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ABBREVIATIONS AND SYMBOLS

Definition

Constant in equation F = 5%
Equivalent conductivity o? the sadium,concentrations, mho cmz/meq
Electrical conductivity of brine at molal concentrations of m, mho/cm
Electrical conductivity of the bulk formation, mho/cm

Eleétrical conductivity of formation fluid, mho/cm

?

Méembrane potential, mv

enf of cell with liquid junction, mv

-Formatioh resistivity fattor of shaly sand

Compensated formition density
Compensated neutron log

(64.256 + ,2394)T (in the SP equation)

 Porosity exponent (cementation factor)

Molal concentration of mud filtrate, mol/kg H,0
Mo@al concentration of formation water, mol/kg H20
Conceritration of clay counter ions, meq/cm3
Forhiation water resistivity ohm-mzlﬁ

Mud filtrate resistivity, ohm~m2/m

Spontaneous potential, mv

Sodium Hittorf transport number

Temperaturé, °C

Subscripts
Porosity | e Equivalent
Density porosity s Sand
Neutron porosity sh Shale

Sonic porosity







* LITHOLOGY AND HYDROTHERMAL ALTERATION DETERMINATION
FROM WELL LOGS FOR THE CERRO PRIETO WELLS, MEXICO

by

Iraj Ershaghi, Shahed Ghaemian,
- and Doddy Abdassah

ABSTRACT

The purpose of this study is to examine the characteristics
of geophysical well logs against the sand-shale series of the
sedimentary column of the Cerro Prieto Geothermal Field, Mexico.
The study shows that the changes in mineralogy of the rocks
because of hydrothermal alteration are not easily detectable on
the existing logs. However, if the behavior of clay minerals
alone is monitored, the onset of the hydrothermally altered zones
may be estimated from the well logs.

The effective concentration of clay-exchange cations, Q,,
is computed using the data available from conventional well Yogs.
Zones indicating the disappearance of low-temperature clays are
considered hydrothermally altered formations with moderate- to
high-permeability and temperature, and suitable for completion
purposes.

I. INTRODUCTION p

‘The basic objective in geothermal well logging is the detection of moder-
ate- to high-permeability zones containing high-temperature fluids. Further-
more, identification of lithology and fluid composition will aid in regional
mapping of the resource area. | : '

- Most geothermal systems are found in complex lithological units. To study
such systems, one needs calibration data, which now are nonexistent. For
simpler. systems, such as sedimentary rocks, conventional well logs may have
some application.

Consider a sand-shale series type of sediments that has been exposed to
hydrothermal fluids (Fig. 1). . Because of exposure to high temperatures and the




consequence of rock-fluid interaction, the properties of the rack may undergo

severe alterations. The degree of such alteration is dependent upon the rock -
permeability. The higher the permeability, the more surface area is ayailable
to the invading hydrothermal fluids. Thus, the nature of alteration in perme-
able sand is expected to be different than that in the shales.

Hydrothermal alteration may result in the formation of microfractures.

It may change the chemistry of the cementation material and various metamorphic
reactions may take place, including dehydration and decarbonation.

To examine how these changes affect the well log response in a sedimentary-
type geothermal field, a study was performed on the well logs from the Cerro
Prieto field in Mexico.

A fair amount of well logs are available for the field, Copies of the

logs were obtained through the Lawrence Berkeley Laboratory.

II. GEOLOGICAL SETTING

The Cerro Prieto field is located on a plain in the Mexicali Imperial rift
valley (Fig. 2). It covers 29 945 x 103m2 (7400 acres). The geological
setting consists of a thick high-temperature aquifer and an impermeable cap
rock. The aquifer comprises 500-1000 m of permeable sandstone and conglomerate,
interbedded with shale and siltstone. The cap rock consists of 400-700 m of
shale, siltstone, and calcite cementpd sandstone,

Elders et al.1 reported on the x-ray diffraction analysis of samples from
the Cerro Prieto wells. They reported on mineral assemblages associated with
hydrothermal alteration in the area. Minerals corresponding to different
levels of temperature were detected by these investigators. The mineralpgical
column consists of diagenetic minerals followed by moderate- to high-tempera-
ture minerals. From the data published by Elders et al, typ%cal depth profiles
may be plotted as seen in Figs. 3 to 6. Composition of the permeable beds with
depth indicates significant changes in the types of clay minerals. Low-temper-
ature clays disappear as deeper depths are reached. In high-temperature zones
calc-aluminum silicates are a dominant feature. The low-temperature zones
contain montmorillonite, dolomite, and ferric hydroxides. This is followed by
the illite/chlorite zone in which the dolomite and ferric oxides disappear and
montmorillonite and kaolinite are replaced by illite and chlorite. There is
evidence of overgrowth and interstitial cementation in this zone. Below the
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Fig. 1.
Sand-shale section exposed to hydr_o}th’e_rmgl fields.
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Mineralogical changes in shales, Well M-29.
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Mineralogical changes in sandstone, Well M-29.
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Mineralogical changes in sandstones, Well M-105.
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illite/chlorite zone the hydrothermally altered zone is detectable from the
presence of calc-aluminum silicates. Further manifestations of this zone are
the disappearance of calcite, significant reduction in the concentration of
illite, sulfide and wairakite, and the gradual appearance of prehnite, actino-
lite, diopside, and biotite.

Study of mineral composition in shales indicates similar changes. But,
according to Elders et al.l, such changes in shales are noticeable at greater

depth .and higher temperatures than in sandstones.

III. CLAY MINERAL EFFECTS ON WELL LOGS

In terms of affecting the well log responses, clay minerals may be classi-
fied effective and ineffective.2 Effective clays such as montmorillonite and
illite have high cation exchange capacity that gives rise to surface conduction
and an overall lowering of formation electrical resistivity. Furthermore,
these expandable clays have high hydrogen indices affecting the responses on
neutron logs.
A.  Resistivity and SP Logs

A careful review of the Dual-Induction Laterologs or Induction-Electric
Surveys indicates a lowering of formation electric¢al conductivity with depth
(Fig. 7). Correlation of these low conductivity zones with well completion
data indicates that such zones are potential producers. Because of the shali-
ness of the producing sands, the electrical conductivity of the formation may
be represented by the following model:3

Co = 7 (6, * BQ,) ®

Co and Cw are the electrical conductivities of the bulk formation and formation
fluid,respectively, B is the equivalent conductivity of sodium counterions, Qv
is the concentration of clay counterions, and F* is the formation resistivity
factor of shaly sand.

To examine the causes of lowering of Co’ we must examine the effect of
each of the above elements. ’
' A reduction in formation porosity will cause an increase in F* and will
contribute to the lowering of Co’ Evidence of porosity'reduction with depth is
quite clear from existing porosity logs. If one assumes that porosity reduc-
tion is the sole cause for the lowe;ing of Co’ and that Cw and BQv are constant
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throughout the geologic column, then the following must be true:

mn
(c )shallow - (F*)deep - (a/¢ )deep 2)
(Co)deep : (F*)shallow (a/¢m) 3
shallow
Assuming similar a's and m's:
m
(c )shallow - < ¢shallow) . (3)
(Co)deep ¢deep

Shallow porosities are in the range of 0.30+ and deep porosities are in the

shal1ow’ (€ )dee should be in the
range of 2 to 1. An examination of the deep conductivity log indicates that

range of 0.22+, This means the ratio of (C )

the lowering of conductivities are more than a factor of 2. (See Table I.)
Thus, in addition to the change in porosities, either C and/or BQv must be
changing with depth.

To cause a lowering of Co the conductivity of the formation fluid Cw must
decrease. This is unlikely. The total dissolved solid concentration is
expected to be high in potentially producing zones that have been exposed to
hydrothermal fluids, because of rock fluid interactions. Furthermore, the
existence of high temperatures in such zones will tend to increase Cw' A
reduction in formation fluid salinity with depth, for the same type of mud
filtrate, will tend to decrease the deflection of the spontaneous potential
(SP). Examination of the logs indicates that the SP deflections increase in

hydrothermally altered zones.

TABLE I

TYPICAL ELECTRICAL CONDUCTIVITY CHANGES WITH DEPTH

Well Depth Range (m) Average Conductivity
19 762 1000
1524 200
21 533 900
1295 350
14 838 1000
1200 350




The only other'factor left is the contribution of the BQ, term. Varia-
tions of B with formation fluid salinity is negligible. Table II shows the
estimated B values for a salinity range from 5000 to 30000 ppm.

To relate the changes in Qv to the observed increases in formation elec-
trical conduct1v1ty and the spontaneous potential, the following discussion on
cation exchange capacity of clays and its influence on well log responses is
in order.

Clays are inorganic polyelectrolytes of aluminum silicate hydrates. All
natural occurring clays are negatively charged. Density of the negative
charges can be measured by determining the number of positive charges that are
required to neutralize the crystal., This is known as the cation exchange
capacity (CEC) of the clay and is expressed in milliequivalents per 100 grams
of clay. : A ’

Clays may be c1a551f1ed as swelling or nonswelllng. Montmorillonite is
the only clay that swells by adsorbing ordered layers of water between the
clay crystals. This is due to hydration of the cation attracted to the clay
and hydrogen bondlng.n

-Mixed layered clays which contain montmorlllonlte will also swell with
water, but the illite portion is relat1ve1y nonwater swelling. Kaolinite,
chiorite, and illite may be classified as nonwater swelling. They do, however,
absorb some water. 7 |

Clay surfaces, dispersed in porous rock conta1n1ng a brine solution, can
conduct electricity. The contribution of surface conductivity to overall rock

conductivity has been discussed by‘Ucok4 and Waxman and Smits.3

TABLE II

VARIATION OF B WITH SALINITY AT 25°C

Sa11n1§y (ppm) ' ‘B; mho cmZ/meq
10000 - 0.038
20000 0.0438

30000 o 0.0450
‘40000 0.046
50000 ' 0.046




‘Hill and Milburns showed a relationship between Qv and the membnang poten-
tial of a shaly sand core plug in an electrochemical cell., Subsequent work by
Smit$6 and Thomas7 showed the inflyence of Q_v on spontaneous potentials
measured in boreholes.

As shown by Smits, the electrochemical potential developed in shaly sands
can be estimated from the difference between (Em)sh and (Em)s.

m2 / B
C_ + B . :
(E),y = m* L )CE» vi]i}l “va . d'B? «dm . (4)
msh = ) € + [®B)g, " Qlgy dm
vml m
mo // h o
C + [(B .
(E) = n* ! )Cm, %ls [*Na . éEt e dm . (5)
m”s Cp + [(B)cm' Q\,]s dm
m
1

Explanation for the terms is given in the nomenclature, From these
equations it is seen that, as the Qv of the clay particles in a shaly sand
increases, (Em)s will increase and the overall SP deflection becomes small.
This is the so-called "shaly sand" response on SP logs. One cautionary note
here is to recognize that ip addition to the changes in Qv’ variations in
Rmf/Rw ratio will also affect the SP readings. Thus, in the above discussion
on Qv it is assumed that Rmf/Rw ratio is unchanged.

From this discussion, it is quite clear that under a given set of forma-
tion fluid salinity and mud filtrate salinity, the exact nature of interstitial
clays, as determined by Qv’ will have significant effect on both formation '
conductivity and the SP log.

B. Neutron and Density ngg

Overlays of compensated neutron log and compensated density log porosities
may be used to detect the presence of clays in the formation. In the unaltered
sections of the wells in the Cerro Prieto field, such overlays clearly show the
presence and the contribution of clays (¢N‘<¢D). Figure 8 is an example for
Well M-42. For the same well and against a hydrothermally altered zone, a
reversal (¢Ns:¢D) in the relative portion of the two porosity logs occurs
(Fig. 9). Such reversals may be indicative of low-hydrogen indices and/or
temperature effects. No temperature corrections were made to the neutron

10
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porosities. Because no accurate estimate of reservoir temperature is avail-
able, current estimates are somewhat beyond the range of temperatures covered
by existing charts. Indications are, however, that the temperature correction
will result in an increase in the recorded ¢N values by one or two porosity
units.

To close the gap, corrections for both the low-hydrogen index and possible
gas saturation must be applied. To examine the relative effect of these
corrections, one must study the ¢N Vs ¢D relationship in shales adjacent to thé
sands, As shown in Fig. 8, in the unaltered section of the well [856-862 m (2810-
2830 ft)], the differential porosity is about 20 porosity units. The differen-
tial porosity in shales located in the altered sections is lowered to 10-12
porosity units (Fig. 9). Other examples can be seen in Figs. 10 and 11. This
drop is not definitely established because of the presence of gas (no inter-
connected porosity in shales). Again, if one or two neutron porosity reductions
are credited to high-temperature effect, the balance must be due to a lowering
of hydrogen index in shales. When shales show evidence of clay alteration, one
would expect more extensive alteration of interstitial clays in porous and
permeable sands, and thus the effect on neutron porosity will be more
pronouhced. ; '

In summary, the apparent lowering of ¢N values vs ¢D against the altered
sands are probably the result of lowering of the hydrogen indices of inter-

stitial clays caused by hydrothermal alteration.

IV. USE OF HISTOGRAMS AND SPIDERWEB DIAGRAMS

Manual identification of various zones may be done through fhe construc-
tion of histograms and spiderweb diagréms. Log data may be zoned for statis-
tical studies. Histograms constructed.in this study were based on the use of
unzoned data., This approach was taken to examine the raw data.

Typical histograms for Well M-42 are shown in Figs. 12 to 15. Using the
mean values from the frequency distribution plots, spiderwéb diagrams were
constructed to examine the characteristic shape for altered and unaltered
formations.

Figures 16 and 17 show the characteristic shape of such diagrams in the
altered and unaltered sections of Wells M-42 and MLIQ;respectively. Altered

13
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Typical spiderweb diagrams in unaltered zones.
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zones are characterized by high values of resistivities (SP, Py GR) and low

values of ¢N.

V. ESTIMATION OF QV-DEPTH'PROFILE

Conventional methods of estimating the shale content of the formation will
not serve the purpose of identifying hydrothermally altered zones. Fig. 18
shows a typical plot where the Vihale values computed for Well M-29 from x-ray,
SP, and ¢N-¢D cross plots are plotted for comparison. The computed values do
not indicate any trend. Furthermore, the values computed from the three
techniques are quite different. .

The computed values from ¢N-4¢D cross’plots are zero because of the low-
hydrogen indices encountered in altered zones. Meanwhile,the SP derived shales
content are about 0.2 indicating the lowering of SP deflection in low-permea-
bility shaly sands that have not been completely affected by hydrothermal
fluids. While both the SP and ¢N-¢D cross-plot derived values of shales
content are influenced by the changes in the exchange capacity of clays and
their dehydration, the x-ray derived values are high and indicate insensitivity
to hydrothermal alteration. This is because of the continuous presence of
potassium or other radioactive elements that will not change because of hydro-
thermal activities. 1In fact, as mentioned earlier, indications from the
spiderweb diagrams are that some radioactive elements may have been added to -
the system from the invading hydrothermal fluids indicating an apparent
increase in the shale content.

The above methods are unreliable in distinguishing altered and unaltered
clays, so we approached the problem from a different angle. Because the alter-
ation of clays changes the chemical structure of these materials and a net drop
in the cation exchange capacity takes place, a computed depth profile of Qv
will aid in identification of altered zones.

A. Procedure

The following equation can be derived for Qv from the Waxman-Smits equa-
tion written for the deep formation and the flushed zone resistivity data:

R
X0
C -C .. R

= t .
QV = Rxo » , (6)
(51, " Blae * 22
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C, = (Cwif[B]cw. Qv). pel (Qeep zone) | (7)
Coo = (€ p* [B] Q)" F**1 (flushed zoﬁe) (8)

In this derivation, it is assumed that the Qv and the porosity of the -
formations are uniform laterally.

Dual-Induction Latero;og data may be used to estimate Rxo/Rt_and, from a
knowledge of Cw and Cmf’ Qv-dgpth profile may be computed.

In practice, however, estimates of Cw and reservoir temperature may not
be available. For a clean rock saturated with brine, t-he-Cw may be obtained
from the SP log.

The SP reading dpposite a permeable bed is related to the activities of
mud filtrate and formation water. For brine salinities less than 60000 ppm,
the act1v1ty ratlo ‘may be replaced by re51st1v1ty ratio and the fOllOWlng
equatlon is used fbr SP:

(R f) )
SP = -K 10 = -K log —2-&- | 9
C®Roe PG @
where
K = 64.25 + 0.2394 T. ' (10)

The relationship between SP and Qv of the sand and adjacent shale was
discussed before and may be represented by the following equation
AEc = By - (B, » ' B ‘ ,' ¢8))
where (E ) ~and (E ) are from Eqs. (4) -and (5).
' Addltlon of th1s equation introduces a new unknown,'(Qv)sh. But it also
provides an extra equation should an iterative method be employed.
B. Application to the Cerro Prieto Wells -

As mentioned'earlief:fabnormally high values of SP are observed opposite
the hydrothermally altered permeable sands. If one assumes ‘the Qv of the
interstitial clays is zero in such sands, from Eq. (6) we may write

Cu Reo - ’
. X (12)
Cmf Rt
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From this equation and Eq. (9), an estimation of formation temperature in the

vicinity of the wellbore and at the time of logging may be obtained:
T = 0.555[-483-SP/(1.33 log(.85 Rmf/Rwe))] (13)

where

R, = [.24 + log(R + .58)]/.69

If the computed temperature is equal to or higher than the bottom-hole tempera-
ture reported on the log heading, the computations will proceed. Otherwise,
estimates of Rmf or'Rxo/Rt are adjusted slightly to obtain a reasonable value
of temperature.

The unreliability of Rmf data stems from the environmental effects that
the mud or mud filtrate may have undergone in the extreme conditions of the
borehole. The Rxo/Rt data are subject to uncertainties associated with the
depth correlation of recorded resistivities, inadequacy of the Dual-Induction-
Laterolog charts to cover certain ranges of resistivities, and improperly
corrected resistivities.

Once an acceptable temperature is estimated, the recorded SP is corrected
to 25°C using the following equation:

273

273 + T (14)

(SP) o = (SP), -
Using (Qv)s = 0, an iterative process is used to solve Eq. (11) and to obtain
(QV)sh' The optimum (QV)sh is selected as the one resulting in the minimum
difference between (SP)25°C and AEc (less than 3 mv).

The Cw obtained for the deep sand is assumed to be the upper limit of the
formation fluid conductivity for all sands at shallower depths. The lower
limit of Cw for such sands is obtained from the corresponding SP data (Eq. 9).
Formation temperature for shallower sands are assumed to vary between an upper
limit corresponding to the temperature obtained for the deep sand to a lower
limit obtained from linear interpolation of wellbore temperature data.

For all of these combinations of T and Cw’ Eq. (6) is used to estimate

(Qv)s. Then (Qv)sh is obtained from a trial-and-error approach on Eq. (11).

Acceptable answers are selected as the ones resulting in positive values for
(Qv)s and (Q) g
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Computed values of (Qv)s and (Qv)Sh for Wells M-25 and M-30 at selected
depths are shown in Figs. 19 and 20. In both graphs, a lowering of (Qv)s with
depth is seen at the two extremes of Rw while (Qv)sh is relatively constant.

The computed (Qv)s are in the acceptable range of analytical Qv's measured for
shaly sands as reported by Waxman and Smits. »

Unfortunately, no analytical measurements of (Qv)s on the core samples
from the Cerro Prieto field have been reported. But the computed values are

in accordance with the x-ray diffraction data of Elders et al.

VI. BEHAVIOR OF FOUR-ARM CALIPER AND DIPMETER

One of the important questions raised about any geothermal well is the
existence of fractures intersecting the wells. Unfortunately, complete suites
of well logs have not been run on the Cerro Prieto wells. Limited time is
available for the logging program while the holes are building up temperature
after a precooled condition, )

In some rare instances where some sonic logs have been run, a comparison

- of ¢s with ¢D shows the possibility of microfractures, in the form of secondary
porosities (Fig. 21). But no evidence of extensive fractures on the sonic log
has been acquired on the limited data examined.

One indication of the presence of fractures intersecting the wellbore is
a reversal on the relative position of deep induction log and a shallow inves-
tigating resistivity log opposite shales. This condition has been observed in
some wells and we made an effort to explain the cause.

A careful examination of the well logs indicates that where such reversals
occur, the four-arm caliper logs (if available) do not substantiate the exis-
tence of fractures. In the presence of fractures,vone expects to see a differ-
ence between the magnitude of the hole size recorded by the one-arm caliper
and the four-arm caliper.

- To further verify thiS~fin&ing, the Dipmeter data (when évailable) were
scrutinized, It was noted that the reversalrobservéd in resistivity logs
corresponds to sections indicating formation dip angles larger than 10° to 15°.

As discussed by Cox,? in the presence of dipping shales, the resistivities
recorded by the deep induction log may indeed be higher than that obtained by
a shallow investigating tool. This is because of the difference in the methods

of measurement. The deep induction surveys the component of formation
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Tesistivity normal to the hole axis while the short normal and laterolog 8
readings are affected by resistivities in both the horizontal and vertical
direction.

In structurally flat shales, the shallow investigating resistivities are
ordinarily equal to or larger than the deep induction response. But, as the
formation dip increases, the induction log reads higher resistivities while
the shallow investigating tool response remains unchanged, and the separation
will decrease and even reverse sign. A few examples are shown in Figs. 22 to
24. This condition exists on well logs corresponding to the eastern portion
of the field where reservoir dip has been confirmed by other geophysical means
(Fig. 25).

VII. SUMMARY AND CONCLUSIONS

Quantification of well log data is an art requiring not only the correct
equations and formulas, but also an understanding of the geology, geophysics,
and every piece of reservoir data available to a log analyst. For the Cerro
Prieto geothermal field, the task of identifying mineral assemblages with depth
using well log data is presently impractical because of inadequate logs and
insufficient calibration data. The problem of inadequate logs will be resolved
when high-temperature tools become available to the industry. The preliminary
work on obtaining calibration data started by the Geothermal Log Interpretation
Program (GLIP) must continue. This study shows that certain procedures may be
applied to the existing well logs to obtain a description of potentially
producing zones.

Careful review of well logs indicates that certain patterns are obtained
if one constructs spiderweb diagrams from the histograms of various well logs.
These patterns indicate changes in resistivity curves, neutron porosities, and
the SP log, which can all be related to the characteristics of interstitial
clays.

We have relied on the petrographic analysis of the Cerro Prieto cores as
published by researchers at the University of California in Riverside.
Delineation of various mineral groups analyzed by x-ray diffraction is imprac-
tical from our current well log information. But the behavior of clays
changing from the low-temperature type in shallow sediments to the high-
temperature types in the altered zones is tractable on the well logs,
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In this study, a method for quantification of clay property changes with
depth is suggested. The method computes the Qv-depth profile to identify the
onset of hydrothermally altered zones.

From the examination of existing logs, indications are that the hydro-
thermally altered sediments of the Cerro Prieto reservoir may contain secondary
porosity as indicated by sonic logs. ‘However, no extensive fracturing inter-

secting the wells has been identified.
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