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The smectite to chlorite transition in the Chipilapa geothermal system, El Salvador
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ABSTRACT

Clay mineralogical X-ray diffraction and electron microprobe studies have been carried out on
separated <pm fractions from cutting and core material from three wells in the Chipilapa geother-
mal system in El Salvador. The data indicate that the smectite to chlorite transition is prevalent, but
a secondary smectite to illite transition is also present. At depths approximately <750 m, smectite
with very minor chlorite mixed-layers (approximately <15%) is dominant, and has a composition
midway between a di- and tri-smectite. At ~750 m there is a very clear distinction and sharp transi-
tion into discrete chlorite with very minor smectite mixed-layers (approximately <10%). Corrensite
is recorded only as a rare and minor phase.

Smectite occurs in abundance at temperatures up to°>€@Mhd the transition from a smectite-
dominant to chlorite-dominant assemblage takes place over a narrow temperature range (~150 to
200°C). The stability range of smectite is very similar to that recorded in other geothermal systems,
whereas the smectite to chlorite transition differs greatly from that recorded in other systems. The
transition does not involve continuous chlorite/smectite mixed-layering but a marked step: It is the
sharpest and most discontinuous stepped sequence of this mineralogical transition recorded.

INTRODUCTION account for these two different reported reaction styles, it has

Mineralogic reactions in clay minerals, particularly the lowP€€n proposed that the discontinuous transition represents an
temperature conversion of dioctahedral smectite to illite ag@uilibrium sequence favored in situations where fluid/rock
trioctahedral smectite to chlorite, have attracted much inter&at0S are high. By contrast, the continuous mixed-layer series
in recent years. The latter series is perhaps the most ubiquitBl&Y represent a metastable progression associated with incom-
of all mineralogical reactions in basic-intermediate rocks fete reaction and/or low integrated fluid/rock ratios (Schiffman
the shallow crust, but there are many critical points about tABd Staudigel 1995; Schiffman 1995). An example where dit-
transition that are the subject of on-going debate. These ftent mafic phyllosilicate assemblages have developed in re-
clude features such as the actual mineralogic nature of the$ie2nse to postulated differences in fluid/rock ratios is from
action, and its application as a geothermometer and as an ifWennawan basaltic flows metamorphosed under sub-
cator of fluid-rock interaction. greenschist facies conditions. Smectite is dominant in the mas-

The traditional model for the tri-smectite to chlorite reaciive parts of flow centers, whereas within <10 m in highly
tion is that of a continuous sequence of chlorite/smectite mixednygdaloidal flow tops, corrensite and/or chiorite dominate
layering between the two end-members, with increasidgchmidt and Robinson 1997). o
temperature giving rise to an increased percentage of chlorite € smectite-to-chlorite transition has been applied widely
layers. Well-documented examples of mixed-layer chlorit8f & qualitative measure of metamorphic grade. This has been
smectite have been reported from regional and geothermal §8ffied out by documenting the increasing proportions of chlo-
tings (e.g., Bettison-Varga et al. 1991; Schiffman an'dte layers, or by correlating the progressive changes in the
Fridleifsson 1991: Robinson et al. 1993: Robinson and Bevisi€ctite to chlorite transition to well temperatures in modern
1994). More recently, an alternative model has been propog&@thermal systems (e.g., Kristmannsdottir 1979; Schiffman
that involves a discontinuous change from smectite to correndifd Fridleifsson 1993). In addition, the substitution of Si by
to chlorite without chlorite/smectite mixed-layering, and ex?! in the tetrahedral position of chlorite also has been applied
amples have been reported from sea mount, sea floor, andfilely as a geothermometer (Cathelineau 1988).
gional settings (e.g., Shau et al. 1990; Schiffman and StaudigelThere is also debate about the extent to which the above
1995; Schmidt and Robinson 1997). In this model, corrensiéP€ Of clay-mineral reactions, as well as the clay-mineral as-
is regarded as a discrete phase and not as a 50:50 mixed-18§8tblages themselves, might develop progressively in response

chlorite/smectite phase (Reynolds 1988; Shau et al. 1990)./pofquilibrium stability, or whether they represent non-equi-
librium conditions and are controlled more by kinetic effects

(Essene and Peacor 1995). These considerations have impor-
*E-mail: Doug.Robinson@bristol.ac.uk tant implications as to whether interpretation of clay mineral
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parameters of a general (e.g., illite crystallinity, mixed-laydormed as a result of northeastward subduction of the Cocos
progression) or more specific charactéA[ in chlorite ther- plate under the Caribbean plate. A series of volcanic edifices
mometer (Cathelineau 1988; Bevins et al. 1991)] can proviceaching up to 1900 m were formed in this system and are of
precise temperature estimates or only very broad estimate®I&istocene to Holocene age. A major topographic feature as-
grade (Essene and Peacor 1995). sociated with the volcanic system is an east-trending Central
In this study we characterize the mafic phyllosilicate assraben formed during the Quaternary. Various geothermal sys-
semblages in the Chipilapa, El Salvador geothermal systeems are developed along the intersection of the southern bound-
including the nature of the mineralogic transition, and its relary fault of the Central Graben with the inner slope of the young
tion to well temperatures and chemical characters, as a measisanic chain. These geothermal systems show surface ex-
of addressing some of the above concerns. The effects of flyidessions in the form of hot springs, fumaroles, and steaming
rock interaction in the Chipilapa geothermal field have begmound. Five major geothermal fields have been developed in
investigated recently through fluid inclusion study and by analthe graben (Fig. 1) and the samples examined in this study are
sis of the <2um and <0.2um clay fractions (Beaufort et al. from the Ahuachapan-Chipilapa field, which lies to the west of
1995; Bril et al. 1996; Patrier et al. 1996). Although these stuiihe graben.
ies provided data on the distribution of the illite/smectite and
chlorite/smectite series in the geothermal system, the clay-minHE AHUACHAPAN -CHIPILAPA GEOTHERMAL SYSTEM

eral assemblages were interpreted in relation to the overall evo-This field is developed within a caldera structure whose
lution of the field and a general comparison between their q,"o'mplex patterns of faults, superimposed on the graben, pro-
velopment in geothermal and in diagenetic pelitic systeMgge the channelways for the geothermal systems and fuma-
Although the data were of direct relevance to many of the poines. The major east-west/northeast-southwest graben bound-
of on-going debate and controversy with respect to the smecfig tauits are older and more-major than a set of north-south
to chlorite reaction, none of the items outlined above were CQfsnding, more-minor transverse faults, but are younger and
sidered. Indeed, the smectite to chlorite reaction style recordgdpaply still active. The geothermal fluids of the reservoir zone
for the Chipilapa system contrasts to previously reported & thjs field are believed to be derived from fluids of meteoric
amples, so that verification of its unique style is a further i”b‘rigin present at depth beneath the Recent volcanic rocks to

portant aim of this study. the south. These fluids are thought to use the graben-bounding
faults as the main conduits for northward movement, which
GEOLOGIC SETTING are then channelled into the transverse faults for their final rise

The geology of El Salvador is dominated by a west-nortke the surface (Aumento et al. 1982; Bril et al. 1996).
west—east-southeast trending Pleistocene volcanic arc systeniA preliminary stratigraphy has been established for the
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FIGURE 1. Map of El Salvador showing location of geothermal projects within the central graben. The Chipilapa system is located at the
very western end of the country. The inset map shows the location of El Salvador within Central America.
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nearby Ahuachapan field in which there is an ~200 m cover of
Holocene age, followed by ~800 m of interbedded lavas and
volcaniclastic horizons below which lava sequences dominate.
Overall, the volcanic sequence ranges from basaltic andesites
to dacites, with the predominant lava type being andesiteggg.:
(Cuellar et al. 1981; Aumento et al. 1982). Detailed mineral-
ogic study of 1000 samples taken from 31 wells drilled within AN
a 6 kn?t region of this field (Aumento et al. 1982) revealed
extensive recrystallization with secondary minerals commordy |
in excess of 50% of the samples and locally up to 90%. Iﬁ 150
addition, recent studies of the fluid inclusions and clay miner- A SN
alogy (Beaufort et al. 1995; Bril et al. 1996; Patrier et al. 1996) Ry A NN
have been used to suggest that the field developed in a three-  [Z::f:
stage history involving (1) initiation of a conductive thermal 1001
gradient with propylitic alteration; (2) influx of meteoric water
along fractures and crystallization of mixed-layer clays; and
(3) restoration of the conductive thermal gradient and conver-
sion of mixed-layer clays to illite and chlorite. The present- . . . o
day stage is represented by active fluid circulation along faults 1000 2000 3000
and precipitation of smectite. Borehole depth (m)

Three wells (CH7, CH8, and CH9) from the Chipilapa field
that are ~1 km apart have been examined using both core andf'GURE 2. Well temperature vs. well depth diagram showing the
cutting material, although core material is largely restricted taermal profiles in CH7 and CH8 for which zeolite and calc-silicate

. urrence data are available. The extent of heulandite, epidote, and
?:setﬁitre%a:: dofr;[’gzL:,Iv:r"isn\x:\?glessstl)éllcgmg xiiﬁ:éf(;rrr?‘eac\fl)v%?rakite distributions are shown by the ornamented areas. The epidote

féld shown also extends over the whole field outlined for wairakite.
mum depth of 1501 m, where a temperature of A@5vas Mes = mesolite, St = stilbite, Mor = mordenite, Anl = analcime, and

recorded (Fig. 2). This well has two regions where very rapigyt = jaumontite.
increases in temperature occur between ~250-500 m and from
~1250 m to the base at 1500 m. These two regions have been
equated with postulated reservoir zones (cf. Fig. 2 of Briletal. 45 120 140 160 180 200
1996). Well CH8 reaches a depth of 2556 m at a temperature of ' ' ' '
228°C. The overall downwell temperature pattern is similar to
that of CH7 with a step in the thermal profile at ~500 m, al- | ettt o
though no reservoir zone is postulated at this approximate depth s, | .o ——n
for this borehole. Below ~500 m there is a rapid rise in tempera-
ture to ~170C followed by a flatter profile to ~1500 m, before 1
temperature again starts to rise steeply (Fig. 2). Well CH9 is tige
deepest one, reaching 2001 m where a temperature dt:223§
was recorded. The overall thermal profile for CH9 is less sharpfy
stepped than for CH7 and CHS8, although the effect of the ther-
mal anomaly at ~500 m is still evident. Here, there is a steep risers00 4 —————-——
in temperature from ~100 to 18G marking the position of the B O % Chlarites layers - XAD
shallowest reservoir, after which the profile is more continuous 7 |® @ " CHleritelayers - EMPA
marking its position a small distance to the northwest of the ther- | &2 """
mal anomaly (cf. Fig. 2 of Bril et al. 1996). cmectite 20 40 & a0 ehforite

Although the general volcaniclastic and lava sequences en- % chlorite layers
countered in the three wells range in composition from basal-
tic andesite to dacite (Aumento et al. 1982; Cuellar et al. 1981), D_ o [ *

. . . . . pyroc'astic lava unkngwn Ahuachapan

the lithologic types in each well are not well known. This arises Andesiies
because core material was taken only at restricted and irreguFicure 3. Distribution of mafic phyllosilicate minerals as
lar intervals with dominantly only cutting material availabledetermined by XRD (square symbols) and EMPA (circle symbols) in
and that material commonly is extensively and pervasively alell CH7 plotted against deptly @xis), temperaturex(axis, upper
tered, making definitive recognition of protolith type difficult.Sc@le), and percentage of chlorite layersXis, lower scale). Solid
Using available petrographic data, and previous informatid"ﬁd open symbols represent, resp_ectlvely, major and minor occurrences
from Aumento et al. (1982), Cuellar et al. (1981), Patrier et 'phase. Depth-temperature profile for well shown as solid line. Error

ars () shown for repeat analyses by EMP. Broad lithologic types in

(1996), and Santana de Zamora (1991), the broadly known IItt\]/%_ll shown in column, based on petrographic data and information

|09?C types_ for_ each of the wells are given as simplified “th(?fom Aumento et al. (1982), Cuellar et al. (1981), Patrier et al. (1996),
logic logs in Figures 3, 4, and 5. and Santana de Zamora (1991).
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was used, with €a radiation (at 40 kV and 50 mA), auto-
matic divergence slit, fine receiving slit, and graphite mono-
chromator. Count data were collected at intervals of°0262

for a time of 2 s. Most XRD samples examined were domi-
nated by mafic phyllosilicates with subordinate illitic clays.
The proportions of mixed-layers in the chloritic and illitic ma-
terial were determined by measurement of the 002 peak migra-
tion curves of Reynolds (1980, 1988). The type of mixed layer
was identified from the position of the 002 peak, an 8.52 A
position being indicative of a pure smectite whereas migration
to higher or lowed values indicate illite/smectite or chlorite/
smectite, respectively. Electron microprobe (EMP) analysis of
mafic phyllosilicates was carried out using a JEOL JXA 8600
superprobe. Average compositions of the mafic phyllosilicates
in the three wells are given in Table 1. Percentages of the chlo-
rite layers (x) were calculated using the method of Wise [quoted
in Bettison and Schiffman (1988)] and are given in Table 1
along with the temperature derived from the Cathelineau (1988)
thermometer.

RESULTS

Secondary recrystallization and mineralogy

Preliminary documentation of the extent of secondary re-
crystallization and the types of minerals present, including zeo-

100 200 360 lites and calc-silicate minerals, is available for wells CH7 and
[ - CHB8 (Santana de Zamora 1991). The secondary mineralogy typi-
[ cally forms some 40-55% of the rocks indicating pervasive and
e - extensive recrystallization of the protoliths. Phyllosilicates are
1 T Ly o the main secondary phases, which reach up to some 30-40%,
- — A - with mafic phyllosilicates predominant in their occurrence and
£ - N ™ abundance. Quartz and calcite are ubiquitous throughout the
£ el -———————————21- e a" sequences, reaching up to ~20 and ~10%, respectively. Zeo-
2 lites typically total to <10%, with heulandite being the domi-
e Well CHS . : nant zeolite at depths <300 m and over a narrow temperature
range of 106-122C, followed in a downhole progression over
w01 v WelTC ane| the temperature range 120-170 by mesolite, stilbite,
0O m % chiorits layars - XRD mordenite, analcime, and laumontite (Fig. 2). From ~4G0
© @ % chiorite layers - EMPA - to the maximum temperature of 228 at the base of CH8,
2000 ) ) , . - wairakite is the only zeolite present. Epidote is also common
Smectite ‘ﬁ:f:hlorite I:sem 80 Chiarite at temperatures above 186@, below depths of ~1000 m.
:| - |:| AA Mafic phyllosilicates
pyroclastic lava unknown Ahuachapan

P Well CH7. Mafic phyllosilicates were characterized by XRD
FIGURE 5. Distribution of mafic phyliosilicate minerals in well @1d EMP analysis of 12 samples and are shown in Figure 3.
CHO plotted against deptly &xis), temperaturex(axis, upper scale), Below 484m, XRD and EMP data are from cored samples,
and percentage chlorite layeps dxis, lower scale). Other symbolswhereas at shallower depths, only XRD data from cuttings are
and data as Figure 3. available. XRD patterns of two samples from 100 m (I&y
and 284 m (122C) are dominated by smectite with strong 001
ANALYTICAL PROCEDURE peaks at ~17 A and five higher-order, but weaker peaks; in both
The <2um clay fractions were prepared for X-ray diffrac-cases peak positions indicate pure smectite with no chlorite mixed
tion (XRD) by ultrasonic treatment of small rock chips to sep#ayering. In the sample from 284 m, small peaks at 7.19 (002)
rate the phyllosilicate material from the rock matrix. This mand 3.58 A (004) indicate minor amounts of chlorite.
terial was collected by centrifuge and vacuum filtration through At greater depths, betwee850 and 550 m (127-18C),
0.45um millipore filters and then spread evenly onto a glaséRD patterns of four samples (CH7-8, CH7-10, CH7-13, and
plate by pipetting. Glycol solvation was carried out at60 CH7-15) show two distinct phyllosilicates in three of the four
for a minimum of two days. A Philips PW1800 diffractometesamples (Fig. 3, Table 2a). In CH7-8, from 350 m, a nearly
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TABLE la. EMP analyses of mafic phyllosilicates from cored samples from well CH7

sample 484 (12) sd 486 (15) sd  641(17) sd 803(10) sd  1001(24) sd  1003(4) sd  1404(7) sd
Sio, 2885 1.19 29.63 1.07  27.39 0.97 2947  0.62 26,57 1.49 2732 0.81 2556  0.91

TiO, 0.01 0.03 0.02 0.04 0.03 0.04 0.02 0.03 0.06 0.06 0.00 0.00 0.04 0.06
AlL,O, 18.22 0.74 17.82 0.85 18.30 0.55 19.21 0.20 19.20 0.92 19.27 0.72 20.21 0.96
FeO; 22.28 0.65 21.01 0.82 28.13 1.18 20.87 2.94 27.06 2.04 2422 1.94 26.34 2.53
MnO 0.36 0.06 0.42 0.05 0.32 0.06 0.89 0.11 0.70 0.12 0.66 0.10 0.75 0.08
MgO 15.78 1.66 16.98 0.89 13.20 0.76  18.41 2.20 12.74 221 14.62 1.79 13.20 1.80
CaO 0.41 0.08 0.42 0.12 0.20 0.04 0.24 0.05 0.27 0.12 0.27 0.06 0.13 0.05
Na,O 0.05 0.02 0.12 0.03 0.04 0.02 0.03 0.01 0.09 0.06 0.10 0.01 0.09 0.08
K,O 0.12 0.07 0.09 0.05 0.03 0.02 0.07 0.05 0.13 0.14 0.09 0.06 0.04 0.04
Total 86.09 86.51 87.65 89.20 86.84 86.54 86.38
Formulae based on 28 O atoms
Si 6.07 0.19 6.16 0.11 5.86 0.06 5.94 0.04 5.73 0.20 5.81 0.11 5.53 0.15
Ti 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.01
VAl 1.93 0.19 1.84 0.11 2.14 0.06 2.06 0.04 2.27 0.20 2.19 0.11 2.47 0.15
VAl 2.60 0.28 2.53 0.14 2.47 0.07 2.51 0.04 2.61 0.19 2.63 0.08 2.68 0.14
Fe 3.92 0.11 3.65 0.17 5.03 0.26 3.52 0.55 4.88 0.45 4.31 0.42 4.76 0.51
Mn 0.06 0.01 0.07 0.01 0.06 0.01 0.15 0.02 0.13 0.02 0.12 0.02 0.14 0.01
Mg 4.95 0.48 5.26 0.15 4.21 0.18 5.53 0.59 4.09 0.64 4.63 0.48 4.25 0.51
NIC 19.54 0.22 19.52 0.07 19.77 0.06 19.71 0.02 19.71 0.13  19.69 0.03 19.83 0.08
Ca 0.09 0.02 0.09 0.03 0.05 0.01 0.05 0.01 0.06 0.03 0.06 0.01 0.03 0.01
Na 0.02 0.01 0.05 0.01 0.02 0.01 0.01 0.01 0.04 0.03 0.04 0.00 0.04 0.03
K 0.03 0.02 0.02 0.01 0.01 0.00 0.02 0.01 0.04 0.04 0.03 0.02 0.01 0.01
IC 0.15 0.03 0.17 0.03 0.07 0.01 0.08 0.02 0.14 0.04 0.13 0.01 0.08 0.05
XMg 0.56 0.03 0.59 0.02 0.46 0.02 0.61 0.06 0.46 0.06 0.52 0.05 0.47 0.06
X 0.75 0.12 0.74 0.04 0.87 0.03 0.84 0.01 0.84 0.07 0.82 0.02 0.91 0.05
Formulae based on variable number of O atoms as indicated
Ox 26.5 26.4 27.2 27.0 27.1 26.9 27.4
Si 5.75 0.18 5.81 0.10 5.70 0.06 5.88 0.04 5.54 0.19 5.59 0.11 5.42 0.14
VAl 2.25 0.18 2.19 0.10 2.30 0.06 2.12 0.04 2.46 0.19 2.41 0.11 2.58 0.14
Ti 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.01
VIAI 2.02 0.28 1.94 0.14 2.18 0.07 2.39 0.04 2.25 0.19 2.23 0.08 2.46 0.14
Fe 3.71 0.11 3.45 0.17 4.89 0.25 3.48 0.55 4.72 0.44 4.14 0.42 4.67 0.50
Mn 0.06 0.01 0.07 0.01 0.06 0.01 0.15 0.02 0.12 0.02 0.11 0.02 0.13 0.01
Mg 4.68 0.48 4.97 0.15 4.09 0.18 5.47 0.58 3.96 0.63 4.46 0.47 4.17 0.50
NIC 18.48 0.22 18.42 0.07 19.22 0.06 19.50 0.02 19.06 0.13  18.95 0.03 19.44 0.09
Ca 0.09 0.02 0.09 0.02 0.05 0.01 0.05 0.01 0.06 0.03 0.06 0.01 0.03 0.01
Na 0.02 0.01 0.05 0.01 0.02 0.01 0.01 0.01 0.04 0.03 0.04 0.00 0.04 0.03
K 0.03 0.02 0.02 0.01 0.01 0.00 0.02 0.01 0.03 0.04 0.02 0.02 0.01 0.01
IC 0.14 0.03 0.16 0.03 0.07 0.01 0.08 0.02 0.13 0.04 0.12 0.01 0.08 0.0
T°C 301 30 290 17 309 9 280 7 335 31 326 17 354 23

Notes: Figure under sample heading is depth (m) of sample in well, and number of repeat analyses given in parentheses for which standard deviation
(sd) is calculated. x value is percentage of chlorite layers, and T °C is temperature derived from chlorite thermometer. FeO total iron as FeO.

pure chlorite with 13% smectite layers is recorded, along wittant, comprising illite/smectite and illite in about half the
subordinate smectite having 13% chlorite layers. In contrasgmples (Table 2a). The change from smectite- to chlorite-domi-
smectite is dominant in CH7-10 from 435 m, but on the XRBant assemblages takes place at the level of rapidly rising tem-
pattern there is a superlattice peak at 31.6 A, generally takepagatures over the depth interva~&00-500 m (Fig. 3).
indicative of corrensite whose peak positions equate with ~58% EMP data for phyllosilicates are available only from
chlorite layers. This identification is not positive because thecered samples at 484 m and deeper. The analyses of mafic
are no subsequent rational series of peaks developed to qanylosilicates from samples at 484 and 486 m recalculate to
firm the identification, and such superlattice peaks are absehtorite/smectite with chlorite layers of ~75%. Below 500 m,
from all but two other samples in the three boreholes. In samgie analyses recalculate to chlorite/smectite with higher pro-
CH7-15, from 550 m, the assemblage is dominated by chlorfiertions of chlorite layers in the range 88—93%. These values
that has ~13% smectite layers, and minor smectite and corrensitetrast somewhat with the XRD determinations, which indi-
(Fig. 3, Table 2a). Where smectite is of minor abundance date fewer mixed-layers. This kind of discrepancy between
these samples, it shows only the basal 001 peak (no additiokRD and EMP determinations is common (Schiffman and
higher order reflections are present). Fridleiffson 1991). The EMP-determined smectite contents are
In the samples from greater depth at 641, 1001, 1003, dadyely the result of variable Ca concentrations, which are ~0.40
1404 m (CH7-17, CH7-20, CH7-22, and CH7-38), chlorite iwt% and 0.1-0.2 wt% in samples from less than and more than
the only mafic phyllosilicate and has chlorite layers in the rand®0 m depth, respectively. All EMP analyses have a restricted
94-97% (Fig. 3). lllitic minerals are less common and less abwompositional range, with formula proportions of Si = 5.5-6.2
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TABLE 1b. EMP analyses of mafic phyllosilicates from cored samples from well CH8

sample 236 (9) sd 941(4) sd 941(7) sd 962 (14) sd 962 (21) sd 1206 (16) sd 1558 (6) sd 2000 (6) sd 2556.00 sd

SiO, 45.96 5.33 27.65 1.33 27.72 1.19 27.45 1.21 28.07 1.64 2564 1.31 27.33 1.07 28.50 0.27 24.48 0.31
TiO, 0.23 041 0.03 0.04 0.03 0.03 0.03 0.05 0.04 0.07 0.00 0.00 0.03 0.03
AlLO; 11.83 2.96 18.14 0.89 18.55 1.01 18.15 0.39 18.59 0.86 18.50 0.44 19.88 0.78 16.81 0.38 17.38 0.53
FeO; 7.99 211 26.99 0.99 26.55 1.09 2590 0.85 25.08 1.66 23.17 0.77 15.37 0.94 22.14 0.49 30.06 0.44
MnO  0.48 0.13 0.38 0.08 0.37 0.05 0.36 0.05 035 0.07 0.65 0.10 0.58 0.05 0.63 0.04 0.76 0.07
MgO 10.10 3.71 12.96 0.89 12.49 0.91 12.72 0.94 1236 1.07 1458 1.01 20.36 1.01 17.48 0.58 10.29 0.27
CaO 1.61 057 050 0.11 0.61 0.26 0.24 0.06 0.23 0.06 0.16 0.03 0.15 0.07 0.32 0.06 0.14 0.15
Na,0O 0.51 0.59 0.15 0.04 0.17 0.07 0.07 0.02 0.07 0.02 0.23 0.06 0.16 0.02 0.10 0.03 0.22 0.04
K,O 0.29 047 0.07 0.02 0.25 037 024 0.15 052 0.51 0.04 0.01 0.09 0.06 0.05 0.01 0.07 0.02
Total 79.00 5.17 86.83 1.34 86.71 1.44 85.15 222 8530 2.04 8299 2.82 83.94 3.26 86.03 0.76 83.43 1.12

Formulae based on 28 O atoms
Si 9.34 037 594 0.16 5.95 0.13 598 0.11 6.07 0.19 569 0.11 571 0.07 6.03 0.03 5.65 0.08
Ti 0.04 0.06 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.01
VAl 0.00 0.00 2.06 0.16 2.05 0.13 202 0.11 193 0.19 231 011 229 0.07 1.97 0.03 2.35 0.08
VAl 283 051 254 0.15 265 0.23 265 0.10 282 0.29 2,53 0.07 261 0.07 2.23 0.10 2.38 0.03
Fe 1.36 0.45 485 0.29 4.77 0.26 4.72 0.23 454 0.38 430 0.15 2.69 0.12 3.92 0.08 5.81 0.08
Mn 0.08 0.03 0.07 0.01 0.07 0.01 0.07 0.01 0.06 0.01 0.12 0.02 0.10 0.01 o0.11 0.01 0.15 0.01
Mg 3.06 1.31 415 0.23 4.00 0.28 4.13 0.21 398 0.32 482 0.18 6.34 0.15 5.51 0.17 3.54 0.06
NIC 16.71 0.91 19.61 0.11 19.49 0.21 19.57 0.10 19.40 0.30 19.78 0.06 19.75 0.05 19.77 0.06 19.88 0.03

Na 0.20 0.22 0.06 0.02 0.07 0.03 0.03 0.01 0.03 o0.01 0.10 0.02 0.06 0.01 0.04 0.01 0.10 0.02
K 0.08 0.12 0.02 0.01 0.07 0.10 0.07 0.04 0.14 0.13 0.01 0.00 0.02 0.02 0.01 0.00 0.02 0.01
IC 0.63 041 0.20 0.03 0.28 0.12 0.15 0.04 023 0.13 0.15 0.02 0.12 0.03 0.13 0.02 0.15 0.04

Formulae based on variable number of O atoms as indicated
Ox 220 26.7 26.3 26.6 26.1 27.3 27.2 27.2 27.6

Si 734 023 588 016 5.89 0.13 592 0.1 6.01 0.19 5.63 0.11 5.65 0.06 5.97 0.03 5.59 0.08
VAl 0.66 0.23 212 0.16 211 0.13 208 0.11 199 0.19 237 011 235 0.06 2.03 0.03 241 0.08

Mg 240 107 411 022 395 028 409 020 394 032 477 017 628 014 545 016 350 0.06
NIC 1313 082 19.40 011 1928 020 19.37 010 1920 030 19.58 005 19.54 0.0519.56 0.06 19.67 0.03

Ca 0.28 0.08 0.11 0.02 0.14 0.06 0.06 0.02 0.05 0.02 0.04 0.01 0.03 0.02 0.07 0.01 0.03 0.03
Na 0.16 0.17 0.06 0.02 0.07 0.03 0.03 0.01 0.03 o0.01 0.10 0.02 0.06 0.01 0.04 0.01 0.10 0.02
K 0.06 0.09 0.02 0.01 0.07 0.10 0.07 0.04 0.14 0.13 0.01 0.00 0.02 0.02 0.01 0.00 0.02 0.01
IC 0.49 032 0.19 0.03 0.28 0.12 0.15 0.04 0.23 0.13 0.15 0.02 0.12 0.03 0.13 0.02 0.15 0.04

T°C 44 38 280 26 278 21 273 17 258 31 319 18 316 10 265 5 326 12

Notes: Figure under sample heading is depth (m) of sample in well, and number of repeat analyses given in parentheses for which standard deviation
(sd) is calculated. x value is percentage of chlorite layers, and T °C is temperature derived from chlorite thermometer. FeOx, total iron as FeO.

(cations per 28 O atoms) and values of Fe/(Fe+Mg) = 0.38te (Fig. 6b). A weak superlattice peak at 31.3 A with accompa-
0.54, which are equivalent to pycnochlorite. nying 002 (15.4 A) and 004 (7.6 A) reflections represents the

Well CH8. The phyllosilicate minerals from CH8 were ex-best XRD evidence in the three wells of corrensite whose peak
amined in 12 XRD and six EMP samples, and show similpositions are indicative of ~58% chlorite layers. There is an ad-
trends to those in CH7. Little core material is available at depttiiional 16.5 A peak interpreted as a basal smectite reflection
shallower than ~1000 m and the data are mostly from XRByt which has no further resolvable periodic reflections. The
whereas at greater depths, both XRD and EMP data are avadsition of the basal reflection is indicative of some 18% chlo-
able. Figure 4 and Table 2b show summaries of the XRD ariig: layers. A further weak peak at 7.28 A is interpreted as an 002
EMP data in relation to depth and down-well temperature®flection from chlorite, although again there are no observable
XRD patterns for three separated @ clay fractions from periodic reflections; this peak position is indicative of 80% chlo-
samples over the range 236—700 m are shown in Figure 6.rite layers.

For samples from depths shallower th&00 m (CH8-2, From the next sampled depth at 700 m, to the base of the
CHB8-6, and CH8-8; <120C), pure smectite or smectite withXRD sampled section at 1558 m, chlorite with few smectite
few (<15%) chlorite layers are the only mafic phyllosilicatemixed-layers (6—8%) is the only mafic phyllosilicate recorded
recorded (Fig. 4). Strong basal reflections were recorded with XRD (Figs. 4 and 6c), apart from one sample with 32%
weaker periodic reflections present to 005 (Fig. 6a). The XRfbnectite layers. The change from smectite- to chlorite-domi-
pattern of sample CH8-13 from 551 m (IT0) shows a three- nated samples occurs at the step between the rapid rise in tem-
phase phyllosilicate assemblage of corrensite, smectite, and chlerature and a more constant thermal zone below ~500 m. No
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TABLE 1c. EMP analyses of mafic phyllosilicates from cored TABLE 2a. XRD and EMPA results for <2 um fractions
samples from well CH9 from well CH7
Sample 1005 (14) sd 1266 (9) sd 1752 (9) sd Sample Depth(m)/T (°C) Sm Co Chl Chl-EMPA I/S
Sio, 30.47 0.28 26.45 0.58 25.85 0.74 CH7-3 100/117 X-0 x-53
TiO, 0.03 0.04 0.00 0.00 0.03 0.05 CH7-7 284/122 X-0 Xx-91
Al,O; 15.26 0.48 18.94 0.53 19.54 0.29 CH7-8 350/127 x-13 X-87 X
FeOr 23.88 0.89 24.39 4.08 23.79 1.03 CH7-10 435/140 X-13 x-55
MnO 0.48 0.06 0.45 0.05 0.59 0.07 CH7-12 484/160 75
MgO 16.43 0.41 14.26 2.43 15.18 0.95 CH7-13 486/160 X-91 74 x-80
Ccao 0.81 0.26 0.20 0.08 0.15 0.04 CH7-15 550/180 x-7 X -58 X-87
Na,O 0.02 0.01 0.04 0.03 0.04 0.02 CH7-17 641/164 X-94 87 X-90
K,O 0.02 0.02 0.04 0.04 0.01 0.01 CH7-19 803/164 80 X
Total 87.41 1.01 84.73 1.59 85.18 1.03 CH7-20 1001/164 X-94 83 X -90
CH7-22 1003/164 X-94 82
Formulae based on 28 O atoms CH7-28 1404/182 X-97 91
Si 6.38 0.08 5.75 0.08 5.59 0.07 Notes: X, major phase; x, minor phase. Figures under columns labeled
NT' 0.01 0.01 0.00 0.00 0.01 0.01 as Sm, Co and Chl are XRD-determined percentage of chlorite layers.
Al 1.62 0.08 2.25 0.08 2.41 0.07 Those under Chl-EMPA are recalculated from probe data. Columns
VAl 2.15 0.06 2.61 0.09 2.57 0.04 labeled as I/S are XRD-determined percentage illite layers.
Fe 4.18 0.14 4.44 0.77 4.30 0.24
Mn 0.09 0.01 0.08 0.01 0.11 0.01
Mg 5.12 0.13 4.62 0.76 4.89 0.24 .
NIC 19.54 010 19.76 0.05 1087 003 TABLE 2b.f>r(0RmDvsgl?CE|_l\|/I8PA results for <2 pm fractions
Ca 0.18 0.05 0.02 0.03 0.01 Sample Depth(m)/T (°C) Sm Co Chl ChI-EMPA IS
Na 0.01 0.01 0.02 0.01 0.02 0.01 CHS8-2 50/100 X-0
K 0.01 0.00 0.01 0.01 0.00 0.00 CHS8-6 236/106 X- 4 0
IC 0.20 0.07 0.08 0.01 0.05 0.02 CHS-8 300/120 X-10
CH8-13 551/170 X-8 x-58 x-80
XMg 0.55 0.01 0.51 0.08 0.53 0.03 CHS8-16 700/170 X-94 Xx-90
X 0.75 0.05 0.86 0.03 0.93 0.02 CH8-20 768/169 X-68 X-100
CH8-24a 801/168 X-92 X-95
Formulae based on variable number of O atoms as indicated CHS8-26 941/178 75 x-90
Ox 26.5 27.2 27.6 CH8-29 950/177 X-94 X-83
CH8-30 962/176 X-94 72 X-88
Si 6.03 0.06 5.58 0.06 5.50 0.06 CH8-33 1100/176 X-94
VAl 1.97 0.06 2.42 0.06 2.50 006  CH8-36  1206/178 X-94 88 x-89
CH8-40 1558/182 X-94 86
Ti 0.01 0.00 0.00 0.01 0.01 CHS8-42a  2006/182 87
VIAI 1.60 0.09 2.30 0.07 2.40 0.05 CH8-49 2556/228 93
Fe 3.96 0.16 4.31 0.76 4.23 0.25 Notes: X, major phase; x, minor phase. Figures under columns labeled
mn ggg 822 223 8% géi 8(2)% as Sm, Co and Chl are XRD-determined percentage of chlorite layers.
ng 18.49 0'29 19'17 0.16 19.56 0.11 Those under Chl-EMPA are recalculated from probe data. Columns
) ) ) ) ) ) labeled as I/S are XRD-determined percentage illite layers.
Ca 0.17 0.05 0.04 0.02 0.03 0.01
Na 0.01 0.01 0.02 0.01 0.02 0.01
K 0.01 0.00 0.01 0.01 0.00 0.00  TaABLE 2c. XRD and EMPA results for <2 pm fractions
IC 0.19 0.06 0.07 0.01 0.05 0.02 from well CH9
ToC 254 10 327 10 341 9 Sample Depth(m)/T (°C)  Sm Chl  Chl-EMPA /S
Notes: Figure under sample heading is depth (m) of sample in well, and CHO-1 50/98 X-0
number of repeat analyses given in parentheses for which standard devia- CH9-4 200/100 X-13
tion (sd) is calculated. x value is percentage of chlorite layers, and T°C is CH9-6 300/144 X-4 x-93 x-46
temperature derived from chlorite thermometer. FeO; total iron as FeO. CH9-10 504/175 X-6 x-98
- CH9-13 650/182 X-7 X-96 X-61
illitic minerals are recorded at depths less than ~700 m. Bel&l9-16 800/191 X-8 X-96 X-82
. L . H9-18 950/195 x-5 X-97 X-85
this depth, all but one sample have illitic phases present in vagyr_>q 1005/196 X-94 75
ing amounts, with illite layers varying between 83—-100%. CH9-24 1150/184 X-93 x-85
EMP data also show a marked contrast in phyllosilicate typgsg'gg ggggzz i‘gg gg x-)?o
between the shallower and deeper levels of CH8. In the afg-35 2001/223 X-97 X-86

cored sample from shallower than 1000 m—sample CH8-6 frawtes: X, major phase; x, minor phase. Figures under columns labeled

236 m (106°C)—the mafic phyllosilicate analyses have lowgs Sm, Co and Chl are XRD-determined percentage of chlorite layers.
ose under Chl-EMPA are recalculated from probe data. Columns

. . T
npn-!nterlayer Cayon (NlC per 280 atoms) totals (16'7) arlléayeled as I/S are XRD-determined percentage illite layers.
high interlayer cation totals (0.63, 1.6 wt% CaO, Table 1). These

compositional data recalculate to an end-member smectite ansl. For two samples shallower than 1000 m, the chlorite lay-
are in accord with the XRD data, although the lower-than-ideals comprise 72—-75% and increase to 86—93% below that depth
NIC total of 17.9 for a tri-smectite indicates some dioctahedr@ig. 4, Table 2b). As in CH7, the EMP data typically indicate
character for the smectite with its relatively high Al contentsnixed-layering contents somewhat higher than those derived
As shown in Figure 7, the average composition of this smectitem XRD results (Fig. 4). All EMP analyses fall in a restricted
plots mid-way between those of tri- and di-smectite. The EMf@mpositional range, with formula proportions of Si = 5.7-6.1
data from samples over the range 941-2556 m are indicat{eations per 28 O atoms) and values of Fe/(Fe+Mg) = 0.30—
of dominantly chloritic material having 72—-93% chlorite lay0.54, which are equivalent to pycnochlorite.
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FIGURE 7. Electron microprobe chemical datas(&rror bars) for
mafic phyllosilicates from Chipilapa and Nesjavellir geothermal
I | L 1 I systems. Non-interlayer cation (NIC; Si+Al+Fe+Mg+Mn) totals plotted
Chi-4 against total Al content. All chemical data calculated on the basis of a
C CH8-16: 700m Chl-2 3.55 chlorite formula with 28 O atoms. On this basis ideal tri-smectite plots
712 g.SM with 17.92 NIC and clinochlore with 20 NIC. Data from sample CH8-
6 plotin an intermediate position between the tri- and di-smectite end-
members. All other Chipilapa data are for near pure end-member
Chi-3 chlorite that plots close to clinochlore position. Nesjavellir data are
Chl-1 4.75 from Schiffman and Fridleifsson (1991) and show a continuous chlorite/

4.4 Chl-5 smectite mixed-layer series between the two end-members.
2.84

IS

8.85 1S Cal
5.01 3.04
In six samples from 950 m (198 to the well base at 2001 m,

! . Y . . : the mafic phyllosilicate is only chlorite (Fig. 5).
10 20 80 lllitic minerals are again variably developed in terms of occur-
© 26 Cuko. rence and abundance and show illite layers in the range 46-90%
FIGURE 6.XRD patterns using G¢o radiation for <2im fractions (Table 2c). A notable feature in the XRD pattern of sample CH9-
for samples from 236, 551, and 700 m depth in well CH& from 300 m is the presence of a composite peak at 8.5-9.0 A
(@) Monomineralic smectite sample with peaks labeled as Sm-1, Sthat is resolved into two peaks at 8.48 and 8.97 A. These indicate
2, etc. for first, second etc. periodic reflectiorts) Polymineralic mixed-layering with smectite progressing into both anillitic char-
sample with corrensite (Co), smectite (Sm), and chlorite (Chl), periodigter (trioctahedral) and chloritic (dioctahedral) character.
peaks labeled as for ac)(Sample with chlorite as only mafic Analyses from three samples at 1005, 1266, and 1752 recal-
phyllosilicate and illite/smectite (I/S), periodic peaks labeled as for@ulate to chlorite layers in the range 75-93% (Fig. 5, Table 2c).
The three EMP analyses fall in a restricted compositional range,

Well CH9. The distribution of mafic phyllosilicates in CH9 With formula proportions of Si = 5.6-6.4 cations (per 28 O at-
as determined from 12 XRD and three EMP samples is simif@Ms). and values of Fe/(Fe+Mg) = 0.45-0.49, which are equiva-
to CH7 and CH8, but the phase transitions occur at slightly greafit to pycnochlorite except for the analysis from 1005 m, which
depth and over a larger depth range and higher temperature (iSd diabanite.

5). Smectite with <15% chlorite layers (XRD) is the only mafic

phyllosilicate phase in the two shallowest samples (CH9-1 ahtf TERPRETATION AND DISCUSSION OF THE CONTROLS
CH9-4) at 50 and 200 m. In the next five samples over the depf\D MINERALOGIC FEATURES OF THE SMECTITE -TO-

range 300-950 m, both smectite and chlorite are present, each CHLORITE TRANSITION

being nearly pure minerals with <10% mixed layers (Fig. 5, Table XRD and EMP analyses of the §#1 mafic phyllosilicate

2c). Over this 650 m depth range, the gradual change fronfraction from the three wells CH7, CH8, and CH9 indicate that
smectite- to a chlorite-dominant assemblage is clearly showntfre smectite to chlorite transition predominates over a transi-
Figure 8; there is no corrensite recorded in any sample over thim into illite. Mafic phyllosilicates were recorded in all
range. Each phase has a clear and distinctive periodic peakssanples, whereas the illitic series was recorded in about one-
quence from 001 to 005 for smectite and 001 to 003 for chloritealf of the samples examined. One of the most striking fea-
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a CH9-6: 300m ions in excess of 0.05 per 28 O atoms are anomalous and due
to contamination (Schmidt et al. 1999). The other notable fea-
ture is the restricted occurrence of corrensite, which is recorded
in minor abundance in only three samples. These data are gen-
erally in accord with the results of Beaufort et al. (1995) and
Patrier et al. (1996), who recorded virtually no mixed layers in
smectite and typically <10% mixed layers in chlorite, although
they recorded corrensite more commonly. In theipr2frac-

tions, corrensite was present as a major phase in only ~8% of
the samples examined, whereas in the gdnZXractions from

the two wells (CH7 and CH9) examined by Patrier et al. (1996),
corrensite was present in a greater proportion of samples
(~38%), and was a main phase in ~25%.

The dominance of the end-members, smectite and chlorite,
is a striking feature of this geothermal system, compared to
b CHs- 10: 504m| 1o - |I1 some others, and the reasons for this particular style is an im-

16.8 i portant matter to consider in the present debate about the
it smectite to chlorite transformation. There are several factors,
apart from temperature that have been proposed as controlling
features of this transformation including whole-rock lithology
and chemistry, as well as successive recrystallization events in
geothermal systems, and these are now considered.

Sm-2 Chl-z Sm-3
845 710 3556

Whole-rock control

A lithologic control between smectite- and chlorite-domi-
nated development in low-grade metabasite flows was docu-
mented by Schmidt and Robinson (1997). These authors showed
that, on a within-flow scale of a few meters, smectite was re-
stricted to massive flow centers but chlorite dominated in highly
amygalodial flow tops. This was attributed to original perme-
ability differences linked to fluid flow patterns having a con-
trol on phyllosilicate type. In the present study, such small scale
differences in phyllosilicate types have not been observed; in-
stead, in all three wells, there is a clear distinction between
= 1 éo L 3'0 s_mectite gnd _ch_lorit_e at shallower a_nd deeper Ievel_s, respec-

Cuko 20 tively. This distinction occurs despite samples being from

FIGURE 8. X-ray diffraction patterns using ®ua radiation for <2 interbedded lower and higher permeability lava and pyroclas-
um fractions for samples from 300, 504, 800, and 950 m depth in whif horizons that have the same phyllosilicate type (Figs. 3, 4,
CH9 that shows changing character of mafic phyllosilicates with dep@d 5). These data suggest that lithology is not a controlling
Peak labeling is as for Figure @) Sample with smectite and minor factor on the mafic phyllosilicate distribution in the Chipilapa
chlorite and illite/smectitgb) As fora, but without illite/smectite(c)  system, a conclusion reached also by Patrier et al. (1966), who

Sample with same mineralogy as épbut showing increasing amount determined that lithology had no direct control on clay precipi-
of chlorite.(d) Sample with same mineralogy as for a, but showingstion.
dominance of chlorite and illite (1).

d CH9-18: 950m (51
14.22

Most previous reports on the smectite to chlorite transition
have been from basaltic systems. In the present calc-alkaline
tures in the Chipilapa system is the clear dominance of the taatting, the whole-rock chemistry is more siliceous and alumi-
end-members of the transition, smectite and chlorite, with XRiibus and may be a controlling influence on the character of
recording an extremely limited range of mixed layering. Imafic phyllosilicates. However, the calc-alkaline system of the
smectite, mixed-layering with chlorite layers is below 20% iNewberry Caldera, Oregon, which is also dominated by andes-
all cases, whereas for chlorite, it is <15% smectite layers dte to dacitic compositions, displays the same continuous
cept for one sample with 32%. The EMP data typically recoginectite through chlorite/smectite to chlorite transition (Keith
higher amounts of mixed-layering, which is related largely tand Bargar 1988) as seen in basaltic systems. Although the
the contents of interlayer cations (Ca+Na+K). Greater credergearacter of the smectite to chlorite transition is markedly dif-
is given to the XRD-determined results because small amoufgsent between Chipilapa and the basaltic Nesjavellir system
of contamination or intergrowth with other phases can resultimlceland, the starting and ending compositions of the two se-
apparently high mixed-layer contents when recalculated frafes are closely similar. In both cases the smectite composi-
EMP data (Robinson et al. 1993). Recent TEM and AEM datians are nearly identical, lying midway between the tri- and
on chlorite from low-grade rocks suggest that interlayer cati-smectite end-members (Fig. 7) and have the same maximum
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Al content of 3.8 cations (per 28 O atoms). In addition, botibove, other factors such as whole-rock lithology and chemis-
end-member chlorite compositions have similar contents of tota}, or successive clay precipitation, do not appear to be major
Al (=4.98 and 4.8/per 28 O atoms, respectively; Fig. 7). Thesentrolling variables in Chipilapa, suggesting the importance
comparisons suggest that the differences between the broaulfemperature. Further evidence in support of this conclusion
basaltic and calk-alkaline settings are not the primary contislprovided by comparisons between mineral distributions (prin-
on the characteristic style of mafic phyllosilicate developmenipally zeolites) in Chipilapa and other geothermal systems.
in Chipilapa. Also, the chlorite in the three Chipalapa wellEhe progressive downwell occurrence of heulandite, mesolite,
has a restricted compositional range in terms of its Si contestibite, mordenite, analcime, laumontite, and wairakite, is a
and values of Fe/(Fe+Mg) (Table 2), which equate tdirect match to the sequence developed in Icelandic geother-
pycnochlorite in all but one sample. Amuch broader range framal areas (Kristmannsdoéttir and Tomasson 1978). The tem-
ripidolite to diabanite was reported in basaltic dikes and sili@rature range for this Chipilapa progression from 106 to 170
from the Point Sal Ophiolite by Bettison and Schiffman (1988)C compares closely with an equivalent range of ~70 t6dC70
Thus, any whole-rock chemical variation is not reflected iior Icelandic systems (Kristmannsdoéttir and Témasson 1978).
major changes in the chemistry of the Chipilapa phyllosilicates,
a conclusion also reached by Paltrier et al. (1996).
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Clay precipitation in different thermal regimes?

In any geothermal system, there is always some uncertainty gq-
about whether any observed mineral distributions or zonations
reflect measured temperature profiles, or if they are related tp
some previous thermal events and regimes. In the case &f
Chipilapa, where the dominance of end-member smectite a
chlorite contrasts with basaltic systems having a smectite-chlg
rite/smectite-chlorite transformation, there is an obvious cong
cern that the two minerals might have crystallized in differens
events. The regular change with depth seen here in all wells from
only smectite at shallower levels, to an intermediate-depth tran-

» *
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40 m XRD values {main phase)
& XD values {mingr phase)

¥ EMPA values

sition zone of smectite and chlorite with local corrensite, fol- 20

lowed by a deeper zone of only chlorite, points to a transforma- 4

tion sequence rather than an overprinted association. The same

conclusion was reached by Bril et al. (1996), who identified con-
version series of illite/smectite and chlorite/saponite that were
almost complete in the four Chipilapa wells they examined.
However, other work by Patrier et al. (1996) revealed some lack ,
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of agreement between clay mineral distributions for the <0.2
um fractions from the Chipilapa wells and that of the “classic
patterns” of the smectite/illite and saponite/chlorite conversions.
In particular, they recorded smectite throughout well CH7B (not
studied here), with very extensive development at certain levelg,
and smectite together with corrensite and/or chlorite over thg
depth range from 306 m to the base at ~1150 m. In Well CH$, &0
smectite was recorded to ~1200 m overlapping with chlorite fror§
a depth of 400 m. However, in the coarsepr®fractions from §
the present study, smectite does not extend beyond a depths‘of 401
950 m in CH9 . The differences in the clay distribution between
those recorded here and those of Patrier et al. (1996) can be ac-
counted for by their use of different clay-size fractions and ex-
amination of wells from different locations, features that are con-
sidered further below.

20 4

Transition with respect to temperature
One of the obvious advantages of examining clay distribu-
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tions in active geothermal systems is that some constraints ong - oc 9 Diagram showing percentage chlorite layers as

the temperature stability of these minerals might be obtainggtermined by XRD in mafic phyllosilicates in all three wells plotted
As discussed above, in geothermal systems there is alwaysdfi@inst(a) well temperature angb) well depth. The data shows the
concern that measured well temperatures may not be those us@@r and sharp distinction between smectite with <20% chlorite layers
which the observed mineralogy developed. However, as showmi chlorite with less than ~10% smectite layers.
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Variations in chlorite layers in the smectite, corrensite, anérsion from one mineral species to another, over a temperature
chlorite phases with respect to temperature and depth in the thieegge of <60C, as in the case here, to be rapid, which contrasts
wells are shown in Figure 9. In the present study, smectite weith the extensive overlap between these mineralogical species
recorded up to a temperature of ~2@5and to a virtually iden- as proposed by Patrier et al. (1996).
tical temperature of ~20TC for both the <2um and <0.2um The position and depth range over which the transition oc-
fractions by Beaufort et al. (1995) and Patrier et al. (1996) murs provides an important comparison among the three wells.
spectively. Corrensite in the samples examined here is very e CH7 (Fig. 3) there is a rapid rise in temperature from 350-
stricted and limited in abundance, being recorded in only thr880 m, with a marked thermal anomaly at $85attributed to
samples; the occurrence of corrensite thus cannot be matctadture fluid flow in a reservoir zone (Patrier et al. 1996). The
satisfactorily with depth or temperature. In theps fractions same rapid rise in temperature is observed in CH8 at a similar
of Beaufort et al. (1995), corrensite was recorded over a tedepth range of 250-500 m (Fig. 4). In these wells the transition
perature range from ~110-20Q, but was present as a mairfrom smectite to chlorite occurs at exactly the same depth range
phase in only ~8% of the samples over that temperature rarggewhich this rapid rise in temperature is developed. Indeed, it
In the <0.2um fractions, corrensite was recorded over a similés at the position of the thermal anomaly in CH7 that chlorite
temperature range of 120-185 (Patrier et al. 1996), and was ebecomes a dominant phase in theps2 fraction rather than
main phase in only ~30% of the samples over that temperattive place where abundant high-temperature smectite is precipi-
range. In the present study, chlorite is found in abundance freeed, in contrast with the <O2n fraction linked to zones of
~160 °C to the maximum recorded temperature of ~230 fluid influx associated with this permeable horizon (Patrier et
Chlorite is recorded as low as ~120, but is present in only al. 1996). The site of well CH9 is away from the thermal
three samples and it is of minor abundance in two (Fig. 9a). Coamomaly intersected by wells CH7 and CH8, and the tempera-
parison with the <0.fm and <2um data from Beaufort et al. ture gradient is of a lower, more uniform character between
(1995) and Patrier et al. (1996) shows a very close correspeB00 and 1000 m. In this well, the transition from smectite to
dence. They recorded chlorite in the# fractions as a minor chlorite reflects this lower gradient in that the depth interval of
phase from 110C, and as a major phase from 1) in the smectite and chlorite overlap is extended from ~200-300 m, as
<0.2 mm fractions, they recorded chlorite as a minor phase (framCH7, to an interval of more than 700 m. The temperature
132°C), and as a major phase from E€D In the present caseinterval for the transition is, however, virtually the same in the
there is an overlap between smectite and chlorite occurrentes wells at 58 and 51C, respectively.
over a small vertical depth interval of ~500 m before abundant We conclude that the 2m mafic phyllosilicate fraction
chlorite is recorded at deeper levels (Fig. 9b). shows a general concordance between the smectite to chlorite

In their analysis of the <02m clay fraction from Chipilapa transition and the observed well temperatures. This overall
Wells, Patrier et al. (1996) considered the poor correlation mnclusion is derived from the following points: (1) the con-
tween clay distribution and depth and temperature was notsistency among the data from these three wells; (2) the narrow
accord with “classic patterns” of clay distribution. In particurange in temperature and depth overlap between smectite and
lar they considered that smectite was present at temperatut@srite; and (3) the similarity between the temperature range
much higher than in other natural systems. In the Nesjaveblif smectite occurrence in Chipilapa and the Icelandic and
geothermal field in Iceland, di- and tri-octahedral smectite ewberry geothermal systems. Overall, there appears to have
dominant below ~180C, followed by mixed-layer chlorite/ been a major thermal control on the initiation of the smectite to
smectite to 240C, then corrensite to 26& and above 27%C, chlorite transition and on the mafic phyllosilicate distributions
discrete chlorite appeared. Similar results were also recordedibyhe CH7, CH8, and CH9 wells of the Chipilapa geothermal
Kristmannsdottir (1979) in other Icelandic geothermal systeragstem. This conclusion is not fully in accord with that of Patrier
where smectite was recorded as transforming to chlorite at 1%-al. (1996) who considered that other controls, such as per-
200°C, with chlorite becoming predominant from ~28) Also meability, had a greater influence in the crystallization of
in the Newberry caldera of the Cascade range, Keith and Bargarectite in the <0.gm fractions at high temperatures (170—
(1988) recorded smectite up to ~ 2W), with the first occur- 205 °C) within zones of high permeability. Accordingly, the
rence of chlorite/smectite and chlorite from ~160These com- overlap in temperature range between smectite and chlorite was
parisons suggest that the upper limit of smectite in the Chipilagiributed largely to high-temperature smectite precipitation,
field at ~190°C is entirely compatible with other geothermabhssociated with present-day fluid circulation, onto a previous
occurrences. However, a marked contrast with other geothercialorite-dominant assemblage.
systems is the low temperature (~T€X) at which chlorite be- Patrier et al. (1996) chose to examine qih2fractions on
comes dominant instead of a transition zone of intermediate tetre basis this material would represent the most reactive part of
peratures (~180-230/27C) that has abundant mixed-layerthe system and that minerals inherited from an earlier assem-
minerals and/or corrensite. Indeed, a notable feature of the datege would be minimized. As itemized above, there is a great
from wells CH7 and CH9 is the respective temperature ranggsilarity between not only the temperatures ranges of smectite
from 122-180C and 144—195C that mark the conversion fromand chlorite distribution but also their respective depth overlap,
smectite to chlorite, which involve temperature spans of only Sliggesting that there may well be a common control(s) on clay
and 58°C, respectively. Moreover, the progression seen in CHi®ineral distribution between the two contrasting size fractions.
is one of a gradual decrease in smectite and increase in chlorit6Some of the discrepancy in the results and interpretations
abundances over the depth range 300—950 m. We regard the between the different clay fractions is that Patrier et al. (1996)
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examined clay separates from wells CH7, CH7B, and CH9,fasm Minnesota (Schmidt and Robinson 1997). In thqur®
opposed to wells CH7, CH8, and CH9 used in this study. Patrieactions from those localities, end-member smectite and chlo-
et al. (1996) indicated that the main area of late-stage smectite were dominant but, in contrast with the present examples,
precipitation is associated with a thermal anomaly and thaell-crystallized corrensite was abundant and occurred as the
CH7B is located at the maximum extent of this anomalgple mafic phyllosilicate in some samples. However, those re-
whereas CH7 is at the edge, and CH8 and CH9 are outsidefibds contrast with data from a mafic geothermal system in
anomaly and away from the region of late-stage, high-tempeteeland where a continuous sequence of chlorite/smectite was
ture smectite precipitation. recorded between the two end-members as shown in Figure 7
The relationship between well temperature @Adin chlo-  (Schiffman and Fridleiffson 1991). A possible explanation for
rite from the Chipilapa system is shown in Figure 10. All buhese differences in the transition is that the discontinuous
one data point correspond to chlorite for which XRD data indihange is representative of an equilibrium prograde sequence,
cate low amounts of smectite mixed-layers (<10%). In thesdereas the continuous change represents metastable crystal-
samples there is a variationiAl from 2.0-2.5 cations per for- lization in response to incomplete reaction or low integrated
mula unit, with no apparent compositional trend over a tempefhsid/rock ratios (Schiffman 1995).
ture range of 160-23. The relationship betwe&wl in chlo- In the Chipilapa geothermal system, there has been perva-
rite and temperature from the Los Azufres geothermal systensiue, secondary recrystallization (Santana de Zamora 1991). In
Mexico and applied as a geothermometer by Cathelineau (198&)dition there are extensive areas of high permeability (Patrier
is shown by the solid line. The Chipilapa data are offset from theal. 1996) so that there is a greater likelihood for high fluid/
Azufres data and uncorrelated, which casts doubt on the genesak ratios. This is supported by data from the immediately
applicability of this geothermometer as noted previously by Jiaagjacent Ahuachafan field, where over 1000 samples were ex-

et al. (1994) based on other criteria. amined from 31 wells drilled within a 6 Krarea. Studies of
the secondary mineralogy in those wells by Aumento et al.
Mineralogic features (1982) showed that pervasive geothermal alteration had pro-

The minimal mixed layering in the samples reported hef§€ded with up to 90% recrystallization, of which clay mineral
provides strong support for a model involving a discontinuo@undances reached 30% (plus additional chiorite); such ex-
change from smectite to chlorite, rather than one involviﬁans'v‘? recrystallization implies very high fluid-rock ratios.
continuous mixed-layering of chlorite/smectite between the twWd'us, in the Chipilapa system, the absence of a continuous
end-members. A discontinuous transition also was recordeclHorité/smectite mixed-layering sequence can be equated with
a hydrothermal system of basic-intermediate composition frgifnodel of high fluid/rock ratios promoting an equilibrium tran-
the La Palma seamount of the Canary Islands (Schiffman aden, rather than a metastable chlorite/smectite transition.

Staudigel 1995) and in low-grade Keweenawan metabasitesAnother feature that makes the Chipilapa system distinc-
tive in the samples analyzed here is the rarity of corrensite and,

where present, its diminutive superlattice peak in theum2
(Fig. 6) or the <0.2um (Fig. 3 of Patrier et al. 1996) fractions
HH compared to its abundance and well-developed periodic dif-
2201 fraction sequences reported in other examples (Fig. 4 of
Schiffman and Staudigel 1995; Fig. 9 of Schmidt and Robinson
g . 1997). One possibility might relate to kinetic effects in geo-
thermal systems where thermal gradients are high compared to
180- -H'-'_iﬂ'._' regional settings. However, the thermal gradient of «<5&m
——

recorded in the Chipilapa wells is not high for a geothermal
setting and is substantially lower than the >30km reported
from the Nesjavellir, Icelandic field (Schiffman and Fridleiffson
1991). Therefore, kinetics in response to varying thermal
140+ gradients does not provide a satisfactory explanation for the
differences in clay mineralogy.
7 The progression from smectite to chlorite observed here in
the <2um fraction from the Chipilapa geothermal system is
100 f . T . the most discontinuous step recorded. To date the reported data
0 1 2 3 on this series have involved evidence of either (1) a more con-
IVAI tinuous chlorite/smectite mixed-layering (Liou et al. 1985;
FIGURE 10. Plot of well temperature v¢VAl content of mafic Bettison-Varga et al. 1991; Schiffman and Fridleiffson 1991;

phyllosilicates. The Al content is calculated on the basis of variatﬁObinson et al. 1993) or (2) discontinuous steps of smectite-

number of O atoms related to percentage chlorite layers (x), rangﬁ@”ensne'cmprite: with lco”enSite as a commonly occurring
from 22 for a pure smectite to 28 for a clinochlore (Table 1). Straighhase (Hoshi 1988; Tribble 1991; Shau and Peacor 1992;

line shows the relationship derived for the correlation between w&chmidt and Robinson 1997). Such marked differences in the
temperature and tetrahedral Al content in chlorite from the Azufres/olution of the same mineralogic series raises doubts as to
geothermal system in Mexico (Cathelineau 1988). whether the series represents an equilibrium reaction sequence.

T (°C)
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Further arguments and discussion on these points that utilfzietmannsdottir, H. (1979) Alteration of basaltic rocks by hydrothermal activity at

. . ., 100-300°C. In M.M. Mortland and V.C. Farmer, Eds., Proceedings of the 6th
data from several different examples of the smectite to chlorite | ;crational Clay Conference, p. 359-367. Elsevier, Amsterdam.

transition are given in Robinson et al. (unpublished data). Kristmannsdéttir, H. and Témasson, J. (1978) Zeolite zones in geothermal areas in
Iceland. In L.B. Sand and F.M. Mumpton, Eds., Natural Zeolite Occurrence,
Properties and Use, p. 277-284. Pergamon Press, Oxford.
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