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Abstract: The reaction by which kaolinite transforms to I-S has been studied by SEM and TEM using core
samples from the Salton Sea Scientific Drilling Project. Kaolinite is abundant from the surface to a depth of
~300 m (~115°C), decreasing in abundance and becoming undetectable at a depth of ~500 m (~160 °C), with
a concomitant increase in abundance of I-S. In a 256-m deep sample, kaolinite occurs as large (~100 pm)
detrital grains, in the fine-grained (<1 pm) matrix, and as packets forming stacks in detrital biotite and
muscovite. In sharp contrast, no kaolinite was detected in the sample from a depth of 477 m but illite and minor
I-S occur in the matrix. Authigenic chlorite occurs as subhedral crystals in the matrix with subparallel illite
crystals, and as muscovite-chlorite stacks. I-S occurs in three ways: (1) Interlayered within kaolinite as a few,
curved layers with 10- and 20-A periodicities with the characteristics of collapsed, dehydrated I-S. Along-layer
transitions with change in (001) d-value from 7 to 10 A occur. (2) As coalescent, randomly oriented packets
filling pore space in the matrix. (3) Interlayered with detrital muscovite.

These observations show that R1 I-S in Salton Sea-area sediments forms primarily through alteration
of kaolinite and muscovite of detrital origin over a temperature interval of ~100 to <200 °C, with I-S serving
as a precursor to illite. Reaction occurs both by direct layer-by-layer replacement of kaolinite and muscovite,
and by dissolution, ion transport and crystallization in pore space. Both processes involve dissolution and
crystallization, with only the scale of transport varying from that of along-layer interfaces to the dimensions
of pore space. The pH value and activity of K* in the hydrothermal brines play important roles in the
alteration process and control the simultaneous transformation of both kaolinite and muscovite to I-S.
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Introduction
(Muffler & White, 1969; Hower et al., 1976;

Kaolinite is a common detrital mineral in sedi- Boles & Franks, 1979; Ahn & Peacor, 1985; Prim-

ments and is also widely recorded in diagenetic
sequences where it is authigenic in origin. Where
extended sediment sequences have been studied,
kaolinite has frequently been found to react to
other phases with increasing grade. For example,
powder X-ray diffraction (XRD) studies have doc-
umented transitions involving kaolinite that occur
during diagenesis and low-grade metamorphism

mer, 1985; Frey, 1987; Yau et al., 1988; Arostegui
et al., 1991; Nieto et al., 1996).

Boles & Franks (1979) studied Wilcox sand-
stone sequences over a range of depth from 975 to
4650 m, corresponding to a temperature range of
55 to 210°C. They showed that kaolinite could no
longer be detected at the same depths where
chlorite was found, over the temperature interval
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from 150 to 200°C. Similarly, in the Paleozoic
clastic sequence from the Variscan fold/thrust belt,
the amount of diagenetic kaolinite decreases as
chlorite content increases at temperatures below
200°C (Primmer, 1985). Those authors hypo-
thesized that kaolinite reacts with Fe and Mg re-
leased during the smectite-to-illite transformation
to form chlorite with high Al contents. Other
authors (Frey, 1987; Arostegui et al., 1991; Ruiz-
Cruz & Andreo, 1996) inferred that the proportion
of kaolinite decreases during diagenesis and low-
grade metamorphism either through the discon-
tinuous reaction kaolinite + quart = pyrophyllite +
H,O or through a reaction in which I-S forms.

A particularly well-defined transition involv-
ing the loss of kaolinite occurs in sediments of the
Salton Sea Geothermal Field (SSGF), for which
several studies have investigated mineralogical
changes as a function of depth and increasing
temperature (e.g., McDowell & Elders, 1980;
McDowell & Paces, 1985; McDowell, 1986; Yau
et al., 1987a, 1988; Cho et al., 1988; Shearer et
al., 1988). XRD data revealed that kaolinite is
abundant in sediments from the surface to a depth
of ~300 m (T = 115 °C). However, with further in-
crease in depth it decreases in abundance as the
proportions of I-S, illite and chlorite increase,
until it can no longer be detected at a depth of
~500 m (T~160°C). The SSGF occurs in an envi-
ronment of active rifting and high geothermal gra-
dient, resulting in convecting hydrothermal fluids
that give rise to continuing “hydrothermal meta-
mophism” of sediments. The Salton Sea Scientific
Drilling Project (SSSDP) successfully drilled
numerous bore holes to a depth >3200m and
temperatures >350°C. Hence the SSSDP samples
provide a unique opportunity for a comprehensive
study of an actively evolving hydrothermal-meta-
morphic system.

Despite the many studies which have defined
prograde reactions in which kaolinite is a reactant,
little is known about the reaction mechanisms and
textures, compositions, and structures of the mine-
rals involved. Such relations can generally only be
characterized by transmission electron micro-
scopy (TEM), but no such TEM studies have been
performed on reactions involving kaolinite in the
zone of diagenesis. We have carried out a scan-
ning electron microscopy (SEM) and TEM study
of the Salton Sea sediments to characterize the
textural and structural characteristics of kaolinite
and other reactants and products, and determine
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the mechanism by which kaolinite is lost during
low-grade metamorphism.

Geological setting

The SSGF is located near the center of the Salton
Trough (Figure 1 in Helgeson, 1968; Figure 1 in
McDowell & Elders, 1980), at the southern end of
the San Andreas fault system. It is a site of active
rifting and frequent seismic activity. Fluvio-del-
taic sediments derived from the Colorado River
system and evaporitic and lacustrine sediments
have been deposited in the Salton Trough since
the Pliocene (Merriam & Bandy, 1965; Muffler &
Doe, 1968). Elevated geothermal gradients are as-
sociated with rhyolitic volcanism, and the
geothermal system has been active for 16000
years based on whole-rock K/Ar age determina-
tions (Kistler & Obradovich in Muffler & White,
1969). The SSGF is characterized by anomalously
concentrated NaCl-CaCl,-KCl brines with a rela-
tively low pH (Helgeson, 1967, 1968).

The many wells drilled by the SSSDP (for a
review see Younker et al., 1982) revealed that the
terrigenous sediments have undergone a complex
history of active metamorphism and hydrothermal
alteration in response to recent volcanism and ac-
tive faulting. Mineralogical, chemical and textura)
changes associated with metamorphism have been
investigated by many authors (Helgeson, 1968;
McDowell & Elders, 1980; Yau et al, 1987b,
1988; Cho et al., 1988; Shearer et al, 1988).
Based on the appearance of authigenic minerals,
four metamorphic zones have been distinguished:
1) The dolomite-ankerite zone at depths <439 m,
which corresponds to temperatures of ~190°C.
Dolomite/ankerite occur with I-S, calcite, he-
matite, sphene, and quartz. 2) The calcite-chlorite
zone, from 439 to 1135 m (190-325°C), in which
chlorite, illite, I-S, sphene, calcite, albite, K-feld-
spar, pyrite, and quartz occur. 3) The biotite zone,
from 1135 to 2120 m (325-360°C), in which bio-
tite, quartz, epidote, K-feldspar, albite, talc, pyrite
tactinolite occur with traces of phengite, chlorite,
and vermiculite. 4) The gamnet zone, at <2115 m
(temperatures >360°C), in which andradite garnet
occurs with biotite, quartz, albite, epidote, actino}-
ite, pyrite and sphene. As the biotite “isograd” is
approached, the grain morphologies typical of de-
trital grains become modified and the sandstones
are progressively transformed into homfelsic
rocks.
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Samples and analytical techniques

Samples used in this study came from the Califor-
nia State 2-14 well, for which SEM-BSE (back-
scattered electron) and XRD analyses (Cho et al.,
1988; Shearer et al., 1988) have documented an
increase in metamorphic grade from the chlorite-
calcite zone up to the lower amphibolite facies;
the mineralogical changes occurring in this well
are comparable to those in well IID No. 2 (Figure 1
in Yau et al., 1988) and Elmore 1 (Figure 2 in
McDowell & Elders, 1980). XRD data revealed
that kaolinite is abundant in sediments from the
surface to a depth of ~300 m (T~115°C); with in-
creasing depth it decreases in abundance as the
proportions of authigenic illite and chlorite in-
crease; kaolinite is not observable at depths
greater than ~500 m (T~160°C). On the basis of
previous XRD analyses, two samples were chosen
for this study which bracket the sediment interval
where the proportion of kaolinite decreases to the
point where it is no longer detectable. These
samples, chosen to be as separated by as small a
sediment interval as possible given the set avail-
able, are composed of both cuttings and cores
from depths of 256 and 477 m. According to the
geothermal gradient for the SSGF, the correspond-
ing temperatures are ~100°C and ~200°C, respec-
tively {Sass et al., 1988). These samples are
referred to as “samples 256 and 4777, below.
XRD data on bulk samples showed that the prin-
cipal minerals and their approximate relative pro-
portions of both samples were identical, within
error, to those determined by Cho ez al. {1988) for
the same well. McDowell & Elders {1980) and
Yau et al (1988) found similar mineralogical
changes in Elmore 1 and IID 2 wells, respectively,
verifying that they are representative of a well-
defined sequence.

SEM observations using back-scattered elec-
tron (BSE) imaging were performed on both
polished thin sections and ion-milled specimens
using a HITACHI S-3200N SEM, equipped with a
Noran X-ray energy-dispersive system (EDS), and
operated at 20 kV. Following optical and BSE
examination, a 3 mm aluminum washer was at-
tached to the area of interest. The washer and
sample (not expanded with L.R. White resin) were
removed from the glass slide by melting the wax,
and the sample was ion-milled, and carbon-
coated. These procedures were designed to
preserve original textures and to permit observa-
tion of (001) lattice planes parallel to the electron

925

beam. TEM observations and AEM (analytical
electron microscopy) analyses were obtained with
a Philips CMI12 scanning-transmission electron
microscope {STEM), operated at an accelerating
voltage of 120 kV and beam current of ~10 pA.
Lattice fringe images of phyllosilicates were ob-
tained using 00l reflections at 75 000-100 000x
magnification. Because beam damage is ex-
tremely rapid, through-focus series of images
were not obtained. Initial focus was controlled
manually by minimizing contrast, and images
were taken at over-focus conditions (1000 fDX) to
optimize I-S contrast (Guthrie & Veblen, 1990).
X-ray energy-dispersive spectra were obtained
using a Kevex Quantum detector. A raster of 2000
X 2000 A (as maximum size) in scanning mode
was used to minimize alkali diffusion and volatili-
zation. AEM quantitative chemical analyses were
calculated from spectra using ion-milled standards
of paragonite, muscovite, albite, clinochlore,
fayalite, rhodonite, and titanite to derive k-ratios,
following the procedure of Jiang et al. (1990).

Results

SEM observations

Figures la and 1b are back-scattered electron
(BSE) micrographs of an ion-milled section of
sample 256. Black areas are void spaces corre-
sponding primarily to differential loss of fine-
grained intergranular material during ion-milling,
and in part due to original porosity. The grain-size
distribution is distinctly bimodal, showing large
(>100 um) detrital grains and a fine-grained ma-
trix with grains <1 um in size. The matrix is com-
prised of a complex assemblage of detrital and
authigenic minerals, most of which can only be
identified by TEM (see below) because of their
small sizes. Detrital minerals were identified pri-
marily through EDS analyses, and consist mainly
of quartz, plagioclase, biotite, muscovite, and
kaolinite (Fig. 1a). Muscovite and biotite grains
commonly show frayed ends with layer separation
(Fig. 1b) apparently in response to deformation
during burial; many consist of stacks of alternat-
ing packets of mica and kaolinite, but some grains
are undeformed without any interlayered phase.
The large quartz and plagioclase grains have
rounded, irregular outlines (Fig. la, b), as clear
evidence of corrosion through interaction with
pore fluids. Void spaces have been partly
cemented by sub- to euhedral crystals of auth-
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Fig. 1. BSE images of an ion-milled portion of sample
265. a) Large detrital grains of kaolinite (KIn) and quartz
(Qtz) embedded in a fine-grained matrix; authigenic fer-
roan calcite (Cal) with dolomite cores (Dol); b) corroded
quartz and albite (Ab) grains, altered muscovite (Ms),
biotite (Bt) partly replaced by kaolinite, I/S in the fine-
grained matrix.

igenic ferroan-calcite with dolomite cores. EDS
analyses of the fine-grained matrix commonly
correspond to a mixture of minerals, but are con-
sistent with combinations of quartz, K-feldspar,
calcite, illite, and I-S (I/S in Fig. 1b).

Kaolinite occurs in three distinctly different
ways as imaged at the SEM scale: (1) As large de-
trital grains with sizes approaching 100 pum
(Fig. 1a). Such grains have the same rounded, cor-
roded appearance that characterizes feldspar and
quartz grains. (2) As packets interlayered with
layers of detrital biotite, forming biotite-kaolinite
stacks (Fig. 1b). Muscovite occurs as muscovite -
I-S stacks with similar appearances, but with no
kaolinite detectable at the SEM scale. (3) In the
fine-grained matrix, as implied by EDS analyes
which are consistent with a mixture of kaolinite

Fig. 2. BSE image of sample 477 showing typical se-
dimentary texture with a bimodal grain distribution in-
volving large detrital grains and those in the matrix (as
chlorite: Chl). Detrital, partly corroded quartz (Qtz) and
K-feldspar (Kfs) grains are present. Calcite (Cal) occurs
as a cement in open voids.

and I-S, and as verified by TEM observations (see
below).

Figure 2 is a BSE image of an ion-milled
washer of sample 477. The texture is still typical
of a sediment with significant porosity. Large de-
trital grains are embedded in a fine-grained ma-
trix. Detrital grains consist of quartz, K-feldspar,
plagioclase, chlorite, and muscovite. No kaolinite
was detected in the large detrital mica grains, nor
was any implied by EDS analyses of the fine-
grained matrix. As in sample 256, void spaces are
cemented by authigenic calcite.

The principal minerals and their relative pro-
portions as observed in thin sections and ion-
milled samples by BSE imaging approximated
those determined by bulk XRD data, as deter-
mined in this study and for the sequence as a
whole. The ion-milled samples were therefore in-
ferred to be representative of the sequence of
mineral assemblages as determined by Cho et al.
(1988). That is, they represent samples with signif-
icant detrital mica and kaolinite, and shallow
kaolinite-free samples, respectively, as closely
spaced as possible.

TEM - AEM observations

Sample 256. Rounded to sub-angular grains,
largely of quartz, kaolinite, and muscovite, are
embedded within finer-grained phyllosilicates
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which are bent around the larger detrital grains
(Fig. 3). Some open spaces are probably an arti-
fact of ion-milling but many are typical of original
pore space. Kaolinite is abundant, occurring as
thick (0.25-um thick) booklets (Fig. 4a) with
boundaries typical of detrital grains. With the ex-
ception of local alteration to I-S described below,
lattice-fringe images of kaolinite consist of well-
defined, straight fringes with rare layer termina-
tions. All selected-area diffraction patterns (SAED)
give sharp reflections with no diffuseness (e.g.,
Fig. 4b), non-001 reflections being consistent with
well-ordered, one-layer polytypism. There is no in-
dication of the two-layer polytypes dickite or nacrite.

I-S was observed by TEM in three modes of
occurrence: as a partial replacement of kaolinite,
as separate packets of layers within the fine-
grained matrix, and as a partial replacement of de-
trital muscovite. Although the I-S stacking se-
quence varied locally, most consisted of
(Reichweite) RI I-S, which was identified in part
by the typical alternating dark and light contrast
of (001) fringes. The slightly wavy layers thus
have 20-A periodicity, the magnitude being in part
due to dehydration of the smectite component in
the vacuum of the TEM.

I-S occurs as thin packets of a few wavy
layers between packets of unaltered kaolinite 300
to 1000 A in thickness (Fig. 5). Unlike the tex-
tures observed in some other cases, as in alteration
of muscovite to kaolinite (Jiang & Peacor, 1991),
the interstratification of kaolinite packets occurs
irregularly, therefore not giving rise to a super-

Fig. 4. a) Lattice-fringe image
showing a thick kaolinite grain
partially replaced by curved
layers with 10 and 20-A peri-
odicities (thin arrows). The I-S
layers separate 500 to 700-A
thick packets of straight, defect-
free 7-A layers. Thick arrow: en-
larged area in Fig. 5. b) corre-
sponding SAED pattern of
kaolinite showing 00l reflections

400 A
(sample 256). —
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Fig. 3. Low-magnification (45000x) TEM image show-
ing the typical texture of sample 265. Detrital quartz
(Qtz) and kaolinite (Kln) grains are embedded in a fine-
grained matrix of phyllosilicates.

periodicity in SAED patterns. In addition to
packets internal to kaolinite grains, I-S also occurs
as rims on 001 surfaces. The lattice-fringe contrast
is often poorly defined in areas transitional from
Kkaolinite to I-S; nevertheless, along-layer transi-
tions from 7- to 10-A fringes are commonly ob-
served, as in Figure 5. Such features imply direct
alteration of kaolinite layers to I-S, rather than the
less-likely insertion of I-S between layers. SAED
patterns of kaolinite with interstratified I-S
packets retain the well-ordered peridiodicity, the
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only change being the appearance of weak streak-
ing along c*.

AEM analyses of pure kaolinite were easily
obtained, but I-S packets are so thin that only ana-
lyses for which kaolinite was the dominant phase
could be determined (Table 1). The resulting
kaolinite formulae display a Si:Al ratio slightly
greater than one, the deficiency in Al being com-
pensated by Fe (most likely ferric iron). The ana-
lyses corresponding to kaolinite with I-S packets
have small but significant Ca, K, Mg and Fe con-
tents which are typical of inclusion of layers of
dioctahedral I-S.

Figure 6a shows the textural relations typical
of replacement of muscovite by I-S. Separate de-
trital grains of muscovite and kaolinite have sub-
parallel 001 layers as shown by the TEM image
and SAED pattern (Fig. 6b). I-S occurs as wavy,
imperfect fringes along the 001 surfaces, those
fringes apparently being continuous with the sur-
face layers of muscovite and kaolinite. Along-
layer transitions of muscovite to I-S occur. Dif-
fuse, non-periodic reflections typical of I-S are
superimposed on the sharp reflections of well-or-
dered muscovite, as consistent with parallel orien-
tation of layers.

Figure 7 is a lattice-fringe image showing the
textural relations typical of I-S occurring in the
matrix. It shows up to 50-A thick and 200-A long
flakes of slightl: curved lattice fringes with 10
and 20-A periodi ites. Some of this material may
be smectite rathcr than I-S, as the 20-A periodicity
typical of R1 I-S can be detected in such small
grains only in some cases. These packets form ag-
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Fig.5. Enlarged lattice-fringe
image of Fig. 4a (thick arrow)
showing curved I-S layers inter-
layered with kaolinite (straight 7-A
fringes); 10 and 20-A periodicities
are visible; thin arrow: along-layer
transition from fringes with 7 to 10-
A spacings.

Table 1. Representative AEM analyses of kaolinite (KIn)
(1) and “altered” kaolinite (KIn+I-S) (2,3,4,5). All anal-
yses have been normalized to 8 cations; all Fe assumed
to be ferrous iron.

| 2 3 4 5

Si 4.04 393 4.06 3.99 4.13
Al 3.87 4.03 3.94 3.97 3.79
Fe 0.09 0.04 - 0.04 0.09
Mg - 0.09 0.19 0.15 0.14
Na - - - - -

Ca 0.05 0.04 - 0.04 0.05
K - - - 0.03 0.05
tot 8.05 8.13 8.19 8.22 8.24
Si/Al 1.04 0.98 1.03 1.01 1.09

gregates with random orientation, filling void
space. Interestingly, such packets, which appear to
be as thin as two or three layers in some cases, are
the thinnest ever detected in ion-milled samples in
our laboratory. A small proportion approaches, but
does not reach, the thinness required of fundamen-
tal particles.

I-S also occurs as packets several hundreds of
angstroms in thickness, as shown in Figure 8a
which is a lattice-fringe image showing I-S grow-
ing in contact with a detrital albite grain. Cross
fringes are continuous through 4 to 5 layers with
20-A periodicity, implying coherency across inter-
layers in I-S. The corresponding electron diffrac-
tion pattern (Fig. 8b) is typical of I-S, having 00l
reflections that are broad and diffuse in a direction
normal to c*, and non-001 reflections which are
weak, diffuse, and non-periodic. Although such
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Fig. 6. a) Lattice-fringe
image of muscovite (Ms)
and kaolinite (Kln) in
sample 256, replaced by
I-S. b) Corresponding
SAED pattern with 7 and
10-A 001 reflections.
Non-001 reflections are
ill-defined, non-periodic,
and diffuse, as typical of 400 A

I-S. R

extended sequences of [-S have a size consistent
with detrital grains which have been entirely re-
placed, the general appearance is that of crystal-
lization in pore space.

Sample 477. No kaolinite was detected in
sample 477 by TEM imaging, as consistent with
its absence as implied by both SEM and XRD
data. By contrast, authigenic chlorite and illite are
abundant, with lesser amounts of [-S. Repre-
sentative textural features of sample 477 are
shown in Figures 9-12.

Fig. 7. Lattice-fringe image of
small, curled I-S flakes neoformed
in pore space; 10 and 20-A fringes
are present (sample 256).

Figures 9 and 10 show I-S typical of sample
477. In Figure 9, I-S occurs with layers subparal-
lel to a crystal of quartz with apparent rhombohe-
dral crystal faces. The terminal faces are inferred
to be an overgrowth on a core (detrital ?) with ir-
regular contrast, whereas the I-S appears to be ne-
oformed in pore space. By contrast, thick I-S
packets border a core of detrital muscovite, ap-
pearing to have an origin from layer-by-layer re-
placement. Figure 10 illustrates a detrital quartz
grain with a shape reflecting dissolution rather
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Fig. 9. TEM image of sample 477. I-S occurs rimming
faces of a euhedral quartz (Qtz) crystal, having grown in
pore space, and as a replacement of outer 001 layers of
detrital muscovite (Ms).

than growth, with thin packets of I-S§ occupying
void space and inferred to be neoformed.

Illite and chlorite are the most widespread
authigenic minerals in sample 477, with a texture
that is dramatically different from that of clay
minerals in sample 256 (Fig. 11). Illite usually oc-
curs in 100 to 200-A thick packets characterized
by high length/thickness ratio, uniform contrast,
and constant 10-A periodicity. The (001) layers
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Fig. 8. a) Sample 256: Lattice-
fringe image showing I-S adjacent
to detrital plagioclase (Plg). Cross
fringes (thin arrow) are continuous
over 4 to 5 I-S layers. b) Corre-
sponding SAED pattern with re-
flections with 10-A spacing along
c*; 001 reflections are broad and
diffuse normal to c* and non-00/
reflections are weak, diffuse, and
non-periodic.

are straight and comprise well-defined packets
with sharp contacts. Packets may be slightly bent,
and voids occur at low-angle grain boundaries.
Authigenic chlorite similarly occurs as small
packets up to 200-A thick, commonly intergrown
with illite packets. Those packets consist of 14-A
layers which are often bent and with layer termi-
nations. Chlorite packets are always associated
with illite packets (Fig. 11, 12), with low-angle
grain boundaries (Fig. 11a) or parallel layers (Fig.
12a, b). Figure 12 shows a large, detrital musco-
vite grain (two-layer polytype, Fig. 12b) whose
001 planes are parallel to (001) of a smaller
chlorite grain. Yau et al. (1987b) showed that
samples, for which lattice-fringe images of ion-
milled samples gave rise to sharply defined
packets of illite and chlorite, gave images for sep-
arates which showed pseudohexagonal, euhedral
crystals. Based on the similarily of their ion-
milled images with those of sample 477, we infer
that chlorite and illite with such euhedral shapes
dominate the matrix of sample 477.

Discussion

Textural, chemical, and structural relations con-
firm that the transformation of kaolinite and the
genesis of authigenic I-S and illite in the Salton
Sea geothermal field are closely related, as im-
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Fig. 10. TEM image of 477-m
deep sample showing both detri-
tal and authigenic phases. Neo-
formed small I-S packets occur in
the matrix (thin arrows), near a
corroded detrital quartz grain
(Qtz).

Fig. 11. a) Lattice-fringe image of
sample 477 showing thin chlorite
(Chl) and illite (IlI} packets with
14 and 10-A periodicities, respec-
tively. Packets are slightly bent,
and low-angle grain boundaries
are common. b) Corresponding
SAED pattern of chlorite packets
of differing orientations; 14-A
periodities are present along at
least three different c* directions.

Fig. 12. a) Lattice-fringe image of
sample 477 showing a detrital
muscovite grain (Ms) bordered
by a packet of authigenic chlorite
(Chly with slightly bent 001
planes. b) Corresponding SAED
pattern with 10 and 14-§ reflec-
tions along ¢*; non-001 reflections
have 20-X periodicity typical of
muscovite 2M).
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plied by XRD data. They result from interaction
with hydrothermal fluids and are characterized by
dissolution and crystallization, but with the scale
of reaction varying from the atomic scale of indi-
vidual layers to large-scale transport of reaction
components in the same samples.

BSE images of sample 256 show that it con-
tains abundant kaolinite as large anhedral, detrital
grains, and as a component of biotite-kaolinite
and muscovite-kaolinite stacks. Muscovite is
common as large detrital grains. TEM observa-
tions show that the fine-grained matrix also con-
tains abundant detrital muscovite and kaolinite
grains. Detrital material thus occurs in two very
different and largely separate grain-size distribu-
tions. Biotite-kaolinite stacks have a detrital tex-
ture as well, suggesting that they formed during
weathering or hydrothermal alteration of the
source-rock, rather than having kaolinite intro-
duced as an authigenic component.

The collective data show that both detrital
kaolinite and muscovite are progressively re-
placed by I-S in the first 500 m of the sedimentary
sequence. This reaction goes to completion at
200 °C. Indeed, in samples from depths deeper
than 400 m, which corresponds to temperatures
>200 °C, kaolinite is absent whereas I-S, illite
and chlorite are abundant. I-S forms by two separ-
ate mechanisms: (1) by direct replacement of
layers of muscovite or kaolinite, referred to as an
“along-layer transition”, and (2) by direct precipi-
tation in pore space, separate from detrital grains
but intimately associated with them; i.e., by crys-
tallization. Subsequently, the I-S content dim-
inishes as shown by XRD data, and detrital kaoli-
nite and (at greater depths) muscovite are no
longer detectable, having been replaced by euhe-
dral packets of illite and chlorite.

Along-layer transitions such as that from
kaolinite (001) to I-S might be considered to be a
solid-state transformation such as proposed by
Altschuler et al. (1963). Such a transformation in-
volves major changes in structure, however, with
the addition of and/or reversal in orientation of te-
trahedral sheets. Significant chemical changes
occur as Si is replaced by Al in tetrahedral sheets
and Mg and Fe enter the octahedral sheet; inter-
layer cations (K*, Na*, Ca’) are added to the
structure. These drastic changes occur at low tem-
peratures where diffusion rates are minimal. These
relations imply that the kaolinite structure is lo-
cally disarticulated and reconstituted as I-S. That
is, the process is one of local dissolution and crys-
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tallization. The same relations are applicable to
the process of replacement of muscovite by I-S.
TEM studies have documented that layer-by-layer
transitions (e.g., Ahn & Peacor, 1986, 1987; Gior-
getti et al.,, 1997) occur by local dissolution and
crystallization in many cases. It is now generally
accepted that such relations are universal and that
solid-state reactions are at best unlikely.

The neocrystallization of I-S in pore space,
separate from detrital grains, must also be a pro-
cess involving dissolution of detrital muscovite
and kaolinite. The chemical components derived
from such dissolution must be transported over
distances at least on the order of the dimensions of
pore space, however, resulting in crystallization of
separate packets. The mechanisms of layer-by-
layer replacement and crystallization are effec-
tively the same, differing only in the scale of
transport of reactants. This is analogous to mech-
anisms of transformation of smectite to illite in
closed as opposed to open systems (e.g., Yau et
al., 1987 b).

The observed features are consistent with the
assumption that the alteration process occurs
through a series of irreversible reactions between
interstitial fluids and detrital minerals. These reac-
tions are strongly controlled by the pH value and
the activity of K* in the fluid. Both kaolinite and
muscovite are no longer stable in the presence of
a Na*, Ca>, K*-rich brines with a relatively low
pH. Muscovite reacts to I-S; on the other hand,
kaolinite reacts to 1-S without forming pyro-
phyllite, implying that the reaction

kaolinite + quartz + fluid = I-S + fluid

has occurred. As emphasized by Essene & Peacor
(1995), the collective data indicate that all detrital
phases and 1-S are metastable and that the series
of dissolution-recrystallization reactions which
characterizes the open fluid-rock system of the
Salton Sea Geothermal Field represent steps in an
Ostwald step sequence toward a stable system
which includes chlorite and muscovite.

At greater depths, kaolinite is not detectable.
Chiorite and illite, with some remnants of 1-S, rep-
resent the newly-formed authigenic phyllosili-
cates. Clearly Mg, Fe?, AP, Si**, and K*
derived from dissolution of detrital K-feldspar,
muscovite, and biotite, participate in the crystal-
lization of the authigenic mineral assemblage, and
in particular to formation of I-S, whether by
along-layer transformation or crystallization. All
data are consistent with transformation mechan-
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isms in the Salton Sea sequence that involve dis-
solution of original phases, transportation of dis-
solved species by the geothermal brines, and crys-
tallization from solution.

Origin of stacks

Phyllosilicate stacks consist of alternating packets
of two different phyllosilicates, commonly
chlorite and muscovite. Their origin has been the
subject of intensive study, indicating that they
have formed or have been modified during a pre-
sedimentation event, authigenesis, or stress during
metamorphisimn (see Li et al., 1994 and references
therein for review). The conclusions of some
studies are problematic in that high-resolution
data on textures and compositions have been lack-
ing, but recent studies (Li et al., 1994, 1998; Jiang
et al., 1990) have documented the origin of mus-
covite-chlorite stacks from a detrital precursor
which could be either muscovite or biotite, as
modified during low-grade metamorphism. A pre-
sedimentary origin is perhaps the least-verified.
The muscovite-kaolinite and biotite-muscovite
stacks observed in sample 265 have overall sizes
and shapes that imply a detrital origin. In other
studies, stacks have been observed to form by ad-
dition of a second clay mineral along 001 cleav-
ages opened by strain, with subparallel layers of
the added mineral commonly terminating against
bounding layers of the strained, original mineral.
The material of this study, however, shows none
of the strain features typical of such relations.
Kaolinite and micas have cross-cutting surfaces
consistent with both minerals having preceded
formation of such erosional features. By contrast,
other studies have documented how along-layer
transitions can result in alternating packets. For
example, Ahn & Peacor (1987) and Jiang & Pea-
cor (1991) showed how packets of biotite and
kaolinite, and muscovite and kaolinite, respec-
tively, could be formed by along-layer transforma-
tion of primary mica during regional hydrother-
mal alteration, but those materials had not been
subjected to erosion and sedimentation. We infer
that the stacks in shallow Salton Sea-area sedi-
ments are the equivalent of such materials, and
have a pre-sedimentation origin. Such an origin
for kaolinite in stacks is also implied by the
presence of kaolinite in the process of altering in
the same samples. It is unlikely that chemical con-
ditions in such an open system would vary so

radically over short distances as to result in kaoli-
nite appearing as a reactant and product in separ-
ate, adjacent reactions.

Our observations do not include modification
of the stacks at greater depths. However, it is well
known that biotite is commonly replaced by cor-
rensite and then chlorite during diagenesis. Like-
wise, I-S commonly transforms to illite and then
illite to muscovite. We hypothesize therefore, that
some biotite-kaolinite stacks have a pre-sedimenta-
tion origin and that subsequent prograde reactions
could well result in formation of chlorite-musco-
vite stacks. It thus appears that such stacks can
form by a great variety of mechanisms, and that
the processes reviewed by Li et al. (1994) is at
least in part an expression of that variety, rather
than misinterpretation of only one universal
mechanism.
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