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Abstract—In situ thermal recovery methods such as cyclic steam stimulation (CSS) are required to extract
highly viscous bitumen from the Clearwater Formation oil sands of Alberta, Canada. The injection of hot
fluids during CSS has altered the mineralogy of the sands, resulting in the loss of some minerals (e.g.
disseminated siderite, volcanic glass) and precipitation of others (e.g. zeolites and abundant hydroxy-
interlayered smectite). The high temperatures and high water�rock ratios associated with CSS might also
alter the oxygen and hydrogen isotopic compositions of pre-existing clay minerals even in the absence of
mineralogical changes. The present study exploits this fact to track the movement of injected hot fluids
during CSS. Berthierine, a common diagenetic clay mineral in the Clearwater sands, survived CSS but
acquired substantially lower d18O and d2H values in cores located 410 m from the injection well. In
contrast, the oxygen and hydrogen isotopic compositions of berthierine in cores located further from the
injection well were generally unaffected, except at the depth of steam injection where horizontal fractures
facilitate greater lateral penetration of hot fluids. Smectitic clays in near-injector cores also acquired lower
d18O values during CSS, but a systematic shift in d2H values was not observed. While hydrogen-isotope
exchange undoubtedly occurred, the particular combination of temperature and H isotopic composition of
the injected fluid used during CSS appears to have yielded post-steam d2H values that are indistinguishable
from pre-steam values. Only samples from near-injector core G-OB3 that contain hydroxy-interlayered
smectite have lower d2H values as a result of CSS.
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INTRODUCTION

The oxygen and hydrogen isotopic compositions of

clay minerals are determined in large part by the

corresponding isotopic compositions of the water from

which they form and the temperature of crystallization,

with higher temperature equating to lower d18O and

higher d2H values for a given water composition (Savin

and Hsieh, 1998). Other factors also affect the isotopic

compositions of clay minerals, including: (1) chemical

composition of the clay (Suzuoki and Epstein, 1976;

O’Neil, 1987; Savin and Lee, 1988); (2) salinity of the

fluid (Horita et al., 1995); and (3) pressure (Horita et

al., 1999; Horita et al., 2002). To complicate matters

further, the d18O and d2H values of clay minerals can

be modified by exchange after crystallization. Oxygen-

isotope exchange is generally negligible below 100ºC

(O’Neil and Kharaka, 1976; Yeh and Savin, 1977) but

the likelihood of exchange increases at higher tem-

peratures, with significant O-isotope exchange occur-

ring by 300ºC (O’Neil and Kharaka, 1976). Hydrogen is

more susceptible to isotopic exchange than oxygen,

with measurable H-isotope exchange occurring at

100ºC (O’Neil and Kharaka, 1976) or even lower

temperatures given sufficient time and/or high water–

rock ratios (Bird and Chivas, 1988; Longstaffe and

Ayalon, 1990; Kyser and Kerrich, 1991; Mizota and

Longstaffe, 1996).

Oxygen isotopic analysis of clay minerals was shown

by Longstaffe (1994) to be useful in defining the extent

of steam penetration in the near-wellbore region of the

kaolinite-rich Wabiskaw Member oil sands deposit which

underlies the Clearwater Formation in the Primrose area

of Alberta, Canada (northern portion of the Cold Lake

deposit; Figure 1). Clay minerals are ideal for this

purpose given their susceptibility to O- and H-isotope

exchange at high water�rock ratios and elevated

temperatures. In the present study this characteristic of

clay minerals was exploited to track the penetration of

hot fluids injected into the Clearwater Formation oil

sands deposit of Cold Lake, Alberta (Figure 1).

The Lower Cretaceous Clearwater Formation is

composed of poorly consolidated sands deposited in a

brackish to marine, tide-dominated deltaic environment

(Harrison et al., 1981; Visser et al., 1985; McCrimmon

and Arnott, 2002). In the Cold Lake area (Figure 1),

these sands contain ~296109 m3 of heavy oil and

bitumen (ECRB, 2012). Because of the bitumen’s high

viscosity and relatively deep burial (450�500 m), in situ

thermal recovery methods such as cyclic steam stimula-

tion (CSS) and steam-assisted gravity drainage (SAGD)
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are required for its extraction (Jiang et al., 2010). During

CSS, ~80% quality steam (i.e. steam to water ratio of

80:20) is injected into the reservoir at temperatures of

250�320ºC and pressures high enough to fracture the

reservoir (>10 MPa). Fluid injection continues for at

least 1 month, after which the fluid is allowed to sit in

the reservoir for a period of time before the bitumen-

water mixture is produced from the injection well for

several months (Shepherd, 1981; Kry, 1992; Gallant et

al., 1993). Each injection-soak-production period is

referred to as a cycle and each well undergoes multiple

cycles resulting in typical cumulative bitumen recoveries

of ~20%. It is believed that the steam-affected zone is

ellipsoidal in shape with a major axis aligned along the

Figure 1. Map showing the Peace River, Athabasca, and Cold Lake oil sands deposits in Alberta, Canada, and the locations of the

Wolf Lake, Cold Lake Production Project (CLPP), Leming, and May pilots within the Cold Lake deposits (R � range, Twp �
township). The Primrose area of the Cold Lake deposits is located to the north of the study area.

Figure 2. Simplified schematic of the Clearwater Formation oil sands reservoir suggesting how CSS works and the relative locations

of near- and distal-injector cores. Injected fluid is thought to move upward and outward (Gallant et al., 1993) resulting in greater

bitumen recovery within and above the injection zone (i.e. the lightly shaded region) and lower recovery below and further away

from the injection zone (i.e. the progressively darker shaded regions).
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preferential flow path and that, with each successive

cycle, the region of steam contact grows upward and

outward from the injection zone (Gallant et al., 1993;

Figure 2). Within 10 m of the injection well, the

temperature commonly exceeds 100ºC while at 20�50 m

from the injection well the temperature is rarely >50ºC

(Vittoratos, 1986). Thus, the effects of CSS on bitumen

mobilization, mineralogical reactions, and isotopic

exchange between clay minerals and the injection fluid

and/or bitumen are expected to be greatest near the

injection well, at and above the level of steam injection

(Longstaffe, 1994). To test this idea, the oxygen and

hydrogen isotopic compositions of berthierine and

smectitic clays, which are the most abundant clay

minerals in both pre- and post-steam Clearwater oil

sands, were determined for near-injector (410 m) and

distal-injector (20�50 m) samples.

Five pre-steam cores and eight post-steam cores (four

near-injector and four distal-injector) were sampled

(Table 1). These cores come from four sites within the

Cold Lake oil sands deposit (Wolf Lake, then operated by

Amoco, and Leming, May, and the Cold Lake Production

Project (CLPP), which were operated by Esso/Imperial

Oil; Figure 1). Most post-steam cores were obtained from

mid-life CSS operations after 5�9 steam cycles.

However, core May B-12A was taken after 18 cycles of

steaming by a combination of CSS (steam injection and

production from the same vertical well) and steam

flooding (steam injection into one vertical well and

production from an adjacent vertical well). Fluid was

injected into the formation either through a single

injection zone (cores BB-13A, OB1, OB4) or through

multiple injection zones (May B-12A and all G-OB

cores). The injection history for core D23-6A is more

complicated. Fluid was first injected near the base of the

reservoir for two cycles and then injected at a second zone

higher in the formation for four further cycles.

ANALYTICAL TECHNIQUES

All samples contained high concentrations of bitu-

men, which was removed by Soxhlet extraction (Draper

et al., 1955) with toluene following the method

described by Fagan (2001). The toluene was then

evaporated from the solid and bitumen fractions, both

were weighed, and the percentage of bitumen established

using these measurements. Soxhlet extraction was

generally effective in removing most of the bitumen,

although in some post-steam samples trace amounts of

pyro-bitumen, a sulfur-rich bitumen-alteration product

formed during CSS, remained.

The mineralogy of pre- and post-steam sands was

characterized by scanning electron microscopy (SEM),

electron microprobe analysis (EMPA), and X-ray

diffraction (XRD) analysis of bulk samples and the

2�45 mm and <2 mm size fractions separated via settling

according to Stokes Law. During this procedure 3%

sodium hypochlorite was used to flocculate the <2 mm
size fraction after its separation; the clear supernatant

was then decanted, and the remaining material was

washed repeatedly with distilled water. Preparation of

oriented samples of the <2 mm size fraction for XRD

analysis involved suction-deposition of K- and

Ca-saturated samples onto individual ceramic disks.

X-ray diffraction patterns were then obtained in the

order listed: (1) K-saturation and heating overnight at

107ºC (0% relative humidity); (2) K-saturation and

equilibration over saturated MgNO3 (54% relative

humidity); (3) K-saturation and heating to 300ºC for

3 h; (4) K-saturation and heating to 550ºC for 2.5 h;

(5) Ca-saturation and equilibration over saturated

MgNO3 (54% relative humidity); and (6) Ca-saturation

and solvation with ethylene glycol.

The relative percentage of each clay mineral was

calculated using the Ca-saturated, ethylene-glycol

Table 1. Pre- and post-steam cores studied1.

Pre-steam cores Near-injector cores Distal-injector cores Core location2 Reservoir characteristics
(410 m) (20�50 m)

May B-12 (11.6%) May B-12A (4.4%) n.a. May Clean sands with minor
clasts and shale layers

G06 (11.1%) G-OB3 (4.0%) G-OB1 (9.3%) Leming Clean sands
G-OB2 (9.1%)

D23-08 (10.5%) n.a. D23-6A (7.7%) CLPP Abundant clasts, shale
layers, and carbonate-
cemented zones

BB-12 (9.6%) BB-13A (7.5%) n.a. Leming Clean sands with many
bitumen-poor zones

3L (10.2%) OB1 (6.5) OB4 (9.8%) Wolf Lake Abundant detrital clays

1 Average bitumen content given in parentheses.
2 Refer to Figure 1 for core locations.
n.a.: Core not available.
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solvated and the K-saturated, 550ºC diffraction patterns.

For each clay mineral the (001) diffraction intensity was

measured and adjusted using form factors (i.e. 461.0 nm

peak, 260.7 nm peak, and 16 the most intense

diffraction of other phases; Biscaye, 1965).

Concentrated samples of berthierine and smectitic

clays for isotopic analysis were prepared by slow-speed

centrifugation (2456g) of the <2 mm size fraction to

obtain the <1 mm size fraction, followed by high-

gradient magnetic separation as described by Hornibrook

and Longstaffe (1996). The purity of each concentrate

was determined by XRD analysis of a randomly oriented

sample and relative mineral abundances were estimated

from background-corrected and form-factor-adjusted

peak areas of characteristic diffractions. Concentrates

containing >70% berthierine were deemed sufficiently

pure for isotopic analysis. Separating high-purity smec-

titic clay was challenging, making it necessary to

perform isotopic analysis on concentrates containing,

in some cases, only 50% smectite. Isotopic results for

these concentrates were corrected for berthierine con-

tamination using the percentages of each clay estimated

by XRD and by assuming that: (1) the presence of minor

contaminants (quartz, feldspar, illite) had no influence

on d2H values and negligible influence on d18O values;

(2) berthierine by weight contains twice as much

hydrogen and three-quarters as much oxygen as inter-

layer water-free smectite, and (3) berthierine in pre-

steam and distal-injector cores had d18O and d2H values

similar to average pre-steam berthierine (+11.8% and

�110%, respectively) and berthierine in near-injector

cores had the same isotopic compositions as the closest

berthierine concentrate analyzed.

Prior to isotopic analysis, all clay samples were

heated to remove adsorbed and interlayer water, which

readily exchanges with atmospheric water at room

temperature (Savin and Epstein, 1970). Berthierine

samples were pre-treated at 150ºC for 2.5 to 3.0 h as

described by Hornibrook and Longstaffe (1996).

The choice of a pre-treatment temperature for

smectitic clays was more difficult, given that some

smectitic clays can retain residual interlayer water up to

300ºC while structural hydrogen can be released at

temperatures as low as 200ºC if the clay is poorly

crystallized (Marumo et al., 1995; Fagan and Longstaffe,

1996). Also, the chemical pretreatments used to remove

bitumen and organic matter (Soxhlet extraction with

toluene and bleaching with sodium hypochlorite) may

increase the retention of residual interlayer water in

smectites. Failure to remove all interlayer water can lead

to d2H values that are too high (Fagan, 2001). Because

retention of residual interlayer water is heavily depen-

dent on the type of smectitic clay and its interlayer

cation composition, in vacuo stepwise-heating experi-

ments were conducted on the Clearwater Formation

smectites to determine the temperature range over which

interlayer water is released. Following the procedure of

Marumo et al. (1995), the quantity and isotopic

composition of hydrogen evolved at 21ºC, from

21�100ºC, in incremental steps of 100ºC between 100

and 600ºC, and from 600�1000ºC were measured for

post-steam samples containing smectite (May B-12A-8)

and hydroxy-interlayered smectite (HIS; May B-12A-9).

A pre-treatment temperature of 150ºC was selected for

all smectite-rich samples based on the results of these

experiments (Figure 3).

Following pre-heating, structural oxygen was extracted

from clay minerals using the BrF5 method of Clayton and

Mayeda (1963) and converted quantitatively to CO2 over

red-hot graphite. The international standard NBS-28 and

an in-house quartz standard yielded average d18O values

of +9.6�0.1% (n = 2) and +11.6�0.2% (n = 8),

respectively, which compare well with expected values

of +9.6% and +11.5%. Average d18O reproducibility of

clay samples was better than �0.2% (n = 3). Structural

hydrogen was extracted from clay minerals using the

uranium method described by Godfrey (1962) and Kyser

and O’Neil (1984). The average d2H value obtained for an

in-house chlorite standard (�48�2%; n = 5) compares

well with the expected value of �47%. Average d2H
reproducibility of clay samples was better than �2% (n = 5).

Oxygen- and H-isotope results for the silicates were

determined with a two-point VSMOW-SLAP calibration

and are reported in the standard d-notation relative to

VSMOW.

The isotopic compositions of two boiler-feed water

samples (i.e. water from which the steam for CSS was

generated) from the Leming pilot were measured by

water-CO2 equilibration for oxygen (Roether, 1970) and

by zinc reduction of water for hydrogen (Coleman et al.,

1982). One of these boiler-feed waters was generated

from Cold Lake freshwater and the other was water

produced from the injection well during CSS and

recycled back as injected water. An in-house water

standard analyzed at the same time yielded a d18O value

of �7.1%, which compares well with the expected value

of �7.2%. Reproducibility of d18O analyses was better

than �0.1%. The average d2H values of the international

standard GISP and an in-house water standard analyzed

with each batch of clay and water samples were

�191�1% (n = 5) and �135 � 2% (n = 13), which

compare well with expected values of �190% and

�136%, respectively. Oxygen- and H-isotope data for

water are reported in the standard d-notation relative to

VSMOW.

RESULTS

Pre-steam mineralogy

The Clearwater Formation sands are unconsolidated,

fine- to medium-grained litharenites and feldspathic

litharenites (Harrison et al., 1981; Putnam and

Pedskalny, 1983; Visser et al., 1985; Prentice and

Wightman, 1987). Rock fragments (predominantly
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Figure 3. Results of a stepwise-heating experiment to determine: (a) the temperatures at which smectitic clays released adsorbed,

interlayer, and structural water in vacuo; and (b) the H isotopic composition of that water. Adsorbed water evolved at 21ºC is

characterized by low d2H values (�62 and �80%; smectite and HIS, respectively). The majority of interlayer water was evolved

between 21 and 100ºC and is characterized by much higher d2H values (�20 to �7%), as was observed by Marumo et al. (1995).

Residual interlayer water and possibly a very small fraction of the structural hydrogen were released between 100 and 200ºC.

However, most of the structural hydrogen, including hydrogen from hydroxy-interlayer material, was released between 200 and

400ºC. Sample May B-12A-9, which contains hydroxy-interlayer material, yields hydrogen at a lower temperature (i.e. 300 vs.

400ºC) and exhibits a much larger decrease in d2H between 200 and 300ºC. Only a minor amount of structural hydrogen was evolved

at these temperatures for smectite sample May B-12A-8.
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volcanic grains and chert) are abundant, with lesser

amounts of quartz, feldspar, and highly altered grains,

and only trace amounts of detrital dolomite. Illite-

smectite and illite are the dominant detrital clay minerals

(Racki, 1991; Wickert, 1992; McKay and Longstaffe,

1997). These disseminated clays are most abundant in

the lower part of the reservoir, as are shale laminae

composed of dioctahedral smectite and illite-smectite.

Shale clasts containing trioctahedral smectite and side-

rite are present throughout the formation.

Berthierine is the most abundant diagenetic clay

mineral (typically 40�60% of the <2 mm size fraction)

and O-isotope data suggest crystallization from a

brackish to fresh porewater (Hornibrook and

Longstaffe, 1996). Diagenetic smectite and chlorite-

smectite are generally restricted to discrete intervals

throughout the formation where they typically make up

10�40% of the <2 mm size fraction. As yet, no reliable

model exists for predicting where smectitic clays will

occur, although O-isotope data suggest that these clays

formed in a more marine environment characterized by

porewater d18O values closer to 0% (McKay and

Longstaffe, 1997). Kaolinite is limited in abundance

and generally restricted to sands near the base of the

Clearwater Formation in the Cold Lake area

(Abercrombie et al., 1989; Longstaffe et al., 1992).

Kaolinite is much more common in the Clearwater

Formation reservoir sands of the Primrose area to the

north (Beckie and McIntosh, 1989; Longstaffe et al.,

1992; Longstaffe, 1994; McKay and Longstaffe, 1997).

A variety of diagenetic minerals is present in the

Clearwater Formation at Cold Lake. At least three

generations of calcite cements (early grain-coating

calcite, Fe-rich pore-filling calcite, and late pore-lining

calcite) are present in carbonate-cemented zones that

typify the Clearwater Formation (McKay and

Longstaffe, 1997). Disseminated, pore-filling siderite

(up to 11%) and rare siderite nodules are also present, as

are minor to trace quantities of chlorite, clinoptilolite,

pyrite, feldspar overgrowths, analcime, halite, and

fluorite.

Post-steam mineralogy

The mineralogy of post-steam Clearwater Formation

oil sands is similar to that of pre-steam sands with some

notable exceptions that are generally restricted to near-

injector cores (Table 2). Grain-coating berthierine

(Figure 4) remains the most abundant clay mineral (up

to 93% of the <2 mm size fraction), even in sands that

underwent extensive CSS (e.g. core May B-12A). Pre-

and post-steam berthierine have a similar lath-like habit

and grain-coating texture, and evidence that berthierine

was affected during CSS is limited (e.g. Figure 4c vs.

4d). Pore-filling kaolinite is present in the lowermost

reservoir sands in post-steam cores May B-12A, G-OB1,

G-OB2, and G-OB3, as it was in the pre-steam sands

(Longstaffe et al., 1990; Racki, 1991; this study). A
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variety of smectitic clays, including smectite, chlorite-

smectite, illite-smectite, and HIS, were identified in

post-steam cores (Figure 5). With the exception of HIS,

these smectitic clays are also present in pre-steam cores.

Abundant HIS (up to 62% of the <2 mm size fraction) is

restricted to post-steam cores, notably near-injector

cores May B-12A and G-OB3 (Figure 6). HIS is much

less common in distal-injector cores and is not present in

pre-steam cores except for BB-12 (Figure 6). The HIS is

distinguished in XRD analysis from ‘normal’ smectitic

clays by its failure to collapse to 1.0 nm when heated to

107ºC overnight after K saturation; by comparison, the

other smectitic clays undergo almost complete collapse

to 1.0 nm under these conditions (Figure 7). Despite its

high abundance, however, HIS was impossible to

identify petrographically because pre- and post-steam

smectitic clays are texturally similar (Figure 5a,b). The

only clay neoformed during CSS was an Fe-rich phase

(possibly chlorite), which occurs as thick pore-linings

associated with volcanic rock fragments (Figure 5c,d).

This Fe-rich clay’s limited distribution in near-injector

cores suggests that it is not HIS.

Diagenetic siderite and sideritized clasts, which occur

in minor quantities in pre-steam cores, are absent from

most samples from near-injector post-steam cores. The

one exception is core G-OB3, which contains siderite in

the lowermost portion of the reservoir, 10 m below the

uppermost injection zone. Siderite is present in all distal-

injector post-steam cores. Cemented zones composed of

pore-filling and pore-lining diagenetic calcite (i.e.

carbonate-cemented zones; Figure 8a,b) are common in

all near- and distal-injector cores, suggesting that

Figure 4. Berthierine in post-steam cores. (a) Photomicrograph (plane-polarized) of grain-coating berthierine (arrows) in near-

injector core May B-12A; (b) scanning electron microscope (SEM) image of berthierine (b arrows) coating detrital grains (marked

‘d’) in distal-injector core GOB2; (c) SEM image of berthierine in distal-injector post-steam core GOB2; the lath-like habit is typical

of pre-steam berthierine; (d) SEM image of berthierine in near-injector core May B-12A. Compared to Figure 4c, this berthierine is

slightly ragged, possibly reflecting the presence of neoformed smectite, but the typical lath-like habit of berthierine is still

recognizable.
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wholesale calcite dissolution did not occur. However,

minor calcite dissolution was observed at the edges of

some carbonate-cemented zones (Figure 8c). In addition,

calcite was precipitated near the injection zone in those

post-steam cores where dissolution of carbonate-cemen-

ted zones was observed (May B-12A and D23-6A). The

meniscus-like, pore-filling habit of this calcite

(Figure 8d) suggests growth in a pore system containing

immiscible fluids, probably water and hydrocarbons.

The composition of this post-steam calcite is highly

variable, from pure calcite (99.9 mole% CaO) to Fe- and

Mn-rich calcite (413 mole% FeO and 48.0 mole%

MnO).

Three types of zeolite (clinoptilolite, analcime, and

wairakite) were identified in the post-steam cores.

Clinoptilolite, which occurs as small blocky crystals, is

common in pre-steam sands and was apparently

unaffected by CSS (Figure 9a,b). Trace amounts of

pore-filling analcime occur in pre-steam sands, but it is

much more common in post-steam sands (up to 5% of

the 2�45 mm size fraction), particularly in smectite-rich

zones (Figure 9c,d). Small (10�20 mm) soccer ball-like

crystals of wairakite, a Ca-rich zeolite, were observed

only in post-steam sands (Figure 9e,f).

Isotopic compositions of pre-steam clays

Previously reported d18O values for pre-steam

berthierine range from +6.6 to +13.1% (Longstaffe et

al., 1990, 1992; Hornibrook and Longstaffe, 1996;

McKay and Long s t a f f e , 1 9 97 ; He , 2 0 01 ) .

Corresponding d2H values range from �122 to �102%
(Hornibrook and Longstaffe, 1996; He, 2001). Pre-steam

berthierine analyzed during this study has similar

oxygen and hydrogen isotopic compositions (d18O =

+11.0 to +13.4%; d2H = �112 to �106%; Table 3a).

Pre-steam diagenetic smectitic clay samples mea-

Figure 5. Smectitic clay minerals in post-steam cores. (a�b) SEM images of diagenetic smectitic clay in post-steam core May

B-12A; (c) Backscattered electron (BSE) image of pore-lining, Fe-rich clay, possibly chlorite (arrow), which is present exclusively

in post-steam cores (sample May B-12A-11); (d) SEM image of Fe-rich clay formed during CSS (sample GOB3-11).
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Figure 6. Down-core concentrations of smectitic clay in the <2 mm size fraction of samples from pre- and post-steam cores. The

shaded areas indicate injection zones. S = smectite, HIS = hydroxy-interlayered smectite, pre = pre-steam, post = post-steam, near =

410 m from injection well, and distal = 20 to 50 m from injection well.
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sured in this study have d18O values ranging from +18.1

to +20.4% following correction for berthierine contam-

ination (Table 4a). These values are similar to those

reported by Longstaffe et al. (1992) (d18O = +18.0 to

+18.4%), but higher than those obtained by He (2001)

(+13.9 to +14.7%). The d2H values of pre-steam

diagenetic smectite (corrected for berthierine contam-

ination) range from �113 to �98% (Table 4a), similar

to results obtained by He (2001) (�110 to �106%).

Detrital smectite from a shale clast (pre-steam sample

D23-08-17) has a similar O isotopic composition to the

diagenetic smectitic clays, but its H isotopic composition

is much lower (�123%, Table 4a).

Isotopic compositions of post-steam clays

Berthierine samples from near-injector, post-steam

cores are characterized by lower d18O (+0.7 to +6.8%;

average +4.8%) and d2H (�135 to �119%; average

�122%) values relative to pre-steam berthierine

(Figure 10a; Table 3b). The only exception is berthier-

ine from sample OB1-6 (located 17 m above the

injection zone), which is isotopically similar to pre-

steam berthierine (Figure 10a). There is no evidence that

either the O or H isotopic compositions of berthierine in

May B-12A, the most extensively steamed core, were

altered more than berthierine in other near-injector

cores. In most cases, berthierine from distal-injector,

Figure 7. XRD patterns for the <2 mm size fraction for: (a) HIS in sample OB1-16; and (b) smectite in sample May B-12A-28. Arrows

indicate the 001 diffraction for HIS or smectite in each diffraction pattern. HIS is differentiated from smectite by a peak between 1.4

and 1.0 nm in the K�0% pattern (this diffraction occurs at ~1.0 nm for ‘normal’ smectite). Illite (at 1.0 nm) and berthierine �

kaolinite (at 0.7 nm) are also present.
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post-steam cores is isotopically similar to pre-steam

berthierine (Figure 10a; Table 3c). The exception is

sample D23-6A-19, which has d18O and d2H values

which are more like those of near-injector berthierine

(Figure 10a). This sample is from <0.5 m above the

uppermost injection zone in the corresponding injection

well (Table 3c).

Post-steam samples rich in diagenetic smectitic clays

(i.e. excluding shales) have berthierine-corrected d18O
values of +7.5 to +19.8% and d2H values of �107 to

�80% (Table 4b,c). In general, smectitic clays from

near-injector cores have lower d18O values than pre-

steam smectitic clays (Figure 10b). The only exceptions

are samples G-OB3-30 and 32, which are located >10 m

below the uppermost depth of steam injection; these

samples have d18O values similar to pre-steam smectitic

clays (Figure 10b). In contrast to d18O, smectitic clays in

near-injector cores do not exhibit a systematic shift in

d2H values (Figure 10b). On closer inspection, however,

the d2H values of smectitic clays located above the

uppermost depth of steam injection in near-injector core

G-OB3 (samples 6, 10, and 15; Figure 10b) are lower

than the d2H values of smectitic clays located well below

the uppermost depth of steam injection (i.e. samples 30

and 32; Figure 10b). The d18O and d2H values of

smectitic clays from distal-injector cores are generally

similar to pre-steam smectitic clays (Figure 10b).

Detrital smectitic clays from shale layers and clasts in

both near- and distal-injector cores exhibited larger

differences in terms of d18O with respect to pre-steam

clay (>11% lower than the pre-steam shale sample) than

the diagenetic smectitic clays. No significant difference

Figure 8. Carbonate cements in post-steam cores. (a) Photomicrograph (crossed polars) of a bitumen-free, carbonate-cemented zone

composed of Fe-rich, pore-filling calcite (Cc). These zones are common in both pre- and post-steam cores. (b) Photomicrograph (crossed

polars) of a bitumen-saturated, carbonate-cemented zone containing late diagenetic, grain-coating calcite (arrows). Such zones are present

in both pre- and post-steam cores. (c) BSE image of a carbonate-cemented zone from post-steam core May B-12A. The carbonate cement

(Cc) has ragged edges (arrow) where it contacts the now-vacant pore space (black), which is suggestive of partial dissolution during CSS.

(d) Photomicrograph (crossed polars) of calcite (Cc) precipitated during CSS. This calcite typically has a meniscus-like habit (arrows),

which is suggestive of growth in a pore system containing immiscible fluids, probably water and hydrocarbon.
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Figure 9. Zeolites in post-steam cores. (a) BSE image of tabular crystals of early diagenetic clinoptilolite (arrows) within a calcite-

cemented zone (core May B-12A); (b) SEM image of clinoptilolite (C) and smectitic clay (possibly HIS) in post-steam sample May

B-12A-9; (c) BSE image of pore-filling analcime (A) in post-steam core May B-12A; (d) SEM image of analcime (A) in post-steam

sample GOB3-32; (e) BSE image of small (10�20 mm) crystals of wairakite (W) formed during CSS prior to crystallization of post-

steam calcite (Cc); (f) SEM image of wairakite (W) formed during CSS.
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was observed, however, in d2H values compared to the

range of pre-steam smectite values (Figure 10b).

Isotopic compositions of boiler-feed water

There was no opportunity to sample boiler-feed

water, steam condensate, or produced water at the time

of CSS. Two boiler-feed water samples were obtained

from the Leming pilot shortly thereafter, however. One

sample of treated fresh surface water has d18O =

�11.4% and d2H = �107%. The second sample

(recycled produced water) has d18O = �12.6% and

d2H = �122%. The similarity in d18O values of these

two waters suggests that CSS had little effect on the O

isotopic composition of the produced water. The lower

d2H value of the produced water may indicate hydro-

carbon contamination, or H-exchange between the water

Table 3a. Oxygen- and hydrogen-isotope results for pre-steam berthierine.

Core/Sample d18O d2H Mineralogy1

– (%, VSMOW) –

D23-08-10 +11.0 �111 81B, 17S, 2Q
BB-12-8 +11.2 �106 84B, 15S, 1Q
3L-4 +11.3 �110 76B, 18S, 2Q, 2I, 2F
3L-7 +12.0 �112 83B, 14S, 3Q
3L-22 +13.4 �110 77B, 20S, 3Q

Table 3b. Oxygen- and hydrogen-isotope results for near-injector berthierine.

Core/Sample d18O d2H Mineralogy1 Location relative to
— (%, VSMOW) — injection zone(s)2

May B-12A-3 +6.3 �119 74B, 19S, 4Q, 3I 12.0 m above upper IZ
May B-12A-21 +4.8 �120 86B, 12S, 2Q between upper and lower IZs
May B-12A-23 +5.3 �120 82B, 16S, 2Q between upper and lower IZs
G-OB3-12 +3.6 �119 93B, 6S, 1Q 9.0 m above upper IZ
G-OB3-18 +3.0 �124 90B, 4S, 2Q, 2I, 2F 3.5 m above upper IZ
BB-13A-436.24 +6.8 �123 84B, 16S, <1Q 5.0 m above IZ
BB-13A-9 +4.2 �119 89B, 11S, <1Q in IZ
BB-13A-12 +3.1 �128 86B, 13S, 1Q 0.5 m below IZ
OB1-6 +10.6 �114 97B, 3S, <1Q 17.0 m above IZ
OB1-28 +0.7 �135 86B, 12S, 2Q in IZ

Table 3c. Oxygen- and hydrogen-isotope results for distal-injector berthierine.

Core/Sample d18O d2H Mineralogy1 Location relative to injection zone(s)2

– (%, VSMOW) –

G-OB1-5 +10.7 �108 87B, 12S, 1Q 15.5 m above upper IZ
G-OB1-11 +12.1 �113 78B, 21S, 1Q in upper IZ
G-OB2-3 +12.1 �109 79B, 20S, 1Q 19.0 m above upper IZ
G-OB2-6 +11.5 �104 74B, 25S, 1Q 2.5 m above upper IZ
G-OB2-9 +12.2 �110 76B, 22S, 2Q in upper IZ
D23-6A-4 +12.1 �109 80B, 19S, 1Q 25.5 m above upper IZ
D23-6A-5 +10.7 �114 89B, 10S, 1Q 23.0 m above upper IZ
D23-6A-7 +11.8 �103 70B, 28S, 2Q 19.0 m above upper IZ
D23-6A-11 +12.8 �111 72B, 20S, 5Q, 3F 10.5 m above upper IZ
D23-6A-14 +11.9 �106 83B, 15S, 2Q 8.0 m above upper IZ
D23-6A-17 +10.5 �105 91B, 8S, 1Q 4.5 m above upper IZ
D23-6A-19 +6.7 �119 90B, 6S, 4Q <0.5 above upper IZ
D23-6A-26 +9.2 �112 88B, 11S, 1Q 10.0 m below upper IZ, 5 m above lower IZ
OB4-3 +11.3 �102 86B, 13S, 1Q 16.5 m above IZ
OB4-10 +13.0 �106 79B, 20S, 1Q 5 m above IZ

1 Percentage of berthierine (B), smectitic clay (S), quartz (Q), illite (I), and feldspar (F) estimated from XRD.
2 IZ � Injection zone
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and bitumen (bitumen d2H = �138%; Marcano, 2011),

or it may simply reflect disproportionate recovery of

steam-condensate compared to total injected fluid.

Boiler-feed water samples from other pilot sites in the

Cold Lake area have similar isotopic compositions

(d18O = �12.1 to �11.3%; d2H = �123 to �104%;

He, 2001).

DISCUSSION

Mineralogical changes

In near-injector cores, CSS has caused complete

dissolution of siderite, minor dissolution of carbonate-

cemented zones, alteration of the glassy matrix of

volcanic rock fragments, and precipitation of calcite,

zeolites (analcime and wairakite), and an Fe-rich clay

Table 4a. Oxygen- and hydrogen-isotope results for pre-steam smectitic clays.

Core/Sample d18O d2H Mineralogy2

—— (%, VSMOW)1 ——

May B-12-11 +18.5 (+20.4) �112 (�113) 68S, 25B, 4Q, 3F
G06-9 +16.8 (+18.1) �103 (�98) 68S or CS, 23B, 6Q, 3I
D23-08-17 (shale clast) +18.4 (+19.1) �120 (�123) 83DiS or CS, 11B, 6Q
BB-12-131 +16.0 (+18.3) �110 (�110) 55S, 40B, 5Q

Table 4b. Oxygen- and hydrogen-isotope results for near-injector smectitic clays.

Core/Sample d18O d2H Mineralogy2 Location relative to injection
zone(s)3

— (%, VSMOW)1 —

May B-12A-1 (shale) +0.2 (+0.2) �121 (�121) 89DiS � IS, 8Q, 3I 14.0 m above upper IZ
May B-12A-4 (shale clast) +4.9 (+4.8) �119 (�119) 88TriS, 8B or K, 4Q 12.0 m above upper IZ
May B-12A-8 +9.9 (+10.7) �109 (�102) 73S or HIS, 22B, 5Q 9.0 m above upper IZ
May B-12A-9 +13.8 (+16.1) na 67HIS, 27B, 6Q 6.5 m above upper IZ
May B-12A-12 +13.4 (+14.6) �105 (�99) 80HIS, 15B, 5Q 3.5 m above upper IZ
May B-12A-28 +6.8 (+7.5) �109 (�97) 62S or HIS, 35B, 3Q In lower IZ
May B-12A-38 (shale) +7.4 (+7.5) �109 (�108) 89DiS � IS, 5B, 6Q 7.5 m below lower IZ
May B-12A-41 +7.3 (+8.2) �106 (�91) 61S, 34B, 5Q 9.5 m below lower IZ
G-OB3-6 +7.8 (+9.0) �107 (�98) 70HIS, 25B, 4Q, 1I 18.0 m above upper IZ
G-OB3-10 +7.8 (+9.9) �108 (�94) 56HIS, 35B, 4Q, 1I, 4F 12.0 m above upper IZ
G-OB3-15 +8.3 (+11.7) �107 (�87) 46HIS, 40B, 6Q, 3I, 5F 6.0 m above upper IZ
G-OB3-23 +9.0 (+11.9) �107 (�84) 58S or HIS, 39B, 3Q 1.5 m below upper IZ
G-OB3-26 +13.1 (+13.9) �101 (�85) 50CS, 44B, 3Q, 3F 4.5 m below upper IZ, in middle IZ
G-OB3-30 +15.2 (+17.1) �100 (�85) 54CS, 40B, 4Q, 2I 9.5 m below upper IZ, in lower IZ
G-OB3-32 +17.1 (+19.8) �97 (�80) 56CS, 37B, 4Q, 3I 13.5 m below upper IZ, 1.0 m

below lower IZ
BB-13A-4 +9.4 (+10.7) �112 (�98) 53CS, 34B, 10Q, 3I 12.0 m above IZ

Table 4c. Oxygen- and hydrogen-isotope results for distal-injector smectitic clays.

Core/Sample d18O d2H Mineralogy2 Location relative to
—— (%, VSMOW)1 —— injection zone(s)3

G-OB2-10 +16.3 (+17.7) �108 (�106) 67S or CS, 28B, 3Q, 2I 1.5 m below upper IZ
G-OB2-11 +16.9 (+17.9) �106 (�103) 77HIS, 20B, 3Q 4.0 m below upper IZ, in middle IZ
G-OB2-12 +18.5 (+19.7) �108 (�107) 77HIS, 18B, 5Q 6.5 m below upper IZ, 1 m below

middle IZ
G-OB2-13 +15.9 (+17.3) �104 (�100) 62S, 28B, 6Q, 7I 10.0 m below upper IZ, in lower IZ
G-OB2-15 +16.9 (+18.6) �102 (�95) 66HIS, 29B, 5Q 13.0 m below upper IZ, 1.5 m below

lower IZ
G-OB1-18 +15.7 (+17.9) �98 (�80) 52S, 39B, 7Q, 2I 10.5 m below upper IZ, within

lower IZ
D23-6A-513m (shale) +6.1 (+5.8) �113 (�114) 90TriS, 6B, 4Q In lower IZ

1 Results following correction for berthierine contamination are given in parentheses.
2 Percentage of smectitic clay (S), dioctahedral smectitic clay (DiS), trioctahedral smectitic clay (TriS), hydroxy-interlayered
smectite (HIS), chlorite-smectite (CS), quartz (Q), illite (I), and feldspar (F) estimated by XRD.
3 IZ = Injection zone
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Figure 10. Hydrogen vs. oxygen isotopic compositions of (a) pre- and post-steam berthierine and (b) pre- and post-steam smectitic

clays, including shale layers and clasts (sh). Near-injector berthierine samples trend toward the predicted d18O and d2H values for

berthierine that has completely exchanged at 150ºC with an injected fluid of d18O =�12% and d2H =�107% ($ in Figure 10a. The

shaded boxes outline the ranges in d18O and d2H values of pre-steam and distal-injector clays analyzed during the present study.
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mineral (possibly chlorite). Similar results were obtained

during previous experimental, modeling, and post-steam

core studies (Boon, 1977; Perry and Gillott, 1979;

Sedimentology Research Group, 1981; Boon and

Hitchon, 1983; Boon et al., 1983; Hutcheon, 1984;

Hebner et al., 1986; Lefebvre and Hutcheon, 1986; Kirk

et al., 1987; Gunter and Bird, 1988; Gunter et al., 1989;

Tilley and Gunter, 1988; Cathles et al., 1990; Hutcheon

and Abercrombie, 1990; Shevalier et al., 1992; Fialka et

al., 1993; Chakrabarty and Longo, 1994; Longstaffe,

1994; Mok et al., 1995; Zhou et al., 1995, 1999; He,

2001). Many of these studies also documented neofor-

mation of smectitic clays in accord with the present

results. Above the injection zone in near-injector cores

May B-12A and G-OB3, the abundance of smectitic clay

is substantially greater than in corresponding pre-steam

cores (Figure 6a,b). This zone of smectite enrichment

coincides with the occurrence of HIS, which is

characteristic of post-steam cores and particularly

abundant in some near-injector cores. However, not all

near-injector cores are characterized by an increase in

smectitic clay content. The amounts of smectitic clays in

near-injector cores BB-13A and OB1 are similar to those

in pre-steam cores and HIS is limited (Figure 6c,d). Pre-

steam texture, particularly the presence of abundant

grain-coating bertherine, could have limited the forma-

tion of smectitic clay in these cores by isolating reactive

rock fragments and detrital carbonate. Solution pH may

also have influenced the formation of smectite because it

controls the dissolution of carbonate, which supplies

cations for smectite formation (Gunter and Bird, 1988;

Hutcheon et al., 1990). Carbonate dissolution is also

responsible for the production of large quantities of CO2

during CSS (Hutcheon et al., 1989, 1990; Cathles et al.,

1990). Water produced from late cycle wells at the

Leming pilot is close to chemical equilibrium with

calcite (Abercrombie et al., 1989), thus explaining the

precipitation of calcite (Figure 8d) in near-injector cores

May B-12A and D23-6A.

Mineralogical changes that were expected, but not

observed, are equally important to consider. Berthierine

is the most common clay mineral in pre-steam

Clearwater Formation oil sands within the Cold Lake

area, and also in post-steam sands, even for cores that

experienced extensive CSS. For example, the <2 mm size

fraction in pre-steam core May B-12 contains an average

of 55% berthierine. The corresponding <2 mm size

fraction in near-injector post-steam core May B-12A

retains an average of 40% berthierine, despite the sands

having undergone 18 steam injection/production cycles.

The wholesale conversion of berthierine to Fe-saponite

observed in laboratory experiments (Zhou et al., 1995,

1999) was not observed in this field study. Moreover,

little textural evidence was found that berthierine was

modified significantly by CSS, although it was over-

grown by neoformed smectitic clay in some samples

(Figure 4b). Zhou et al. (1995) studied the reactivity of

berthierine in acidic, neutral, and alkaline solutions at

various temperatures, and found that berthierine altered

rapidly to Fe-rich smectite and analcime in alkaline

solutions at 250ºC. However, at lower temperatures

(150ºC) and lower pH (neutral to acidic conditions),

berthierine reactivity was limited (Zhou et al., 1995,

1999), which appears to have been the case for the cores

examined in the present study. In turn, the preservation

of grain-coating berthierine has served to isolate highly

reactive rock fragments (a source of Si and other cations;

Dudley and Moore, 1992; Huang and Longo, 1994) from

injected fluids, further limiting smectite formation. Such

armoring may explain why near-injector cores from

berthierine-rich regions (cores BB-13A and OB1)

contain little HIS. The low abundance of other reactants

(e.g. kaolinite and disseminated carbonates) and their

distribution in the Clearwater Formation also probably

played a role in restricting smectite formation. Abundant

kaolinite is present only in the lowermost portion of the

reservoir, below the depth of steam injection in most of

the post-steam cores studied. The preservation of

kaolinite even in near-injector cores indicates that

interaction between the injected fluid and reservoir

sands was limited below the injection zone, probably

because of the steam’s tendency to move upward and the

reduced permeability in the lower portion of the

reservoir arising from abundant detrital clays and shale

laminae.

Isotopic changes

Determining the extent of fluid�rock interaction

from mineralogical data alone is difficult because the

effects are not simply related to the presence or absence

of the injected fluid. For example, lack of HIS formation

could mean that: (1) a portion of the reservoir was not

heated by contact with hot fluids; (2) components

necessary to form HIS (e.g. rock fragments, dissemi-

nated carbonates, and kaolinite) were not present; and/or

(3) grain-coating berthierine shielded reactive compo-

nents from injected fluids. Comparison of the oxygen

and hydrogen isotopic compositions of pre- and post-

steam clay minerals (berthierine and smectitic clays)

provides a means to better understand the effects of CSS

on the reservoir.

Berthierine. While berthierine was preserved during

CSS, the evidence is clear that isotopic exchange in

near-injector cores resulted in lower d18O and d2H
values (Figure 10a). Only one near-injector berthierine

sample was unaffected (OB1-6, Figure 10a), probably

because of its large distance (17 m) above the injection

zone and the presence of a shale barrier between this

sample and the underlying injection zone. In contrast to

near-injector cores, the O and H isotopic compositions of

berthierine in distal-injector cores were unaffected by

CSS with the exception of sample D23-6A-19

(Figure 10a). The lack of change suggests that:
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(1) berthierine did not undergo isotopic exchange below

~100ºC (the maximum temperature in distal-injector

well G-OB2); or (2) the injected fluid did not penetrate

the distal reservoir because bitumen saturation remained

too high and hence permeability was too low. That said,

distal-injector sample D23-6A-19, from a depth corre-

sponding to the top of the injection zone, did undergo

isotopic exchange, suggesting that hot fluids moved

horizontally from the injection zone and through the

formation for at least 20 m, probably following fractures

created during fluid injection. However, fluid movement

was restricted vertically, as indicated by the lack of O

and H isotope exchange in sample D23-6A-17, located

only 4.0 m above sample D23-6A-19 (Table 3).

The temperature and isotopic compositions of the

injected fluid must be known to calculate the extent of

O-isotope exchange affecting these clay minerals.

Boiler-feed water from the Leming pilot had d18O
values of �12.6 and �11.4 % (average �12%), similar

to boiler-feed water and steam condensate from other

Cold Lake pilot sites (He, 2001). Vittoratos (1986)

suggested that the temperatures in near-injector cores

commonly exceeded 100ºC. Using the berthierine-water

O-isotope geothermometer of Hornibrook and

Long s t a f f e ( 1 996 ) [ 1 000 l na b e r t h i e r i n e - H 2 O
=

5.174(103)T�1 + 2.483(106)T�2 � 0.430(109)T�3 +

0.039(1012)T�4 � 13.59], and assuming complete re-

equilibration at 5100ºC with the boiler feed water (d18O
= �12%), yields berthierine with d18O values of <0%
(e.g. �4% at 150ºC). In reality, only one near-injector

berthierine sample (OB1-28, d18O = +0.7%; Figure 10a)

has a d18O value close to the predicted value. Most near-

injector berthierine d18O values are higher (+3.1 to

+6.8%) indicating either: (1) complete isotopic

exchange at relatively low temperatures (40�90ºC); or

(2) incomplete isotopic exchange at higher temperatures

(e.g. 30�70% at 150ºC). Option 1 is unlikely given that

the O isotopic composition of berthierine in distal-

injector cores was generally unaffected at such tempera-

tures. Option 2 is supported by the fact that near-injector

berthierine samples trend toward the predicted d18O
value for complete isotopic exchange at 150ºC from a

water of �12% (Figure 10a). The apparent absence of

O-isotope exchange between berthierine and injected

fluids in the distal-injector cores may indicate that

reservoir temperatures were not high enough for long

enough to cause exchange. The injected fluids were less

likely, however, to penetrate this portion of the reservoir

because of the presence of bitumen in the pore space.

Distal-injector cores contain 7.7 to 9.8% bitumen (~80%

of original bitumen content) whereas near-injector cores

contain 4.0 to 7.5% bitumen (~50% of original bitumen

content) (Table 1).

Hydrogen-isotope exchange between clay minerals and

water typically occurs more readily and at lower

temperatures than O-isotope exchange (O’Neil and

Kharaka, 1976; Bird and Chivas, 1988; Longstaffe and

Ayalon, 1990; Sheppard and Gilg, 1996). Thus, H-isotope

exchange was expected for berthierine from both near-

injector and distal-injector cores. However, with the

exception of sample D23-6A-19, evidence for H-isotope

exchange is restricted to near-injector cores (Figure 10a).

The lack of H-isotope exchange in distal-injector cores is

probably due to the combination of low reservoir

temperatures during CSS and limited bitumen mobiliza-

tion, which restricted penetration of injected fluids. For

near-injector samples, the extent of H-isotope exchange

can be estimated using an injected fluid d2H of �107%,

the value for boiler-feed water derived from fresh surface

water, and by assuming that the chlorite-water H-isotope

fractionation factor of �40% (Marumo et al., 1980) is

applicable to berthierine at CSS temperatures. In reality,

the H-isotope fractionation is probably >40% because

berthierine has a higher Fe/(Fe+Mg) ratio (Marumo et al.,

1980; Sheppard and Gilg, 1996); how much larger,

however, is unknown. Under these conditions, completely

exchanged berthierine should have a d2H value of �147%
or lower. Instead, measured d2H values are higher (�135

to �119%) suggesting incomplete H-isotope exchange.

Given that the data plot close to the theoretical trend line

for O- and H-isotope exchange between berthierine and

injected fluid (Figure 10a), the amounts of H- and O-

isotope exchange were probably of similar magnitude.

This observation suggests that exchange occurred by

hydroxyl (OH�) replacement, as expected at >100ºC

(Longstaffe and Ayalon, 1990).

Smectitic clays. In near-injector cores, smectitic clays

generally have lower d18O values than they do in pre-

steam and distal-injector cores (Figure 10b). The

exceptions to this observation provide further informa-

tion about the penetration of injected fluids into the

reservoir. Near-injector samples from >9 m below the

upper injection zone in core G-OB3 (samples 30 and 32)

have d18O values similar to pre-steam smectitic clays

(Figure 10b). This indicates very limited, if any,

interaction with the injected fluid, which is consistent

with siderite preservation in this portion of the reservoir.

Lower vertical permeability due to abundant detrital

clays and shale layers, as well as limited bitumen

mobilization, probably restricted fluid penetration below

the upper injection zone.

Only one distal-injector smectitic sample (shale

sample D26-6A-513m; Figure 10b), from a depth

corresponding to the lower injection zone, experienced

O-isotope exchange. Berthierine was similarly affected

at the depth of the upper injection zone (sample D23-6A-

19; Figure 10a). Hot fluids appear to have penetrated

greater horizontal distances in both injection zones in

core D23-6A while in post-steam core G-OB3 fluid

movement into the formation occurred primarily at the

upper injection zone. These differences relate to how

CSS was conducted. In the case of core D23-6A, steam

was first injected at the lower zone for two cycles and
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then a second injection zone was created higher up,

followed by four more CSS cycles. Thus, isotopic

evidence exists for fluid penetration at both depths. In

the case of core G-OB3, all three injection zones were

created at the same time and the isotopic data clearly

show that fluids entered the formation preferentially via

the uppermost injection zone.

If the smectitic clays neoformed from, or exchanged

completely with, the injected fluid (d18O = �12%) then

their equilibrium d18O values should range from ~�7%
( 250 ºC ) t o +2% ( 100 ºC) ( ca l cu l a t ed us i ng

1000lnasmectite�H2O
= 2.58(106)T�2 � 4.19; Savin and

Lee, 1988). The near-injector post-steam smectitic clays,

except for one shale, have higher d18O values. In

particular, the values for samples rich in HIS range

from +7.5 to +16.1%. Such compositions suggest that:

(1) HIS formed by addition of hydroxy-interlayer

material to pre-existing smectitic clays and inherited

most of its oxygen from these precursors; or (2) HIS

formation occurred during the earliest stage of CSS

when reservoir temperatures were relatively low (well

below 100ºC). The fact that HIS is observed in distal-

injector cores that lack other evidence of CSS (Table 2)

supports both of these assertions. Addition of hydroxy-

interlayer material to pre-steam, diagenetic smectitic

clays may also have attenuated O-isotope exchange

during later stages of CSS by restricting fluid access to

the clay interlayer.

The H-isotope geochemistry of smectitic clays is

even less well understood than that of oxygen. The

smectitic clay-water H-isotope fractionation is more

sensitive to chemical composition (particularly octahe-

dral cation composition) than temperature, ranging from

�30 � 5% for Fe-poor smectite to �90 � 10% for Fe-

rich clays such as nontronite (Suzuoki and Epstein,

1976; Kyser, 1987; Marumo et al., 1980, 1995; Gilg and

Sheppard , 1996; Sheppard and Gi lg , 1996) .

Nevertheless, H-isotope exchange between smectitic

clays and water should occur more rapidly and at

lower temperatures than O-exchange (O’Neil and

Kharaka, 1976). Thus, the lack of a systematic decrease

in the d2H values of near-injector post-steam smectitic

clays, as was observed for berthierine, was unexpected.

However, interpretation of the data is complicated

because the samples are mixtures of naturally occurring

detrital and diagenetic clays with variable starting d2H
values that have been modified to differing degrees by

CSS. The problem is simplified by focusing on a single

near-injector core. In near-injector core G-OB3 the

expected shift to lower d2H values was observed, but

only above the upper injection zone and only in samples

containing HIS (samples 6, 10, and 15; Figure 10b).

Samples from just below the depth of the upper injection

zone (G-OB3-23 and -26), which do not contain HIS,

have d2H values similar to samples from well below the

depth of steam injection (G-OB-30 and -32) that

presumably were unaffected by exchange (Figure 10b).

Even more interesting is the fact that samples G-OB3-23

and -26 exhibit evidence of O-isotope exchange, despite

the apparent lack of H-isotope exchange. Shale samples,

which consist only of detrital smectite and/or illite-

smectite, also show no evidence of H-isotope exchange,

despite significant O-isotope exchange. This result is

counter-intuitive given that H-exchange between clays

and water typically occurs more rapidly and at lower

temperatures than O-exchange.

Complete H-isotope exchange between the injected

fluid (d2H = �107%) at 100�150ºC and smectitic clays

� the hydrogen isotopic fractionation of which is

assumed to be like that of illite-smectite � would

produce smectitic clays with d2H values ranging from

�134 to �119% ( 1000 lna i l l i t e / s m e c t i t e - H 2O
=

�45.3[103]T�1 + 94.7; Capuano, 1992); such composi-

tions are similar to pre-steam values (�123 to �98%).

This could explain why pre- and post-steam shale

samples, which did not change mineralogically, have

very similar d2H values.

SUMMARY

Cyclic steam stimulation of Clearwater Formation oil

sands produced substantial mineralogical changes in

near-injector cores, including dissolution of volcanic

glass and disseminated carbonates, as well as neoforma-

tion of zeolites, pore-lining calcite, and HIS. Berthierine,

the dominant clay mineral in pre-steam oil sands, was

preserved during CSS and remains the most abundant

clay mineral in the post-steam oil sands even in core

May B-12A, which was sampled after 18 steam cycles.

However, the d18O and d2H values of berthierine from

near-injector cores decreased during CSS as the result of

partial isotopic exchange with the injected fluid at

>100ºC. The d18O values of smectitic clays in near-

injector cores also decreased because of isotopic

exchange or formation of HIS. However, a systematic

change in d2H values of near-injector smectitic clays

was not observed. Only above the uppermost injection

zone in near-injector core G-OB3 was a decrease in d2H
detectable. The highly variable H isotopic composition

of pre-steam smectitic clays appears to have obscured

H-isotope exchange. In addition, the particular combina-

tion of fluid composition and temperature during CSS

has probably yielded post-steam d2H values similar to

pre-steam values, thus explaining the lack of a d2H shift

for the shales.

In distal-injector cores berthierine and smectitic clays

were generally unaffected by H- or O-isotope exchange

during CSS, which probably reflects the inability of the

injected fluid to penetrate tens of meters into the

formation because bitumen saturation was still too

high. Distal-injector core D23-6A provides an exception

to this general observation, as O- and H-isotope

exchange are detected at a depth coincident with the

injection zone. This result suggests that injected fluids
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were able to move horizontally further into the reservoir

within the injection zone, probably along fractures

generated during the injection process. Whether or not

H-isotope exchange between the clay minerals and

bitumen occurred in portions of the reservoir that were

heated, but which had no contact with injected fluid (i.e.

distal-injector cores and below the depth of steam

injection in near-injector cores), is difficult to assess.

If it did occur, it did not noticeably affect the d2H values

of the clays.

Cyclic steam stimulation resulted in the formation of

HIS in many of the near-injector cores and, less

commonly, in distal-injector cores. The O-isotope data

suggest that this clay formed by the addition of

interlayer material to pre-existing smectitic clays during

the early stages of CSS when reservoir temperatures

were still relatively low (4100ºC). This may explain

why HIS is less abundant in portions of the reservoir that

are berthierine-rich (e.g. post-steam core BB-13A);

however, it is also possible that grain-coating berthierine

isolated reactive rock fragments from the hot injected

fluid and, thus, restricted HIS formation.
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