a l o r  en su margen, pero se  transforman 
en sub-horizontales a c i e r t a  d i s t anc ia  de l a  
fuente ,  formando par te  de una celda de conveccidn. 
Este patr’on de f l u j o  del‘  f l u ido  sugiere  que e l  
ascenso de la  supe r f i c i e  isot‘ermica de 250°C a1 
noroeste de l a  parte c e n t r a l  d e l  sistema se debe a 
recarga y a1 ascenso convectivo de 10s f lu idos  
hacia e l  volumen de  caldeo. A 1  sudoeste de l a  
parte c e n t r a l  d e l  sistema, l a  supe r f i c i e  iaot‘er- 
mica de 250% desciende rapidamente, haciendo 
significantemente asim‘etrica l a  supe r f i c i e  en 
forma de domo (Figura 2)  cuando B e  l a  compara CQn 
e l  modelo de Norton y Cathles. 
relativamente suave de l a  supe r f i c i e  isot’ermica 
en l a  porci‘on noroeste d e l  sistema (que, de 
acuerdo a 1  modelo de Norton y Cathles, debiera  
s e r  bastante  aguda) y l a  aeimetrfa d e l  domo 
termal sugieren o t ros  f ac to res  geolbgicoa que 

P r i e t o  (v‘ease por ejemplo l a  Figura 1) .  

Esta raz’on agua- 

Sorton y Cathles (1979) 

E l  penacho de f l u i d o s  termales 

E l  ascenso 
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controlan l a  conveccibn en este sistema, 
d s  que e l  simple ascenso de f lu idos ,  inducido 
termicamente, en un medio isbtropo. Permeabifi- 
dades anis'otropas y e l  r'egimen de f l u j o  de 
aguas subterrgneas son elementos importantes 
en e l  cont ro l  d e l  movimiento d e l  f l u i d o  hidroter-  
m a l ,  y s u  e fec to  ha aparentemente deformado 10s 
patrones isot'ermicos y de r e f l e c t a n c i a  ObseNa- 
do8 con respecto a aquel los  predichos por e l  
modelo de Norton-Cathles. 

En e l  sistema de Cerro Pr ie to ,  las 
zonas permeables est& indicadas por las 
zonas de  producci'on (Puente y de la  P e h ,  
1979) y por correlaciones de r e g i s t r o s  geofi-  
s i c o s  de pozos (Abri l  y Noble, 1979; Prian,  
1979). 
por fallas de rumbo noroeste y por fallas conju- 
gadas de rumbo noreste. 
noroeste dominan la  estructura d e l  campo y, 
localmente, producen grandes desplazamientos de 

. las zonas permeables. Dichas fallas desplazan 
las zonas permeables con e l  bloque caido hacia  e l  
e j e  de l a  cuenca, dando como resul tado un patr'on 
escalonado con las zonas de produccibn hundi'en- 
dose &cia e l  noreste  ( v e r  Figura 1 de Prian,  
1979). 
l i t o l o g i a  de 10s pozos, correlaciones de 
r e g i s t r o s  geof i s icos  de pozos (Prian,  1979; 
Lyons y van de Kamp, 1979) y considerando l a  
posicibn geogrsf ica  de l  campo sobre e l  
del ta  de l  Rio Colorado, s e  deduce que l a  
e s t r u c t u r a  de almacenamienko y las zonas de 
producci'on consis ten en canales  d i s t r i b u t a r i o s  
y dep'ositos de l lanura  deltaica. E l  eje de 
elongaci'on de est os cuerpos permeables t iende 
hac ia  e l  noroeste (Pr ian,  1979) y parece cont ro la r  
l a  d is t r ibuc ibn  de f lu ido  hidrotermal l a  que 
se a j u s t a  a esta tendencia (Puente y de la  P e k ,  
1979; Elders y otros ,  1980). 

Dichos cuerpos permeables son cortados 

Las fallas de rumbo 

En base a las in te rpre tac iones  de l a  

El n i v e l  piezom'etrico t iende a ser 
para le lo  a l a  topografia de la  superf ic ie .  
f l u j o  de agua s u b t e r r b e a  ea perpendicular a 
las l h e a s  equipotenciales de la  s u p e r f i c i e  
piezom'etrica. Por l o  tan to ,  e l  f l u j o  de agua 
s u b t e r r h e a  t iende a segui r  l a  pendiente de la 
s u p e r f i c i e  topogr'afica. El f l u j o  s u b t e r r h e o  a 
trav'es de l  del ta  d e l  Rio Colorado, cuya 
s u p e r f i c i e  topogrgfica se aseme ja a una secci'on 
c'onica, serg radial desde e l  &pice del  
delta, cerca de Yuma, Arizona. 
cos  de aguas s u b t e r r h e a s  de las vecindades de 
Cerro P r i e t o  indican que provienen de l a  cor r ien te  
subglvea de l  Rio Colorado a t r a v s s  de s u  delta 
(Crosby y ot ros ,  1972). 
en  e s t e  sistema se a j u s t a  a1 patr'on aparente  
de f l u j o  s u b t e r r h e o ,  y sugiere  que e l  sistema 
d e  Cerro P r i e t o  s e  recarga desde e l  noroeste  y 
descarga a1 sudoeste. 

E l  

Estudios isotbpi-  

El  or igen de 10s f lu idos  

La inf luenc ia  sobre e l  sistema de Cerro 
P r i e t o  d e l  f l u j o  subterr&eo d e l  noreste  a1 
sudoeste y de la  es t ruc tura  de almacenamiento que 
se hace mzs somera hacia  e l  sudoeste en un 
sistema convectivo hidrotermal explica:  
ascenso m'as moderado de l o a  f l u i d o s  termales- 
de  l o  que predice e l  modelo de Norton-Cathles, 
porque e l  morimiento de l  f l u i d o  hidrotermal 
parece estar controlado por  las zonas permeables 
que s e  hacen 6 s  someras hacia  e l  sudoeste; 

(1) e l  

CONCLUSION 

Las c a r a c t e r i s t i c a s  pr inc ipa les  de l  
sistema de Cerro P r i e t o  indicadas por este 
estudio son: 

(1) La forma de l a  s u p e r f i c i e  isot'ermica de  
250oC y la super f ic ie  de i s o r e f l e c t a n c i a  
derivada en relaci'on a ella, sugieren que 
e l  calentamiento somero en l a  par te  c e n t r a l  de 
Cerro P r i e t o  ea joven en relaci'on a1 
calentamiento a 25OoC sobre las mgrgenes 
de e s t e  sistema; 

(2) La aimil i tud de loa datos de temperatura y 
rango con 10s predichos por  e l  modelo de 
Norton-Cathles ind ica  que Cerro P r i e t o  ea un 
sistema de convecci'on de agua c a l i e n t e  
centrado, aproximadamente, alrededor de 10s 
POZOS M-84, M-102 y En-39. 

(3) E1 sistema hidrotermal de Cerro P r i e t o  
est5 dis tors ionado con respecto a una celda 
simple de convecci'on v e r t i c a l  por un f l u j o  
s u b t e r r b e o  regional  que cor re  d e l  noreste  
a1 sudoeste, y por zonas permeables que se 
hacen d s  someras hacia e l  sudoeste. Dichos 
fac tores  geol'ogicos, que controlan e l  sistema, 
inducen un desplazamiento de 10s f l u i d o s  hidro- 
termales hacia  e l  sudoeste,  con recarga ocu- 
r r iendo principalmente a profundidad en la  
par te  noreste  f u e r t e  ascenso convectivo de 
f lu idos  en la parte nordeste-central  y d e s c a p  
ga, principalmente, en l a  par te  sudoeste 
m'as somera; 

(4) La localizaci'on de l a  fuente  de 
c a l o r  para Cerro P r i e t o  ea d i f i c i l  de 
determinar usando s'olo SUB manifestaciones 
someras. 
que la  ocurrencia m6s somera de f l u i d o  de  
a l ta  temperatura debe corresponder con la 
c r e s t a  de las super f ic ies  isot'ermicas sobre 
l a  fuente d e l  c a l o r  d e l  sistema. La estrecha 
asociaciSn e n t r e  pozos que sobrepasan 
3OOoC y la cresta de l a  s u p e r f i c i e  isot'ermica 
de 250oC en Cerro P r i e t o  (Figura 2) ,  parcial- 
mente cons is ten te  con e l  modelo de Norton- 
Cathles, sugiere  que e l  desplazamiento de 
f l u i d o s  hidrotermales hacia e l  sudoeste ea 
leve,  y que la  fuente  de c a l o r  d e l  sistema de 
Cerro P r i e t o  se encuentra aproximadamente por 
debajo de s u  p a r t e  cent ra l .  S i n  embargo, la 
fuente de c a l o r  h i c a  y compacta usada en 
e l  modelo de Norton-Cathles ea probablemen- 
t e  demasiada simple para e l  sistema de Cerro 

E l  modelo de Norton-Cathles predice 
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(2 )  l a  as imetr ia  de l a  super f ic ie  isot'ermica de 
250% que, bajo l a  inf luenc ia  d e l  f l u j o  subterrg- 
neo regional  noreste-sudoeste, desplazar ia  10s 
f l u i d o s  hidrotermales y sua e fec tos  de calenta- 
miento hacia e l  sudoeste (en lugar  de un simple 
ascenso v e r t i c a l  d e l  f lu ido) ;  (3) l a  evidencia de 
recarga (par  sua e fec tos  de enfriamiento y cambio 
de sal inidad)  que t i e n e  lugar  sobre la margen 
nor te  (lercado, 1970; Barker y Elders,  1979b; 
E l d e r s  y otros ,  1980; Seamount y Elders,  1981); y 
(4) l a  descarga desde e l  sistema de convecci'on 
que ocurre a poca profundidad a1 sudoeste (Elders  
y ot ros ,  1980). 



! 

Prieto, el  cual ha experimentado numerosos y 
extenaos eventoe igneos intrusivos y extrusivos, 
9 

( 5 )  ~a variaci6n de l a  duraci'on de 

calentamiento a trav5s del sistema limita 
e l  us0 del geoterm'ometro empirico de 
reflectancia de v i tr in i ta  desarrollado para e l  
pozo M-105 a l a  parte central del sistema de 
Cerro Prieto. 

b 
L r  
V 

i 




