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Abstract—The southern San Joaquin Valley contains more than 7 km of sedimentary fill, largely Miocene
and younger in age. Ancient depositional environments ranged from alluvial fans at the basin margins
to turbidite fans toward the basin center. Mixed-layer illite/smectite (I/S) dominates the <2-pm fraction
of Miocene shales, and kaolinite is abundant in Miocene sandstones. I/S from carbonate-cemented sand-
stones contains 5-20% more smectite layers than I/S from uncemented sandstones. The timing of ce-
mentation correlates with the proportion of smectite layers in the I/S, suggesting that cementation slowed
the illitization process. Smectite and I/S with >80% expandable layers occur at present burial temperatures
of 120°-140°C in Miocene sandstones and shales. This highly expandable I/S is restricted to areas covered
by thick deposits (1000-2500 m) of Pleistocene sediments. Rocks of similar age and at equivalent tem-
peratures, but covered by <900 m of Pleistocene sediments, contain I/S having low expandabilities
(<30%).

Microprobe analyses of 16 discrete smectite and smectite-rich 1/S clays indicate an average montmo-
rillonite composition of:

(Cag,Ko.15Nag )AL oFe?y 35Mgg 75 Tio 03)(Si7.7Aly 5)02(0OH), - n H,O.

Smectite in I/S-rich clays of Gulf Coast shales has a similar composition except for lower octahedral Al/
Fe ratios (Al/FeV! = 3.1), compared with the San Joaquin samples (Al/Fe¥! = 8.6).

Residence time at different temperatures appears to be an important influence on the percentage of
smectite layers in I/S from the San Joaquin basin. Areas containing I/S with high expandabilities (e.g.,
95% smectite layers) have a time-temperature index (TTI) of 4.0-4.5 at 120°C, whereas areas containing
I/S with low expandabilities (e.g., 30% smectite layers) have a TTI of 5.0. Present data suggest that highly
expandable I/S changed to slightly expandable I/S over a narrow temperature interval (10°-20°C). Dif-
ferences in the potassium availability from detrital components and in the K*/H* activity ratios of pore
water do not appear to be related to the differences in the percentage of smectite layers of these I/S clays.

Key Words —Carbonate cementation, Illite/smectite, Microprobe analysis, Mixed layer, Smectite, Time-
temperature index.

INTRODUCTION and Hower, 1976); for example, the reaction appears

Mixed-layer illite/smectite (I/S) is dominant in the
clay-size fraction of many shales from Tertiary basins.
The reaction of smectite to illite in these clays has
received considerable attention because of its potential
for (1) flushing hydrocarbons from the shales (Burst,
1969; Bruce, 1984), (2) catalyzing hydrocarbon gen-
eration (Johns and Shimoyana, 1972), (3) producing
high pore-fluid pressures (Powers, 1967), and (4) pro-
viding cementation agents to sandstones (Towe, 1962;
Boles and Franks, 1979; Lahann, 1980).

Most detailed studies of the smectite-to-illite trans-
formation have focused on the Tertiary section of the
Gulf Coast where the expandability of the I/S clay
changes from high (i.e., a large percentage of smectite
layers) to low with increasing burial depth (see, e.g.,
Perry and Hower, 1970; Hower et al., 1976; Boles and
Franks, 1979). Burial temperature and K+ availability
have long been emphasized as controls on the reaction.
The age of the rocks, or residence time at temperature,
has also been recognized as an important factor (Eberl

Copyright © 1986, The Clay Minerals Society

https://doi.org/10.1346/CCMN.1986.0340202 Published online by Cambridge University Press

115

to begin as low as 50°C in Eocene rocks (Perry and
Hower, 1970; Boles and Franks, 1979), and probably
as high as 90°-100°C in younger sediments (Bruce,
1984). No studies to date have shown the effect of
residence time at temperature within the same age sed-
iment,

For all the great interest in the illitization reaction,
it is surprising that little is known about the compo-
sition of the phases involved, particularly the smec-
tites. The illitization reaction requires the addition of
potassium and, perhaps, aluminum ions to the smectite
reactant, suggesting that rock permeability may control
reaction progress. The composition of the smectite de-
termines the type and proportion of components re-
leased by illitization and, hence, may indirectly influ-
ence the proportion and type of components released
(Boles and Franks, 1979). Eberl et al. (1978) showed
experimentally that Al-rich smectite reacts more readi-
ly to illite than Al-poor smectite, suggesting that smec-
tite compositions may be an important control on the
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illitization reaction (see also, Bruce, 1984). In addition,
experimental studies of Roberson and Lahann (1981)
have shown that the reaction rate of illitization is slowed
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Figure 1. Location of oil fields (A-M) and wildcat wells (N-
P) studied in the southern San Joaquin Valley (see Table 1).
Dashed lines show Tertiary sedimentary rock thickness (m)
from Callaway (1971). Cross section line X-X' shown in Fig-
ure 2.

by the presence of Ca?t and Mg?*.

The preliminary results of the present study of sed-
imentary rocks from the southern San Joaquin Valley
indicate that I/S clays dominate the clay fraction of the
shales and many of the sandstones. In this paper we
demonstrate the importance of burial history, includ-
ing residence time and cementation, in controlling
smectite diagenesis and the smectite-to-illite reaction.

GEOLOGIC SETTING

The study area is in the southern part of the San
Joaquin Valley (Figure 1). Here, the Tertiary section
comprises more than 7 km of basin-fill sediments. The
rocks conformably overlie the Sierra Nevada plutonic
complex to the east, and are faulted on the west and
to the south by the San Andreas and White Wolf faults,
respectively (Figure 2). Local uplifts during deposition
of the Tertiarty sediments resulted in minor discon-

formities and unconformities, but, by and large, the
region subsided throughout the Tertiary and has not
been uplifted significantly since that time (see, e.g.,
Callaway, 1971). The southern San Joaquin Valley ba-
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Figure 2. Cross section of the southern San Joaquin basin. See Figure 1 for cross section location. Modified from California
Oil and Gas Fields (1982 publication, California Division of Oil and Gas) using new age determinations from Bartow and

McDougall (1984).
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sin-fill, therefore, represents a first-cycle burial se-
quence. The sediments were deposited in a nonmarine
environment on the eastern edge of the basin and grade
westward into a shallow marine facies. The uppermost
Tertiary section is largely nonmarine throughout the
region. Most of the basin-fill material is shale; isolated
deep-water turbidite sand bodies are also present, many
of which are prolific producers of oil and gas.

Lithology

The sandstones are arkosic and contain subequal
proportions of quartz and feldspar (Figure 3). Facies
analysis demonstrates that the sediment came from the
Sierra Nevada to the east and, to a lesser extent, the
south (Webb, 1981). Overall, the sandstones contain
more or less equal proportions of quartz, plagioclase,
and K-feldspar (except for a slight quartz enrichment),
modally similar to their granodiorite source. Volcanic
rock fragments are generally minor in these sandstones,
except in Oligocene (Figure 3) and, locally, Eocene rocks.

Subsurface temperature and pressure

The most reliable subsurface temperatures have been
obtained from “shut-in” wells, especially if the tem-
peratures were measured during the early production
history of the oil field. Shut-in well temperatures were
obtained from the North Coles Levee, Paloma, and
San Emidio Nose field (see Table 1). In other areas,
the subsurface temperatures were estimated from a
geothermal gradient map of the region (American As-
sociation of Petroleum Geologists portfolio Map No.
22, 1974), assuming a mean surface temperature of
18°C.

The subsurface fluid pressure of the North Coles
Levee Field is 269 bars at 2590 m depth, or slightly
more than the hydrostatic pressure. Fluid-pressure data
were not acquired for other areas in the region, al-
though fluid pressures throughout the southern San
Joaquin Valley are generally near the hydrostatic gra-
dients of about 0.5 psi/ft (personal communication,
ARCO, Bakersfield, California).

EXPERIMENTAL

Clay minerals from sandstones and shales were con-
centrated in the <2-um size fraction by centrifuge tech-
niques. Calgon was used as a deflocculation agent for
a few samples, usually sandstones, where flocculation
was a problem. A Norelco X-ray diffractometer op-
erated at 1°26/min and using CuK« radiation generated
XRD patterns for clay identification. After ethylene
glycolation, the proportion of smectite layers in 1I/S
clays was estimated using the method of Srodon (1980).
This method results in errors in the percentage of ex-
pandable layers of less than 5%, whereas the Reynolds
and Hower method (1970) is reliable only to +15-20%
(see Srodon, 1980). The principal reflection of quartz
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Figure 3. Modal proportions of selected components in
sandstones from the San Joaquin basin. Square = Miocene;
triangle = Oligocene sediment. Sierra Nevada granodiorite
field from Bateman et al. (1963).

(26.67°26) overlaps the 1I/S peaks used in Srodofi’s
method; hence, for samples containing appreciable
quartz, the Reynolds and Hower method was used to
estimate the proportion of smectite layers in the clay.

For clays in sandstones, chemical analyses were ob-
tained by electron microprobe of either conventional
polished thin sections or carbon disks smeared with
the <0.1-um size fraction (see description of technique
in Peters and Hofmann, 1984). Carbon disk mounts
were used exclusively for shale separates. On the basis
of XRD analyses, the <0.1-um fraction contains only
highly expandable I/S clay.

Microprobe analyses were made on an ARL Model
EXM-SM electron microprobe equipped with three
spectrometers (WDS) and a Tracor Northern TN4000
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Table 1. List of oil fields and wildcat wells used in this study.!

Number of samples

Present burial tempera-
Depth range of samples

ture range of samples?
°C

Field name Sandstone Shale (m) C)
A North Coles Levee 21 11 2605-4232 103-156
B South Coles Levee 2 2 2656-3020 103-1162
C Paloma 12 3 3288-3669 129-1423
D San Emidio Nose 8 4 3497-4314 113-1343
E North Tejon ) 3 2642-3444 94-117¢
F Rosedale 2 3 1815-3323 66-107°
G Rosedale Ranch 10 6 1039-3089 45-1013
H Bellevue 11 5 1767-2366 66-83°
1 Greeley 8 1 2338-3528 80-1125
K Edison 1 1401 568
L North Belridge 5 2 2565-2933 102-1144
M South Belridge 4 2195-2787 941157

Wildcat wells

N Ohoi KCL G-1 17 2 1447-3212 56-1045
O Tennaco Schutte #1 10 3 3541-4529 113-1395
P Tenneco Sand Hills 64X34 2 2 5573-6765 162-1938

! For sample locations see Figure 1.

2 Present burial temperatures based on shut-in well temperatures or calculated from AAPG Geothermal Gradient Map No.

22 (1974), assuming a mean surface temperature of 18°C.
3 Shut-in well temperatures.
433°C/1000 m.
527°C/1000 m.
629°C/1000 m.
7 35°C/1000 m.
8 26°C/1000 m.

energy-dispersive X-ray analysis system. Analyses were
made at 100-s counting intervals, using a 10-kV ac-
celeration potential and an 8-nA sample current. The
following standards were used: albite for Na; K-feld-
spar for Si, Al, and K; hematite for Fe; rhodonite for

S and I/S

CHLORITE KAOLINITE

Figure 4. Relative X-ray powder diffraction peak intensities
from <2-um size fractions of San Joaquin sandstone (circle)
and shale (solid square). Peak heights were taken from chlorite
(25.2°26), kaolnite (24.8°20), and ethylene glycolated smectite
(S) and/or illite/smectite (I/S) clay (5° to 8°26), and CuK«
radiation, and recalculated to 100 for plotting.
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Mn; rutile for Ti; andesine for Ca; Mg-olivine for Mg;
and troilite for S. Concentrations were corrected for
absorption, fluorescence, and atomic number with the
ZAF computer program written by F. Schamber, N.
Wodke, and J. McCarthy and supplied by Tracor
Northern (Version 11, November 1981). Precision for
the major elements is about +5% of the amount pres-
ent.

Taotals of the above elements ranged between 57 and
90% and reflect the high amount of water in smectite
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Figure 5. Present burial temperature plotted against per-

centage of smectite layers in <2-um size illite/smectite (I/S)
from cemented and uncemented sandstones, San Joaquin ba-
sin. Note higher percentage of smectite in cemented compared
with subjacent uncemented sandstones.
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Figure 6. Present burial temperature vs. percentage of smec-
tite layers in <2-um illite/smectite (I/S) from the San Joaquin
basin. Present burial temperature is based on data in Table
1. Ordered interstratification is based on presence of 002 re-
flection between 5.2° and 8.9°26 (see Srodon, 1980). Figure
6a is from Miocene Gulf Coast data from Bruce (1984), and
Gulf Coast Plio-Miocene data from Perry and Hower (1972).
Figure 6b is from Oligocene Gulf Coast data from Perry and
Hower (1970).

(as much as 22% by weight) and the porosity between
individual clay particles. A formula for the highly ex-
pandable I/S clay was calculated on the basis of an
anhydrous, 22-oxygen unit cell. Iron was corrected for
the presence of pyrite from the amount of sulfur de-
tected in the analyses. The quantity of pyrite calculated
by this method was <3% in each sample. All remaining
Fe was assumed to be ferric iron. Fe, Mg, and Ti were
assumed to be in octahedral sites. Al was assigned to
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Table 2. Calculated residence time, time-temperature in-
dexes (TTI) values and average percentage of smectite layers
in illite/smectite (1I/S) from upper Miocene samples, San Joa-
quin Basin.’

Residence
time between Smectite
100° and layers in I/S
Field 120°C (my) TTIat 120°C  at 120°C (%)
San Emidio Nose 2.0 4.0 95
Paloma 2.1 4.5 95
North Coles Levee 2.5 5.0 30

! Calculations based on method of Waples (1980) using
present geothermal gradients (see Table 1); stratigraphy from
California Division of Oil and Gas (California Oil and Gas
Fields compilation, 1982); formation ages given by Bartow
and McDougall (1984).

tetrahedral sites such that Si + Al = 8 atoms per 22
oxygens; the remaining Al was assigned to octahedral
sites.

RESULTS
Mineralogy of the <2-um fraction

The <2-pum size fractions of the sandstones and shales
contained chiefly one or more of the following: illite,
smectite, chlorite, kaolinite, illite/smectite (I/S) and
chlorite/smectite (Ch/S). Minor amounts of quartz and
feldspar were also present. The different proportions
of the various clay minerals in these fractions is un-
doubtedly due to different source materials and to dif-
ferent degrees of diagenesis. Figure 4 shows that the
<2-um fraction contains relatively more kaolinite than
this same fraction from the shales, the latter being rich
in I/S. These differences are even more pronounced if
coarser fractions are compared, because relatively
coarse-grain kaolinite tended to be excluded from the
finer fractions.

Smectite component in 1/S clays from
carbonate-cemented and uncemented sandstones

Cemented sandstones contained 10-25% carbonate
cement, usually calcite. Oxygen isotope values (5'%0)
for cements from the North Coles Levee and San Emi-
dio Nose areas suggest crystallization temperatures of
50°=70°C and 25°-35°C, respectively (unpublished data).
I/S in cemented sandstones consistently contained 5
to 20% more expandable layers than that in adjacent
uncemented (porous) sandstones (see Figure 5). Within
cemented sandstones, the timing of the cementation
appears to correlate with the percentage of smectite
layers in the I/S; e.g., I/S from the San Emidio Nose
material contained about 63% smectite layers, whereas
1/S from the North Coles Levee material contained
about 40-50% smectite layers. Thus, early cementation
appears to have retarded the illitization process, prob-
ably by impeding the transport of Al and K to and
from the reaction sites.
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Table 3. Unit-cell contents' from microprobe analyses of San Joaquin smectite and illite/smectite (I/S) in sandstones (ss)

and shales (sh).
Rosedale Ranch
Field name  Edison Rosedale o Wildcat
Well J.AC. 88 Humble KCL C-3 CWL #1 Continental KCL B-1 OHIO KCL G-1

Rock type ss* sh sh sh 58 ss ss* s ss
Depth (m) 1401 1663 2579 3322 2494 2728 2825 1448 1982
Present burial

temperature (°C}) 59 62 87 107 84 87 93 56 67
Smectite layers in

VS (%) 100 100 95 85 100 100 85 100 95
Si 7.85 7.86 7.78 7.58 7.86 7.94 7.71 7.93 7.56
Al Q.15 0.14 0.22 042 0.14 0.06 0.29 0.07 0.44
Sum 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
AVt 2.74 2.85 3.10 2.92 3.17 3.16 2.95 2.66 3.00
Fe3+ 0.45 0.51 0.30 0.24 0.20 0.17 0.31 0.54 0.37
Mg+ 0.86 0.64 0.68 0.89 0.63 0.77 0.85 0.67 0.71
Mn?* 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti*+ 0.03 0.07 0.05 0.05 0.03 0.00 0.06 0.07 0.04
Sum 4.11 4.07 4.13 4.10 4.03 4.10 4.17 3.94 4.12
Ca 0.25 0.19 0.13 0.34 0.09 0.14 0.09 0.34 0.30
K 0.14 0.07 0.05 0.26 0.15 0.04 0.25 0.12 0.06
Na 0.03 0.02 0.13 0.02 0.33 0.14 0.11 0.04 0.08
Wt. % oxide, from mi-~

croprobe analysis 75 78 82 83 67 84 70 83 77

! Unit-cell calculations are based on a 22 oxygen, anhydrous unit cell. All iron was treated as ferric. All iron and magnesium
was assigned to octahedral sites. Alumina was assigned to tetrahedral sites so that Si + Al = 8. The remaining alumina was

assigned to octahedral sites.

2 Continental KCL B-1 (2825 m) and Tennaco Schutte #1 (40538 m) samples are Oligocene. All other samples are Miocene.
Analyses from thin section shown as ss*; other analyses are from <0.1-um size fractions mounted on carbon blocks. See text

for analytical details.

Relation of smectite component in I/S
clay and burial history

The I/S in the San Joaquin basin varies widely in its
expandability (Figure 6). The sandstone suite shown
in Figure 6 included about 80% uncemented samples,
and, in general, the large differences in expandability
cannot be attributed solely to the degree of cementation
of these rocks. 1I/S in shales tended 1o show a slightly
higher content of smectite layers (about 5-10%) than
the I/S in closely spaced sandstones, although consid-
erable overlap in smectite layer content was noted.
These data contrast with those found in studies of Gulf
Coast rocks (Boles and Franks, 1979; Howard, 1981).

Many I/S samples at burial temperatures of 100°C
showed substantially more smectite layers than the I/S
in age-equivalent samples from the Gulf Coast. For
example, at about 130°C, I/S in Miocene samples from
the Gulf Coast (Perry and Hower, 1972; Bruce, 1984)
typically contain about 30% smectite layers, whereas
some I/S in San Joaquin samples contained 60-90%
smectite layers (Figure 6a). Samples at burial temper-
atures greater than 140°C were few in number, but what
data were collected suggest that these samples con-
tained low percentages of smectite layers.

Studies of Gulf Coast samples have indicated that
the smectite-to-illite reaction does not proceed beyond

an expandability of about 10-20% smectite (see, €.g.,
Hower et al., 1976). This limit was reached in the San
Joaquin basin at temperatures greater than 150°C, sim-
ilar to those found for Gulf Coast Miocene wells (see
Figure 6a). The San Joaquin data, however, suggest
that the reaction took place over a few tens of degrees
(.e., 120°-140°C in Miocene rocks; 100°~120°C in Oli-
gocene rocks), whereas in the Gulf Coast the transition
in comparable age sediment took place over a tem-
perature range of 80° (Miocene) to 40°C (Oligocene).
Samples with highly expandable I/S clays at tem-
peratures > 120°C have been found in the San Emidio
Nose, Paloma, and Schutte wells, located in areas over-
lain by a thick section of Pleistocene rocks (1000~2500
m), implying that the residence time at temperature in
these arecas was less than in areas containing only a
thin cover of young Tertiary rock (<900 m) (Figure 7).
The TTI index is a function of both residence time and
temperature (Waples, 1980). TTI = 2 (residence time
X temperature) within 10°C burial intervals. Table 2
shows calculated residence times and TTI values for
areas containing highly expandable 1I/S (Paloma, San
Emidio Nose), compared with an area containing only
slightly expandable I/S (North Coles Levee). Table 2
shows that relatively small differences in residence time
(for the 100°-120°C temperature interval) and in TTI
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Table 3. Continued.

North Coles

Wildcat Levee Paloma Wildcat
OHIO KCL G-1 NCL 21-33 Benco 36-28 Superior Anderson 18-35 Tennaco Schutte #1

sh ss ss ss* ss* ss* ss* ss ss* sh

3198 3006 3298 3318 3409 3288 3354 3557 3803 4058

104 116 129 130 133 129 131 113 120 127

95 80 75 85 62 95 90 90 25 88
7.66 7.56 7.38 7.68 7.43 7.76 7.65 7.42 6.99 7.66
0.34 0.44 0.62 0.32 0.57 0.24 0.35 0.58 0.01 0.34
8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
2.66 3.38 3.05 3.17 3.23 3.18 3.28 2.62 2.59 3.02
0.64 0.17 0.27 0.35 0.28 0.24 0.20 0.56 0.61 0.30
0.72 0.55 0.98 0.67 0.70 0.62 0.66 0.09 0.96 0.83
0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.00 0.00 0.00
0.08 0.02 0.02 0.00 0.02 0.04 0.00 0.05 0.08 0.03
4.10 4.12 4.32 4.19 4.23 4.09 4.17 4.32 4.24 4.18
0.23 0.21 0.23 0.07 0.08 0.09 0.18 0.22 0.09 0.13
0.14 0.11 0.12 0.18 0.33 0.33 0.14 0.14 0.78 0.17
0.06 0.06 0.03 0.07 0.06 0.02 0.05 0.05 0.17 0.13

79 81 78 70 75 68 57 78 80 90

correlate with widely different proportions of smectite
in I/S. If the differences in expandability between areas
is a result of differences in residence time, these data
suggest that the smectite-to-illite reaction may have
taken place over a very small depth interval. A resi-
dence time difference of about 0.5 x 10¢ yr between
areas may have resulted in large differences in I/S com-
position (Table 2). These and other variables affecting
the smectite-to-illite reaction will be discussed later.

Chemical composition of smectite and 1I/S

Microprobe compositions of smectite and highly ex-
pandable I/S clays are listed in Table 3, along with
analyses of I/S clays containing 25-75% smectite lay-
ers. The average chemical composition of the 16 smec-
tites and I/S clays containing >80% smectite layers
from Table 3 yields the following formula:

(8i, ,Aly 5)"(Al; JFe?*y 3sMgg 75 Tig 03) V"
(Ca, :Kq 1sNag 16020)(OH), -n H,0.

Table 3 and the Experimental section of this paper
describe the assumptions used for assigning elements
to various structural sites in the above formula.

The composition of these smectites and nearly pure
smectites is similar to published analyses of mont-
morillonite (Figure 8). In general, the San Joaquin
smectites have compositions similar to the composi-
tions of smectite components calculated by Boles and
Franks (1979) for the I/S clays analyzed by Hower et
al. (1976) from Gulf Coast shales (Figure 8). The mean
composition of the smectite components in the I/S
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from the Gulf Coast samples (averaged from Table 5
of Boles and Franks, 1979) is:

(8i; ;Aly ))V(AL, 4sFe?*o sMgg 75)V!
(Cay 30Ko.15Nag 3;000(OH), ' n H,O.

the same assumptions were used in assigning elements
to structural sites of the Gulf Coast clays as for the San
Joaquin materials.

The Fe content and Al/FeV! ratio of the Gulf Coast
and San Joaquin smectite compositions are different.
The Gulf Coast smectites have Al/Fe! ratios of about
3.1, whereas the Al/FeV'ratio of the San Joaquin smec-
tites is about 8.6. The effect of different iron contents
on smectite stability is uncertain, but Boles and Franks
(1979) and Bruce (1984) suggested that different smec-
tite compositions affect the illitization reaction. In par-
ticular, Boles and Franks (1979) suggested that the Al-
rich smectite reacted before Fe- and Mg-rich smectites,
based on compositional differences of residual smectite
layers at various stages of the reaction. The present
analyses are based essentially on unreacted smectites
and I/S clays.

DISCUSSION

One of the most important findings of the present
study is the presence of highly expandable 1I/S (>80%
smectite) at relatively high temperature (> 120°-140°C).
The effect of various parameters on the smectite-to-
illite reaction are discussed below:

Temperature. Perry and Hower (1972) and Hower et
al. (1976) showed a strong correlation between the il-
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Figure 7. Present burial temperature vs. percentage of smec-
tite layers in <2-pm illite/smectite (I/S) from Miocene rocks
of the San Joaquin basin. San Joaquin basin data from Figure
6a are grouped into two areas: (1) Pleistocene thickness <900
m (North Coles Levee, South Coles Levee); and (2) Pleistocene
thickness = 1000-2500 m (Paloma, San Emidio Nose, and
Schutte and Sand Hills wildcat wells). Gulf Coast data are
from Figure 6. Note relatively high percentage of smectite at
high temperature in area containing thick Pleistocene cover.

litization reaction and temperature. Temperature is
probably one of the most important variables con-
trolling the reaction; however, the data presented here
clearly show that a measurement of maximum burial
temperatures in first-cycle burial sequences is by itself
inadequate to predict reaction progress.

Potassium availability. Reactions in which natural
smectites are largely converted to illite require the ad-
dition of K ion. The source of this K is commonly the
dissolution of detrital K-feldspar or micas (see Hower
et al, 1976). In the rocks studied in the present in-
vestigation, K-feldspar and micas (largely biotite) are
significant detrital components in the sandstones and
shales but do not appear to decrease in abundance or
disappear with burial depth. Hence, the presence of
highly expandable smectite in some areas cannot be
attributed to a lack of potassium availability. Likewise,
K*/H* log activity ratios of pore fluids from two fields
in the basin that contain different proportions of smec-
tite layers in I/S are similar (Table 4). In the North
Coles Levee area, the K*/H* log activity ratio pore
fluids is about 4.4 + 0.2 at 100°C, and at San Emidio
Nose the ratio is 4.6 = 0.2 at 125°C.

Inhibitor ions. Hydrothermal studies indicate that the
stability of K-exchanged dioctahedral Mg-rich smectite
is less than that of Ca-, Mg-, and Na-exchanged smec-
tite (Eber] et al., 1978). Roberson and Lahann (1981)
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Figure 8. Microprobe analyses (moles) of smectite and illite/
smectite (>80% smectite layers) in San Joaquin basin sand-
stones and shales (open circle). See text for analytical methods
and assumptions. Data from Table 3. + = smectite compo-
sitions in Guif Coast shale (see Boles and Franks, 1979).
Montmorillonite compositions taken from Aoki ef al. (1974),
Brigatti (1983), Brigatti and Poppi (1981), Brindley and Brown
(1980), Deer et al. (1963), Mattigod and Sposito (1978), Ne-
mecz (1981), Ross and Hendricks (1945), Tardy and Garrels
(1974), and van Olphen and Fripiat (1979). Illite composi-
tions from Deer et al. (1963), Merino and Ransom (1982),
and van Olphen and Fripiat (1979).

showed experimentally that Ca?* and Mg?* inhibit the
smectite-to-illite reaction rate by an order of magni-
tude compared with Nat*, at a fixed K* content in so-
lutions.

Table 4 shows that the log ac,./a%y. and ay,./a%;.
ratios of pore waters in the San Emidio Nose area is
about an order of magnitude greater than those from
the North Coles Levee area. In accord with Roberson
and Lahann’s (1981) conclusions, the relative high Ca
and Mg content of San Emidio Nose waters probably
is responsible for the highly expandable I/S in that area,
compared with the North Coles Levee area. We are
reluctant to explain all of the observed data in this way,

Tabled4. Logactivity ratios of ions in pore waters from North
Coles Levee and San Emidio Nose areas.!

Field name North Coles Levee San Emidio Nose
N 5 2
Sample depth (m) 2590-2780 3660-3980
Temperature (°C) 100 120-125
Log(agx./ay.) 44 + 0.2 46 = 0.2
Log(acsz+/a%.) 11.4 + 0.4 12.1 + 0.1
Log(apg2/a%:.) 10.2 = 0.5 11.5 = 0.5
Log(ayg/an- 6.2 +0.2 6.5 £ 0.1

t Activity ratios calculated from well-head pore-water sam-
ples using the EQ3 computer program (Woolery, 1979) by G.
Thyne, ARCO Geoscience Group, Dallas, Texas.
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however, because Roberson and Lahann’s data suggest
slower reaction rates in the presence of abundant Ca
and Mg, yet it appears that the illitization reaction
occurs rapidly (i.e., over a narrow depth range) at suit-
able burial conditions (see Figure 6).

Effect of permeability. As discussed above, early per-
meability of a rock relative to reaction sites can affect
the progress of the illitization reaction. As shown above,
carbonate cements in sandstones appear to slow the
illitization reaction relative to that in subjacent sand-
stones; however, on a regional scale the widespread
nature of highly expandable I/S in both cemented and
uncemented samples from a given area (Figure 6)
suggests that the inhibiting effect of cementation is not
solely responsible for the overall differences in the
smectite content of I/S clays between areas.

Smectite composition. Few empirical data are available
in the literature on the reactivity of smectite of different
composition, in particular, Fe-bearing varieties. The
stability of smectite with respect to illite or chlorite
depends on, among other variables, the composition
of the smectite. For example, Dunoyer de Segonzac
(1970) showed that in Mg solutions montmorillonite
forms chlorite at 350°C. K-montmorillonites react more
readily to illite than Na or Ca varieties (Eberl, 1978).
Hydrothermal studies indicate that Mg-rich (triocta-
hedral) smectite is stable at 300°-400°C, whereas Al-
rich (dioctahedral) smectite reacts to form I/S + ka-
olinite (Eberl et al., 1978).

Qur microprobe analyses indicate generally similar
smectite compositions in the San Joaquin basin, irre-
spective of geographic or stratigraphic positions; e.g.,
the composition of a smectite from more volcanogenic
Oligocene sandstones (Continental KCI B-1 well, 2825
m, Table 3)is not significantly different from a smectite
from less volcanogenic Miocene sandstones.

The composition of San Joaquin basin smectites are
generally similar to those from the Gulf Coast, aside
from the lower octahedral Al/Fe content of the latter.
The effect of this difference in composition on the ob-
served differences in the proportion of smectite layers
in I/S in the two regions is, however, not clear. The
slightly higher Al content of the San Joaquin smectites
should make them more reactive (see Boles and Franks,
1979), but their preservation in the San Joaquin basin
does not support this contention. On the other hand,
the apparent narrow transition interval from highly
expandable to slightly expandable I/S may be due to
this aluminous composition.

Residence time. Experimental studies have shown the
effect of time on the smectite-to-illite reaction (Eberl
and Hower, 1976); however, Bruce (1984) recently con-
cluded that geologic age is not important to the reac-
tion. The present work shows that residence time with-
in a specific temperature window or range of TTI values
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correlates with the percentage of smectite layers in 1/S.
The importance of residence time to the I/S reaction
has come to light in the San Joaquin samples due to
their very short residence times at elevated tempera-
tures. The data indicate that after a reaction begins, it
goes to completion (or near completion) over a narrow
temperature interval (Figure 7).

ACKNOWLEDGMENTS

The authors gratefully acknowledge financial support
from NSF grant 12932 (Boles) and from the ARCO
Research Group, Dallas, Texas. One of us (Ramseyer)
was funded by a post-doctoral research fellowship from
the Swiss National Foundation. Core samples and tech-
nical assistance were provided by ARCO and Tenneco,
Bakersfield, California. Samples were also obtained
from California Core Repository, California State Col-
lege, Bakersfield, with the assistance of curator Jack
Tucker. The authors appreciate the suggestions of the
editor and the technical referees for improving the
manuscript.

REFERENCES

Aoki, S., Kohyama, N., and Sudo, T. (1974) An iron-rich
montmorillonite in a sediment core from the northeastern
Pacific: Deep Sea Research 21, 865~875.

Bartow, A. J. and McDougall, K. (1984) Tertiary stratig-
raphy of the southeastern San Joaquin Valley, California:
U.S. Geol. Surv. Bull. 1529-J, J1-J41.

Bateman, P. C., Clark, L. D., Huber, N. K., Moore, J. G.,
and Rinehart, C. D. (1963) The Sierra Nevada batholith:
U.S. Geol. Surv. Prof. Pap. 414D, D1-D46.

Boles, J. R. and Franks, S. G. (1979) Clay diagenesis in
Wilcox sandstones of southwest Texas: implications of
smectite diagenesis on sandstone cementation: J. Sed. Pe-
trol. 49, 55-70.

Brigatti, M. F. (1983) Relationships between composition
and structure in Fe-rich smectites: Clay Miner. 18, 177-
186.

Brigatti, M. F. and Poppi, L. (1981) A mathematical model
to distinguish the members of the dioctahedral smectite
series: Clay Miner. 16, 81-89.

Brindley, G. W. and Brown, G. (1980) Crystal Structures of
Clay Minerals and Their X-ray identification: Mineralogi-
cal Society Monograph No. 5, London, 495 pp.

Bruce, C. H. (1984) Smectite dehydration—its relation to
structural development and hydrocarbon accumulation in
northern Gulf of Mexico basin: Amer. Assoc. Petrol. Geol.
Bull. 68, 673-683.

Burst,J. F. (1969) Diagenesis of Gulf Coast clayey sediments
and its possible relation to petroleum migration: Amer.
Assoc. Petrol. Geol. Bull. 53, 73-93.

Callaway, D. C. (1971) Petroleum potential of San Joaquin
basin, California: in Future Petroleum Provinces of the
United States— Their Geology and Potential, 1. H. Cram,
ed., Amer. Assoc. Petrol. Geol. Memoir 15, 239-253.

Deer, W. A., Howie, R. A, and Zussman, J. (1963) Rock
Forming Minerals, Volume 3—Sheet Silicates: Wiley, New
York, 270 pp.

Dunoyer de Segonzac, G. (1970) The transformation of clay
minerals during diagenesis and low-grade metamorphism:
a review: Sedimentology 15, 281-346.

Eberl, D. (1978) Reaction series for dioctahedral smectites:
Clays & Clay Minerals 26, 327-340.


https://doi.org/10.1346/CCMN.1986.0340202

124

Eberl, D. and Hower, J. (1976) Kinetics of illite formation:
Geol. Soc. Amer. Bull. 87, 1326-1330.

Eberl, D., Whitney, G., and Khoury, H. (1978) Hydrother-
mal reactivity of smectite: Amer. Mineral. 63, 401-409.
Howard, J. J. (1981) Lithium and potassium saturation of
illite/smectite clays from interlaminated shales and sand-

stones: Clays & Clay Minerals 29, 136-142.

Hower, J., Eslinger, E., Hower, M., and Perry, E. (1976)
Mechanism of burial metamorphism of argillaceous sedi-
ments: 1. Mineralogical and chemical evidence: Geol. Soc.
Amer. Bull. 87, 725-737.

Johns, W. D, and Shimoyama, A. (1972) Clay minerals and
petroleum-forming reactions during burial and diagenesis:
Amer. Assoc. Petrol. Geol. Bull. 56, 2160-2167.

Lahann, R. W. (1980) Smectite diagenesis and sandstone
cement; the effect of reaction temperature: J. Sed. Petrol.
50, 755-760.

Mattigod, S. V. and Sposito, G. (1978) Improved method
for estimating the standard free energies of formation
(G°,298.15) of smectites: Geochim. Cosmochim. Acta 42,
1753-1762.

Merino, E. and Ransom, B. (1982) Free energies of for-
mation of illite solid solutions and their compositional de-
pendence: Clays & Clay Minerals 30, 29-39.

Nemecz, E. (1981) Clay Minerals: Akademiai Kiado, Bu-
dapest, 547 pp.

Perry, E. A. and Hower, J. (1970) Burial diagenesis in Gulf
pelitic sediments: Clays & Clay Minerals 18, 165-177.

Perry, E. A. and Hower, J. (1972) Late-stage dehydration
in deeply buried pelitic sediments: Amer. Assoc. Petrol. Geol.
Bull. 56, 2013-2021.

Peters, Tj. and Hofmann, B. (1984) Hydrothermal clay min-
eral formation in a biotite-granite in northern Switzerland:
Clay Miner. 19, 579-590.

Powers, M. C. (1967) Fluid-release mechanisms in com-

https://doi.org/10.1346/CCMN.1986.0340202 Published online by Cambridge University Press

Ramseyer and Boles

Clays and Clay Minerals

pacting marine mudrocks and their importance in oil ex-
ploration: Amer. Assoc. Petrol. Geol. Bull. 51, 1240-1254.

Reynolds, R. C. and Hower, J. (1970) The nature of inter-
layering in mixed-layer illite/montmorillonites: Clays & Clay
Minerals 18, 25-36.

Roberson, H. E. and Lahann, R. (1981) Smectite to illite
conversion rates: effects of solution chemistry: Clays & Clay
Minerals 29, 129-135.

Ross, C. S. and Hendricks, S. B. (1945) Minerals of the
montmorillonite group: U.S. Geol. Surv. Prof. Pap. 205B,
23-79.

Srodofi, J. (1980) Precise identification of illite/smectite in-
terstratifications by X-ray powder diffraction: Clays & Clay
Minerals 28, 401-411.

Tardy, Y. and Garrels, R. M. (1974) A method ofestimating
the Gibbs energies of formation of layer silicates: Geochim.
Cosmochim. Acta 38, 1101-1116.

Towe, K. M. (1962) Clay mineral diagenesis as a possible
source of silica cement in sedimentary rocks: J. Sed. Petrol.
32, 26-28.

van Olphen, H. and Fripiat, J. J. (1979) Data Handbook for
Clay Minerals and other Non-Metallic Minerals: Pergamon
Press, New York, 346 pp.

Waples, D. W. (1980) Organic Geochemistry for Explora-
tion Geologists: Burgess, Minneapolis, 95-137.

Webb, G. W. (1981) Stevens and earlier Miocene turbidite
sandstones, southern San Joaquin Valley, California: Amer.
Assoc. Petrol. Geol. Bull. 65, 438-465.

Woolery, T. J. (1979) Calculation of chemical equilibrium
between aqueous solution and minerals: EQ3/6 software
package: Univ. Calif. Lawrence Livermore Lab UCRL-
52658, 41 pp.

(Received 16 February 1985, acceptd 17 December 1985;
Ms. 1466)


https://doi.org/10.1346/CCMN.1986.0340202



