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CONSIDERATIONS AND APPLICATIONS OF THE ILLITE/SMECTITE
GEOTHERMOMETER IN HYDROCARBON-BEARING ROCKS OF
MIOCENE TO MISSISSIPPIAN AGE
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Abstract — Empirical relationships between clay mineral transformations and temperature provide a basis
for the use of clay minerals as geothermometers. Clay-mineral geothermometry has been applied mainly
to diagenetic, hydrothermal, and contact- and burial-metamorphic settings to better understand the
thermal histories of migrating fluids, hydrocarbon source beds, and ore and mineral formation.

Quantitatively, the most important diagenetic clay mineral reaction in sedimentary rocks is the pro-
gressive transformation of smectite to illite via mixed-layer illite/smectite (I/S). Changes in both the illite/
smectite ratio and ordering of I/S, as determined from X-ray powder diffraction profiles, correlate with
changes in temperature due to burial depth. Although the smectite-to-illite reaction may be influenced
by several factors, reaction progress appears to be strongly controlled by temperature. Studies show that
the model proposed by Hoffman and Hower in 1979 is applicable in burial diagenetic settings from about
5 to 330 Ma, and includes most rocks about Miocene to Mississippian in age. Reliability of the I/S
geothermometer is, however, dependent upon a good understanding of the rock’s original clay-mineral
composition.

Changes in the ordering of I/S are particularly useful in the exploration for hydrocarbons because of
the common coincidence between the temperatures for the conversion from random-to-ordered I/S and
those for the onset of peak, or main phase, oil generation. Here, the utility of the I/S geothermometer is
reviewed in hydrocarbon-bearing rocks of Miocene to Mississippian age. Using three common applica-
tions, the I/S geothermometer is compared to other mineral geothermometers, organic maturation indices,
and grades of indigenous hydrocarbons. Good agreement between changes in ordering of I/S and calculated
maximum burial temperatures or hydrocarbon maturity suggests that I/S is a reliable semiquantitative
geothermometer and an excellent measures of thermal maturity.
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maturity.

INTRODUCTION

Clay minerals provide information on the burial and
thermal history of sedimentary rocks that is useful in
the exploration, evaluation, and production of hydro-
carbons. The use of mixed-layer illite/smectite (I/S) as
a geothermometer and indicator of thermal maturity
in petroleum geology studies is based on concepts of
shale diagenesis that were first described in detail from
studies of the Gulf Coast (Powers, 1957, 1967; Burst,
1959, 1969; Perry and Hower, 1970; Weaver and Beck,
- 1971; Hower et al., 1976). Quantitatively, the most
important diagenetic clay reaction in shale is the pro-
gressive transformation of smectite into illite via mixed-
layer illite/smectite (I/S) because smectite plus I/S ac-
count for 30% of the total sediment/rock mass (Srodon,
1989). This reaction is also commonly referred to as
smectite diagenesis or smectite illitization (Bethke and
Altaner, 1986). The reaction is irreversible under pro-
gressive burial conditions.

Changes in the proportion of illite, smectite (also
referred to as expandability), and ordering of I/S, in-
terpreted from X-ray powder diffraction (XRD) pro-
files, correlate with changes in temperature due to buri-
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al depth (Figure 1). An empirical relationship between
these changes in 1/S and subsurface temperature was
first demonstrated by Perry and Hower (1970, 1972).
Models applying temperatures to clay minerals for their
use as geothermometers in burial diagenetic or low-
grade metamorphic settings were first proposed by
Hoffman and Hower (1979) and Weaver (1979). Sim-
ilar empirical clay mineral-to-temperature relations
have been demonstrated for hydrothermal fluid sys-
tems and contact metamorphic situations (Hoffman
and Hower, 1979). However, temperatures initiating
change in the illite/smectite ratio and ordering of I/S
differ between relatively short-lived geothermal sys-
tems and long-term burial settings. These specific
changes in I/S, therefore, indicate maximum temper-
atures provided that the proper temperature model is
used (Pytte and Reynolds, 1989; Pollastro, 1989, 1990).
It is the purpose of this paper to briefly describe some
important assumptions, considerations, and applica-
tions of I/S geothermometry, and to demonstrate its
utility as a reliable indicator of maximum temperature
and/or thermal maturity from five case-history studies
of petroleum-bearing rocks from Miocene to Missis-
sippian in age.
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Figure 1. Proportion of illite (I) layers in mixed-layer illite/

smectite (I/S) vs depth (left) and temperature (right) for sam-
ples from A) Oligocene well and B) Miocene well in Gulf
Coast region. Modified from Hower, 1981.

MODELS AND APPLICATIONS
Temperature models for 1/S geothermometry

1/S is commonly interpreted from XRD profiles of
oriented, glycol-saturated specimens of the <2 um or
finer fraction(s) (see Moore and Reynolds, 1989, for
review). Trends in I/S with depth were first defined in
detail by Reynolds and Hower (1970), who compared
XRD profiles of natural materials with calculated pro-
files. They defined three interstratification forms of I/S
using the “Reichweite” (R) notation (Reynolds, 1980):
random (R = 0), short-range (R= 1) ordered, and long-
range (R = 3) ordered (Figure 2).

Two simple time-temperature models are used for
I/S geothermometry studies (Table 1). These simple
time-temperature models are based primarily on the
duration of heating (or residence time) at critical I/S
reaction temperatures (Pollastro, 1990). The first mod-
el was proposed by Hoffman and Hower (1979) who
cautioned that its usage be restricted to rocks of Ter-
tiary and Cretaceous age because the appearance or
disappearance of an index mineral may be dependent
also on reaction time. In this report, the Hoffinan and
Hower model applies to long-term, burial diagenetic
settings where geothermal gradient is the primary heat
source and rocks are subjected to increased tempera-

Table 1. Approximate temperatures for changes in mixed-
layer illite/smectite (I/S) in Hoffman and Hower and short-
life geothermal I/S geothermometry models.

Hoffman and
Hower model

Short-life geo-
thermal model

Change in I/S (5-300 m.y.) (<3 m.y.)
Smectite-to-R = 0 I/S 50°-60°C variable
R=0toR=1 100°-110°C 120°-140°C
R=1toR=3 170°-180°C 170°-180°C
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Figure 2. Calculated X-ray powder diffraction patterns of
mixed-layer illite/glycol-smectite (I/S) with different expand-
ability and Reichweite (R) ordering using the modeling pro-
gram NEWMOD™. A) random I/S (R = 0) with 20% illite;
B) short-range ordered I/S (R = 1) with 65% illite; C) long-
range ordered I/S (R = 3) with 90% illite. Copper K, radiation.

tures due to burial (commonly in excess of 100°C) typ-
ically for tens to hundreds of millions of years. Mini-
mum heating time for the Hoffiman and Hower model
is about 2 my (Pollastro, 1990). Thus, the Hoffman
and Hower model applies to most geologic and petro-
leum studies of sedimentary rocks and basins of Mio-
cene age or older.

The second model, the short-life geothermal model,
applies to short-lived heating events and is also based
primarily on empirical relations between changes in
1/S and temperature due to burial depth. Studies of
well samples from the Colorado River Delta in Cali-
fornia by Jennings and Thompson (1986) and analysis
of the submarine fan deposits, San Joaquin Basin, by
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Ramseyer and Boles (1986) are good examples of the
short-life geothermal model. In these studies, residence
time at critical reaction temperatures for I/S is about
3 my or less, commonly 0.5 to 1 my. Geological settings
for the short-life geothermal model are those where
relatively young rocks were subject to progressive buri-
al temperatures in excess of 100°C for <3 my, such as
young basins, areas of relatively recent thermal activity
producing elevated geothermal gradients, and/or a re-
cent or short-lived hydrothermal environment or event.
The 3 my age or heating period separating the two
models, however, is somewhat arbitrary because some
variability in temperatures for smectite diagenesis is
documented for rocks <5 my in age.

Comparison of the two models is shown in Table 1.
In the Hoffiman and Hower model, the major change
from R = 0 to R = 1 ordering of I/S occurs at about
100°-110°C (Hoffman and Hower, 1979). In the short-
life geothermal model, the temperature for R =0to R
= 1 1I/S is about 120°-140°C (Jennings and Thompson,
1986; Ramseyer and Boles, 1986). The temperature for
the conversion from R = 1 to R = 3 ordering, however,
is about 170°-180°C for both models.

Common applications

The most common approaches utilizing the 1/S geo-
thermometer in diagenetic studies are: 1) vertical pro-
files from wells or outcrops, where I/S is studied through
several hundred or thousand feet of sedimentary rock
(samples from either well core or cuttings are used in
well-profile studies); 2) paleotemperature or thermal
maturity mapping on local or regional scale, where 1/S
of a particular unit or bed of interest (e.g., a potential
hydrocarbon source bed) is studied using both outcrop
and well samples to produce a geothermal history map
of the unit in the study area; and 3) unit-specific cross-
sectional profiles, where I/S in well core or cuttings of
a particular unit or bed of interest is studied in the
subsurface from a series of wells, or on the surface from
a series of outcrops, or both, commonly along a line
of section at various depths and (or) outcrop localities
within a basin or region.

Well-profile studies are the most widely used and
simplest application of I/S geothermometry in basin
history studies and petroleum exploration, producing
an “illitization reaction profile” that is compared to
the present geothermal gradient profile, organic mat-
uration profiles (commonly vitrinite reflectance), and
types and grade of hydrocarbon produced in the well
or field. The I/S geothermometer can be used to de-
termine temperature points or profiles versus depth in
wells. Temperatures for changes in I/S ordering are
assigned using the established temperature models.
Combination of two or more points produces a depth
versus temperature profile that corresponds to a max-
imum temperature. The temperatures determined from
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1/S geothermometry are then compared to those con-
structed from present-day measured well temperatures,
present geothermal gradients, or geothermal gradients
inferred for a particular time in the past.

Several applications of 1/S paleotemperature map-
ping were also published from late 1970’s to mid-1980’s,
many of which produced thermal maturity or source-
rock hydrocarbon-potential maps for a particular unit
(Schultz, 1978; Hoffman and Hower, 1979; Nadeau
and Reynolds, 1981; Rettke, 1981; Pollastro and
Scholle, 1986; Burtner and Warner; 1986). Examples
for each of the three applications are given later in this
paper where case-history studies are presented.

INTERPRETIVE CONSIDERATIONS
Factors controflling smectite illitization

Primary factors controlling the smectite illitization
reaction are temperature and potassium availability.
If potassium is available, as it is in most natural sys-
tems containing I/S, temperature appears to be the
main driving force for the reaction. Secondary factors
include time (Pytte and Reynolds, 1989; Pollastro,
1990), rock/water ratio (Whitney and Northrop, 1987;
Whitney, 1990), fluid and rock composition (Eberl,
1978; Nadeau and Reynolds, 1981; Roberson and La-
hann, 1981), starting composition of I/S (Schultz, 1978;
Rettke, 1981; Pollastro and Scholle, 1986; Freed and
Peacor, 1989; Pollastro, 1990), and pressure (Bruce,
1984; Colton-Bradley, 1987).

Perhaps the most controversial of the secondary fac-
tors is the effect of time on the reaction. Because most
hydrocarbon generation models involve time-temper-
ature calculations (Waples, 1980; Tissot and Welte,
1984), the effect of time should be considered when
I/S geothermometers are used as thermal maturity in-
dicators for petroleum source rocks. Time was first
recognized by Perry and Hower (1972) as a possible
factor affecting illitization (Figure 1). Subsequently,
several laboratory and case-history studies have sug-
gested that time is an important consideration (Eberl
and Hower, 1976; McCubbin and Patton, 1981; Sro-
doh and Eberl, 1984; Jennings and Thompson, 1986;
Ramseyer and Boles, 1986; Pytte and Reynolds, 1989;
Freed and Peacor, 1989; Pollastro, 1990).

In contrast, Weaver (1979) reviewed published data
and plotted the temperature of conversion of random
I/S to ordered I/S (the disappearance of the 17 A glycol
reflection) as a function of time (Weaver, 1979, Figure
2). He found good correlation between the composition
and degree of ordering of I/S and temperature, but no
apparent relation to age. Weaver concluded that time
had little effect on the smectite-to-illite reaction in sam-
ples from about 10 to 350 my in age. Similarly, studies
by Foster and Custard (1983), Pearson and Small (1988),
Velde and lijima (1988), Pollastro and Schmoker
(1989), and Elliott et al. (1991), among others, con-
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Figure 3. Percentillite layers (%I) in mixed-layer illite/smec-
tite (I/S) of shale, chalk, and bentonite from the Pierre Shale
and Niobrara Formation sampled from core of the Whomble
No. 1 well, Denver Basin, Colorado. Note heterogeneity in
both percent illite layers in I/S and ordering of I/S.

cluded that the smectite-to-illite reaction is largely de-
pendent upon temperature.

Interpretive problems and other
important considerations

Several important considerations are recommended
before any reliable interpretations in I/S geothermom-
etry can be made. Perhaps the most important consid-
eration is to first establish, if possible, the original com-
position(s) of the I/S within the units of interest because
many rocks contain a heterogeneous assemblage of I/S.
Additionally, detrital I/S deposited in a sediment may
contain a high proportion of illite layers. Commonly,
the illite/smectite ratio and ordering type of I/S are
heterogeneous within any one sample due to multiple
origins of the clay (Figure 3). Heterogeneity of I/S may
be caused by multiple source areas, detrital (deposi-
tional) versus authigenic (diagenetic) origins, hydro-
thermal alteration, recycling, and more rarely, weath-
ering.

Major variations in I/S commonly occur in sedi-
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mentary rocks (Figure 3) over vertical and (or) hori-
zontal intervals of meters, centimeters, or millimeters
(Pollastro and Scholle, 1986; Owen et al., 1989; Elliott
et al., 1991). Therefore, it is important to analyze sev-
eral samples from different lithologies in vertical and
horizontal profiles on a local, or perhaps regional, scale
1o establish trends related to factors other than tem-
perature, such as provenance, lithology, stratigraphy,
eustacy, paleoenvironment, paleoclimate, etc. For ex-
ample, commonly only ordered 1I/S may be present in
the samples, and a trend in I/S on XRD profiles is not
recognized from random sampling or sample profiles.
Sufficient evidence must then be established by con-
trolled sampling that illitization occurred from a pre-
cursor smectite or random I/S. Only then can the I/S
be used as an absolute geothermometer. Indeed several
workers have been disappointed in their attempts to
apply I/S geothermometry because the rocks studied
lack crucial components such ‘as smectite or highly
smectitic I/S. It is critical, therefore, to establish the
original clay-mineral composition of such rocks be-
cause detrital I/S may have undergone extensive illi-
tization during a previous burial cycle (Rettke, 1981;
Nadeau and Reynolds, 1981; Pollastro, 1981; Pollastro
and Scholle, 1986).

Control samples are important and aid in evaluating
the diagenetic extent of I/S used for determining pa-
leotemperature. Control samples with a known starting
composition are the most favorable. I/S in thin altered
volcanic ashes, particularly bentonites and tonsteins,
are very useful for determining diagenetic extent and
paleotemperatures of the enclosing rocks. The sub-
aqueous alteration of vitric volcanic ash to pure or
nearly pure smectite commonly occurs rapidly after
deposition in the relatively low temperatures of the
marine or peat swamp environments. Thus, a known
starting composition—nearly pure smectite—that is es-
sentially unreacted (i.e., has not been illitized) provides
a control or base for studying subsequent smectite dia-
genesis. Altered ashes composed almost entirely or
partly of smectite may subsequently be subjected to
increased temperature due to depth of burial or prox-
imity to intrusion or other local thermal events causing
progressive illitization. Maximum temperature can thus
be interpreted from the I/S product. Additionally, type,
amount, and extent of illitization of I/S in the bentonite
compared to I/S in adjacent lithologies can aid in es-
tablishing the diagenetic and detrital extent of adjacent
beds (Schultz, 1978; Pollastro, 1981; Rettke, 1981, Pol-
lastro and Scholle, 1986).

In the case of well profiles, core samples are preferred
over cuttings. Although it is more difficult to olLtain
core than cuttings, the latter introduce uncertainty in
specific sample depth and lithology, as well as in qual-
ity. Cuttings are originally sampled and bagged during
drilling; their reliability, therefore, is strongly depen-
dent upon the experience of the logger and other well-
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site personnel. More importantly, cuttings may become
contaminated. Contamination is common from caving
of material at shallower depth in the well and by drilling
muds, both of which can introduce higher expandable
1/S into the sample. A relatively small amount of highly
expandable I/S washed or mixed into samples recov-
ered deeper in the well can overprint more illitic I/S
upon XRD examination. This is particularly important
if one is tracing the disappearance of the 17 A glycol
phase.

Freed and Peacor (1989) found agreement between
depth and temperatures for the onset of smectite-to-
illite reaction in samples of cuttings and core from the
same Gulf Coast well, but depths and corresponding
calculated temperatures for the transition from random
to ordered I/S were different. They questioned the dis-
crepancy because the lower temperature value for the
transition was determined from core samples and the
higher temperature determined from cuttings. These
authors recognized the possibility of contamination
from shallower depths in the well where the analysis
was based on only cuttings.

Other fine-grained mineral geothermometers, par-
ticularly other clay minerals, zeolites, or metastable
silica, may coexist with I/S. For example, the presence
of corrensite and changes in diagenetic silica-phase
(opal-A-to-opal-CT; opal-CT-to-quartz) are common-
ly observed in oriented clay-sized specimens prepared
for I/S analysis. Other useful geothermometers include
vitrinite reflectance, fluid inclusions, and Rock-Eval
pyrolysis.

Petrographic analysis or other analytical techniques
should be used to characterize I/S. Thin section and
SEM analysis can help determine detrital vs authigenic
origins of clays and other minerals. In addition, it is
important to determine the bulk-rock mineralogy be-
fore any geologic interpretations are made from the
clay mineralogy (Towe, 1974). Finally, it is important
to compile other pertinent information for the study
area, such as burial history, geothermal gradient, pres-
ent-day well temperatures, or the possibility of other
local thermal events that may have promoted or in-
hibited smectite diagenesis.

RELATION AND APPLICATION TO
HYDROCARBON GENERATION AND
EXPLORATION

The relations between the I/S geothermometers and
stages of hydrocarbon generation are summarized in
Figure 4. The relations shown in Figure 4 are docu-
mented best for rocks of Tertiary and Cretaceous age,
however, may also apply to those from Miocene to
Mississippian in age. The Hoffman and Hower model
is applicable to most hydrocarbon exploration plays,
as it includes sedimentary rocks and basins older than
about 2 to 5 my. This paper will concentrate primarily
on studies where the Hoffman and Hower model is
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Figure 4. Generalized relationships between temperature,
hydrocarbon generation, and changes in mixed-layer illite/
smectite. Figure and data modified and compiled from Hoff-
man and Hower (1979), Waples (1980}, Rice and Claypool
(1981), and Tissot and Welte (1984). Relations documented
best for rocks of Tertiary and Cretaceous age, however, may
also apply to those from Miocene to Mississippian in age.

applicable. Perhaps the most important relation of I/S
to hydrocarbons is the transition from random I/S (R
= () to ordered I/S (R = 1). The temperature range of
100°-110°C for the ordering change of I/S from R =0
to R = 1 in the Hoffman and Hower model is roughly
coincident with the temperatures generally designated
for the “oil window” and approximates the tempera-
tures for the onset of peak (or main phase) oil gener-
ation in rocks of Tertiary through Cretaceous age {Tis-
sot and Welte, 1984). For example, if upon examination
of I/S in a potential source rock a distinct 17 A glycol
XRD peak is present, the rock would be designated as
immature or marginally mature with respect to oil gen-
eration. Thus, the simplest application of the I/S geo-
thermometer in burial diagenetic settings of petroleum
rocks is to interpret or record the 100°C point or iso-
therm, or the 100°-110°C isoband, using the R = 0 to
R = 1 transition.

The I/S geothermometer provides a maximum buri-
al temperature relative to basin history that can be used
as a maturation indicator for hydrocarbon generation.
This method is particularly valuable for samples lack-
ing vitrinite or other indicators from which the ma-
turity level of organic matter can be estimated directly.
Temperatures determined from I/S correlate well with
coal rank and mean vitrinite reflectance (Srodon, 1979;
Pevear et al., 1980; Nadeau and Reynolds, 1981; Pol-
lastro and Barker, 1986; Connolly, 1989), and “T_..”
(Burtner and Warner, 1986; Glassman ef al, 1989;
Velde and Espitalié, 1989). Other studies have related
changes in I/S to particular stages of oil generation
(Weaver, 1979; Foscolos and Powell, 1980; Dypvik,
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Figure 5. Comparison of temperature for smectite and silica

diagenesis. Data from Hoffman and Hower (1979) and Keller
and Isaacs (1985). Diagonal patterns indicate temperature
ranges for R = 0 illite/smectite (I/S) to R = 1 I/S, and opal-
CT to quartz transitions.

1983; Edman and Surdam, 1986; Hagen and Surdam,
1989; Pollastro and Schmoker, 1989).

Similarly, the conversion of I/S from R = 1 to R =
3 ordering, indicating a temperature of transition of
about 175°-180°C, may document the upper limit of
oil generation for a potential source rock (Figure 4).
For example, a rock containing only R = 3 I/S would
be classified as overmature with respect to oil gener-
ation and would indicate that the source rock may have
potential to generate only thermal methane. Again, this
interpretation can only be made if there is evidence
that the I/S had undergone illitization during burial
within the current basin.

CASE-HISTORY EXAMPLES OF
I’S GEOTHERMOMETRY

Five case histories are presented here where changes
in I/S are used to: 1) demonstrate and test the I/S
geothermometry model established by Hoffman and
Hower (1979), and 2) determine the thermal history
and thermal maturity of sedimentary basins and hy-
drocarbon source beds. Additionally, these studies
demonstrate the three common applications of I/S geo-
thermometry in rocks ranging in age from about 3 to
330 my (Pliocene to Mississippian).
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Figure 6. X-ray powder diffraction profiles of oriented, <2-
um glycol-saturated specimens of diatomaceous rocks from
the Union Newlove 51 well, Orcutt field, Santa Maria Basin,
California showing transition from random illite/smectite (I/
S) to ordered I/S and transition from opal-CT to quartz. A)
Sample at 1440 ft (440 m) containing random I/S (R = 0)
and opal-CT. B) Sample at 2800 ft (850 m) containing ordered
I/S (R = 1) and quartz. K = Kaolinite. Copper K, radiation.

Case #1

The first example is that of well profiles of I/S with
a coexisting silica-phase geothermometer in a study of
the siliceous, organic-rich, Pliocene and Miocene, Sis-
quoc, and Monterey Formations (3—-18 my). These in-
herently fine-grained, diatomaceous rocks are prolific
producers of indigenous, immature, low-gravity oils
(particularly the Monterey Formation) in numerous
onshore and offshore basins along the coast of Cali-
fornia. In both the Monterey and Sisquoc Formations,
diatoms were originally composed of amorphous opal-
A, and clay-rich detritus comprised mostly smectite
and I/S. Thus, the utility of both I/S and silica-phase
geothermometers may be applied and compared to
constrain the thermal histories of these petroleum source
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ORCUTT FIELD

Figure 7. Generalized south-to-north cross section from the Lompoc to Orcutt fields, Santa Maria Basin, California, showing
location and structure for Union Oil Corporation, Newlove 51 (1) and Coastal Oil and Gas, Hunter-Carcaga No. 3 (2) wells.

Dashed pattern designates Sisquoc and Monterey Formations.

and reservoir rocks (Pollastro, 1989). The I/S and sil-
ica-phase geothermometers are compared in Figure 5.
The opal-CT to quartz transition temperature, com-
monly about 75-85°C, is the primary silica-phase geo-
thermometer used here (Figure 5).

1/S and silica phases were studied and compared in
two wells from two fields with different tectonic and
thermal histories in the Santa Maria Basin, California.
The two wells, located in Santa Barbara County, are
the Union Oil Co. Newlove 51 (sec. 25, T. 9 N. R. 34
W.) well and the Coastal Oil and Gas, Hunter Careaga
No. 3 well (sec. 18, T. 8 N., R. 33 W.). About 80
samples of core from the Newlove well and 60 samples
of cuttings from the Hunter Careaga well were analyzed
by XRD for whole-rock and clay mineralogies. The
fine-grain size of both I/S and biogenic silica mandates
monitoring of both geothermometers using XRD pro-
files of the <2 um fraction (Figure 6) or finer. The
Newlove 51 well is located in the Orcutt field on a
faulted anticlinal structure with a relatively high
(~55°C/km) geothermal gradient, whereas the Hunter
Careaga No. 3 well is located about halfway between
the Orcutt and Lompoc fields in a synclinal valley with
a much lower (~35°C/km) geothermal gradient (Figure
7). Burial-history reconstructions indicate about 2500
ft (750 m) of uplift and erosion for the Newlove 51
well at Orcutt field (Pisciotto, 1981) and <330 ft (100
m) for the Hunter Careaga No. 3 well.

There is an overall progressive increase in percent
illite in 1/S with increased burial depth from about 15%
at 500 ft (150 m) to about 70% at 3600 ft (1100 m) in
the Union Newlove 51 well (Figure 8). The change
from random I/S (R = 0) to ordered I/S (R = 1) occurs
over a short depth interval beginning at about 2500 ft
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(750 m); the reaction converting al R =0to R = 1
(as can be measured by XRD) is complete at about
2625 ft (800 m) in the well (Figures 8 and 9). Because
of considerable uplift and erosion in the Orcutt area,
no original opal-A exists in core from shallowest sam-
ples at about 500 ft (150 m); thus, the opal-CT zone
occurs very near the surface. The progressive diagen-
esis of opal-CT to quartz in Newlove 51, however, can
be well documented between about 2000 ft (600 m)
and 2130 ft (650 m); quartz is the only silica phase
present in samples below 2130 ft (650 m) (Figure 8).
Similarly, a progressive illitization reaction profile
is shown in the Hunter Careaga well over a much larger
depth interval (Figure 9). The percent illite layers in
1/S increased from about 10% at 2500 ft (750 m) to
about 80% at 12,000 ft (3650 m). The transition of R
= 0to R =1 I/S occurs at about 9000 ft (2750 m) in
the Hunter Careaga No. 3 well, whereas the opal-CT-
to-quartz transition occurs at about 6000 ft (1800 m).
The utility of the I/S- and silica-phase geothermom-
eters can now be tested in the Union Newlove 51 and
Hunter Careaga No. 3 wells from the established pro-
files. Assuming a constant geothermal gradient of 55°C/
km since maximum burial, a mean average surface
temperature of 14°C, and a 2500 ft (750 m) correction
for uplift and erosion, the calculated maximum paleo-
temperature is 100°~105°C for the depth in Newlove
51 where random I/S (R = 0) is converted to ordered
I/S (R = 1) and 85°-90°C for the depth of the opal-CT
to quartz conversion (Figure 8). The temperatures cal-
culated for the Hunter Careaga well, assuming a 35°C/
km geothermal gradient since maximum burial and no
correction for uplift and erosion, are about 105°~115°C
for the R = 0 to R = 1 I/S conversion and about 75°C
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Figure 8. Superimposed plots of depth versus percent (%) %
Q

illite layers and ordering type in interstratified illite/smectite
(1I/S) (solid dots and horizontal line) and depth vs temperature
from <0.25 um fraction of core samples of diatomaceous
rocks of the Sisquoc and Monterey Formations in the Union
Oil Corporation, Newlove 51, well, Orcutt field, Santa Maria
Basin, California. Zones of random I/S (R = 0), ordered 1/S
(R = 1), opal-CT, and quartz also shown. Cross-hatch pattern
indicates reaction zone for opal-CT-to-quartz transition. Bold
line approximates smectite-to-illite reaction profile. Dashed
lines indicate: A) geothermal gradient at present burial depths
and B) reconstructed temperatures at maximum burial. Note
that opal-CT-to-quartz transition on gradient line B occurs
at about 90°C and R = 0 to R = 1 I/S change occurs at about
105°C.

for the opal-CT to quartz transition (Figure 9). These
temperatures calculated for smectite diagenesis are in
good agreement with the 100°-110°C for the Hoffman
and Hower model. Although studies have shown that
the temperature for the conversion of opal-CT to quartz
varies, it commonly occurs at about 75°-85°C (Keller
and Isaacs, 1985). Thus, temperatures of 85°-90°C and
75°C calculated for opal-CT to quartz in the wells are
also in good agreement with established silica diagen-
esis models. In summary, the temperatures derived
from I/S geothermometry are consistent with the Hoff-
man and Hower model and, furthermore, are sup-
ported by temperatures determined from silica-phase
geothermometry. Moreover, I/S and silica-phase geo-
thermometry demonstrate their potential use in pro-
viding thermal histories of the economically important
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TEMPERATURE (°C)

Figure 9. Superimposed plots of depth vs percent (%) illite
layers and ordering type in interstratified illite/smectite (I/S)
line and solid symbols and depth vs temperature from <0.25
um fraction from cuttings of the Foxen, Sisquoc and Mon-
terey, and Point Sal Formations in the Coastal Oil and Gas,
Hunter-Careaga No. 3 well, Santa Maria Basin, California.
Figure also designates zones of random I/S (R = 0), ordered
I/S (R = 1), opal-CT, and quartz. Cross-hatch pattern indi-
cates approximate reaction zone for opal-CT-to-quartz tran-
sition. Bold line approximates smectite-to-illite reaction pro-
file. Dashed line approximates present geothermal gradient.
Solid triangles indicate cutting samples contaminated by cav-
ings from shallower depths, probably from about 4000 to
6000 ft. Note opal-CT-to quartz transition occurs at about
75°Cand R = 0 to R = 1 I/S transition occurs at about 110°C.
Formations in well designated on right side of figure.

Monterey Formation in the tectonically complex Santa
Maria Basin.

The data for I/S from cuttings in the Hunter Careaga
No. 3 well show some discrepancy in the reaction pro-
file of Figure 9. The solid triangles in Figure 9 are
intervals with illite layer contents lower than expected,
as compared to the illitization pathway generally rep-
resented by the bold line. This deviation in I/S suggests
contamination, perhaps by caving of beds at shallower
depths in the well as cuttings at the drill bit were being
carried to the surface. The well-site geologist confirmed
that caving was a serious problem in the Hunter Car-
eaga No. 3 well while drilling through the Sisquoc For-
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Figure 10. Depth vs percent (%) illite layers and ordering
(R) of mixed-layer illite/smectite (I/S) and depth vs temper-
ature for sandstone and shale samples from the El Paso Nat-
ural Gas, Wagon Wheel No. 1 well, Pinedale area, Wyoming.
T\, Present-day temperatures from logs; T, maximum
burial temperature from I/S geothermometers: Tg,, maxi-
mum burial temperature from vitrinite reflectance. Note zones
ofactive and inactive overpressuring (O.P.) at right of diagram
relative to present and maximum temperature curves. Mod-
ified from Pollastro and Barker (1986) and Law ef al. (1986).

mation and that the contamination of cuttings, partic-
ularly those from lower in the unit, was very likely (C.
E. Katherman, personal communication, 1991). A later
and more careful sampling of the cuttings from these
intervals yielded 1/S with much higher illite content
consistent with those represented by the bold line of
Figure 9.

Case #2

Another example of the well profile application is a
study of low-permeability gas reservoirs from core of
the Wagon Wheel No. 1 well, northern Green River
Basin, Wyoming (Pollastro and Barker, 1986). Present-
day temperatures for lower Tertiary and Upper Cre-
taceous (about 40-85 my) rocks of the Pinedale
anticline are significantly cooler than maximum tem-
peratures determined from I/S and corrensite (C/S)
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illite/smectite (I/S) in chalk, marl, and shale, and in bentonite
vs present depth in samples from core of the Niobrara For-
mation in six wells, Denver Basin, Colorado. Modified from
Pollastro and Scholle (1986).

geothermometers, mean vitrinite reflectance (R,,,), and
fluid inclusions. The profiles of I/S and R,, are also
used to help determine the amount of uplift and erosion
in the area of the Pinedale anticline. The percent illite
in I/S and ordering of I/S versus depth for about 180
samples of sandstone and shale from the Wagon Wheel
well are shown in Figure 10.

Application of the Hoffiman and Hower model for
I/S and C/S (minimum temperature of formation at
about 90°C) in Wagon Wheel samples, produced a
maximum burial temperature profile (T,,,) for the well
(Figure 10). Similarly, a temperature profile was cal-
culated from R_,. Calculated maximum temperatures
from both clay and R, geothermometry are about 30°-
50°C hotter than present-day temperatures in the Wag-
on Wheel well; however, slopes of the maximum tem-
perature curves are similar to that of present measured
well temperatures (Figure 10). These relations suggest
that about 5600 ft (1700 m) of uplift and erosion has
occurred in this area of the Pinedale anticline; how-
ever, geothermal gradient has probably remained con-
stant since maximum burial.

Paleotemperatures determined by clay geothermom-
etry also help explain active and inactive zones of over-
pressuring in these low permeability rocks. Overpres-


https://doi.org/10.1346/CCMN.1993.0410202

128

105% 104° 103° 102°

—

t s
L n Araaof od
AL production
y tom |
« ‘ J fractured

»3) Niobeara

EXPLANATION

wivs  ACORE Aot

|NEBRA_'sm'1

Eni
ING I
i| COLOR_AQO‘;-

iy l
Area of immature i iy
gas production | /

rom Nicbrara Y,
_J._J_*'
==

ik

1

BASIN

|
|
-
TK!\NSAS'
- 41_‘ B

0 60 MI
I - 4|
] 50 100 K

Figure 12. Geothermometry map as an indicator of maxi-
mum burial temperature and thermal maturity of hydrocar-
bons for the Niobrara Formation, Denver Basin. Tempera-~
tures determined from ordering of mixed-layer illite/smectite
(I/S) in bentonite from core (solid symbols) and outcrop (open
symbols). Shaded pattern indicates areas of maximum burial
>100°C. Areas of current microbial gas (diagonal pattern) and
oil (grid pattern) from the Niobrara are shown. Small arrows
point to areas targeted for horizontal wells.

suring in the area of the Pinedale Anticline is believed
1o be caused by generation of thermal methane from
coals (Law et al., 1986). Well temperatures are insuf~
ficient at the present depths in Wagon Wheel to explain
residual overpressuring from thermal gas generation.
Maximum temperatures calculated from I/S and R,
geothermometry at time of maximum burial (about 3~
37 Ma), however, are sufficient to explain a paleoth-
ermal gas generation window at present depths coin-
cident with inactive or residual overpressuring. The
zone of active overpressuring, however, is at a depth
where present temperatures are sufficient for active
methane generation (Figure 10).

Case #3

I/S geothermometry has been uniquely applied in a
study of surface and subsurface samples of chalk, chalky
shale, and bentonite from the organic-rich, Upper Cre-
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taceous Niobrara Formation (about 75-85 my), Den-
ver Basin and adjacent areas because 1) the Niobrara
is both a petroleum source and reservoir rock in these
areas; 2) well-documented, progressive diagenetic
changes occur relative to increased depth of burial and
temperature in I/S (Figure 11) and in the chalk that
affect both reservoir quality of the chalks and the type
of indigenous hydrocarbons (microbial gas versus oil)
produced (Pollastro and Scholle, 1986); and 3) within
the past five years, the overall success of the many
horizontal wells drilled, particularly in fractured, or-
ganic-rich, thermally mature chalk or chalky shale res-
ervoirs, has rekindled interest in the Niobrara For-
mation throughout the Rocky Mountain region as an
exploration target for oil.

Chalk and chalky shale of the Niobrara contain 1I/S
with a heterogeneous illite-layer content and ordering
of I/S before any significant burial and illitization (Fig-
ure 3). Percent illite in I/S and ordering of I/S in ben-
tonite, however, is relatively homogeneous in multiple
samples from any one location and/or depth (Figures
3 and 11). In this study, I/S in bentonite beds from the
Niobrara Formation and basal Pierre Shale is used as
an indicator of thermal maturity of hydrocarbons
sourced by organic-rich chalk and chalky shale of the
Niobrara. Applying the Hoffinan and Hower model,
only random I/S (R = 0) exists in bentonite below
temperatures of about 100°C; thus, only ordered (R =
1 or greater) I/S is present in bentonites that have been
buried to temperatures above this range (>110°C). A
transitional R = 0-to-R = 1 type I/S (or imperfect? R1
1/S), i.e., I/S that is in an initial or transitional stage
of converting from random to ordered 1/S (Pollastro
and Martinez, 1985; Whitney and Northrop, 1988),
has been identified and is interpreted as forming at
temperatures just below the 100°-110°C conversion.
Transitional type I/S commonly contains about 45—
55% illite layers.

The relations between the temperatures for changes
in I/S and those for hydrocarbon generation in Cre-
taceous rocks (Figure 4) provide a basis for predicting
hydrocarbon maturity within the Niobrara form I/S
geothermometry. Additionally, biogenic methane (an
immature gas generated at low temperatures from the
decomposition of organic matter by anaerobic micro-
organisms) is produced from the Niobrara in areas
where burial temperatures never exceeded 75°C (Rice
and Claypool, 1981). The I/S geothermometer is, there-
fore, especially useful for Niobrara rocks because it
outlines areas of different degrees of thermal maturity
as related to the type of hydrocarbon generated. Areas
of lesser potential, for example, areas where maximum
burial temperature is estimated between about 75° to
100°C and thus too high for biogenic gas and too low
for thermogenic oil and(or) gas production, can also
be interpolated from I/S ordering and well production
data. Areas that are potential targets for horizontal
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Figure 13.
(dashed-in area) from sixteen wells of the Permian upper part
of the Minnelusa Formation, Power River Basin, Wyoming,
and adjacent states. Shallowest core were samples from wells
at about 1500 ft (location A) along a general southwest trend
to about 15,000 ft (Jocation B) and near basin’s axis (bold
dashed line).

Map showing general area for well-core study

wells in thermally mature, fractured, Niobrara oil res-
ervoirs should, therefore, contain only ordered I/S in
bentonites.

Figure 12 is an I/S geothermometry map applied to
maturity of hydrocarbons generated within the Nio-
brara Formation. Random (R = 0) I/S in bentonite
indicates areas of maximum burial temperatures for
Niobrara rocks <100°C, whereas ordered I/S indicates
areas where the Niobrara has been buried to temper-
atures >110°C and is thermally mature with respect
to oil generation. Similarly, transitional I/S probably
indicates maximum burial temperatures near 100°C
(perhaps about 90°-100°C) and can be interpreted as
marginally mature with respect to oil generation. The
areas of current biogenic gas and oil production from
Niobrara rocks are also indicated on Figure 12.

Case #4

The line-of-section application is demonstrated in a
study of the hydrocarbon-productive, Permian upper
part (~290-305 my) of the Minnelusa Formation,
Powder River Basin, Wyoming. About 110 samples of
eolian sandstone, dolomite, and shale were collected
from cores of 16 wells at depths ranging from about
1500 to 15,000 ft (460-4600 m) forming a general
northeast-southwest trend toward the basin axis (Fig-
ure 13). Smectitic clays are present in the sandstones
mostly as grain coatings both as early allogenic infil-
trates and as authigenic cement (Pollastro and Schenk,
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Figure 14. Depth versus mean ratio of relative weight amount
of discrete illite to mixed-layer illite/smectite (I/S) in the <2-
pm clay (solid dots and line) and depth vs temperature (dashed
lines) for core samples of eolian sandstones from the Permian
upper part of Minnelusa Formation, Powder River Basin,
Wyoming. Ordering (R) of I/S is also noted. A) geothermal
gradient at present depths and B) after correction for maxi-
mum burial. Note the absence of R = 0 I/S in samples > 11,000
ft and maximum burial temperature of about 110°C.

1991). In samples from core recovered at depths
<10,000 ft (3100 m), the amount, ordering, and ex-
pandability of I/S is variable. The mean ratio of I/S to
discrete illite (I/S:illite) in the <2 um fraction, how-
ever, decreases progressively with increasing depth
(Figure 14), suggesting that illitization has occurred
with increased burial (Pollastro, 1985). Although ran-
dom I/S is present to depths of 10,000-11,000 ft (3050-
3350 m) it is particularly abundant in core recovered
from <4000 (1200 m). In core recovered from > 11,000
ft (3350 m), however, only ordered I/S is present (Fig-
ure 14).

Burial-history reconstructions by Schenk (1990) in-
dicate about 800 ft (250 m) of uplift and erosion for
“fairway” Minnelusa fields at depths of about 7000~
8000 ft (2100~2400 m). Using the 800 ft (250 m) uplift
and erosion correction, a mean annual surface tem-
perature of 7°C, and the present geothermal gradient
of 30°C/km, the maximum burial temperature calcu-
lated at 11,000 ft (3600 m) for the approximate R =
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Figure 15. Index map and sediment thickness of Anadarko
Basin, Oklahoma, showing locations, line of section (X-X'),
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areas of burial reconstruction in Figure 17. Modified from
Pollastro and Schmoker (1989).

0 to R = 1 I/S transition is 110°C, again in agreement
with Hoffman and Hower model.

Case #5

A slightly different example of the line-of-section
application is demonstrated by a study of I/S in sand-
stone and shale of Springer and Morrow age (320-330
my), Anadarko Basin, Oklahoma (Pollastro and
Schmoker, 1989). Here, changes in ordering of I/S are
combined with Lopatin’s (1971) time-temperature in-
dex of thermal maturity (TTI) and burial history re-
constructions, 1) to test the dependence of the smectite-
to-illite reaction on temperature and time, and 2) to
relate smectite diagenesis to burial history and stages
of hydrocarbon generation.

Expandability and ordering of I/S was determined
on about 80 core samples of sandstone and shale from
13 wells forming a general northwest-southeast trend
across the Anadarko Basin (Figure 15) and spanning a
present depth range from about 4000-18,000 ft (1200-
5500 m) (Figure 15). Randomly interstratified I/S (R
= () disappears at about 9000-10,000 ft (2750-3050
m); only R =1 is found below 10,000 ft (3050 m)
(Figure 16). Assuming a constant geothermal gradient
of 24°C/km, a mean annual surface temperature of
18°C, 2600 ft (800 m) of uplift and erosion, and the
burial history reported by Schmoker (1986), calculated
maximum burial temperature is about 102°-109°C at
maximum burial depth (about 60 Ma). We concluded
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Figure 16. Percentillite layers and ordering of interstratified
illite/smectite (I/S) in sandstone and shale of Springer and
Morrow age, Anadarko Basin, Oklahoma. Arrows define com-
position “window” for 1/S vs depth. Samples from core of 13-
well profile (see Figure 15). R = 0, random I/S; R = 0, 1 both
random and ordered I/S; R = 1, only ordered 1I/S. Modified
from Pollastro and Schmoker (1989).

that all randomly interstratified I/S (R = 0) disappears,
and thus was probably converted to ordered I/S (R =
1) in Morrow and Springer age rocks at essentially the
same maximum temperature (100°~110°C) as that for
rocks of Tertiary and Cretaceous age, as suggested from
the model of Hoffman and Hower (1979).

Figure 17 relates the changes in I/S ordering to stages
of oil generation from Lopatin reconstruction in the
Anadarko Basin. The nonparallelism between the 100°~
110°C temperature band and stages of oil generation
reflects the different time dependence assumed for clay
diagenesis and kerogen maturation. The burial histo-
ries in Figure 17 relate smectite illitization in two areas
(locations A and B on Figure 15) of the basin to geologic
time, show the states of tectonic development at which
clays entered critical temperature windows, and also
show the length of time spent at or above critical tem-
peratures. The burial curve for location A illustrates
that Morrowan rocks in this area have never reached
the temperatures required for conversion of randomly
interstratified I/S to ordered I/S. XRD profiles confirm
this conclusion by showing a well-developed 17 A re-
flection in Morrowan samples from wells near location
A. Thus, although these rocks have been deeply buried
and remained at temperatures slightly cooler for some
250 my, all I/S has not been converted to the short-
range ordered variety. In contrast, the burial curve in
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Figure 17. Lopatin, burial, and temperature reconstructions
for Morrow rocks, Anadarko Basin, Oklahoma, relating or-
dering changes in interstratified illite/smectite (I/S) to burial
history and stages of oil generation. Solid lines are burial
reconstructions for top of Morrow near wells with A) ran-
domly interstratified I/S and B) only ordered 1/S (see Figure
15). Dashed lines are time-depth reconstructions for oil gen-
eration based on Lopatin modeling. Mottled zones shows
100°-110°C temperature band and represents predicted upper
limit for randomly interstratified I/S. Modified from Pollastro
and Schmoker (1989).

Figure 17 for location B indicates that Morrowan rocks
in this area reached temperatures required for the or-
dering of I/S about 265 my ago; these rocks have re-
mained at burial temperatures >110°C to the present
time. XRD profiles show that only ordered I/S is pres-
ent in Morrowan samples from wells near location B.
In addition, the burial curve for location B (Figure 17)
suggests that the conversion of randomly interstratified
1/8S to ordered 1I/S occurred just prior to the onset of
oil generation (i.e., a large proportion of smectite was
converted to illite). Such relations and interpretations
may provide insight into the effects of the smectite-to-
illite reaction on petroleum migration, reservoir ce-
mentation (Boles and Franks, 1979), and geopressures
(Bruce, 1984).

SUMMARY

Empirical relations suggest that the illitization of
smectite appears to be controlled primarily by tem-
perature. In particular, changes in I/S as documented
on XRD profiles can be a reliable maximum recording
geothermometer only after the starting composition of
1/S is established through sufficient analysis and control
samples. Moreover, the geothermometry model pro-
posed by Hoffman and Hower (1979) seems to apply
to rocks of Miocene through Mississippian in age, a
period of about 5-330 my.

I/S geothermometry can greatly assist in evaluating
the thermal and tectonic history of a sedimentary ba-
sin. Specific I/S geothermometers are approximately
coincident with temperatures for hydrocarbon “win-
dows™ and, therefore, are useful in energy exploration
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for determining the hydrocarbon-generation potential
and thermal maturity of petroleum source rocks.
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