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Abstract

The maximum temperature reached in reservoirs exploitation by thermal methods, especially the
in-situ combustion method, is an important parameter when evaluating the results of field or laboratory
studies of oil production. Mineralogical transformations often occur in reservoir rocks on heating, and
these may serve as indicators of combustion zones temperature. The usefulness of the method of
estimating reached temperature in reservoirs exploitation by in-situ combustion depends on the
mineralogical composition of the deposit, as minerals that undergo suitable transformations in the
required temperature range must be present. The paper makes an attempt at identifying the
transformations likely to serve as useful temperature indicators of in-situ combustion; the precision of the
method is necessary to be tested in laboratory experiments.
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Introduction

In-situ exploitation thermal processes rely on some means of heating the oil to cause the
reduction in viscosity necessary for it to be displaced. Thus, an important parameter at
evaluating the performance of laboratory or field tests is the maximum temperature experienced
throughout the test area. In laboratory tests, this temperature can often be determined
satisfactorily by installing thermocouples, although uncertainty may exist in regions of high-
temperature gradients, or when data points are widely spaced. In the field, additional techniques
are desirable because the optimum location of observation wells is often difficult to foresee.
Cores frequently are taken after field tests to determine residual oil saturations and to estimate
sweep efficiencies. During the field testing of an in-situ combustion process at the Sloss Field in
Nebraska (USA), the determination of mineral changes that had taken place in core specimens
was used to estimate the maximum temperature experienced [11]. The methods have also been
used in a more limited manner in other field trials in the United States [13,15]. In none of these
instances, however, has the reliability of the transformations under in-situ combustion
conditions been checked. The feasibility of using the method of estimating the reached
temperature during in-situ combustion process in the field tests involving the Alberta oil sand
(Canada) was investigated by firetube experiments [25]. A good agreement between observed
and estimated temperatures was noticed.
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In order to obtain information on temperature from combustion zones there were made
experiments based on heating in certain conditions of some cores from the reservoir and then
they were investigated with instrumental methods of physical-chemical analysis for identifying
modifications which might appear [6,26]. These attempts are useful at determining the
temperatures from combustion zones, on interpreting mineralogical modification, being
necessary to consider many factors that influence minerals behavior at thermal treatment
[18,24,29]. Using some information concerning the behavior of clay-minerals under the
influence of thermal processes in laboratory conditions requires a certain judgement imposed
both by the conditions in which this process developed and by its duration.

Argumentation of the Possibilities of Identifying and Using
Mineralogical Transformations

Mineralogical transformations often occur in reservoir rocks on heating, and these may serve as
indicators of combustion zone temperature. Previous experiments carried out both in laboratory
and in the field reveal that a number of common minerals which occur in rocks of reservoirs
exploitation by thermal methods may be potentially constrained to useful transformations. These
minerals experimentally investigated include: smectite, kaolinite, chlorite, illite, mixed-layers
I/S or C/S, calcite, dolomite and siderite, and their transformations occur at temperatures
estimated over the range 200-700°C. The concordance between the observed and the estimated
temperatures was generally good, provided that certain interfering factors were taken into
account. These factors contain the production of acids during in-situ combustion, the effects of
combustion-gas concentrations on some of the transformation temperatures, and the reaction of
certain minerals under hydrothermal conditions.

Mixed-layer clay structures have proved useful mineral geothermometers in the study of many
geothermal systems around the world [20-30]. The proportion of illite layers in mixed-layer
illite/smectite (I/S) and the ordering of I/S are effective geothermometers [19-22]. Steiner [28]
at Wairakei (New Zealand) was the first to point out the progressive transformation of
dioctahedral smectite to illite in geothermal systems. He included clay minerals within host
mineral alteration studies, and reported a predominance of smectite-like spacings at between 11
and 14A at shallow depths and the dominance of the 10 to 11A above 150°C. Steiner focused
not only on the clays but his studies also included recognizing many zeolites as useful mineral
geothermometers (including wairakite).

The studies concerning the dehydration transformation of Ca-montmorillonite within the
temperature range 30-500°C revealed that samples underwent transformations from hydrated
phase to dehydrated phase at 200°C, and as a consequence, their basal spacing collapsed from
16.02A (30°C) to around 10A (200°C) [1] (figure 1). This transformation occurs within a wide
range of temperature (120-200°C). The crystallite size decreases along with increasing
temperature in the hydrated phase, whereas size increased with increasing temperature for the
dehydrated phase (figure 2). The interlayer spacing and the proportion of the planes which were
affected in hydrated and dehydrated phases increase and respectively decrease along with
increasing the temperature.

The thermal dehydration of Ca-montmorillonite has also been studied by in-situ X-ray
diffraction at temperatures between the range 60-120°C [6]. The time-temperature dependence
of the position of the basal (001) reflection reveals that interlayer water loss on isothermal
dehydration occurs in two stages: after an initial rapid decrease in interlayer spacing (on shock
heating to an isothermal soak temperature) the reaction proceeds towards equilibrium more
slowly. The water driven off at more advanced stages of dehydration is more firmly held, being
believed to be involved in water-cation interactions. The end of dehydration is marked by a
breakdown of the interlayer after reaching a d-spacing of 10.3A. After dehydration, migration of
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the exchangeable cations begins, and they become associated with the outer tetrahedral sheet (in
the case of Ca?*) or enter vacant octahedral sites (in the case of Mg?*) [6].

During the forward combustion process, a point in the reservoir will be exposed to the following
conditions as the heated zone moves through [3,10,12,27]: (1) Downstream hydrothermal
zone: the reservoir is heated ahead of the combustion zone by the passage of hot gases,
particularly water vapour. The latter originates: (a) from the formation (connate water); (b) as a
product of combustion; and (c) from injected water (wet process only). As it cools, the water
vapours condense and a hydrothermal zone of approximately constant temperature occurs. Its
temperature depends mainly on injection pressure and is commonly in the region of 200-300°C.
Combustion gases moving through this zone contain high level of carbon dioxide but normally
no oxygen. In the field situation, these conditions may exist for several weeks or, in some cases,
several months, but in laboratory experiments they often last only a few hours.
(2) Combustion zone: the temperature reached in the combustion zone depends on many
factors but, typically, it is within the range 400-800°C in both laboratory studies and in field
studies. Normally, no liquid phase is present and the gases contain water vapours, carbon
dioxide and oxygen. In laboratory experiments, maximum temperatures are maintained for one
to two hours, but in the field they may last for several weeks. (3) Upstream zone: the
temperature drops behind the combustion zone, mainly because of heat transfer forwarded by
the injected fluids. In the wet combustion process, a hydrothermal zone is established similarly
to the one on the downstream side but of much shorter duration. No carbon dioxide is present in
the gas stream unless complex flow patterns occur.
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Fig. 1. Variation of interplanar spacing (d) Fig. 2. Plot of the crystallite size obtained by the
for Ca-montmorillonite as function of Fourier method versus the temperature at which
temperature [1]. Ca-montmorillonite samples were heated [1].

Normally, no aqueous phase is present in the combustion zone, and peak temperatures are
attained for relatively short periods. Consequently, reactions between minerals are unlikely to be
significant unless peak temperatures are unusually high. Hence, there may be used only
transformations that the minerals undergo on heating up to a maximum temperature of 1000°C.

Usually, the mineralogical composition of rocks varies considerably; the main minerals and
their overall modes of occurrence are listed in table 1. Only the minerals detectable by the X-ray
diffraction method are included, being necessary to be verified by other methods of
mineralogical investigations: optical microscopy, thermal analyses, electronic microscopy etc.
The approximate transformation temperatures included in table 1 were obtained from specialty
literature. They have guiding purpose, because they depend on many factors and preliminary
heating tests are needed to determine suitable values for each sample rock. In table 1 there are
also comments regarding the prediction of the transformations as temperature indicators.
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Table 1. Occurrence and individual transformations of minerals from the reservoirs exploited
by thermal methods (according to [26], modified).

. . Temperature  Commenton  Prediction of
Mineral Occurrence Transformation . . .
range (°C)  transformation  estimation
Quartz common major (1) a-p quartz 573 reversible unsuitable
component (2) to tridymite 870 very slowly unsuitable
Orthoclase  common minor order-disorder 500-700 slowly unsuitable
feldspar component
Plagioclase sporadically
g component in order-disorder 850-1100 slowly unsuitable
feldspar X
variable amounts
. reversible in CO;
_ sporadlcally o depends on peos o
Calcite component in dissociation > 550 decomposed b limited
variable amounts a?:id y
(1) decomposition +
dissociation of 550-800 decorr;pé?sed by suitable
sporadically MgCOs
Dolomite  component in reversible in CO;
variable amounts  (2) dissociation of . depends on pcoz -
CaCOs3 500-850 decomposed by limited
acid
sporadically decorr;;();ci)dsed by
Siderite component in decomposition 400-550 mav depends on suitable
variable amounts y pF:)z
sporadically may depends on
Pyrite component in decomposition 350-450 suitable
variable amounts Po2
common
Chloritoide  component in decomposition 550 decon;?:(i)dsed by suitable
trace amounts
heavy detectable
Muscovite  common minor (1) dehydroxylation 700-900 by X-ray unsuitable
component diffraction (XRD)
(2) decomposition 900-1000 suitable
sporadically (1) dehydroxylation 900-1000 heavgl d)(th({egable unsuitable
Biotite component in deco% 0sed b
variable amounts  (2) decomposition > 1000 aF():i q y suitable
Kaolinite  cOmmon minor (1) dehydroxylation 500-600 depends on puzo suitable
component (2) decomposition 900-1000 unsuitable
. common minor (1) dehydroxylation 500-600 heavy detectable limited
Ilite component by XRD
P (2) decomposition 750-950 suitable
. (1) brucite ) .
Chlorite csé)pnc;;?)drigﬁ'ltl?/n dehydroxylation 000 sultabl
variable amounts (2) dehydroxylgt_lon 450-800 decomp(_)sed by suitable
and decomposition acid
(1) irreversible 300-700 suitable
collapse
sporadically . . heavy detectable -
Smectite component in (2) dehydroxylation 500-750 by XRD limited
variable amounts some species
(3) decomposition 650-950 decomposed by suitable

acid
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Mineral Occurrence Transformation Temperature  Comment on Prec_hcthn of
range (°C)  transformation estimation
sporadically
Deigljlri?ged component in irreversible collapse 250-300 suitable
variable amounts
sporadically (1) dehydration 150 suitable
Halloysite V{;?;;ﬁf Qﬁ:gulgts (2) dehydroxylation 450-520 suitable
Mixed- sporadically
layers |I_I|te- component in (1) to illite 200-350 heavy detectable limited
Smectite X by XRD
variable amounts
(I/s)
Mixed-
layers sporadically
chlorite- component in (1) to chlorite 200-350 heavy detectable limited
. X by XRD
smectite  variable amounts
(CIS)
sporadically irreversible
Aragonite  component in (1) to calcite 400-500 decomposed by suitable
variable amounts acid
(1) decomposition +
dissociation of 750 decorr;;():?dsed by suitable
sporadically FeCO3
Ankerite component in reversible in CO;
variable amounts  (2) dissociation of depends on pco2 -
CaCO3 930-950 decomposed by limited
acid
sporadically (1) dehydration 100-200 suitable
Glauconite component in (2) dehydroxylation 550-625 suitable

variable amounts

The temperature at which the dissociation of calcite takes place considerably varies with carbon
dioxide pressure and may be increased by several hundred degrees centigrade under in-situ
combustion conditions. Consequently, the transformation is of limited value, as the carbon
dioxide pressure varies in a complex manner in the combustion zone and only approximate
values can be estimated. Also, the calcite reforms readily in the presence of carbon dioxide,
although the gas has not been reported behind the combustion zone in laboratory studies [10].
The exact temperature at which dissociation of calcite occurred would depend on the carbon
dioxide pressure in the combustion zone, and additional heating tests under analogous
conditions with reservoir conditions are necessary in order to determine if the transformation
may be used for estimation with precision of the temperature. When dolomite is heated, it first
decomposes into its component carbonates (calcite and magnesite). The temperature at which
this occurs is not significantly affected by carbon dioxide pressure [24] and the transformation is
irreversible. At higher carbon dioxide pressures, which are likely during in-situ combustion,
calcite rather than calcium oxide would be formed and the former mineral would dissociate at
higher temperatures. In experiments using the firetube, decomposition of the siderite was
reported to occur at 195°C [4]. This value is considerably lower than the value given in table 1,
and it is possible to occur either acid decomposition or oxidation at relatively low temperatures.

Another factor that influences the usefulness of carbonate transformation and of other acid-
soluble minerals is the production of dilute acids during in-situ combustion. When analyzed
rocks contain a sufficient quantity of carbonatic minerals for neutralizing the acids produced,
the decomposition transformations of acid-sensitive minerals may be certainly used.
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Uncertainty arises, however, with regard only to decomposition of the minerals and not to the
transformation of one species or another. Many of the clay-mineral transformations given in
table 1 involve loss of water, and the temperature at which they occur are likely to be influenced
to some degree by the partial pressure of water vapour in the gas stream. Data are available
concerning the dexydroxylation of kaolinite [30], and under in-situ combustion conditions, the
variation in dehydroxylation temperature is expected to be small. When water is injected,
hydrothermal conditions exist for a relatively short period behind the combustion zone, and it is
possible that some of the transformations could be reversed. In the case of kaolinite, tests
conducted by [26] indicate that only a limited amount of rehydration takes place and, in fact,
kaolinite may not be the equilibrium product [5]. Similarly, unusually high temperatures may be
required to collapse smectite irreversibly, because of the severe rehydration conditions behind
the combustion zone and the dependence of the transformation temperature on rehydration
conditions [18,26]. Hydrothermal reactions are likely to be more problematic in field tests than
in short-term laboratory experiments [26].

When rock samples are treated hydrothermally under neutral or basic conditions, kaolinite,
quartz and dolomite can react to form smectite and analcime [5]. Similar reactions have been
observed in field tests involving steam injection. A number of reactions are possible under such
conditions, and calcite and illite may also participate [2]. Hence decomposition of certain
minerals could occur ahead of the combustion zone and, in the case of wet forward combustion,
synthesis of others could occur behind the combustion zone. The pH and the composition of
fluid phase may be important factors, and such reactions are likely to be more significant in
field trials where the hydrothermal zones are of much longer duration.

The temperatures at which many of the transformations listed in table 1 take place vary,
depending on the heating conditions and such mineral properties as composition, particle size
and crystallinity. Therefore, for each rock sample it is necessary to determine with precision the
transformation temperatures in preliminary heating tests carried out under appropriate
conditions. The standard method of analysis used for determining of minerals present in rock
samples unaffected and affected by combustion and for tracking their transformations is X-ray
diffraction verified by optical microscopy and thermal analysis.

Conclusions

The usefulness of the method of estimating reached temperature in reservoirs exploitation by in-
situ combustion on the based of mineralogical transformations depends on the mineralogical
composition of the deposit, as minerals that undergo suitable transformations in the required
temperature range must be present. It is necessary to identify the transformations likely to serve
as useful temperature indicators of in-situ combustion and testing the precision of the method in
laboratory experiments.

Using mineralogical transformations allows temperatures to be estimated over the range 200-
700°C with a precision of about £ 50°C. In the laboratory experiments there has been observed a
good concordance between measured and estimated temperatures, and it appears that few of the
factors identified earlier had seriously influenced the reliability of mineralogical transformations
from rocks of the reservoirs exploited by in-situ combustion. Possible complicating factors
could be: (a) the production of acids during in-situ combustion; (b) the influence of pcoz, przo
and po2 on transformation temperatures; (c) the reversal of transformations involving loss of
water; (d) hydrothermal reaction in front of and behind the combustion zone.

The hydrothermal-type conditions that are found in the reservoirs exploited by this method,
conditions which presuppose the increase of the reaction rates and the existence of sources of
primary material create the premises of the formation of the neoformation minerals. At the same
time, the circulation of hot fluids through the rock pores as a result of air or/and water injection
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facilitates the dissolution and the transport in solution of the material that was prior to the
formation of the new minerals.
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Asupra posibilitatilor de estimare a temperaturii atinse in
zacamintele exploatate prin combustie Subterana pe baza
transformarilor mineralogice

Rezumat

Temperatura maximd atinsa in zdcamintele exploatate prin metode termice, in special prin combustie
subterand, este un parametru important cand se evalueaza rezultatele testelor de teren sau de laborator
asupra productiei de titei. Transformarile mineralogice apar frecvent in rocile rezervor la incalzirea
acestora, §i ele pot sd serveasca ca indicatori ai temperaturii zonei de combustie. Utilitatea metodei de
estimare a temperaturii atinse in zdacamintele exploatate prin combustie in-situ depinde de compozitia
mineralogica a zdcamdntului, deoarece trebuie sa fie prezente mineralele care sunt supuse
transformarilor adecvate intervalului de temperaturd cerut. In lucrare se urmdreste identificarea
transformarilor de naturd sd serveascd ca indicatori utili de temperaturd in conditiile combustiei in-Situ
fiind necesara testarea acuratetei metodei prin experimente de laborator.



