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ABSTRACT

This research was conducted to test the hypothesis that boron isotopes in deep
sedimentary basins can be used to monitor fluid/rock/organic interactions during thermal
maturation. The thermal maturation of hydrocarbons occurs at temperatures
corresponding to the major diagenetic silicate reaction of smectite to illite. If B is
mobilized from a source rock along with the generated hydrocarbons. its interaction with
authigenic illite in reservoirs could provide a useful tracer of migrating hydrocarbon-
related fluids.

Experiments were conducted to measure the B-isotope fractionation between
mineral and water during the illitization of smectite. The temperature dependence of the
isotope fractionation was tested at 300° and 350°C. [sotopic equilibrium was approached
after 4-5 months when the illite/smectite (I/S) displayed long-range structural ordering
(~70% illitization). Results were used to construct a new B-isotope fractionation curve.

Methods were developed and tested for analyzing B and O-isotopes in clay
minerals by secondary ion mass spectrometry (SIMS). A method for analyzing B in
organic matter by thermal ionization mass spectrometry was also tested. but analyses by
SIMS are simpler. A comparison of results of the two analytical methods shows
consistency.

The fractionation curve was tested in a variety of natural geologic settings.
including hydrocarbon reservoirs in the U.S. Gulf of Mexico basin. and the Alberta basin.
Samples from a contact metamorphic aureole in the Cretaceous Pierre shale (Colorado)

provided a test of the temperature dependence of the curve, outside the realm of

iii



diagenetic temperatures. The results presented demonstrate that the B-fractionation curve
can be applied over a large range of temperatures (diagenetic to metamorphic).

The importance of this research is that it provides new isotopic data that describes
B-isotope systematics in sedimentary basins undergoing diagenesis. The magnitude of B-
isotope fractionation is large compared to other stable isotopic systems. and the
fractionation applies to a variety of diagenetic silicates. The substitution of B in
authigenic illite. with an isotopic composition reflecting the fluid chemistry at the
temperature of precipitation. may provide a useful diagenetic monitor for the migration

of hydrocarbon-related fluids in reservoirs.
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CHAPTER ONE: INTRODUCTION

The chemical dynamics of sedimentary basins undergoing burial diagenesis are so
complex that even the most fundamental questions focussing on how water moves and
transports elements through the rock, have consumed generations of researchers. One of
the most productive branches of geochemistry for enhancing our knowledge of processes
affecting fluid/rock interactions has been the study of stable isotopes. A variety of stable
isotopic syvstems of major elements (C. H. O. N. S) have been applied to deriving
important information about how rocks exchange components with aqueous fluids and
hydrocarbons during burial diagenesis: approaching equilibrium under constantly
changing physical conditions such as increasing temperature and pressure. Boron isotope
systematics have not been as widely applied to geologic problems in the sedimentary
environment because B is a trace element. and therefore it has been more difficult to
measure and understand its isotopic variations in nature. Advances in analytical methods
for measuring B-isotopes in minerals by secondary ion mass spectrometry (e.g. Hervig,
1996: Chaussidon.et al.. 1997) have made this research possible. This thesis attempts to
build on the broad foundation of stable isotopic studies by using boron isotope variations
to elucidate processes in diagenetic systems.

Boron isotopes are appealing to use in studying clastic sedimentary rocks because
B has only one oxidation state (+3) so it does not participate in redox reactions. Boron,
with an atomic number of 5. has many chemical characteristics similar to carbon and
silicon. Because it is a strong electron pair acceptor (a Lewis acid) it has a very high

affinity for oxygen (Hawthorne et al.. 1996). Thus it is expected to behave in silicate
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hydrocarbon reservoirs in a manner similar to the C and Si that dominate the system. Its
behavior. therefore. may trace the diagenetic modifications to the fluid. rock. and organic
matter.

Mechanisms of mineral modifications in sedimentary rocks have been difficult to
constrain because of the large number of phases (minerals) contributing the same
components (e.g2. oxygen) involved in several complex reactions. For example if the O-
isotopic composition of a quartz cement in sandstone is variable, it suggests that there
were changes in the water 5'%0 or temperature during cementation. Even if temperature
can be constrained. it is not possible to say what chemical reactions contributed to
changing the water §'%0 because oxygen might be derived from carbonates, silicates or
transported fluids that have migrated into the reservoir. Boron can be a more sensitive
tracer of fluid/rock interactions in deep sedimentary basins because it is not a significant
component of many diagenetic silicates (primarily only clay minerals contain >100 ppm
B). so the variables that affect the isotope ratios can be more easily constrained.

Boron has two stable isotopes. !9B and !B, with average relative abundance of
20% and 80%. respectively. It occurs in natural waters predominantly as B(OH)3 or
B(OH);". The heavy isotope. !B, forms more stable bonds in trigonal coordination.
whereas 9B is predominantly in tetrahedral coordination (Palmer and Swihart. 1996). It
is this coordination preference that causes !9B-enrichment of minerals that provide
tetrahedral sites. Clay minerals. specifically smectite and illite. are the dominant host for
B in clastic sedimentary rocks (Goldschmidt and Peters, 1932). Boron substitutes for

silicon in tetrahedral layers of clay structures (Paimer and Swihart. 1996) during
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illitization of smectite (Perry, 1972). Under surface depositional conditions. however. B
is adsorbed on the clay minerals surfaces. This adsorbed-B is not related to the
crystallization of the mineral. and therefore has a distinctly different isotopic composition
reflecting the surficial water chemistry.

The sedimentary cycle of B-isotopes was studied nearly a decade ago by several
researchers (Spivack et al.. 1987; Ishikawa and Nakamura. 1993; You et al.. 1993) who
established that adsorbed-B on clay minerals was critically important for understanding
marine sediments and B fluxes in the ocean. Boron is a mobile element in the aqueous
phase because it is incompatible with most minerals. Desorption of the surface adsorbed-
B in marine sediments was found to make it useful as a tracer of sediment derived fluids
( mB-enriched) in subduction zones (You et al.. 1993). These earlier studies all examined
bulk marine sediments (<4um fraction) including a mixture of detrital minerals (clay
minerals. quartz and carbonate). They recognized that illite was the major host for boron
in the sediments and suggested that B is incorporated in illite during diagenesis.
However. lacking experimental data on the fractionation factors as a function of
temperature. these investigators were unable to predict equilibrium conditions for fluids
and authigenic minerals during burial. This important earlier work clearly called for
experimental measurements of boron isotope fractionation during illitization of smectite.
Furthermore. B-isotopes in organic matter have not been previously examined. Many
coal deposits contain significant quantities of B (Banerjee and Goodarzi. 1990) indicating

that organic matter can be a significant source of B when it is thermally degraded. Since
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Kerogen is an important reactive constituent of most sedimentary basins it is examined
in this research.

The main hypothesis of this research is that boron may be generated during
thermal maturation of hydrocarbon source rocks with a characteristic isotopic ratio that
will be recorded by exchange reactions with authigenic clay minerals (illite/smectite. I/S).
Knowledge of the isotopic fractionation factors of B at temperatures of burial diagenesis
is required. and forms the basis of this research. The goals were.

1) To experimentally measure the equilibrium isotope fractionation of B between

mineral and water during the reaction of smectite to illite.

2) To examine the B-content and isotope ratios of diagenetic silicates. organic

matter and waters in natural environments in order to determine their potential
as sources of B.

3) To utilize the knowledge of the boron isotope fractionation as a function of

temperature to interpret the fluid/rock interactions in hydrocarbon reservoirs.

The thesis is a collection of four papers addressing the above goals. The first
paper (Chapter 2) was submitted to Chemical Geology and has been accepted pending
revision. It describes a study of the potential sources of B in a sedimentary basin. Sources
of B in hydrocarbon bearing basins are important to identify if B is to be used as a
geochemical tracer. Samples of rock. oil and water from hydrocarbon reservoirs and
source rocks in the U.S. Gulf of Mexico sedimentary basin were examined. Methods
were developed and tested for extracting B from organic matter for isotope ratio analysis.

in order to evaluate its potential impact on the chemistry of formation fluids. Results



5

showed that kerogen contained as much B as clay minerals (>100 ppm). but that oils
contained negligible quantities (ppb). The §''B of the kerogen was negative. indicating
that organic matter is a potential source of isotopically light B during late stages of
organic maturation. The 5''B and B-content of authigenic clay minerals in the reservoir
sandstones did not change over the depth interval examined (3.5 — 4.3 km) indicating that
they are not a source of B at the diagenetic temperatures represented (90°-125°C).

The second paper (Chapter 3) has been submitted to Geochimica et
Cosmochimica Acta. It is the main body of the research and describes three experiments
that were conducted over two years to measure the changes in B-isotopes during the
itlitization of smectite. Design and construction of the hydrothermal experimental
apparatus was essential for extraction of samples on a routine basis. Several sealed
samples were taken during each experiment in order to monitor the kinetics of B and O
isotopic exchange. Due to the slow reaction kinetics at diagenetic temperatures the
experiments were run at elevated temperatures (300°C and 350°C). It took 4-5 months for
the experiments to approach equilibrium. Changes in oxygen isotopes were monitored as
a method of defining the approach to equilibrium. Oxygen isotopic equilibrium ratios for
illite at the temperatures of the experiment are known (Savin and Lee, 1988). Boron
substitution in illite is chemically linked to oxygen isotope exchange because as B
substitutes for Si the Si-O bonds in the mineral must be broken. Changes in the O-isotope
composition of the water are sensitive to the B-isotopic exchange. The equilibrium
isotopic fractionation value for B was used to construct a fractionation curve. The results

place two points on a fractionation line, which are in line with other experiments at
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higher and lower temperatures. These daia provide a basis for a fractionation equation
unlike previously published fractionation estimates based on theory (Kakihana et al..
1977). The new fractionation data is used to interpret the B-isotope ratios measured on
mudstones and sandstone reservoirs from the U.S. Gulf Coast basin.

The third paper (Chapter 4) is also submitted to Geochimica et Cosmochimica
Acta as another example of the application of the experimental fractionation data to a
natural geological environment. It is a study of the B-isotopic changes observed in a
contact metamorphosed black-shale from Colorado. The contact aureole contains a
bentonite layer that shows a complete recrystallization of smectite to illite with increasing
temperature. proximal to the dike. The B-isotope ratios of the I/S showed a large decline
(~20%¢) with increasing temperature which could be interpreted using the new B-isotope
fractionation data and applying a Rayleigh distillation model to the results. The
importance of this paper is that it shows that the isotopic fractionation curve applies to
metamorphic temperatures as well as diagenetic temperatures. It was also discovered that
a sample near the dike that had experienced 500°C temperatures and contained 500 ppm
B. This shows that illite does not break down or lose B even at metamorphic temperatures
so it is an unlikely source of B at diagenetic temperatures. This validates the idea that
illite will retain the 8''B it acquires during crystallization. and should be a useful archive
of the fluid chemistry at that time.

The final paper (Chapter 5) is an application of the B-isotope fractionation curve
to a hydrocarbon reservoir in the Alberta basin. This paper will be submitted to Applied

Geochemistry. The samples examined were from a steam injection recovery project at
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Cold Lake. The sediments have a major component of volcanic lithic fragments
(pumice) that appear to be the most reactive phases with respect to boron. Examination of
core samples from before and after steam injection show significant differences in the
5''B and B-content of the pumice. This information. combined with an earlier study of
the ''B variations in produced waters from the reservoir (Wieser. 1998). provide an
ideal test for the experimental isotope fractionation data. The water §''B could be
predicted by the temperature dependence of the rock-fluid isotope fractionation. The
importance of this paper is that it shows that the isotopic fractionation of B is not
dependent on mineralogy. The fractionations measured in the clay mineral experiments
also described the fractionation due to isotopic exchange with pumice. This means that B-
isotopes can be used as a geothermometer in a variety of geologic settings (Hervig et al..
in review).

By monitoring the geochemistry of B during burial diagenesis. the complex
reactions between inorganic and organic substances in hydrocarbon reservoirs might be
better understood. Authigenic illite in deep sedimentary basins provides a snapshot of the
§''B of fluids during crystallization that can be used to constrain variables in the

geochemical environment and ultimately aid our understanding of the chemical dynamics

ot hydrocarbon reservoirs.



CHAPTER TWO:
THE INFLUENCE OF ORGANIC MATTER ON THE BORON ISOTOPE

GEOCHEMISTRY OF THE GULF COAST SEDIMENTARY BASIN, USA



2.1. ABSTRACT

Large vanations in the boron isotopic composition of sedimentary environments
make boron an attractive monitor of fluid/rock interactions during diagenesis. Studies of B
in marine sediments have shown that preferential adsorption of '°B on clay minerals leaves
pore waters enriched in ''B. During diagenesis. clay minerals recrystallize and incorporate
'8 into the mineral structure (Spivack et al.. 1987). This process should cause a depletion
of B-content and an increase in the 3 'B of pore water: however. in the Gulf Coast
sedimentary basin (USA) there is a general increase in B-content and decrease in 5''B
with depth. This suggests that another source of '°B exists in deep basinal environments.
Cil reservoir brines are commonly enriched in boron (Collins. 1975). therefore this study
examines organic matter as a possible source of boron during thermal maturation.

Samples of water. oil. and cored sediments were collected from three stacked
hydrocarbon reservoirs in the Guif of Mexico sedimentary basin at a depth of 3500-4350
m. Extraction of boron from organic matter (oil and kerogen) was done by Parr Bomb
volatilization. with mannitol used as a B-complexing agent. The isotope ratios were
measured using negative thermal ionization and compared to in situ analyses using
secondary ion mass spectrometry.

The &''B values of pore filling clays in sandstone reservoirs is —2+2%.. The B-
content of the clay averages 144 ppm. Oil field waters show a range in B-content from 8-85
ppm and 5''B values from +28 to +37%c. increasing from the lowest to the uppermost
reservoir. There is apparent "'B-enrichment of fluids with progressive migration through

clay-rich sediments. Very little B (ppb) was found in the oil, but kerogen extracted from the
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oil source rock (Sassen. 1990) contains significant B (140 ppm) with a SHB of —2+2%c.
similar to the authigenic illite in the sandstones. While kerogen comprises only ~2% of the
sedimentary basin. its influence can be significant if B with distinctly low §''B is released
over a specific temperature interval during thermal maturation. The release of B from
organic compounds could cause the observed regional ‘9B enrichment in waters deep in the
Gulf Coast basin.

2.2. INTRODUCTION

In order to evaluate the B-isotope systematics of sedimentary basins. it is necessary
to know the relative amount of B derived from organic matter during thermal maturation
and its isotopic composition. The objective of this study is to determine the contribution of
boron from oil and kerogen in a hydrocarbon-producing region of the Gulf Coast
sedimentary basin and to evaluate its effect on the isotopic composition of associated water
and minerals.

Boron is an important constituent of clastic sedimentary basins because it is
concentrated in clay minerals. causing shales to contain 1-2 orders of magnitude more
boron than other crustal or mantle silicates (Goldschmidt and Peters. 1932). Detrital clay
minerals initially adsorb boron onto the mineral surface. but with increasing burial. boron
ts substituted in tetrahedral sites of the clay structure, replacing Si (Couch and Grim,
1968). This B is non-desorbable or 'fixed-B'. Perry (1972) studied boron fixation in clay
minerals from natural sediments by isolating <lum size fraction clays from samples of the
Gulf of Mexico sedimentary basin (USA). He showed that fixed-B concentrations increase

with increasing quantity of authigenic illite (Fig. 2.1a), and proposed that the source for B
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12
in authigenic illite was the adsorbed-B from detrital minerals, perhaps redistributed during
breakdown of detrital illite (also a supply of K"). Boron isotope systematics during
progressive burial and illitization were not examined.

Recent B-isotope studies have focused on B in shallow marine sediments (<2 km)
where adsorption on clay-rich sediments has a significant effect on the isotopic composition
of the associated pore fluids (Vengosh et al.. 1991; Brumsack and Zulegar. 1992: You et
al.. 1995a.b). Generally. high §''B waters are thought to result from preferential
adsorption of '°B onto clay mineral surfaces. causing a reduction of the B-content of the
water as well (Brumsack and Zulegar. 1992). Therefore. in shallow marine sediments the
B-content of pore waters commonly decreases with depth while the 5''B increases.

In the deep Gulf of Mexico basin. however, this variation of B-content and 5''B of
formation water is not observed. Boron increases with depth from 20 - 300 ppm and 5'B
decreases from a maximum of 40%c¢ to a minimum near 12%¢ (Fig. 2.1: Land and
Macpherson. 1992: Moldovanyi and Walter. 1992). There is considerable scatter in the
5''B of water. which combines analyses from a number of localities. Such varations
presumably indicate local differences in the chemistry of the sediments. However. the
regional trend indicates the existence of an additional. isotopically light source of B noi
observed in shallow marine sediments.

Organic matter in the Gulf of Mexico sedimentary basin is a potential source of
boron that has not been previously investigated. Available literature on the B content of
kerogen is sparse, but B is often mentioned as a substantial component of organic

compounds. Boron in oil has been found in concentrations up to 70 ppm B (Gulyayeva et
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al.. 1966) and coals have been found with as much as 500 ppm B (Goodarzi and Swain.
1994). Gulyayeva et al.. (1966) studied boron in various fractions of oil and found boron
primanly associated with napthenic acids in the resinous oil components. Elevated
concentrations of boron are common in oil field waters (Collins. 1975) suggestive of
organically-derived B. No data are available on the isotopic composition of boron in
hydrocarbons and kerogen. therefore the objective of this research is to explore the
potential influence of organically-derived B on the B-isotopic composition of basin waters.
2.3. FIELD AREA

Samples of water. oil and cored sediments were collected from drill holes that
intersected three stacked hydrocarbon reservoirs in Fordoche Field. located in the Eocene
Wilcox Fm of south-central Louisiana (Fig. 2.2). These samples allowed examination of
the role of B in clays. organic matter and pore water during thermal maturation. The
samples collected are from a locality where the structural, stratigraphic and mineralogic
details as well as the thermal maturity of organic matter are known (Williams et al.. 1995).
The source region for the oils has been identified using biomarkers and oil-source rock
correlations (Sassen, 1990). and thermal maturity indices (Rock Eval pyrolysis) shows the
source rock to contain mixed type II and III organic matter with a moderate generative
potential and averaging 2% TOC. The ratio of H/C is approximately twice that of O/C
indicative of a mature source (Williams et al.. 1995).

The Wilcox Fm is comprised of a thick sequence of organic-rich shales with

interbedded sandstones that were deposited along a prograding delta. Fordoche Field
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reservoirs are located just above the source region for the oils (Sassen. 1990). Previous
investigations of this field (Williams et al.. 1995) indicated that hydrocarbons were
introduced into the three reservoirs along a normal growth fault that bounds the field to the
northwest. The direction of hydrocarbon migration is up dip. away from the fault. The API
gravity of the hydrocarbons increases from the deepest (46.9° API) to the middle reservoir
(44.9° API) and uppermost reservoir (40° API).

A cross section of Fordoche Field from the major growth fault toward the southeast
(Fig. 2.3) shows the structural relationship of the three reservoirs sampled (W-12. W-8
and Sparta B reservoirs). Kerogen was extracted from mudstones located below the
reservoirs at 14.200 ft (4.3 km). This region is slightly above the depth of source rocks,
but the thermal maturity is very close to the threshold for hydrocarbon generation (Williams
et al.. 1995). The distance of fluid migration from the source region increases from the
deepest toward the shallowest reservoir. and from the fault toward the southeast end of
each reservoir in the field. The oil and water samples were taken from wells where cores
were retrieved from the same production intervals. It was not possible to sample oil and
water from each cored well across the field because some were out of production. but
sumples were taken across the deepest reservoir (W-12) along the section line and near the
fault in the two shallower reservoirs (W-8 and Sparta B).

2.4. METHODS

Two different mass spectrometric techniques were used in this study: Thermal

ionization mass spectrometry utilizing negative BO?2 ion emission (NTIMS; Heumann and

Zeininger. 1985: Vengosh et al.. 1989; Klotzli. 1992; Hemming and Hanson, 1994), and
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secondary ion mass spectrometry (SIMS) (Chaussidon et al.. 1997) which analyzes
positive ions of B. The isotopic abundance ratio. "'B/'°B. is expressed in delta notation as
5''B = [("'B/"’B)sample / (''B/'®B)standard — 1] x 1000 (%c). The standard is NBS
SRM-951 (boric acid) with ' 'B/'°B ratio of 4.0437 (NIST certified).

2.4.1. Analytical Techniques

2.1.1a. Thermal lonization Mass Spectrometry

Negative thermal ionization mass spectrometry (NTIMS) is a conventional
technique for analysis of solutions with very small amounts of B (Heumann and Zeininger.
1985: Vengosh et al.. 1989: Klotzli. 1992). The ionization efficiency for negative ions is
greater than for positive ions. therefore analyses can be made on samples containing as little
as 10ng of B (Hemming and Hanson. 1994). Typically 1-3uL of sample solution is loaded
on an outgassed rhenium filament. along with 3uL of a Ba(OH), solution (10 pg Ba) as an
emission activator. The filament is introduced into the spectrometer with a vacuum of ~2 x
107 Torr. floated to -5 kV. and heated by a current of ~1800 mA. A stable emission
current was normally generated at temperatures of 850°-900°C.

Analyses vielded errors on the order of +2%c. These errors are greater than those
obtained bv PTIMS techniques using cesium metaborate (Swihart. 1996), however. given
the large vanations in 8“8 observed in the diagenetic environment (>60%c). the errors
should not preclude interpretation of the data. Measurements of the boron isotope standard
NBS SRM 951 (Catanzaro et al.. 1970) yieided a ' 'B/'°B ratio of 4.0337+0.0041. which
is slightly higher than that reported by other labs using NTIMS (Vengosh et al.. 1991:

Hemming and Hanson. 1994). However, repeated analysis of seawater collected from the
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Pacific ocean yielded a 5''B value of +39.8+3%¢, which is in excellent agreement with that
measured in other laboratories (Hemming and Hanson. 1994).

2.4.1b. Secondary Ion Mass Spectrometry

SIMS analyses do not yield the high precision results of TIMS (Tonarini et al..
1997). but they allow better spatial resolution and control of the analyzed area based on
textural observation. This can be essential for the analysis of authigenic pore-filling clay
minerals that are impossible to separate from detrital clays during extraction from a core. It
is sometimes possible to focus an analysis on a thick cement of a particular clay mineral.
thus avoiding the complexity of analyzing multiple types of clay minerals. The general
method for analysis of B-isotope ratios in silicates by SIMS is described by Chaussidon et
al. (1997).

The SIMS was calibrated for analysis of clay minerals by comparing results of
analyses on standards to analyses done by TIMS. A standard illite (IMt-1) was rinsed three
times in B-free water. and centrifuged to select the <2um fraction. Aliquots of this standard
were analvzed (by W.P. Leeman. Rice University) by the method of Tonarini et al. (1997)
using alkali carbonate fusion and ion-exchange separation for boron purification. and
PTIMS using CszBOZ+. Three replicate analyses average —8.66+0.23 %¢c. Another aliquot
wus analyzed by NTIMS (built in-house at Univ. of Calgary) with an average of 2 analyses
of —=9.86+0.65 %c. Using an average 5''B value of -9%o for the IMt-1 illite standard. the
instrumental mass fractionation (IMF) for the SIMS is determined during each analytical
session by measuring the B-isotope ratio on an aliquot of standard. During the clay analysis

sessions. the IMF has varied between -44 and -51 %o, depending on the instrumental set
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up. The IMF remains constant (within error) during each analytical session. allowing the
correction for 8''B relative to NBS 951. As noted by Chaussidon et al. (1997). there is not
a significant matrix effect on B-isotope analyses. therefore it can be assumed that there is
no significant difference in the IMF for different clay minerals.
2.4.2. Sample Preparation

2.4.2a. Formation Water

Eight water samples were filtered and acidified to pH~2 when collected. in order to
prevent bacterial alteration of the samples. The samples were never in contact with
borosilicate glass. and were stored in polypropylene bottles. The B-contents of waters were
determined by inductively coupled plasma- atomic emission spectroscopy (ICP-AES). The
levels of boron in the waters were high enough that no ion exchange was necessary in
order to concentrate the B in solution for §''B analysis. The isotope ratios were measured
by NTIMS.

2.4.2b. Organic Matter

Oils were collected from the same wells as waters and stored in polypropylene
containers. Attempts to extract bitumen from powdered core samples failed because the
core samples had been stored for several years so bitumen was lost. However, kerogen
was extracted from mudstones by dissolution of the silicates in HF (Durand, 1980). The
undigested kerogen was filtered out and dried. No published method for extracting and
analyzing B-isotopes in organic matter was found, therefore the sample preparation was

tested and is described in detail.
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Gulyayeva et al. (1966) used a Parr Bomb technique to extract B from oils for
analysis of B-content. The Parr bomb is a steel cylinder in which a stainless steel vessel
containing ~1g of sample is suspended (Fig. 2.4). A nickel alloy ignition wire is placed just
above the sample and about 4 ml of an absorbent (NaOH or water) is placed in the bottom
of the cylinder. "B-free” water (deionized water filtered through Amberlite resin to remove
B) was used in these preparations. ICP analysis indicates a B-content of the ‘B-free’ water
below the detection limit of 4 ppb. The bomb was then sealed, loaded with 25-30 atm.
oxygen. and submerged in water. A current supplied to the ignition wire ignited it. and the
organic matter was volatilized.

There was minimal boron recovery in the aqueous solution within the bomb.
perhaps due to loss of certain volatile forms of B. such as BCl;. which is gaseous at
12.5°C. and therefore might not have been trapped in solution. The relatively high salinity
of oil field brines suggests an abundance of Cl. therefore there is a likelihood of BCl,
being lost along with CO, and other gases released when the bomb is opened. To remedy
this. a boron complexing agent. mannitol. was used in the Parr Bomb. Mannitol is a
polvhydric alcohol (CHZOH (CHOH)4 CH20H). that is used to eliminate significant B loss
from acidic solutions during silicate digestion (Ishikawa and Nakamura, 1990; Nakamura
et al.. 1992). A solution of 1.82% mannitol (Leeman et al., 1991) was added to the Parr
Bomb. BCI3 in the released gas was trapped by purging the gas through an external
container of the mannitol solution (Fig. 2.4). The B-contents of solutions collected from
inside the Parr Bomb were compared to the external solution and it was discovered that 90-

95% of the total-B extracted was in the external solution. Tests were made for the
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appropriate purge flow rate to vield the highest boron recovery. Initial purge rates took 20
minutes to empty the ~1 liter volume of gas in the cylinder (~50 ml/minute). The highest
vields were obtained at a flow rate of ~15 ml/min. however this does not guarantee
complete recovery. A double trap (two external solutions) is recommended as the most
effective method for trapping the volatile boron.

Kerogen was initially extracted from six powdered mudstone samples by
dissolution of silicates in SN HF-IN HCI. The undigested kerogen and amorphous silica
residue were filtered out of the acid solution. This filtrate was Parr bombed to remove B
from kerogen. Because of the variable content of undissolved silica in the organic
concentrate (referred to as "ash” by organic petrologists). a small amount of ethanol was
added to the sample to enhance ignition (just enough alcohol to dampen the sample). When
pure organic compounds (e.g. oil) are Parr bombed there is no residue as volatilization is
nearly complete. however silicate material trapped in the kerogen leaves considerable
residue in the form of ash or glass beads. These residues were weighed in order to estimate
the amount of kerogen volatilized during the Parr bomb procedure. In each sample the ratio
of organic matter to ash was ~0.3. Insufficient B was recovered from | g samples of shale.
however a 30g sample of organic-rich shale from beneath the Fordoche reservoirs yielded
~18g of kerogen (plus silica). The Parr bomb ignition was performed in batches since the
capacity of each bomb is approximately Ig of sample. The total ash recovered was 13g.
indicating that only about one third of this residue was organic matter (~5 g: consistent with
the ratio of organic matter to ash found previously). This kerogen provided enough B for

ICP and TIMS analyses.



2.4.2¢c. Clay Minerals

SIMS analyses of 5''B were done on thin sections of sandstone and mudstone
from the Fordoche cores. B-contamination of minerals in thin section can occur during
processing by polishing materials and epoxy. Experiments indicate that ultrasonic cleaning
of the thin section with B-free water, and pre-sputtering of the analyzed area decreases B
contamination to the level of 0.01 ppm (Chaussidon et al., 1997). However. clay minerals
are sponges for boron. The adsorbed-B can exchange in a few hours depending on the clay
type (Bassett. 1976). Boron introduced with drilling fluids might significantly affect the
isotopic composition of the adsorbed-B in core samples. By definition. clays are particles
<2um in size so the primary ion beam with a diameter of 20-50um may sputter many clay
surfaces at various orentations during a single SIMS analysis. The resulting analysis
would be some combination of adsorbed plus fixed-B. Therefore it is important to remove
adsorbed-B from the thin-sectioned minerals before analysis.

Removal of adsorbed-B from clay minerals was tested on clay mineral separates
and compared to pore-filling and mudstone clay minerals in thin section from the same
cored interval. Many authors (e.g., Keren and Mezuman, 1981: Palmer et al.. 1987:
Spivack et al., 1987) have removed adsorbed-B by rinsing the sample several times in
deionized water. This is standard procedure for separating out <2um size fractions because
Cl must be removed from the sample in order to prevent clay mineral flocculation. It was
found. however. that this does not consisiently remove the adsorbed-B. especially if the
clay sample is enriched in smectite. A comparison was made of B-isotope ratios of a

standard smectite (SWy-1) rinsed 5 times in B-free water and centrifuged to separate the
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<2um size fraction, with an aliquot of the standard that was K-saturated (shaken in IN KCl
for 24 hrs then rinsed to remove Cl). and another aliquot that was washed in 1.82%
mannitol solution for 2 hours. A few drops of clay slurry was dried (60°C) on a B-free
glass slide or silicon wafer and Au-coated for SIMS analysis. The results showed that the
water-washed smectite has a 8''B of +12.1+1.3%c. while the §''B of the K-saturated
sample is -3.0+1.0%c. and the mannitol-washed sample has a 5''B of -1.10.6%.
Removal of adsorbed-B on kaolinite. smectite and illite by washing in mannitol has been
tested (Hingston. 1963) and shown to be the most effective treatment. Mannitol also
prevents B-isotope fractionation during evaporation (Xiao et al.. 1997).

In order to test the effectiveness of mannitol on removing B from thin-sectioned
minerals. the 8''B of a thin section was measured before and after soaking it in 1.82%
mannitol solution. The sample was a mudstone taken just below the uppermost reservoir
(3535 m). The clays were a mixture of detrital and authigenic maternial. but the texture.
grain size and mineralogy appeared homogeneous. The clay fraction of the mudstone was
composed of 44% kaolinite. 30% smectite. 15% chlorite and 11% illite/smectite. The initial
analysis of clays in the untreated sample (ultrasonicated in deionized water) gave a 5''B
value of +6.6+2.9%¢. The thin section was soaked in mannitol ~72 hrs, ultrasonicated and
rinsed to see if the solution could remove adsorbed-B from the surface of the section.
SIMS analytical craters are <5um deep therefore the mannitol must penetrate the surface to
at least that depth in order to be effective. After soaking, the area of the thin section
previously analyzed gave a significantly lower 8''B value of -18.9+3.5%0 (13 analyses).

In order to check this result, the surface of the section was polished again to remove the
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Au-coat and analytical craters and re-analyzed without a second soaking in mannitol. giving
an average of -18.7+1.3%c (3 analyses). This indicates that adsorbed-B was successfully
removed from the thin section and that the analyses represent the composition of the fixed-
B component.
2.5. RESULTS

2.5.1. Water and OQil

The results of total-B analyses by ICP and isotope ratio measurements by NTIMS
are shown in Table 2.1. The B-content of the oil field waters range from 8 to 85 ppm.
These data and the 8''B results are plotted in Figure 2.5. Fluids were introduced to the
sandstones through the fault. therefore the distance of migration increases away from the
fault. and from the deepest (W-12) to shallowest reservoir (Sparta B). The B-content of
most of the reservoir waters is in the range of 10 to 20 ppm. however there is a slight
increase in the B-content at the edges of the field. The highest B-content was found in the
shallowest reservoir in a well located closest to the regional fault (Fig. 2.5). The §''B of
the reservoir waters is in the range of values reported for oil field brines (e.g. Vengosh et
al. 1994). but notably the deepest reservoir has 5''B values ~10%c lower than the upper
reservoirs. The exception to this is the water from a gas well at the edge of the field where
5''B values are similar to the upper reservoirs.

The analyses of the oil are given in Table 2.1 and indicated on Figure 2.3. Results
reflect the ~10%c difference in 8' 'B between the deepest reservoir (5%c) and shallowest
reservoir (17%¢), but the B-contents of the oils are very low (ppb levels), suggesting that B

is partitioned into the aqueous phase.
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Table 2.1. Boron contents of oil field waters and oils from the Fordoche Field.
Waters measured by atomic absorption spectroscopy with a detection limit of 2 ppm.

QOils measured by induced coupled Elasma spectroscopy witha 4 ppb detection limit.

Waters
Sample Reservoir AA (ppm) S.D. ''8/°B s.D. §''B (%)
John Green I Sparta B 85.1 0.7 4.1787 =0.0093  36=2.2
Andrews 2  SpartaB 29.3 1.5 4.1804 +0.0190  3624.5
Kent 1 w-8 14.6 0.9 4.1844 +0.0057  37+1.4
Smith 2 w-8 15.6 +0.1 4.1514 +0.0087  33%2.1
Kent 1D w-12 13.1 0.3 4.1479 +0.0160  28+3.9
Smith 2D w-12 8.3 =1.8 4.1688 +0.0081 29+1.9
Bomer 3 w-12 18.6 +1.5 4.1480 +0.0068  28+1.6
El Plant 5 w-12 30.2 2.4 4.1817 +0.0084  37+2.0
Oils
Sample Reservoir [CP (ppb) S.D. "8/°B s.D. 8''B (%)
Andrews 2 Sparta B 1527 =3.7 4.1035 +0.0052 17+1.3
Andrews 2D  Sparta B 947 2.4
Kent | W-8 433 3.5
Smith 2 W-8 696 +1.3 4.0702 +0.0089 9+2.2
Kent ID w-12 228 2.6
Smith 2D w-12 452 +1.8 4.0532 +0.0130 5+3.2
Bomer 3 w-12 341 =1.5
El Plant 5 w-12 289 +0.4

11 10 11
Kerogen ICP (ppm) S.D. B/ B S.D. 8" 'B (%o)
Kimball Source Rock 140 =1.4 4.0268 =0.0085  —2=2.1

S.D. is standard deviation. ICP and AA analyses are averages of 4 analyses per sample.



2.5.2. Clay Minerals

Analyses of the 5''B of clay minerals in Fordoche Field were done by SIMS on
thin sections of a representative mudstones and sandstones. To test for changes in §''B
with burial depth. samples were examined from the shallowest (3540 m) and deepest (4212
m) sandstone reservoirs. and from mudstones at 3536 m and near the oil source region at
4334 m. There is no significant change in the average isotopic composition of the clays
over this depth interval (Table 2.2). The pore-filling clays from sandstone had an average
5''B value of -2.5+0.2%c in the shallowest reservoir and -2.1%1.7%c in the deepest
reservoir. The mudstones surrounding the sandstone reservoirs contains clays with a much
lower fixed B-isotope composition averaging —19+3%c.
2.5.3. Kerogen

The kerogen extracted from mudstone beneath the Fordoche reservoirs (4334 m)
contained as much B (140+1.4 ppm) as is commonly found in clay minerals. The high-B
concentration allowed analysis by NTIMS without need for ion exchange. The results
(Table 2.3) indicated a 5''B value of —2+2.2%c. In order to test this result, kerogen was
analvzed directly by SIMS in a thin section taken from the same core depth (14220 ft.;
4334 m) as the extracted kerogen. Adsorbed-B had been removed by soaking the whole
sample in mannitol solution. Seven analyses, each <50um in diameter. were made on a
large kerogen fragment found in this section. Assuming an IMF similar to that used for the
clay minerals during that analytical session (-48%o), the 5''B values measured by SIMS
average —34.7+4.1%c. and confirm that the §''B of kerogen is negative. This result also

suggests that the technique for extraction of B from kerogen by Parr Bomb does not



Table 2.2 B-isotope analyses of clay minerals in A) sandstone and B) mudstone thin
sections soaked in mannitol. Standard IMt-1 is analyzed to determine IMF for each
analytical session. This value is subtracted from the delta value. S.D. is standard deviation
of the ratio. S.E. is standard error of the average. Predicted error is the best possible error

based on counting statistics.

A) SANDSTONE ANALYSES

Sample 11/10 S.D. error %c pred. error %Zc IMF S.E.
IMt-1 Standard 3.8084 0.0042 0.6 0.4 -49.2
240 ppm B 3.8135 0.0046 0.7 0.5 -47.9
3.8139 0.0047 0.7 0.5 -47.8
AVERAGE -48 0.8
Sample 11/10 S.D. error %o pred. error %c 811B S.E.
LNB 11614 SS 3.8396 0.0126 1.8 1.0 -2.2
mannitol washed 3.8374 0.0112 1.6 1.0 -2.7
228 ppm B 3.8395 0.0119 1.7 1.0 -2.2
3.8366 0.0205 2.9 1.5 -29
3.8394 0.0180 2.6 1.9 -2.2
3.8345 0.0171 2.4 1.1 -3.4
3.8431 0.0218 3.1 1.9 -1.3
3.8350 0.0263 3.8 2.1 -3.3
AVERAGE -2.5 0.2
Sample 11/10 S.D. error %c pred. error %o 811B S.E.
Holloway 13820SS 3.8464 0.0101 1.4 0.7 -0.5
mannitol washed 3.8432 0.0241 3.4 2.3 -1.3
157 ppm B 3.8221 0.0051 0.7 0.7 -6.5
3.8155 0.0128 1.8 1.4 -8.1
new pore 3.8522 0.0163 23 1.6 0.9
new pore 3.8589 0.0132 2.2 1.9 2.6
AVERAGE -2.1 1.7

Continued on next page



Continued Table 2.2
B) MUDSTONE ANALYSES

Sample 11/10 + S.D. error %c pred. error %Z¢ IMF S.E.
[Mt-1 Standard 3.7947 0.0034 0.5 0.4 -52.6
240 ppm B 3.7989  0.0052 0.7 0.4 -51.5
3.8065 0.0050 0.7 0.4 -49.7

AVERAGE -51.3 0.9

Sample 11/10 S.D. ermror %c pred. error %Z¢ 311B S.E.
LNB 11607 3.7584 0.0173 2.5 1.8 -19.3
MUDSTONE 3.7646  0.0157 2.2 1.8 -17.7
258 ppm B 3.7517 00185 2.6 1.8 -20.9
3.7649  0.0175 2.5 1.8 -17.6
3.7696 0.0214 3.1 1.6 -16.5
3.7565 0.0185 2.6 1.8 -19.7
3.7609 0.0193 2.8 1.9 -18.6
3.7985 0.0175 2.5 2.0 -9.3
3.7516 0.0173 2.5 2.0 -20.9
3.7659 0.0205 2.9 1.9 -17.4
3.7459 0.0217 3.1 1.9 -22.3
3.7417 0.0186 2.7 2.1 -23.4
3.7500 0.0230 3.3 1.9 -21.3

AVERAGE -18.9 1.0
Re-test of mannitol washed mudstone clay

Sample 11/10 S.D. ermror %o pred. error %c IMF S.E.
IMt-1 Standard 3.8265 0.0043 0.6 0.4 -44.7
240 ppm B 3.8387 0.0039 0.6 0.5 -41.7
3.8301 0.0054 0.8 0.5 -43.8
3.8197 0.0049 0.7 0.4 -46.4

AVERAGE -44.2 1.0

Sample 11/10 S.D. ermor %o pred. error %Zc 811B S.E.
LNB 11607 MS 3.7951 0.0110 1.6 1.5 -17.3
re-polished 3.7876 0.0119 1.2 1.2 -19.1
no additional 3.7848 0.0111 1.6 1.6 -19.8

mannitol wash AVERAGE -18.7 0.8

Sample 11/10 S.D. error %c pred. error %0 IMF  S.E.
Kimball 14220 MS 3.8041 0.0081 2.1 1.7 -16.8
mannitol washed 3.7776  0.0129 3.4 2.8 -23.7
196 ppm B 3.8087 0.0087 2.3 1.9 -15.6
3.7838 0.0090 24 2.2 -22.1
3.8094 0.0105 2.7 2.2 -15.5

AVERAGE -18.7 1.7




Table 2.3. TIMS analyses of kerogen extracted from source rock. compared to

SIMS analyses of kerogen in thin section from the same depth (4334 m).

TIMS analyses of extracted kerogen
mass 11/10  Std. Dev = 1SD %c std. error 8''B

4.0100 0.0183 4.5 1.1 -6.9

4.0280 0.0191 4.7 1.1 -2.4

4.0356 0.0149 3.7 0.9 -0.5

4.0233 0.0126 3.1 0.7 -3.6

4.0236 0.0112 2.8 0.7 -3.5

4.0279 0.0142 3.5 0.8 -24

4.0408 0.0128 3.2 0.7 0.8

4.0225 0.0126 3.1 0.7 -3.8

4.0399 0.0125 3.1 0.7 0.5

4.0273 0.0145 3.6 0.8 -2.6

4.0387 0.0112 2.8 0.7 0.2

4.0277 0.0123 3.0 0.7 -25 S.D. S.E
AVERAGE -2.2 x£2.2 0.6

SIMS analyses in situ using 5 nA primary current and defocussed beam.
mass 11/10  Std. Dev +1SD % sid. error &' 'B

3.8410 0.02020 2.9 2.3 -2.1
3.8009 0.02050 2.1 2.4 -12.0
3.8158 0.02791 4.0 2.1 -8.4
3.8339 0.02812 4.0 23 -39
3.8430 0.02785 4.0 2.1 -1.6
3.8455 0.02638 3.8 2.1 -1.0
3.8353 0.02565 3.7 2.1

-3.5 S.D. S.E.
AVERAGE -4.7 x4.1 1.5




significantly fractionate the boron.
2.6. DISCUSSION

The geochemistry of the pore waters in the Gulf Coast basin should reflect chemical
changes in the sediments because of the high rock:water ratio. Evaluation of B-trends thus
requires an understanding of how B interacts with the clastic sediments. It is known that
boron is incorporated in clay minerals during diagenesis (Perry, 1972). This interaction is
complicated by the fact that B is both adsorbed onto clay surfaces and fixed into tetrahedral
sites of authigenic clays. The amount of boron adsorption on detrital clay minerals depends
on the specific clay type (Keren and Mezuman. 1981). but ' shows a preference for
tetrahedral coordination at clay surfaces (Palmer and Swihart. 1996) causing a fractionation
between aqueous B(OH)3 and adsorption sites of clay minerals in excess of 31%c (Palmer
et al.. 1987) at surface temperatures. Spivack et al. (1987) showed that adsorbed-B
accounts for <20% of the total-B in shallow marine sediment and has a mean §''B of
+14%c. The quantity of fixed-B in marine sediments is greater than adsorbed-B and has
5''B values between O and -5 %c (Spivack et al.. 1987). The illite formed during
illitization of smectite is apparently a sink for g during diagenesis. not a source.

In the sedimentary environment. smectite is the greatest adsorber of B (Keren and
Mezuman. 1981). perhaps due to its high expandability and surface area. On the other hand
illite has a greater proportion of fixed-B than smectite. Other clays also contain B. but the
predominant clay reaction in the Gulf Coast basin is the illitization of smectite. In general
the Wilcox mudstones contain 25-30% clay minerals. while the sandstones contain <10%

clay minerals. predominantly illite/smectite (Williams et al., 1995). The Fordoche Field
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reservoirs are located at a depth where illite-forming reactions are nearly complete (70-80%
authigenic illite. T~120°C). By ~150°C. illitization and oil production has ceased and
kerogen begins to break down to dry gas and char or graphite (Fig. 2.6). It is important to
realize that after illitization stops continued release of B from kerogen could significanty
affect the 8''B of pore waters.

In order to evaluate the potential influence of organic matter on the B-isotope
systematics of basin fluids. the B trends and factors that could cause the observed isotopic
changes within Fordoche Field will be discussed first. These factors include fractionation
due to pH. temperature changes causing mineral/water or organic/water fractionation. a gas
phase separation. isotope exchange due to mineralogical changes. and fluid migration.
After evaluation of these variables on a local scale, the regional B trends will be assessed in
light of the new B-isotope data for kerogen.

2.6.1. Fordoche Field Boron

2.6.1a. pH and Temperature

Aqueous-B speciation is pH and temperature dependent (Keren and Mezuman.
1981). The predominant species are boric acid (B(OH);), which shows a preference for
llB. and borate anion (B(OH); ). which prefers lOB. At low pH (<7). boron occurs
primarily as boric acid. B(OH);. Under diagenetic temperatures in the Gulf Coast (up to
200°C) siliciclastic reactions buffer the pore water pH to values between 5-6 where B(OH);
species dominate (Bassett, 1980). Therefore the possibility of isotopic fractionation due to
variable aqueous speciation can be dismissed. The effect of polynuclear B-species that

might form at high concentrations of B (Bassett, 1976), has not been assessed.
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The temperature difference between W-12 und Sparta B reservoirs is ~25°C.
Although this temperature difference seems small. the potential for B-fractionation between
the clay minerals and water. or organic matter and water must be evaluated.

2.6.1b. Clay Mineral/Water Fractionation

There is no significant change in the fixed-B content or §''B of pore-filling clay
muinerals in the sandstone reservoirs over the cored interval examined. There is however a
significant difference in the water 8''B from an average of 28%c in the W-12 reservoir
(excluding the gas well) to 36%c in the shallower Sparta B reservoir. Although sandstone
reservoirs are unquestionably rock-dominated. the volume of fluid flow through the rock is
much greater than in mudstones and thus trace elements may potentially be transferred from
the fluid into pore-filling authigenic minerals. If this is the case. one might expect a
difference in the 8 'B of authigenic clays in Fordoche reservoirs that reflects the
differences in water chemistry. If the illite had reieased '98 to lower the water 3''B in the
W-12 reservoir. the fixed-B in clay should be "'B. enriched relative to the shallower Sparta
B reservoir. As this is not the case, it appears that the clay minerals are an unlikely source
of '"B-enriched waters at depth.

The 8l lB of fixed-B in the mudstone at 11,600 ft (3535 m) and in the source rock
(14.220 ft: 4334 m) is much lower (-18%¢) than that measured in clays from the adjacent
sandstones (-2%c: Table 2.2). The clay minerals in the mudstone are dominated by
authigenic I/S (Perry. 1972). and they contain 200 — 300 ppm fixed-B. This is twice as
much B as equivalent sediments at the surface (Spivack et al., 1987). New measurements

(Table 2.2) show that the clay minerals in the sandstone have similarly high B-contents,
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and their textures indicate that they also formed in-situ (authigenic). The high-B content and
negative §''B of the authigenic clay minerals at this depth (4 km) supports further that
authigenic clays retain 'B rather than releasing it to the pore fluid. Based on recent
experimental work to determine the B-isotope fractionation between illite and water
(Williams et al.. 1999) it is expected that pore waters in equilibrium with -18%¢ I/S will be
isotopically light at these reservoir temperatures (<10%c). If there were large-scale
exchange of fluids between mudstones and sandstones. one would expect the authigenic
pore-filling clays in the sandstone to have a more negative 8''B. similar to the mudstones.
Since this is not the case. it suggests that the reservoir waters were either diagenetically
altered or migrated into the sandstone. It is also possible that the sandstone clay minerals
formed at an earlier time (lower temperature) in equilibrium with fluids that previously
passed through the unit. Regardless of the timing, it is clear that authigenic clay minerals in
the sandstone reflect equilibrium with a different fluid than the fluid that onginally filled the
pore space. The mudstones on the other hand are probably in equilibrium with pore fluids
that have not migrated far. and may represent original pore fluids that have been
diagenetically altered.

2.6.1c. Oil /Water Fractionation

The variation in 8' 'B of oil samples reflects the trend of lighter values with depth
shown by the waters, but the B-content of the oils are so low that their effect on §''B of
coexisting water is unlikely to be significant. It would be more reasonable to attribute these

trends to incorporation of some B from the water into the oil.
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2.6.1d. Gas Phase Separation

The water §''B changes observed across the field (Fig 2.5) may be complicated by
the fact that the gas reservoirs within the field are found where the highest 5''B values are
found. It is possibie that '"'B is fractionated preferentially into a gas phase (Palmer and
Sturchio. 1990). Leeman et al. (1992) found a fractionation of only ~3%c¢ between water
and vapor at 150°C; however. that work focused primarily on B(OH); species alone. No
information is available on possible fractionation of B between water and gaseous organic
compounds. If "Bis preferentially associated with a gas phase. and the gas accumulates in
the uppermost regions of the hydrocarbon reservoirs, then there may be some ‘'
enrichment of fluids in contact with those gases. The variations in 5''B and B-content of
the waters may be correlated with the gas/oil ratios in each reservoir.

2.6.1e. Isotope Exchange

The mechanism of B-isotope exchange between clay minerals and water is
important to the interpretation of field data. During oxygen isotope exchange. a Si-O bond
is broken to allow redistribution of O-isotopes. In order to increase the fixed-B content of
illite. four oxygen bonds must be broken to release Si and substitute B. This would require
substantial recrystallization and therefore B-isotope equilibration may be more difficult to
achieve than O-isotope equilibration. If there is a solid-state redistribution of B from
adsorbed-sites to fixed-sites of a detrital clay mineral, it is likely that a portion of the fixed-
B is inherited from the original crystal. However. in the Gulf Coast. the B-content of the
authigenic portion of mixed-layered illite/smectite increases by more than 100 ppm with

depth (Perry, 1972). These sediments originated partly as volcanic ash (Bloch et al.. 1998)



38

which gradually recrystallized to smectite and illite during burial (Perry and Hower, 1972).
Another mechanism for formation of authigenic illite is through dissolution/precipitation. If
detrital smectite dissolves and precipitates as more stable illite during burial, the authigenic
mineral may not retain the §''B inherited from the original detritus. Instead. the B
incorporated into the structure will reflect the chemistry of the diagenetic fluid present
during recrystallization. This fluid has been modified by siliciclastic reactions occurring at
that depth. and could be substantially influenced by organic reactions taking place
concurrently. especially in hydrocarbon-rich environments.

2.6.1f. Fluid Migration

The range of values for B-content and 8''B of formation waters in the Fordoche
reservoirs is consistent with the range of values reported for Cenozoic reservoirs
throughout the Gulf Coast (Fig. 2.1). There is a minor increase in B-content and §''B in
the uppermost reservoir over the lower Wilcox reservoirs that may reflect variability in the
original porewaters, or may reflect differences related to diagenesis. The Wilcox reservoirs
are overpressured and less saline than the uppermost reservoir (Sparta), suggesting
addition of water trom the dehydration of smectite (Bruce, 1984). This dilution effect could
result in the lower B content of these waters. According to experimental studies of B-
adsorption (You et al.. 1996) the K4 between adsorbed-B and water approaches O at 100-
120°C. The temperatures of the reservoirs are 90-126°C (Williams et al., 1995) therefore
adsorption processes plays a minor role in the variations in B-content of the water.
Nonetheless. as recrystallization of smectite is occurring at temperatures >100 °C. "B is

preferentially substituted in the silica tetrahedron, therefore waters migrating through the
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rock should become gradually ' depleted with migration distance.
2.6.2. Regional Boron

The regional trends for boron in waters from the Gulf Coast sedimentary basin
(Macpherson and Land. 1989; Land and Macpherson. 1992; Moldovanyi et al.. 1994)
show an increase in B-content and decrease in 3''B with depth basin wide (Fig. 2.1). At
depths equivalent to Fordoche Field. B-contents are as high as 300 ppm. and §''B values
as low as 12%c. but a majority of the water analyses have 5''B values between 18-30%.
The B-content of Fordoche Field is slightly low in comparison to regional waters. but this
could be explained by dilution of Fordoche brines due to overpressuring in the region
(Boles and Franks. 1979: Williams et al.. 1995). The present investigation of brines and
oils from the Fordoche Field does not reveal a mechanism for generating the regional B-
trends (Fig. 2.1). An additional source of '8 must be responsible for the high B-contents
and low 8''B values in the deep Gulf Coast basin. In the discussion below. the dissolution
of other boron minerals. or degradation of organic matter at higher thermal grades is
considered.

2.6.2a. Other Boron Minerals

Depending on the scale of fluid flow within the Gulf Coast sedimentary basin, the
potential exists for B-rich minerals such as tourmaline or evaporite borate phases to
contribute significant B to waters and modify the 5''B. particularly in reservoir
sandstones. Detrital tourmaline grains have been found, for example, in the Wilcox Fm.
However. tourmaline is extremely chemically and mechanically stable in clastic sedimentary

environments (Henry and Dutrow, 1996). Boracite has been recovered from Jurassic
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bittern salts beneath Eocene sediments (Macpherson and Land. 1989), but this sample (and
other marine evaporites: Palmer and Swihart. 1996) have high 5''B values. so that their
etfect on waters would not generate the observed regional decrease in 5''B.

2.6.2b. Organic Matter Boron

The general enrichment of "B in waters from deep clastic reservoirs of the Gulf
Coast must be examined in light of the new isotopic data on B in kerogen. It is
acknowledged that there is insufficient kerogen in the basin to provide all of the B in the
clay minerals. and assumed that adsorbed and dissolved-B from breakdown of detrital
clays provided most of the B incorporated into authigenic illite (Perry. 1972). However.
illitization stops at ~5 km in the Gulf Coast (Perry and Hower. 1972). approaching depths
equated with the later stages of organic maturation (Fig. 2.6). At this depth. clay minerals
will no longer be a sink for boron. Their fixed-B is unlikely to be released untii
metamorphic recrystallization occurs (>350°C). Therefore clays should not play a
significant role in the B mass balance as temperatures approach 150°C. The reactivity of
organic matter becomes important at that stage however. as organic molecules release
heteroatoms (i.e. boron) during late maturation of kerogen (Durand, 1985).

The source rock sample from the Wilcox Fm contained 5g kerogen out of a 50g
sumple of mudstone at ~4.3 km indicating a very high kerogen content (10%). which is not
representative of the entire basin (2%). Nonetheless, the fact that the 8l lB of the kerogen is
—2+2% (Table 2.3) indicates that B released from kerogen could still be a source of lOB.
The burial temperature of the extracted kerogen was ~125°C (vitrinite reflectance ~1.5

(Sassen. 1990)) indicating organic maturity in the wet gas zone (Fig. 2.6). At this
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temperature. there is still a significant amount of B held in the kerogen (140 ppm).
However. studies of B in graphite from metasedimentary rocks (slate) have indicated B-
contents averaging <20 ppm (Douthitt. 1985). Therefore. at some temperature between
130°C and low grade metamorphism (~350°C). B will be released from kerogen. It is
inferred that B is released from organic matter during the generation of dry gas (vitrinite
reflectance >2.0).

Based on the 3''B for B in kerogen. the amount of B potentially released during
late thermal maturation can be estimated. and its influence on the isotopic composition of
the water can be determined. In the Wilcox Fm the amount of shale is ~70% and sandstone
comprises ~30%. A conservative estimate of the amount of kerogen in the source region of
the Wilcox Fm ts 2% (Tissot and Welte. 1984). Porosity is estimated at 20% in the
sandstones and 10% for mudstones (inciuding fracture porosity). Assuming the pores are
70% filled with water (the rest being oil and gas). then an isotopic mass balance for B can
be calculated. Figure 2.7 shows the isotope changes expected if the water §''B was
initially 28%c (observed in Fordoche reservoir W-12), and all of the B from kerogen was
released (with no isotopic fractionation). Calculations were made for a range of kerogen
5''B values from +10 to -10%c. to show that even large variations in the kerogen 5'B
could achieve the range of 5''B observed in the deep basin waters. Obviously. there could
be isotopic fractionation during the release of B, especially if there is a gas phase involved.
But the validity of this calculation is justified by the fact that negligible amounts of B are
found in the oil and essentially all of the B is lost from kerogen during late maturation. This

leaves the water as the primary host for released-B.
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The typical Gulf Coast oilfield water could have a 5''B reduced to ~17%¢ by release
of B from a -2%c kerogen. This value approximates the low 5''B waters in the Gulf Coast
basin found at temperatures between 160-175°C (Land and Macpherson. 1992). The
amount ot B in kerogen could account for the increase in B-content and decrease in §''B of
waters deep in the Gulf Coast basin. The mobility of B released from kerogen will depend
on its interactions with minerals along the migration path. However. the importance of
organic-B cannot be ignored in efforts to understand the B-geochemistry of sedimentary
basins. Results from this research suggest that B is released during late stages of organic
maturation with a distinctly negative §''B that could provide a means for tracing
hydrocarbon migration paths.
2.7. CONCLUSION
The boron content and isotopic composition of oil field brines increases with
increasing distance of fluid migration both upwards and laterally across Fordoche field.
The isotopic composition of the oil varies similarly. however the amount of B in the oil is
insignificant. One possibility for the high 8''B of oil field waters is the preferential
incorporation of ‘B into the tetrahedral layers of authigenic illite. leaving the water Hp.
enriched. The very low 5''B of fixed-B in mudstone (-18%o) relative to sandstones (-2%c)
at the same depth indicate that '8 is retained in the mudstone clay minerals and is not
released into the reservoir waters. The reservoir waters most likely contain fluids that
migrated with the hydrocarbons. Illitization ceases at ~5 km of burial and therefore B

ceases to exchange between clay minerals and pore waters.
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This study has demonstrated that kerogen in the Gulf Coast basin contains a
significant amount of organically-bound B (140 ppm). with a negative §''B. After
illitization has ceased (~150° C). B released from kerogen becomes a potential source of
'Y that could cause the low 8''B in deep sedimentary brines. It was deduced that >100
ppm B can be released from organic matter during dry gas generation (vitrinite reflectance
~2.0). Although kerogen makes up only a small percentage of the sedimentary basin. its
significance as a source of boron in deep sedimentary basins cannot be ignored when

considering its reactivity compared to clay minerals.



CHAPTER THREE:
EXPERIMENTAL DETERMINATION OF BORON ISOTOPE
FRACTIONATION DURING REACTION OF SMECTITE TO ILLITE:

APPLICATION TO THE GULF OF MEXICO SEDIMENTARY BASIN
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3.1 ABSTRACT

Experiments were performed to measure the isotopic fractionation of boron
between illite/smectite (I/S) clay minerals and water as a function of temperature (300°
and 350 °C) and degree of illitization. Corresponding changes in the oxygen isotopes
were monitored as an indication of the approach to equilibrium. The kinetics of the B-
isotope exchange follows the mineralogical restructuring of smectite as it recrystallizes to
illite. An initial decline in SHB,,S occurs when the I/S is randomly ordered (RO). The
5' IBI,S values reach a plateau during R! ordering of the I/S representing a metastable
condition. The greatest change in 5! lBUS is observed during long-range (R3) ordering of
the I/S when neoformation occurs.

Values of &' [Bus measured on the equilibrium reaction products were used to
construct a B-isotope fractionation curve. There is a linear correlation among data from
these experiments. adsorption experiments at 25°C (Palmer et al.. 1987). and 1100°C
basaltic melt-fluid fractionation experiments (Hervig and Moore, 2000). Unlike other
stable isotopic systems (e.g.. oxygen) there is no mineral-specific fractionation of B-
isotopes. but rather a coordination dependence of the fractionation. Under diagenetic
conditions B is predominantly in trigonal coordination in fluids. but substitutes in
tetrahedral sites of silicates. The preference of '8 for tetrahedral bonds is the major
fractionating factor of B in silicates.

Combining knowledge of the B-isotope fractionation with O-isotope fractionation
the isotopic systems can be applied in tandem to sediments undergoing burial in the Gulf

of Mexico sedimentary basin. The results show that illite and muscovite record
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conditions of precipitation (temperature. fluid composition) throughout temperatures of
burial diagenesis. The neoformation of illite at depths common to hydrocarbon generation
make it a potential tracer of fluids related to organic maturation.

3.2. INTRODUCTION

Clay minerals are abundant and highly reactive minerals in clastic sedimentary
basins. They adsorb boron on surface sites at low temperatures (<120°C: You et al..
1996) and substitute boron for tetrahedral silicon during diagenesis (Spivack et al.. 1987).
Boron is most abundant in the sedimentary clay minerals illite/smectite (I/S) (Harder.
1970) which contain orders of magnitude more boron than other common diagenetic
minerals (e.g.. quartz. carbonates. feldspar). Boron is a highly mobile element. preferring
aqueous phases to that of most minerals (Levinson. 1980). Thus. by understanding how
the aqueous boron is incorporated into typical clay minerals, important insights may be
gained to the fluid and chemical dynamics of a sedimentary basin. To use this
geochemical tool. one must be able to interpret the boron isotopic composition of
paleofluids that were present in a basin at the time of clay mineral diagenesis. Late-stage
or deep diagenesis of clay minerals (Eberl. 1993) coincides with the time/temperatures
associated with organic maturation processes that lead to the expulsion and accumulation
of hydrocarbons. The presence of anomalously high B-contents of many oil field brines
(Collins. 1975) leads us to investigate whether there is an expulsion of organically bound-
B that can be used to trace hydrocarbon migration paths. Thus the potential for the
common authigenic clay mineral illite to incorporate boron and record isotopic ratios

acquired during crystallization was examined. Lacking definitive information on the
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fractionation between aqueous-B and B- substituted for Si in tetrahedral sites of illite.
this research began with the simple goal of measuring the isotopic changes in boron
during illitization of smectite.

The experiments address two fundamental questions. First. how is boron
incorporated into tetrahedral sites of authigenic illite? Is it a gradual increase with burial.
like the increase in illite layers in I/S. or does it occur in stages associated with the
restructuring (ordering) of the I/S? Second. what is the equilibrium fractionation of
''B/'°B between the tetrahedral layers of the silicate and the fluids as a function of
temperature? [t is important to distinguish between adsorbed-B on the surfaces of the
clay. and 'fixed-B' that substitutes for Si. The adsorption of B on clay surfaces has been
extensively studied (Schwarcz et al.. 1969; Keren and Mezumen. 1981: Palmer et al..
1987). but since it can be easily exchanged (Bassett. 1976). it is not useful in determining
paleofluid chemistries. However. fixed-B exchanges with pore fluid-B only when Si-O
bonds are broken. therefore Si release is expected during this exchange. This may provide
an important diagenetic marker if a significant change in 8''B can be linked to the release
of Si. which can potentially form quartz cements (Hower et al.. 1976).

Oxygen isotope changes during the illitization of smectite should also be linked to
the fixed-B isotope exchange. Concurrent changes in 5''B and 8'%0 of I/S were
examined in the experiments performed. The reaction of smectite to illite was conducted
at 300°C and 350°C therefore the kinetics will be fast compared to a basin undergoing
burial. However. after 4-5 months the oxygen isotope fractionation between the I/S and

water approximated that predicted for the experiment temperatures (Savin and Lee.
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1988). indicating nearly 100% oxygen isotopic re-equilibration (Whitney and
Northrup. 1988). It is assumed that the results of these experiments also establish isotopic
equilibrium for boron. since B cannot exchange without a change in §'%0.
3.3. EXPERIMENTAL SETUP

Smectite was reacted to illite following the experimental method used by Whitney
and Northrup (1988) for measuring the O-isotope changes coincident with illitization.
The starting material was a smectite standard (SWy-1). which was size fractionated to
select the <2 um size-fraction. and K-saturated (Moore and Reynolds. 1989). Trace
amounts of quartz and muscovite were included in this size fraction. which along with the
added K promote the reaction of smectite to illite (Whitney and Northrup. 1988) at 300°
and 350 °C. 100 MPa (1 kbar) pressure. A 1:1 ratio of mineral to water (by weight) was
used (200 mg solid: 200 ul liquid). The aqueous solution contained the boron isotope
standard NBS SRM 951 boric acid at an initial pH of 6.8. The samples were sealed in
5 cm long. 5 mm O.D. Au capsules. The capsules were placed in a hydrothermal bomb
closed with a Bridgeman seal. using deionized water as the pressurizing medium (Fig.
3.1). Temperature was measured using an inconel-sheathed chromel/alumel thermocouple
inside the pressure vessel. placed in the center of the long axis of the capsules. This
allowed minimal uncertainties in temperature estimated at <5 °C. Pressure was measured
using Bourdon-tube gauges and was monitored within £5 MPa. The siliciclastic reaction
bufters the pH (Hutcheon et al.. 1993) during the experiment to low values (pH~6 after

quench) thus the predominant aqueous boron species is trigonal B(OH);. This is also true
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Figure 3.1. Schematic diagram of the hydrothermal reaction vessel. Starting materials
used were smectite (SWy-1). <2 um fraction, K-saturated, and NBS SRM 951 boric acid
(aq). Experiments were run at 350° and 300° C, 100 MPa (1 kbar) pressure. Reactants
included K-saturated smectite with traces of detrital minerals (quartz, mica) and the

products included illite. quartz and chlorite.
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for most oil tield waters in deep sedimentary basins. although there is the possibility of
formation of some polynuclear B-species when B concentrations are high (Bassett, 1976).

Three experiments were done in order to test the effect of B-concentration and
temperature on B-substitution in illite. Experiment 1. run at 350°C. used a low aqueous
B-concentration (20 ppm). These conditions limited the amount of B available for
fixation in the mineral to two times the original B-content. This was intended to simulate
conditions observed the Gulf of Mexico sedimentary basin where B-contents of I/S
essentially doubles during progressive illitization (Perry. 1972). Experiments 2 and 3
used high concentrations of aqueous-B (1000 ppm) so that the B supply would not be
limited. These two experiments differed only in temperature (and run time). with
Experiment 2 at 350°C and Experiment 3 at 300°C.

3.4. METHODS
3.4.1. Sample Extraction and Preparation

The experiments at 350 °C (Exp.! and 2) ran for 120 days. with samples collected
at intervals in order to monitor the reaction progress. The 300°C experiment (Exp. 3) ran
an extra month in an attempt to reach equilibrium conditions. Duplicate capsules were
run in the first experiment in order to determine the reproducibility of results. The
experiment was quenched on sampling days and the capsules were opened under vacuum
on an extraction line. The aqueous contents were collected in a U-tube cold trap. Only
samples that vielded 100% recovery (2200 pl fluid) were analyzed for O-isotope ratios.
Conventional analyses of O-isotopes (by Mountain Mass Spectrometry Inc.) required

~150 ul of solution.
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The solid reaction product and Au-capsule were rinsed in *B-free’ water to
remove adsorbed-B. The "B-free’ water is deionized water that has been filtered through
a column of amberlite resin to remove traces of B. ICP analyses of this water show no
detectable levels of B with a detection limit of 4 ppb. The solid was additionally washed
for two hours in mannitol solution (Ishikawa and Nakamura. 1990: Xiao et al.. 1997) to
enhance removal of the adsorbed-B. The mannitol solution also contained no detectable
levels of B. The samples were then rinsed three times in B-free water. The solution was
kept for ICP analysis of the B-content. The solid sample was then split into two aliquots.
About 100 mg was mounted as oriented clay slides for X-ray Diffraction (XRD). A small
drop of clay slurry was dried onto a B-free glass slide. The clay standard (IMt-1 illite)
was added to each clay mount so that sample changes were not required between analyses
of sample and standard. The air-dried clay mounts were Au-coated for analysis by
secondary ion mass spectrometry (SIMS).
3.4.2. X-Ray Diffraction
The solid experimental run products were ethylene-glycolated and examined by
XRD in order to monitor the decrease in expandability of the mixed-layered I/S as
illitization occurred. The characterization of mixed-layered clay minerals is described in
Moore and Reynolds (1989). The analyses were performed using Siemens D500 and
D35000 spectrophotometers with CuKa radiation. The D5000 instrument was set up with
a position sensitive detector (PSD) for more rapid analysis of small quantities of material.
Comparison of the results from each diffractometer indicates that the peaks are positioned

correctly. but the relative intensities using PSD may be unreliable on oriented mounts
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(Batchelder and Cressey. 1998). Since the goal was to monitor shifts in the major peak
positions tor the I/S. the intensity did not affect the interpretation. The percent illite in
ethylene-glycolated I/S was estimated using the A26 between the 001/002 and 002/003
peaks of I/S (Moore and Reynolds. 1989, p.251). Nearest neighbor (R1) ordering (ISIS)
is indicated by a strong reflection at ~6.5° 28 while a reflection near 5° 20 indicates
random (RO) interstratification. When this peak shifts to >7° 26 a long-range (R3)
ordering (ISII) is indicated.
3.4.3. Secondary Ion Mass Spectrometry

Secondary ion mass spectrometer (SIMS) measurements of B-isotopes do not
vield the high precision results of thermal ionization mass spectrometry (TIMS; Swihart.
1996) but the analyses can be done directly on the solid products without digestion and
the possibility of inducing isotope fractionation during ion exchange. The SIMS analyses
(Cameca Ims 3f) used a primary beam of O defocused to approximately 50 um in
diameter. By defocusing the beam the sample was sputtered more uniformly with time
vielding a more stable secondary ion current. The depth of the analytical crater after 30
minutes of ion bombardment was <5 microns. The general method for analysis of B-
isotope ratios in silicates by SIMS can be found in Hervig, (1996) and Chaussidon et
al.(1997). Maodifications to allow analyses of B-isotopes in clay minerals are described
below.

3.4.3a. Boron Isotope Analysis of Clay Minerals

Boron isotope ratios are reported as:

8"'B = [{(*'B/"*Byampie/(' 'B/'® B gandara)-11 *1000] -IMF
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where the standard is NBS SRM 951. boric acid. with a ''B/'°B ratio of 4.0437. The
IMF is instrumental mass fractionation determined by measuring a mineral standard on
which the §''B is known. B-isotope analyses were calibrated by measuring a clay mineral
standard IMt-1 (Silver Hill Illite) that had been characterized by bulk thermal ionization
mass spectrometry (TIMS). The illite (IMt-1) was rinsed three times in B-free water. and
centrifuged to select the <2um fraction. Aliquots of this standard were analyzed by the
method of Tonarini et al. (1997) using alkali carbonate fusion and ion-exchange
separation for boron purification. and PTIMS using CszBOZ+ (Analyses done at Rice
University by W.P. Leeman). Three replicate analyses averaged —8.66 = 0.23 %c. Another
aliquot was analyzed by NTIMS (Analyses done at University of Calgary) with 2
replicates averaging —9.86 + 0.65 %c. An average 5''B value of -9%c was used for the
IMt-1 illite. During each SIMS analytical session, the ''8/'°8 ratio was measured on
[Mt-1 before and after sample analyses. The difference between the measured ratio and
the TIMS value determines the instrumental mass fractionation (IMF) factor. During our
clay analysis sessions over three years. the IMF has varied between -44 and -51%c (i.e..
the raw ' 'B/'B ratio is ~5% lighter than the TIMS value), depending on the instrumental
set up. The IMF remains constant (within error) during each analytical session. allowing
the correction for 8''B relative to NBS SRM 951. As noted by Chaussidon et al. (1997)
there is not a significant matrix effect on B-isotope analyses. therefore it is assumed that
the IMF for smectite and illite are not significantly different.

The primary current used for analyses was determined by the intensity of the 10g+

secondary ion signal. In order to achieve a precision of <2%c. the primary current was
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increased until there was stable emission of ~500 counts per second (cps) on B”.
Generally. this required 3-5 nA of primary current. The analyses were set up to count for
20 s on mass 10 and 5 s on mass 11 for 49 cycles. In order to eliminate gy
interference with ' 'B* counts. the entrance slits were closed down until the two peaks
could be separated (Fig. 3.2). The magnetic field was adjusted to collect counts from the
center of the ''B* peak. and this was checked every 10 cycles to correct for drift. These
conditions resulted in combined '°B* + ''B* signals of 25 x 10° integrated counts.
indicating an error based on counting statistics of <2%c¢. The actual errors determined by
the standard error of 49 measurements of ' 'B/'°B in each analysis are equal to. or greater
than. the predicted errors. Analyses that produced errors greater than two times the
predicted error were eliminated. This condition usually indicates a problem such as
charging. low counts due to sample aberrations (e.g.. not flat). or that the primary ion
beam has drifted out of alignment.

An analysis of B-isotope ratios in clay minerals by SIMS is burdened by two
major problems. First. B occurs in two sites of clay minerals. surface-adsorbed and
tetrahedral-layer sites. and the isotopic ratios of the B in each site is different (Spivack et
al.. 1987: Palmer et al.. 1987). Second. the clay size fraction is by definition <2um in
diameter, and often the authigenic crystals are even smaller (<0.2um), so a SIMS analysis
samples numerous crystallites during a single analysis. In essence then. these are small
volume bulk analyses that consume <3 ng of material (~lO8 atoms). Since the proportion

of adsorbed-B and fixed-B in any particular clay mineral cluster may be variable. it is

impossible to know how much B in a SIMS analysis of bulk clay is fixed or adsorbed.
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Furthermore. aqueous-B may not be effectively removed from the capsule during fluid
extraction on the vacuum line. Xiao et al. (1997) showed that a significant portion of B
stays in solution during evaporation, therefore it might precipitate on the surfaces of the
clay (and capsule) during the vacuum extraction. This would confuse the results of B-
analyses on the bulk clay. Since the ‘fixed-B’ substituted for Si in tetrahedral sites is of
primary interest. the adsorbed-B was removed with mannitol. as described ecarlier. and
analyses of the remaining B represents the fixed-B.

The measurement of fixed-B content in the product was determined by SIMS
using a calibration curve based on the counts of B (mass 11) relative to Si (mass 30). The
calibration curve (Fig. 3.3) was measured on borosilicate glasses with known B-content.
using the same high mass resolution conditions used for the B-isotope analyses. Boron
analyses of the clay standard IMt-1 (illite) were compared to measurements made by
[CP-AES on an aliquot digested in HF-HCL. The ICP value for the B-content of IMt-1
was 240 ppm. Individual point analyses of B by SIMS. using the calibration curve.
agreed within 5%.

3.4.3b. Oxygen Isotope Analysis of Clay Minerals

SIMS was also used to analyze O-isotope ratios of the solid run products. The
analytical setup is significantly different and more complex than analyses for B-isotopes.
due to the need for sample charge compensation. A primary beam of Cs" is used instead
of O". Use of a positive primary beam adds significant charge buildup to a silicate sample

(insulator) that results in unstable secondary ion signals unless it is neutralized by use of
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Figure 3.2. Example of the separation of ! IB+ from the molecular hydride
IOBH+ by high mass resolution. By closing down the entrance slits to the

secondary ion mass spectrometer it is possible to resolve the two species.



Boron Calibration Curve

o~ B (ppm) = (11/30 x SiO,wt.%)x13000

0 2 4 6 8 10
Bz O 3 (Wt.%)
Figure 3.3. Calibration curve for estimation of B-content of silicates

by secondary ion mass spectrometry if the silica content is known.
Minerals and glasses of known B-content were used to construct the

curve (see Hervig, 1996).
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an electron gun. A normal incidence electron gun was used to compensate the charge
during oxvgen isotope analysis of the clays.

Extreme energy filtering was used to eliminate molecular interferences (Hervig et
al.. 1992). Several tests were made to determine how to calibrate different clay minerals.
First. standards of kaolinite (KGa-1). smectite (SWy-1) and illite (IMt-1) were analyzed
by conventional O-isotope methods (Analyses performed at University of Western
Ontario by Fred Longstaffe) so that they could be used as SIMS standards. The
instrumental mass fractionations (in the SIMS) for the illite and smectite standards were
not significantly different. perhaps due to their common 2-layer structure. Raw oxygen
isotope ratios on these two phases by SIMS were 65%¢ lighter than nominal values (IMF
= —65%c). This calibration varied little over multiple analytical sessions. The I-layer
kaolinite standard produces less instrumental fractionation with a reproducible average of
-53%c (Fig. 3.4).

To test the effect of oxygen from adsorbed interlayer water on the overall O-
isotope composition of smectite. an aliquot of Swy-1 was soaked in '%0-enriched water
(Fig. 3.3) and then analyzed. The test showed that the effect of adsorbed water on the
overall O-isotope ratio is small. The isotopic composition should be affected by no more
than ~0.025%c. which is far less than the analytical precision of the SIMS measurements.
There is still some question about the effect of mineral orientation on the secondary ion
sputtering rate and IMF (e.g.. Eiler et al.. 1997). Sputtering rates were measured on a
large muscovite crystal oriented to sputter on the c-axis (flat surface) or down the a-c

plane (between the layers). Figure 3.6 shows a difference in sputtering rates depending on



50

5 |Mt-1§I | :

55 + | SWy-1 | | 1
s F—H 3¢ i
“o - Ifé f B
2\34-65 -,i' = ‘; i .
L B S P S

g DHTEIT T 0
= .70 b T § [ 3
" é | ]

75 b l ¢ | 3

: | :

-80 N I N B N TP B B e
40
KGa-1 | | 3

-45 -
;3‘-50 -
" 4 .
L -55 3
= ]
-60 3
65
-70 .

Number of Analyses

Figure 3.4. Variation in instrumental mass fractionation (IMF) of
O-isotopes in clay mineral standards illite (IMt-1). smectite (SWy-1)
and kaolinite (KGa-1). Dashed lines demark different analytical ses-
sions over three years time. The clay standard is checked before and
after each sample and results are adjusted for instrumental drift.

60



l 1 I | ¥ T T 1
<0.2um SWy-1 Smectite
0.8 | soaked 24 h in 10% 180-enriched water -

5

= 06 | .
z ® o °

= *—eo—9o "

2 04 L -
< 02 | Water = 58,369%c (SMOW) _
= SWy-1 before treatment = 19.2%¢

SWy-1 after soaking = 350%¢
1

] 1 | | 1 1

0 | 2 3 4 5 6 7 8

Step Scan

Figure 3.5. Results of the test for how much interlayer and adsorbed
water influences the O-isotope ratio measured by secondary ion mass
spectrometry. The amount of adsorbed water can be calculated:
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These data show that for typical basinal fluids the effect would be on

the order of 0.025%c of the smectite §180.
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mineral orientation. Nonetheless. on the <2um scale. analyses encompass many
differently oriented clay crystallites so there is an averaging of this effect. For example.
anualyses of pore-filling kaolinite books in a thin section from North Sea reservoirs show
O-isotope variations <4%c (Fig. 3.7). which could reflect actual changes in the water
chemistry as pore fluids evolved (Williams et al.. 1997a; Williams and Hervig, 1997).
Clay mineral standards mounted separately with each sample analyzed have shown
consistent results over three years.
3.4.4. Thermal Ionization Mass Spectrometry

A thermal ionization mass spectrometer was used to detect negative ions for B-
isotope ratio analysis. Negative thermal ionization mass spectrometry (NTIMS) is a
common technique for analysis of solutions with very small amounts of B (Heumann and
Zeininger. 1985; Vengosh et al.. 1989: Klotzli. 1992) because the ionization efficiency
for negative ions is greater than for positive ions. Analyses can be made on samples
containing as little as 10 ng of B (Hemming and Hanson. 1994). The aqueous samples are
loaded on a rhenium filament that has been outgassed to remove surface impurities.
Generally. I to 3 pl of solution was used along with 3 pl of a Ba(OH), solution (10 pg
Ba) as an emission activator. The filament is heated in vacuum (~2 x 10'7 Torr) by a
current of approximately 1800 mA. A stable emission current was generated at
temperatures of 850° - 900° C.

The spectrometer is set up to measure BO, emitted from the filament using a
single Faraday cup collector. The masses measured are 42 B 16Oz') and 43 (! 1Bl602').

Interference from ''O (Klotzli. 1992) is negligible because the abundance of Y0 is far
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less than the analytical errors (2%¢). The masses were alternately sampled in 10
cycles per block. At least 10 blocks of data are averaged to obtain an isotope ratio.
Analyses yvield errors on the order of 1-2%c. Measurements of the boron isotope standard
NBS SRM 951 yielded a "18/'°B ratio of 4.0337+0.0041. Analyses of seawater collected
from the Pacific ocean yield a 5''B value of +39.8%.. which is in excellent agreement
with that measured by others (Hemming and Hanson. 1994).

3.5. RESULTS

3.3.1. Mineralogical

The mineralogical changes that occurred during the reaction are indicated by
XRD spectra of the experimental run products. Figure 3.8 shows the results from
Experiment 1. which represent the mineralogical changes observed in all three
experiments. The spectra show the extent of illitization and other minor products formed
(quartz and chlorite) as the reaction progressed. During the first week of the reaction the
smectite reacts to ~50% illite (Fig. 3.8). Rl ordering begins at least by day 10 as
indicated by the appearance of a peak near 13A (~6° 20). Figure 3.9 shows the variation
in illitization progress for each experiment, all of which show illitization rates.
Experiment 1. with low B-content. shows a gradual illitization similar to that reported by
Whitney and Northrup (1988). After 30 days of reaction the I/S is 70% illite and it
approaches 80% illite after 120 days. Experiment 2. with higher B in solution takes twice
as long (two months) to reach 70%. It seems to reach a plateau at about 60% illite during
the first 36 days., with a more sudden change to 75% illite at 60 days. All three

experiments show a significant shift in the 13A peak to 12A between 30 and 60 days.
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Figure 3.8. X-ray diffraction spectra of solid reaction products from
Experiment 1. The mineralogical changes show increased ordering
and illitization of smectite with time. Other products include chiorite

and quartz during R3 ordering.
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indicating a long-range ordering sequence. This R3 ordering indicates that each
smectite layer is surrounded by three illite layers (Srodon. 1980). Experiment 3. at 300 °C
never progresses beyond ~70% illitization even after 150 days of reaction time. In fact.
there is only a small increase in the illitization after the first week of reaction at 300 °C.
The higher temperature experiments (Exp. | and 2) produced an 80/20 R3 ordered I/S
after 120 days. A small peak appears at 3.5A after 60 days (Fig. 3.8). indicating a small
amount of chlorite produced. This is more obvious in the spectra from day 90 and day
120 when the chlorite 7A peak appears. Production of chlorite was also observed in the
illitization experiments of Whitney and Northrup (1988). The trace quantities of chlorite
produced are not volumetrically important enough to influence the isotope ratio
measurements. which average information from multiple (up to 59) individual analyses.
Finally. the increasing intensity of the quartz peak at 26.6° 20 after 60 days (Fig. 3.8)
suggests that increasing amounts of Si is produced during long-range (R3) ordering
associated with recrystallization of the I/S.
3.3.2. Isotope Exchange

3.5.2a. Oxygen
The O-isotope changes in the solid and liquid reaction products are shown as a function
of time in Figure 3.10. Changes in the oxygen isotope ratio are most dramatic during the
first 20 days of the experiment then equilibrium is approached gradually over the
remaining 120 to 150 days. A decreased rate of change in the O-isotope re- equilibration
occurs as R1 ordering of the I/S begins. The oxygen isotope composition of the clays

reaches a plateau after about 60 days. coincident with R3 ordering. There is still a slight
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increase in the §'0 of the water. but the changes are not recognizable in the clays due
to the large errors (£2%¢) associated with clay analyses by SIMS. Nonetheless. the final A
between the 8' 0 of the I/S and §'80 of the water is ~3 = 2%c. The equilibrium isotope
fractionation between I/S and water at 350° and 300° C is ~+2%c and +3%c. respectively
(Savin and Lee. 1988). therefore it appears that the end products of the experiment have
nearly reached equilibrium with respect to oxygen (within analytical errors).

3.5.2b. Boron

Changes in the B-content (Fig. 3.11) and isotopic ratios (Fig. 3.12) of solid run
products occur as the illitization reaction progresses. Table 3.1 summarizes the analytical
results for boron in the solid run products. Temperature and aqueous B-content were
different for each experiment. resulting in variable reaction paths. There are notable
differences in the quantity of B incorporated into I/S during the reaction. The starting
smectite (SWy-1) contained 12 ppm fixed-B after washing and K-saturation removed
adsorbed-B. The 8''B of the fixed-B in the starting material was -3 £ 1%¢ (20).
Experiment 1. with a low aqueous B-content showed insignificant changes in the fixed-B
content of the clay over the first 30 days of reaction time. After 60 days, however. the
tixed-B content doubled, coincident with long-range (R3) ordering of the I/S (Fig. 3.11).
Experiment 2 differed from Experiment 1| only in the higher concentration of aqueous-B.
The fixed-B content of the I/S increased to nearly 60 ppm during Rl ordering, but
equilibrated at 50 ppm after R3 ordering. Similarly, the Experiment 3 results indicate an
initially high fixed-B content of the I/S increasing to ~90 ppm during R1 ordering, with

only 50 ppm fixed-B in the R3 ordered end-product.
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Table 3.1. Summary of boron analytical results by secondary ion mass spectrometry.

Experiment 1
Sample 11/10 S.D. error %P.E.% IMF 8''B S.E. % n B (ppm)

DayO 3.8254 0.0082 0.8 0.8 -509 -3.1 04 7 12
DayS 3.8209 0.0147 1.5 1.3 -514 -3.7 04 14 13
Day 10 3.8519 0.0257 2.6 2.6 -43.0 -44 0.6 7 13
Day 20 3.8170 0.0223 1.7 1.5 -514 -47 0.1 6 10
Day 30 3.8279 0.0179 1.8 1.6 -460 -7.1 0.5 15 11
Day 60 3.7990 0.0150 1.5 1.5 -520 -85 03 4 34
Day90 3.7974 0.0182 1.8 1.6 -52.0 -85 0.3 20 27
Day 120 3.8187 0.0175 1.8 1.4 -480 -76 0.5 20 33
Experiment 2

Sample 11/10 S.D. error %P.E.% IMF 3''B S.E. % n B (ppm)
Day0 3.8213 0.0123 1.8 1.2 -520 -30 05 5 14
Day3 3.8340 0.0087 0.9 09 -490 -29 0.7 4 34
Day6 3.8159 0.0099 1.0 0.8 -520 -43 0.7 3 35
Day9 3.8078 0.0079 0.8 0.7 -51.0 -64 02 32 56
Day 18 3.8323 0.0084 0.8 0.7 -450 -73 03 10 57
Day 36 3.8306 0.0071 1.0 0.9 -41.0 -11.7 0.4 19 45
Day 60 3.8938 0.0084 1.2 1.2 -300 -7.1 06 16 49
Day90 3.8841 0.0101 1.4 1.3 -300 -96 03 8 50
Day 120 3.8686 0.0104 1.5 1.5 -31.0 -123 07 9 50
Experiment 3

Sample 11/10 S.D. error %P.E.% IMF 8''B S.E. % n B (ppm)
Day0 3.8254 0.0082 0.8 0.8 -509 -3.1 04 7 12
Day7 3.8144 0.0075 1.1 0.6 -51.0 -57 03 4 9l
Day 14 3.8038 0.0051 0.7 0.5 -520 -69 07 4 96
Day 30 3.8028 0.0082 1.2 0.6 -520 -7.2 0.4 20 79
Day 45 3.8116 0.0072 09 0.6 -520 -57 08 5 9l
Day 60 3.8405 0.0090 1.3 1.0 -41.0 -89 05 27 83
Day 90 3.8739 0.0083 1.2 [.1 -300 -120 08 6 74
Day 150 3.8723 0.0084 1.2 .1 -31.0 -155 0.7 60 50

The mass 11/10 ratios reported are averages of n analyses on each sample. The
standard deviation (S.D.) is based on 49 ratios averaged for each analysis. Errors
were averaged for each sample. The predicted error (P.E.) is based on counting
statistics and is a measure of the best possible error. Instrumental mass fractionation

(IMF) varies for each analytical session. The 5''B is calibrated by IMF. The
standard error (S.E.) is the S.D. of all analyses (n) on each sample divided by n*0.5.
Fixed-B content (ppm) is based on the ratio of mass 11/30 (see Fig. 3.3).
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Changes in the isotopic composition of the fixed-B (Fig. 3.12) for each

experiment show very similar trends. There is a rapid decline in & 'B from the initial

-3%c 8''B while the IS is randomly ordered (RO). The experiments containing abundant
aqueous-B (Exp. 2 and 3) both show a plateau in §''B at -7+1%c during Rl ordering.
When R3 ordering begins after 60 days of reaction. the isotope ratio of the fixed-B
decreases further. Experiment | (low aqueous-B) decreased only slightly during R3
ordering. probably due to the limited B supply. The B supply in Experiments 2 and 3 was
not similarly limited. During R3 ordering of the I/S the 5''B reached -12 +0.5%c at

350 °C and -15 £ 0.9%c at 300 "C. The B-isotopic exchange was complete after 120 days
at 350 °C and 150 days at 300 °C. as indicated by O-isotope equilibrium.

Boron in solution was measured by ICP analysis of the B washed from the
capsule walls and solid product (using mannitol). This fraction of B is representative of
what was in solution at experimental temperatures. where the distribution coefficient is
zero for adsorbed-B (You et al.. 1996). This assumes that little B was removed from the
capsules by volatilization during vacuum extraction of the solution. The amount of B
measured in this wash varied from 75% to 100% of the B added. This variability
indicates incomplete recovery of solution B. perhaps causing a fractionation during the
extraction process. Due to the unreliability of these results. mass balance calculations
were made for determining 8 lemer. Based on measurements of B-content and 8''B of
the solids. and calculating these values for the water by difference. the mass balance
calculations determined the ideal fractionation (8' leinm,—Sl lem,) at the experimental
temperatures. These calculations assume that no B was lost from the Au capsules by

diffusion. which is unlikely at the low temperatures of the experiments. Analysis of the
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pressurizing fluid used in the hydrothermal reaction vessel showed 11 ppm B. which
would not effect the calculated fractionation factors and is likely from other contaminants
(steel. and/or lubricants used to seal the vessel).

3.6. DISCUSSION
3.6.1. Background
Clay minerals generally concentrate the light isotopes of boron over the heavy isotope.
which prefers the aqueous phase. This is contrary to what is observed in most stable
isotopic systems. Heavy isotopes form bonds with a lower vibrational frequency than
lighter isotopes of the same element and therefore should make stronger bonds (Faure.
1986). Thus. the light isotopes are more reactive. and are usually concentrated in more
volatile phases. In the case of boron. however. the coordination state plays an important
role in fractionation (Palmer and Swihart. 1996: Hervig et al.. in review). In solution
boron occurs predominantly as B(OH); or B(OH); . although there may be polynuclear
species and organic-B molecules as well (Bassett. 1976; Mackin., 1987). The light
isotope. ] prefers tetrahedral coordination. and the heavy isotope ‘g prefers trigonal
coordination (Palmer and Swihart. 1996).
Spivack et al. (1987) showed that adsorbed-B in marine sediments has an average 8“B of
+15%c. but it accounts for only 10-20% of the total-B in the sediment. The rest is 'non-
desorbable-B'. meaning that portion that was not removed by sonifying in B-free water
after 3 washings. The non-desorbable-B fraction of the marine sediment had 5''B values
ranging from O to —10%c (Spivack et al., 1987). This covers the average range of 5''B

values found in granitic and basaltic source materials (Leeman and Sisson. 1996).
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Spivack et al. (1987) found no evidence for fixation of B into clay minerals
(substitution for Si) during early diagenesis. Therefore all of the isotopic variations
observed in shallow marine sediments are interpreted to result from interactions between
pore fluid B and surface adsorbed-B. and are consequently pH dependent.

The experimental results presented here address the isotopic behavior of B during
late diagenesis when recrystallization of smectite to illite allows B-substitution for Si. In
deep sedimentary basins undergoing siliciclastic diagenesis. the pH of pore fluids is
butfered to values below 7 (Hutcheon et al.. 1993) where B(OH); is the predominant
aqueous-B species (Palmer et al.. 1987). As a result ‘' prefers the aqueous phase.
[llite/smectite undergoes significant recrystallization during diagenesis and provides
tetrahedral coordination sites preferred by 10 (Spivack et al.. 1987: Ishikawa and
Nakamura. 1993). It is this coordination preference that causes '9B-enrichment in clay
minerals.

Whitney and Northrup (1988). and others (Eberl, 1993; Yates and Rosenburg,
1996) suggested that there may be more than one mechanism of illitization; initially a
layver-bv-layer transformation related to charge distribution of layers. and finally a
complete dissolution-precipitation. or ‘neoformation’. Only a partial isotopic
equilibration occurs during the early reaction of smectite to illite, but neoformation
requires complete breakdown and reassembly, resulting in ordered I/S. It is during this

neoformation stage that the isotope ratios are 100% reset.
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During early recrystallization of the smectite (~60°C). adsorbed and aqueous-B
may be incorporated into some tetrahedral layers of the authigenic illite. Since it is the
coordination change that causes the isotopic fractionation, the incorporation of surface-
adsorbed-B (tetrahedral) into lattice structure tetrahedral sites should not significantly
affect the magnitude of the fractionation (Palmer and Swihart. 1996). During the
neoformation stage. at temperatures approaching ~120°C. the partition coefficient for
adsorbed-B approaches zero (You et al.. 1996). so the isotopic fractionations measured in
experiments conducted at 300-350°C represent the fractionation between the aqueous-B
(trigonal) and tetrahedral layers of the sheet silicate. not adsorption sites.

3.6.2. Interpretation

3.6.2a. Fixed-B Content

Different kinetic pathways for the incorporation of B into iilite are expressed by
the variable trends in the fixed-B content of the I/S over time (Fig. 3.11). Experiment 2
and 3 differed only in temperature. but each showed a maximum B-content during R1
ordering. Experiment 3 (300°C) incorporated more B initially (~90 ppm) than the
Experiment 2 (~60 ppm at 350°C). perhaps reflecting a temperature dependence of the
boron distribution coefficient between the fluid and B-sites in the illite. The peak in B-
content during R1 ordering may result from the competition between B and Al for
available tetrahedral sites. During early reaction progress the source of Al may be limited
by decomposition of minor amounts of K-feldspar and detrital mica included in the
starting material. Low Al availability might have allowed more B to substitute for Si

during early stages of the reaction. Boles and Franks (1979) suggested that during later



78

stages of illitization some Al may be derived from the dissolution of smectite layers
(see also Pollastro. 1985). Dissolution of the smectitic material over time might increase
the Al availability thus increasing Al competition for the Si-sites. This could cause the
decreased fixed-B content observed during long-range (R3) ordering of the I/S associated
with neoformation.

The total amount of B incorporated in the authigenic illite (I/S) in these
experiments (50 ppm at equilibrium) is a four-fold increase over the starting material. In
nature the fixed-B content of illites is commonly much higher. on the order of hundreds
of ppm (Harder. 1970). Early experiments on B-fixation in illite (Couch and Grim. 1968)
showed that B-ion activity increases with salinity of the solution. especially in the
presence of CaCl (Schafer and Sieverts. 1941). The dissociation of boric acid:

B(OH); + 2H,0 € H;0" + B(OH),~
may be enhanced with increased ionic strength of solution (Couch and Grim. 1968).

Another possible limitation to B-uptake in the experiments could be the high
aqueous B-concentrations used. Nies and Campbell (1964) showed that at boric acid
concentrations above 0.5M (~5500 ppm B) there is an increase in the population of
polvnuclear borate ions. If B(OH); is not the dominant aqueous species then B-uptake by
illite may be limited. Nonetheless. the concentration of B in the experiment solution
(1000 ppm B) and the concentrations found in oil field brines (100’s —1000°s ppm B:
Collins. 1975) is well below that used by Nies and Campbell (1964). Couch and Grim
(1968) found that the major factors contributing to boron fixation were sglinily, aqueous

B-concentration. and temperature. They suggest that the surface area of the clay mineral
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may play a role in B-uptake. but they did not establish that equilibrium conditions were
achieved in their experiments. The experiments described here showed no correlation
between the amount of fixed-B and the equilibrium isotopic composition.

3.6.2b. B-isotopes

The isotope ratios of fixed-B in the I/S showed changes during reaction progress
(Fig. 3.12) related to structural changes in the clay. The most rapid change in 8''B occurs
initially during the change from random RO to R1 ordering. There is a plateau in the 5''B
value at —7%ec. perhaps indicating a metastable condition. This occurs at the same time
that the fixed-B content reaches a maximum. Nonetheless, it is important to understand
that this is a kinetic effect of the high temperatures used in the experiment and cannot
necessarily be extrapolated to the diagenetic environment. At this point in the time series.
the reactants are not in equilibrium with the fluid. Equilibrium is indicated (according to
100% O-isotope resetting) after 120 days at 350°C and 150 days at 300°C. Therefore the
final isotope ratio measured for fixed-B in the I/S can be used to calculate the equilibrium
fractionation between the water and illitic clay minerals.

The O-isotopes (Fig. 3.10) show a more gradual change between RI1 and R3
ordering than the results for B-isotopes. This indicates that B-substitution is not directly
linked to each O-bond exchange. This is expected since oxygen is not only exchanging
from the tetrahedral sites. but also from hydroxyl sites and interlayer water as
dehydration of the smectite occurs. The oxygen isotope changes do not reflect one unique
mechanism of exchange. However, the B exchange is related only to the breaking of

tetrahedral Si-O bonds. and is therefore a unique diagenetic marker.
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3.6.3. Boron Isotope Fractionation

The B-isotope fractionation curve (Fig. 3.13) was constructed from the results of
the illitization experiments (300°C. 350°C; lkbar). the fractionation between water and
adsorbed-B on clay surfaces at 25°C, (Palmer et al.. 1987) and a fluid-silicate melt
fractionation measured at 1100°C (Hervig and Moore. 2000). Based on these data. a
linear change in fractionation with reciprocal temperature is observed. All of these
experiments determined that the isotope fractionation occurs as a resuit of the
coordination change of B from trigonal in the fluid to tetrahedral in the minerals. It is
expected that minerals containing trigonal sites (i.e. borates. carbonates) would not
follow the same fractionation curve.

Mass balance calculations (Table 3.2) determined the B-isotope fractionation
between [/S and water at 350°C and 300°C. During quenching of the experiment. and
extraction of the fluid from the Au-capsules. B will adsorbed on the clay surfaces. but
this fraction of adsorbed-B is not representative of the conditions at higher temperatures
and is not representative of the fractionation of B incorporated into tetrahedral layers. It is
removed prior to B-isotope ratio measurement. Experiment 1 results were not used in
these calculations due to the limited B-content of the solution. Detection limitations and
analytical errors on such low concentrations led to a propagation of large errors.
Nonetheless. Experiments 2 and 3 contained an abundance of B in solution so that errors
in the measurements of B-content and 8''B did not significantly affect the fractionation
factor determined. The B-contents were measured with less than 5% error. Errors in the

B-isotope analyses of the run products were under 1%o, and the B-isotope fractionations
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Table 3.2. Mass Balance for mineral-water B-isotope fractionation at 300° and 350° C.

Mass Balance Calculations for 350°C Experiment

INITIAL fixed-B (ppm) %c fixed-B  mass 11/10 mass 10 mass 11
10 0 4.0437 1.9827 8.0173
water B (ppm) %cwater  mass 11/10 mass 10 mass 1
1000 0 4.0437 198.2671 801.7329
FINAL fixed-B (ppm) %c fixed-B mass 11/10 mass 10 mass 11
50 -12 3.9952 10.0097 39.9903
water B (ppm) %cwater mass 11/10 mass 10 mass 11
Calculated water 960 0.6 4.0463 190.2402 769.7598
A mineral-water -13
Mass Balance Calculations for 300°C Experiment
INITIAL fixed-B (ppm) %c fixed-B  mass 11/10 mass 10 mass 11
10 0 4.0437 1.9827 8.0173
water B (ppm) “%cwater mass 11/10 mass 10 mass 11
1000 0 4.0437 198.2671 801.7329
FINAL fixed-B (ppm) %c fixed-B mass 11/10 mass 10 mass 11
45 -15 3.9830 9.0306 35.9694
water B (ppm) %cwater  mass 11/10 mass 10 mass 11
Calculated water 965 0.7 4.0466 191.2192 773.7808

A mineral-water -16
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were calculated assuming a closed system. Propagation of errors gave ~+1.5%c (26) for
cach experimental fractionation determination.

The adsorbed-B fractionation measured by Palmer et al. (1987) for clay minerals
at 25°C was used to anchor the fractionation curve at the low temperature end. At this
temperature the fixed-B composition does not reflect equilibrium conditions with the
aqueous fluid. but reflects the chemical environment of its source material. Boron is not
fixed in the silicon tetrahedra until recrystallization of the I/S occurs at diagenetic
temperatures above 60°C (Perry. 1972). Nonetheless. the fractionation measured at 25°C
was based on the coordination change of B from trigonal (in solution) to tetrahedral sites
on the clay surface.

The high temperature (1100°C) fractionation was measured on mid-ocean ridge
basaltic glass doped with 2000 ppm B (NBS SRM 951. boric acid) and melted at 100
MPa (1 kbar) pressure over 24 hrs. with an equal mass of B-free water. The fractionation
between the aqueous fluid and basaltic melt is again related to the coordination change
from trigonal to tetrahedral sites in the melt. For other isotopic systems. such as oxygen,
the mass tractionation between fluid and minerals is mineral specific due to bonding
difference associate with local electrochemical variations in different mineral structures.
Boron isotope fractionation does not appear to follow this mineral specificity. Under
conditions where the dominant aqueous B-species is B(OH); and the mineral sites prefer
B(OH);. the B-isotope fractionation forms a single linear trend with reciprocal
temperature. independent of mineral structure. One explanation for this is that the ionic

radius of B is much smaller than that of Si or Al, thus the strength of B-O bonds within
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tetrahedral sites of silicates are large enough to make the effect of neighboring sites
insignificant (Hervig et al.. in review).
3.6.4. Application to the Gulf of Mexico Sedimentary Basin

One common use of isotopes as a geothermometer in geologic environments is
dependent on the differences in isotopic fractionation between water and different
minerals that contain the same isotopes (e.g.. oxygen). If the equilibrium fractionation
curves have a significantly different slope. and the two minerals co-precipitated. then the
equations can be used to calculate a specific temperature of crystallization. This
technique is not simple to employ in a diagenetic environment where co-precipitation and
equilibrium conditions are difficult to determine. and most authigenic phases have
fractionation curves with similar slopes (Kyser. 1987).

[t may be useful. however. to use two isotopic systems. i.e. B and O, that are
geochemically linked by a single prograde mineral reaction of smectite to illite to predict
equilibrium conditions. Figure 3.13 shows that the fractionation curves for the two
different isotopic systems have a significantly different slope. In a closed system
dominated by I/S (common in many sedimentary basins), there should be a unique
temperature and water composition that satisfies the equilibrium of both B and O-
isotopes in the I/S. Following is an example of the integrated use of B and O-isotopes for

evaluating diagenetic changes in sediments from the Gulf of Mexico sedimentary basin.



3.6.5. Wilcox Fm

3.6.5a. Mudstones

According to Yeh and Savin (1977) the change in 8'80 of I/S within mudstones
of the Eocene Wilcox Fm is nearly linear and decreases over a depth range of 2.5 to 5 km
(68°-155°C). Here it is believed that the mudstones represent a closed system with respect
to tluids. and that complete isotopic exchange resuited during the illitization of smectite
(Savin and Lee. 1988). Bloch et al.. (1998) have suggested that volcanic ash is a
significant source of the detritus in the Gulf Coast basin. Therefore the smectite was
probably of volcanic origin. with a 5'%0 representing the volcanic source and the pore
fluid §'°0 was approximately 0%c (seawater).

Coinciding with the O-trend. there is an increase in the fixed-B content of I/S as
temperatures exceed 60°C (Perry. 1972). The B increases from 100 to 200 ppm over
depths from 1.5 to 6 km. Smectite from altered volcanic ash or weathered continental
rocks would be expected to have an initial B-isotopic composition around 0%¢ (Leeman
and Sisson. 1996; Palmer and Swihart. 1996). Marine pore fluids would have an initial
3''B near +39.5% (seawater). but the detrital minerals and fluid are not in isotopic
equilibrium at surface temperatures. The isotopic fractionation curve cannot be applied to
detrital marine sediments where the B in minerals is not in equilibrium with the fluids.
However if one assumes that B-isotopic changes (toward equilibrium) accompany the
observed increase in fixed-B (as shown in these experiments). and that the B-isotopic
composition of the I/S is linked to isotopic changes in oxygen, then the two isotopic

svstems could be used as a predictive tool.
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Samples were collected from cores penetrating the Wilcox Fm at ~4 km
(~120°C) in south central Louisiana (Williams et al.. 1995). Measurement of 8180[,5 and
5 lBUS indicated average values of +20+2 and -18.8+0.8%c. respectively. The burial
history of the basin shows a linear trend over time (Boles and Franks. 1979) with a
constant thermal gradient approximating 30°C/km based on corrected bottom-hole
temperatures (Williams et al.. 19935).

Information on the fluid chemistry of mudstones is difficult to obtain due to
difficulty in extracting water from aquicludes. However. Suchecki and Land (1983)
developed a model to calculate oxygen isotopic compositions of the authigenic
illite/smectite and formation fluid in mudstones resulting from burial diagenesis. Their
calculations take into account the initial temperature plus thermal gradient and the degree
of illitization of the smectite. Their calculations indicate that the O-isotopic composition
of water in equilibrium with I/S (>70% illite) at 4 km. under a geothermal gradient of
30°C/km. should be approximately +8%c. Using this information together with the
measured 8'°O of the illitic mudstone (+20%c). the A mineral-water fOr oxygen (+12%c)
corresponds to a temperature of 116°C (Fig. 3.13). This is within the range of bottom-
hole temperatures measured in the cores examined (Williams et al.. 1995). The B-isotope
fractionation curve predicts a Aneral-water fOF boron at this temperature of —24%c. This
information. together with measurements of 5''B on the illitic mudstone (-18.8%0.8%)
indicates that the pore fluid in equilibrium with this mudstone should have a 5''B around
+6%¢c. This value is lower than reported measurements showing a minimum 5''B of

+12%c (Fig. 3.14) in formation waters from the Gulf Coast (Macpherson and Land. 1989;
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Land and Macpherson. 1992; Moldovanyi et al.. 1994) but all those measurements
were made on waters from carbonate and clastic reservoirs. not mudstones. The +6%c
5''B is not unreasonable in the context of waters associated with sedimentary rocks.
Palmer and Sturchio (1990) reported 5''B values for continental hydrothermal waters as
low as —8%c.

3.6.5b. Sandstones

Sandstones are usually not closed systems in sedimentary basins. They are open
to migration of hydrocarbons and related fluids. and they are not dominated by clay
minerals. as are the surrounding mudstones. Formation waters from sandstone reservoirs
will be influenced by other diagenetic sources of oxygen and boron therefore it is not
possible to use the two isotopic systems to predict fluid compositions. However.
understanding the general diagenetic framework for B- and O-isotopes related to I/S. one
can begin to appreciate the mobility of B in the sedimentary basin. With some careful
consideration of the various sources of B it may be possible to use B-isotopes as a tracer
of fluid migration.

Formation waters were collected from hydrocarbon bearing sandstone reservoirs
in the Wilcox Fm. adjacent to the mudstone samples discussed above. The temperature of
the sandstones ranges from 100-125°C. The 5''B value of the water determined by
NTIMS ranges from +28%¢ to +36%¢ (Chapter 2). but the pore-filling (authigenic) clay
minerals in the sandstones (mostly illite) have a consistent 5''B value of —2+2%c. The
fixed-B content of these clay minerals varied from 150-250 ppm B. If the pore-filling

clay minerals precipitated under current reservoir conditions (~100°C). the B-isotope
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fractionation curve (Fig. 3.13). indicates that waters in equilibrium with the I/S should
have an isotopic composition of +22+1%c. This indicates that the current reservoir is not
in equilibrium with the clay cements. Either the clay formed at a much lower temperature
(<60°C) or the isotopic composition of the reservoir fluid has been altered from that
predicted.

The I/S in the Wilcox reservoirs consists of approximately 70% authigenic illite
(Williams et al.. 1995) and it would be difficult to achieve this degree of illitization at
temperatures <80°C since the Late Eocene. It is more reasonable to assume that the oil-
field brines represent influx of fluids containing B from a new source introduced after
formation of the authigenic illite. A similar argument was made for these reservoirs on
the basis of N-isotopes in authigenic illite (Williams et al.. 1995). The enrichment of '
in the present waters may result from mixing with seawater. dissolution of evaporites
containing positive 5''B borates or a gas phase separation that concentrates '"'B in a more
volatile fraction (Palmer and Sturchio. 1990). Certainly. the isotopic composition of the
sundstone water is not at all similar to the mudstone pore fluids. However. water released
from the mudstones. through compaction or smectite dehydration. may supply some B to
the reservoir.

The mass balance considerations for the sedimentary basin as a whole indicate
that there must be a significant source of '8 at depth. Figure 3.15 shows estimates of the
B-content and 8''B of sediment and water in the Gulf of Mexico. from the surface
(Spivack et al.. 1987; Perry, 1972) to deep in the basin (this study). The Mississippi River

sediment (<4um fraction) contains ~100 ppm fixed-B with a § ! lB of 1.9+0.4%c (Spivack
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et al.. 1987). The marine sediments contain seawater in the pore space upon deposition.
thus the fluid has a B content of ~5 ppm B with 39.5% 5''B. At 4 km depth. the
depositionally equivalent marine sandstones contain I/S that has increased in B-content
(~150 ppm B) but decreased in s''B by as much as 6%c from the originally deposited
sediment. Similarly the formation water has increased in B-content by ~50 ppm with a
decrease in 8''B of about 12%c. This requires addition of ~100 ppm of isotopically light-
B over the course of 4 km burial. More deeply buried sediments (Norphlet Fm. discussed
below) indicate a continued increase in B-content of authigenic clay minerals. and
decrease in the §''B with depth (and age).

[t was shown that adsorbed-B will be released at temperatures less than 120°C
(You et al.. 1996). At ~120°C the partition coefficient for adsorbed-B (B,,/Bgyiq)
approaches zero. The adsorbed fraction of the near surface sediment averages +15%c
(Spivack et al.. 1987) and thus has the potential to lower the pore fluid 8''B from the
original 39.5%¢ seawater 8''B. The effect of this desorption would depend on the
temperature. fluid/rock ratio. degree of compaction. and would compete with other
diagenetic reactions. Above 120°C there should be no adsorbed-B on the sediment. and
the experiments have shown that at >70% illitization (similar to conditions at 4 km
burial) recrystallization and long-range ordering of I/S allows significant substitution of
B into illite. This process will deplete the pore fluid supply of '8 and would be expected
to leave the fluids “B-enriched. At the same time (temperature) however, organic matter
matures to the point of hydrocarbon expulsion. It was shown (Chapter 2) that kerogen

from the source rock for oil in these reservoirs (Sassen, 1990) has a B-isotopic
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composition of —4%c to —10%o0 (Chapter 2). It is not known how much boron was in the
organic matter before it was thermally mature. but at present temperature (>125°C) the B-
content is 140 ppm. This is a potential source of '9B for reservoir waters. The reservoir
waters are certainly influenced by the introduction of hydrocarbons. If the B isotopic ratio
of the reservoir fluids can be linked to the source rock it could be a useful tracer of
hydrocarbon migration.

3.6.6. Norphlet Fm

Deeper in the Gulf Coast Basin (~22.000 ft: 6.7 km) the Jurassic Norphlet
sandstone is host to significant gaseous hydrocarbon reserves. The unit has a number of
stylolites with associated authigenic quartz and muscovite (1M) thought to have formed
from pressure solution (Thomas et al.. 1993). There are also pore-filling muscovites and
muscovite pods in the formation. Thomas et al. (1993) have determined the timing of
stvlolitization by age dating of the large 1M muscovite crystals. indicating formation at
51%9 Ma (Fig. 3.16). The pore filling muscovite is 77+22 Ma and the pods are 86+16 Ma.
From this it is deduced that the stylolites formed when the sandstone was buried to
~18.000 ft (5.5km). Thermal maturity indicators show that the muscovite grew at the end
of wet gas generation and beginning of dry gas generation (Fig. 3.16: Thomas et al..
1993). It was proposed that the stylolites formed during methane leakage associated with
fracture of the overlying Smackover Fm that seals the Norphlet reservoirs.

The utility of SIMS analyses of boron isotopes in the muscovites is notable in this
case. where crystallization of muscovite occurred at different times. each representing

different conditions of formation. Analyses of the 5''B were done on the stylolite in thin
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section (Fig. 3.17). The sample was measured before and after removal of adsorbed-B.
Adsorbed-B was removed by ultrasonic washing of the thin section in mannitol solution
(Chapter 2). Betore removing the adsorbed-B the average §''B of the IM muscovite was
+11%0.9%c with a B-content of 483 ppm. After removal of surface adsorbed-B. the fixed-
B analyses averaged -2.9 + 0.3 %c with a B-content of 278 ppm. Using the burial history
curve from Thomas et al. (1993; Fig. 3.17). one can estimate that the maximum
temperature of crystallization of the muscovite was ~150°C. The B-fractionation
(Mmineral-water) al this temperature should be -21%c¢ (Fig. 3.13). This indicates
precipitation of the muscovite in equilibrium with +19%¢ water. According to the present
day regional trend for §''B of Cenozoic formation waters (Fig. 3.14: Macpherson and
Land. 1989: Land and Macpherson. 1992) this is a typical value for formation waters
taken at 150°C. It is consistent with formation of the muscovite at a shallower depth than
present day.

Analyses of the pore-filling muscovite show a §''B value of ~2%e. overlapping
values determined on the 1M muscovite. and similar to the pore-filling I/S in sandstone
reservoirs currently at 4 km (as discussed above). The muscovite pods that have the
oldest ages (86+x16Ma; Thomas et al.. 1993) have a 5''B value of ~10%c. These
isotopically light muscovites are found in the insoluble residue of the stylolite. and appear
to be intermixed with kerogen. again indicating that kerogen is isotopically light.

Using the B-fractionation curve. an interpretation can be made for the -10%c
muscovite pods. Based on the age and burial history curve, this oldest muscovite

crystallized at ~100°C. in equilibrium with a +15%¢ fluid. If that is true then the younger,
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(519 Ma) stylolite muscovite reflects a 4%c increase in 8''B of the pore fluid as the
formation was more deeply buried. It is possible that there is preferential loss of "B 1o
fluid associated with the evolution of B from kerogen during thermal maturation. The
Norphlet Fm is a gas reservoir. and the stylolitization (1M muscovite crystallization)
occurs during release of methane from the reservoir. This would indicate that the gaseous
(light. or low molecular weight) hydrocarbons contain a '1B-enriched component. Palmer
and Sturchio (1990) found a similar. but small, fractionation due to phase separation.
Another observation in support of this hypothesis is the high 5''B (+37%c) of waters in
the gas portion of the Wilcox Fm reservoirs (Chapter 2). Adjacent oil wells only a few
hundred meters away contain +28%c waters. It is possible that "B is concentrated in
more volatile fractions of hydrocarbons.

Other possible mineral sources of B include tourmalines and borates. Detrital
tourmalines in the Norphlet sandstone were analyzed and found not to be a likely source
of ''B-enrichment because of their low 8''B (—6.7 £ 0.2%c¢), and because dissolution is
unlikely at these reservoir conditions (Henry and Dutrow. 1996). Jurassic bittern salts.
however. contain boracite with +31%c 8''B (Macpherson and Land. 1989). While they
cannot be ruled out as a source of ' 'B, their dissolution would be expected to have a
more regional effect on the waters of the deep Gulf Coast basin. [nstead a negative trend
in 3''B of waters with depth (Fig. 3.14) is observed, not a positive trend (Macpherson
and Land. 1989).

Most importantly. the Norphlet Fm muscovites demonstrate that their B-isotope

composition reflects the fluids present at the time of crystallization and retains that
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signature at least through temperatures as high as the current burial depth (~250°C).
The experimental work described here shows that B is not released from illitic clays but
is incorporated in illite at 350°C. It is clear that authigenic clay minerals (illite and
muscovite) precipitating at diagenetic temperatures can be useful monitors of changes in
the fluid chemistry of hydrocarbon reservoirs. The equilibrium fractionation curve
between aqueous-B and I/S may be refined through further experiments and field data.
but the application demonstrated here indicates that it gives reasonable results in
agreement with field observations.
3.7. CONCLUSIONS

The fractionation of boron isotopes depends mainly on the coordination state and
temperature. and is independent of the mineral structure. The experiments reported here
support a linear fractionation with reciprocal temperature. in accord with data from room
temperature adsorption studies (Palmer et al.. 1987) and high-temperature experiments of
melt-fluid fractionation (Hervig and Moore. 2000). This relationship allows the
application of B-isotopes to understanding fluid sources and migration during burial
diagenesis. The study of authigenic illite and muscovite, the most common hosts of B in
sedimentary basins may be critical to understanding important diagenetic events. The
neoformaton of illite and coincident changes in 5''B at depths related to hydrocarbon
generation. make boron a sensitive indicator of pore fluid changes related to organic

maturation.
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Boron substitutes in the tetrahedral layers of illite. with simultaneous exchange

of oxygen. The results presented indicate a fractionation equation,

ABgineral-water = —10-12 (1000/T(K) + 2.44
with a slope that opposes that established for O-isotopes (Yeh and Savin. 1977). In an
ideal closed system dominated by I/S. one could predict equilibrium conditions using the
geochemical link between B-isotopes and O-isotopes of I/S that change synchronously
during illitization. Application to the Gulf of Mexico sediments indicates equilibrium
conditions expected for I/S and fluid in the mudstones. The formation fluids in
hydrocarbon reservoirs are distinctly different from that predicted. This reflects the
introduction of reservoir fluids after precipitation of clay minerals. or diagenetic
modification of the fluids. If the B-isotopic composition of these reservoir fluids can be
linked to a specific source rock then the authigenic illite might record the presence of

tluids related to hydrocarbons.
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CHAPTER FOUR:

BORON ISOTOPES OF AUTHIGENIC ILLITE IN A CONTACT
METAMORPOSED SHALE: IMPLICATIONS FOR B AS A TRACER OF

FLUID/ROCK INTERACTIONS
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4.1. ABSTRACT

Authigenic illite formed in the contact metamorphic aureole of a dike intruding
shale. shows large isotopic fractionations of boron during progressive illitization that are
retained up to 500°C. Incorporation of 500 ppm B in a sample closest to the intrusive
indicates that illite is a host for B even under contact metamorphism. These results have
implications for using authigenic illite in diagenetic environments as a tracer of fluids
associated with hvdrocarbons. Boron is commonly enriched in oilfield brines at
temperatures where illitization occurs: thus authigenic illite may record a distinctive isotopic
composition related to the presence of hydrocarbons and associated brines in potential
reservoirs.

In order to determine the magnitude of B-isotope exchange as a function of
temperature. samples were examined from a bentonite layer in organic-rich shale that was
intruded by a dike. Vitrinite reflectance of the organic matter determined maximum
temperatures across the contact aureole. Adsorbed-B is negligible at temperatures of contact
metamorphism: theretore the isotopic changes observed are due to B-substitution for Si in
tetrahedral layers of the illite/smectite (I/S).

Fixed-B in randomly ordered I/S retains the isotopic ratio of the original source
material. but there is a 20%c decline in 8''B recorded during long-range ordering of the I/S.
Application of the experimentally derived B-isotope fractionation curve for silicates
(Chapter 3) allows the measured 5''B values of IS to be predicted using a Rayleigh
volatilization model for isotopic fractionation. This application shows that the curve is a

good assessment of the temperature dependence of B-isotope fractionations. Boron isotope
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analyses of authigenic illite provide a valuable geochemical tracer of fluid/rock interactions
in sedimentary and metamorphic terranes.
4.2. INTRODUCTION

Boron is enriched in shales and marine sediments (>100ppm) (Goldschmidt and
Peters. 1932) because of preferential uptake of B by clay minerals. Recent studies of B-
isotope systematics related to subduction of marine sediments shows that fluids derived
from the subducted sediment have light 5''B values compared to surficial waters (Bebout
et al.. 1993: You et al.. 1995b; Peacock and Hervig. 1999). The large differences in 5'B
of fluids have made B-isotopes useful as an indicator of fluid sources. While B-isotopes
have been explored on a tectonic-scale in subduction zones, it is possible that they can be
useful for monitoring fluid flow in sedimentary basins as well because B is highly mobile
in the aqueous phase (Levinson. 1980).

Studies of B in surficial sedimentary environments have focused primarily on
adsorbed-B on clay surfaces (Schwarcz et al.. 1969: Brumsack and Zulegar. 1992).
Adsorption studies show a greater affinity of B for smectite and illite than for other clay
minerals (Hingston. 1964: Couch and Grim, 1968; Keren and Mezuman, 1981). The
enrichment of B in clay minerals does not occur during weathering of igneous rocks, nor
during exposure to seawater (Spivack et al.. 1987). Clay-rich marine sediments (<4um
fraction) have an average adsorbed-B content <20 ppm with 5''B near +14%o0, but the
adsorbed-B accounts for only about 10% of the total-B in shales (Spivack et al.. 1987). As
temperatures approach 120°C, B-adsorption becomes negligible (You et al.. 1995a).

During diagenesis. substitution of B for Si occurs as smectite reacts to illite (Perry. 1972).
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This tetrahedrally substituted-B in clay minerals accounts for the greater portion of B in
marine sediments (>100 ppm B). and it has an average 8''B of 5% (Palmer et al., 1987).
This implies that pore fluids should become progressively "'B-enriched as illitization
proceeds. unless there is an additional source of B from hydrothermal fluids. organic
material. or breakdown of other detrital minerals within the sedimentary basin.
[dentification of the sources of B and knowledge of the isotopic fractionation during
illitization could provide a geochemical monitor of important diagenetic modifications to
pore fluids during burial.

The purpose of this study was to compare the magnitude of B-isotope changes in a
natural setting to that predicted by the experimental results for B-isotope fractionation
during the illitization of smectite (Chapter 3). The temperature regime represented in the
contact aureole overlaps with the temperatures of the experiments at 300°C and 350°C.
Comparison of predicted and observed B-isotopic changes in this environment confirms the
validity of the experimental measurements and utility of the fractionation equation.

4.3. GEOLOGIC SETTING

Samples were collected from an organic-rich portion of the Cretaceous Pierre shale
near Walsenburg. Colorado where it is intruded normal to bedding by a 4 m thick
composite lamprophyre dike of Eocene-Oligocene age (Johnson. 1964). The <2um size
fraction of the bentonite layer (altered volcanic ash) is dominated by smectite and illite, with
minor kaolinite and chlorite (Table 4.1). The contact aureole of the dike extends for

approximately 25m. Maximum temperatures affecting the sediment were determined by
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Table 4.1. Mineralogical data for A) bulk powders. B) <2um size fraction
and C) organic matter. Ro % is vitrinite reflectance value.

A) Bulk Mineralogy

SAMPLE DIST. (m) %Carb %qiz %Ksp %plag %musc %clay

WD-5 1.8 4.2 439 119 16.3 n.d. 23.7
WD-10 4.2 0.3 45.2 209 20.0 n.d. 135
WD-11 5.1 0.3 454 17.6 16.5 4.4 203
WD-12 6.2 5.7 46.6 7.9 12.0 4.6 243
WD-13 8.2 6.8 445 1.6 13.5 5.6 23.6
WD-14 10.4 5.8 519 9.1 9.4 7.4 237
WD-18 25.6 n.d. 356 21.8 15.1 7.4 24.8

B) Clay Mineralogy (<2um size fraction)
SAMPLE DIST. (m) %lllite %Smec %I/S %I (I/S) %Kaol %Chl

WD-5 1.8 25.4 3.2 55.3 100 0.0 16.1
WD-10 4.2 34.2 nd. 403 96 16.7 8.8
WD-11 5.1 33.1 nd. 473 89 19.6 0.0
WD-12 6.2 14.8 nd. 66.1 79 9.6 9.5
WD-13 8.2 15.2 13.6 555 64 14.0 1.7
WD-14 10.4 9.1 6.0 61.5 40 21.9 1.6
WD-18 25.6 7.7 6.0 68.6 20 13.5 4.3

C) Organic Matter
SAMPLE Temp°C Ro % TOC %
WD-3 500 3.80 0.38
WD-10 465 3.52 0.56
WD-11 430 2.75
WD-12 405 2.20 0.62
WD-13 350 1.40 0.57
WD-14 285
WD-18 200
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vitrinite retlectance of the organic material in the shale to be between 200-500°C (Bostick
and Pawlewicz. 1984). Thermal models based on the dike composition and thickness were
tested by Pytte (1982). and found to be ~50°C lower than the estimated vitrinite
temperatures. The duration of the thermal event was modeled to be on the order of 10's of
vears which is long enough to drive the illitization of smectite. but the kinetics of other
mineralogical changes may preclude interpretations based on equilibriumn assumptions.

Significant mineralogical changes observed in the shale near the dike contact include
Na-metasomatism (albitization). an increase in quartz and a decrease in detrital mica and K-
feldspar (Lynch and Reynolds. 1985). The increase in quartz near the dike may be due to
excess SiO, produced during breakdown of detrital mica and feldspar. Lynch (1985)
concluded that neoformation of authigenic illite occurred in a system closed with respect to
major elements.

4.4. ANALYTICAL METHODS

4.4.1. Mineralogy

Bulk powder X-ray diffraction (XRD) was used to determine the mineralogy of the
sediment. The <2 um size fraction of the sediment was analyzed to identify the clay
minerals (Moore and Reynolds. 1989) and degree of illitization of mixed-layered
illite/smectite (I/S).
4.4.2. Isotope Geochemistry

Boron isotope analyses and B-content of the clay fraction was determined by
secondary ion mass spectrometry (SIMS). Adsorbed-B was removed from these samples

by multiple washings (5 or more) in de-ionized water to remove the marine pore fluid salts
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and allow clay disaggregation. Samples were then washed in mannitol. a B-complexing
agent that helps to remove surficial B contaminants (Hingston. 1964). A concentrated
slurry of the clay fraction was dropped on a | inch round. B-free glass slide. After drying
at 60°C. the samples were gold coated for charge compensation during SIMS analysis.

Analyses were done using a Cameca IMS 3f SIMS equipped with a standard
duoplasmatron for generating a primary beam of O ions. In order to calibrate the SIMS for
measuring the B-isotopic compositions of clay minerals. two natural samples were used as
standards. that had been analyzed previously (You et al.. 1995a) by thermal ionization
mass spectrometry (TIMS). The samples were mineralogically similar to the bentonite.
comprised of mainly illite/smectite with minor kaolinite, chlorite. and illite. The initial
sample had a bulk 8''B of =5%c. An aliquot was heated at 350°C and 80 MPa for 2 months
producing complete recrystallization of the I/S to illite (You et al.. 1995a) and a change in
5''B 10 —10%c. SIMS analyses of the two samples also gave "'8/'°B ratios that also
changed by ~5%c. indicating that the instrument calibration is independent of mineral matrix
changes due to recrystallization. Chaussidon et al. (1997) also found matrix effects for
analyses of B to be very small. Further details of the analytical technique can be found in
Hervig (1996) and Chaussidon et al. (1997).

The isotope ratios are reported as delta values relative to boric acid standard NBS
951 (''B/'°B = 4.0437).

5''B = ([{"'B/"*B ) sampte / {''B/"°B standaral-1) X 1000) - IMF

where IMF is the instrumental mass fractionation. or correction factor. The IMF is

measured on the standard before each analytical session and is rechecked after each sample.
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The precision of the §''B values was 1-2%c for each analysis. and each sample was
analyzed more than 10 times producing analytical errors <1%c.

The B-content was determined from a calibration curve constructed from SIMS
measurements of B-glass standards prepared with various B-concentrations. By measuring
the ratio of l[B+ to 3OSi+ (both measured with an electron multiplier) this curve can be used
to determine the B-content of the sample if the SiO, content is known. Precision in
measurement of B-concentration was <5%.

4.4.3. Organic Geochemistry

The vitrinite reflectance of organic matter in the Pierre Shale contact aureole of the
Walsen Dike was examined by Pawlewicz and Bostick (1984) and their results were used
as a measure of the maximum temperatures attained across the sampled region. Total
organic carbon contents of the samples were determined using a CHN Elemental Analyzer

(Perkin-Elmer Model 240C) on bulk rock powders (Williams and Ferrell. 1991).

4.5. RESULTS
The bulk mineralogy of the Pierre shale is presented as a function of distance from
the dike/shale contact in Table 4.1. The clay mineral content of the shale is ~24%. with the
exception of one sample ~4m from the contact with 14% clay. Other mineral modes show
the following variations: quartz 36-52%. K-feldspar 8-22%, plagioclase 9-20%. carbonate
<7%. and muscovite <7%. On a molar basis. Lynch and Reynolds (1985) found that albite
replaces K-feldspar progressively as the dike is approached. Within the clay size fraction

(<2um e.s.d.). the clay mineral assemblage is dominated by mixed-layered I/S. The most
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apparent clay mineral reaction is the illitization of smectite with increasing temperature. The
percentage of authigenic illite in the I/S (%I (I/S)) increases with proximity to the dike (Fig.
+.1. Table 4.1). with the sample >25 m from the dike contact showing 20% I (I/S) and the
sample <2 m from the dike showing 100% illitization of the I/S.

The least illitized samples in the bentonite layer (>8 m from the contact) show a
range in B-contents from ~200-300 ppm. and 5''B values from +7.8 to +8.7%c. The ''B
and B-contents decrease as temperatures increased with proximity to the dike (Fig. 4.2).
The isotope ratios are not greatly affected however. until illitization has reached ~70% and
R1 ordering (ISIS) of the mineral structure has begun (~350°C). The recrystallization of
smectite to illite continues toward the dike as the temperatures reached a maximum of
~500°C near the contact. The sample taken <2 m from the dike shows a significant increase
in B-content (~500 ppm) with a corresponding drop in the §''B to ~12%e.

The total organic carbon (TOC) content across the contact aureole of the Pierre shale
is between 0.5 and [%. Table 4.1 lists the range of values for organic content and vitrinite
reflectance values associated with that interval (Bostick and Pawlewicz. 1984). The range

of temperatures interpreted from vitrinite reflectance is shown in Figure 4.1.

4.6. DISCUSSION
The B-content of the illite (Fig. 4.2). as well as other mineralogical differences
within 2 m of the dike, indicates that fluids metasomatically altered this region closest to the
dike intrusion (Lynch. 1985). For the rest of the bentonite samples bulk rock analyses

show no indication of addition or subtraction of major elements during the metamorphic
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Figure 4.1. Plot showing the mineralogical changes in I/S as a function
of temperature across a metamorphic contact aureole in the Pierre shale.
Vitrinite reflectance values are indicated in parentheses (Bostick and
Pawlewicz, 1984) and are the basis for the temperature scale. Long-
range ordering of the I/S (R1 to R3) is found within ~8 m of the dike
where temperatures exceeded 350°C.
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Figure 4.2. Trends in B-content and 8!1B across the contact
aureole in the Pierre shale. Changes in the 3!1B do not begin
until ordering of the I/S occurs at ~70% illitization.
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event (Lynch. 1985). The major influence on the I/S across this layer was the short-lived
thermal pulse associated with dike intrusion. Nonetheless, the system was not necessarily
closed with respect to trace elements or pore fluid. and this hypothesis will be explored
using the boron analyses of the dominant clay mineral I/S.

4.6.1. Boron trends

No significant change in the 5''B is observed until the IS is dominantly illitized
(~70% at ~15m from the dike). Closer to the dike. the amount of authigenic illite increases
to 100% and the 8''B decreases by ~20%c. This observation is in close agreement with
results from hydrothermal experiments on I/S (Williams et al.. 1999; Chapter 3) that also
show no significant change in B-isotope ratios until ~70% illitization. This suggests that
mayjor recrystallization of the mineral must occur before B isotopes begin to equilibrate with
the fluid. For randomly ordered I/S the original boron isotopic composition of the source is
apparently retained.

While mineralogical changes are important. another process that can influence
boron is adsorption and desorption from clay mineral surfaces. This process is important in
modifving low temperature pore fluids in marine and surface environments. At near surface
temperatures (<60°C) the pH plays an important role in B-speciation. In aqueous fluids
B(OH), dominates at high pH while B(OH); dominates at pH <8. The speciation will
affect the isotopic fractionation of the adsorbed-B (Palmer and Swihart. 1996). However,
You et al. (1995a) found that the amount of adsorbed-B becomes insignificant as
temperatures approach 120°C. Under conditions of burial diagenesis, therefore. it is the

fixed-B incorporated into the tetrahedral sheets in authigenic clay minerals. especially illite.
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that will modify the §''B of the coexisting pore fluid. In the Pierre shale samples. high
temperature (>200°C) contact metamorphism caused recrystallization of the smectitic
sediment to illite. thus the changes in 5''B observed in the clay minerals of the contact
aureole do not reflect fractionation related to adsorption. but to tetrahedral B-substitution.

Under normal conditions of burial diagenesis. the B-content of authigenic /S
increases with illitization (Perry. 1972). This requires a source of B which could be other
unstable detrital minerals such as micas. or perhaps organic matter (Chapter 2). In the case
of the Pierre shale. there is an insufficient quantity of detrital mica and organic material to
provide a significant source of B (Table 4.1). The metamorphosed Pierre shale samples
show a slight decline in B-content of the clay with increasing temperature. This trend could
be related to depositional variability. but it is more likely a result of the liberation of water
during the reaction of smectite to illite. Boles and Franks (1979) wrote the general reaction
tor the illitization of smectite showing:

45 K" +8 A" + smectite > illite + 3 Si** + (cations + water)

The water released from the interlayer of smectite (~5-8 wt.%: Pytte. 1982) will cause
dilution of the pore fluid in the immediate vicinity of the authigenic clay. A change in the B-
concentration of the pore fluid requires re-equilibration of the B in the newly formed illite
crystals: thus one would expect a lower B-content in the authigenic phase. reflecting the
pore water dilution.

The very high B-content (500 ppm) of the 100% recrystallized illite near the dike
contact (Fig. 4.2) suggests that metasomatic fluids introduced with the dike had a much

higher B-content than the marine pore fluids trapped with the sediments. The fact that the
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illite incorporates this much B in a samples that reached 500°C is evidence that authigenic
illite is not a source of B during diagenesis or even moderate grades of metamorphism.
[lite is a host for B at temperatures much higher than previously acknowledged. The
illitization of smectite does not release B in sedimentary basins as has been suggested (e.g.
Moldovanyi et al.. 1994; Land and Macpherson. 1992).

4.6.2. Isotope Modeling

In a closed system. one would expect B-isotope ratios in I/S to track the
fractionation between I/S and aqueous species of boron in the existing pore fluids
(presumably seawater). The expected fractionation has been determined through
experiments on I/S by Williams et al. (1999: Chapter 3) and the temperature dependence is
shown in Figure 4.3. Assumptions required to apply this fractionation model include: 1)
boron in authigenic illite is tetrahedral and 2) boron in pore water is trigonally coordinated.
This is reasonable for a high-temperature. low pH environment (Palmer and Swihart.
1996) like 2 metamorphosed black shale. The predicted §'B composition of the pore water
in equilibrium with I/S is given in Table 4.2, and shows a range of values from +27%c for
the low temperature I/S to —1%c for the high temperature illite. Such a range is not possible
to obtain in a closed system. To investigate the effect of open system metamorphism. that
is. illitization accompanied by loss of water from the rock. two end-member models are
presented: batch and Rayleigh volatilization (Valley. 1986).

The batch volatilization model (Nabelek et al.. 1984) approximates a closed system
where the liberated water is in equilibrium with the rock (Table 4.2). This model requires

NP . L .
that the initial 8" B of the rock is known and an approximation of the reaction progress
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must be made in order to determine the fraction of reactant remaining. An initial 5''B of
+8%c was assumed based on the average of the least altered samples analyzed (RO I/S). In
accordance with the observation that the 8''B of IS does not change until long-range (R1)
ordering of the crystal structure ensues. the B-fixation reaction is defined as beginning at
this point (f=1) and ending at 100% illite (f=0). The fraction of reactive material remaining
(f) is proportional to the degree of illitization determined by XRD on samples with 2R1
ordering (Table 4.2). The « used in each calculation was based on the maximum
temperature indicated by vitrinite reflectance. and the corresponding fractionation (A ., eral-
«ater) Predicted for that temperature (Table 4.2, Fig. 4.3).

Using the same parameters. a Rayleigh volatilization model was applied to the data.
A Rayleigh model for isotopic fractionation results in large decreases in the §''Bof IS in a
system where the water generated during illitization is immediately lost from the rock. The
results of the predicted 5''B of IS compared to the measured 5''B on I/S are shown in
Figure 4.4. Neither end-member model accurately predicts the isotope data based on the
measured parameters (vitrinite reflectance temperature. %illitization. 5' lBI,S). but the
Rayleigh model shows a similar trend.

A good fit to the data can be made using a Rayleigh volatilization model based on
higher temperatures of reaction (maximum 850°C instead of 500°C) but this is not
reasonable considering the level of organic matter maturity and crystallinity of the sediment.
Another important variable however is the value of f. By calculating the value of f that best
fits the measured 8''B of I/S (Table 4.2, f..ic). one finds that a change in f of only 10-20%

is necessary to model the observed 5''B. Atthe highest temperature there is a 10%
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difference between the f based on illitization and f that best fits the isotope data. This
difference increases at lower temperatures to ~20%. indicating that the reaction progress
(isotope exchange) is 10-20% slower than estimated based on % illitization. One
explanation for this could be differences in the fluid/rock ratio induced by the contact
metamorphism. During dike emplacement. a greater volume of water would be expected
immediately in samples that experience higher temperatures. due to more extensive
dehydration and also from the introduction of metasomatic fluids. The amount of fluid that
has infiltrated and exchanged with the bentonite can be calculated from isotopic mass
balance (Taylor. 1977) for closed and open isotopic systems (Table 4.3). The calculations
indicate that near the dike there was a three-fold increase in fluid content of bentonite during
recrystallization that could cause dilution of the B-content.

The small adjustment (10-20%) to the reaction rate necessary to fit a Rayleigh
model to the data can be explained by reaction kinetics. The assumption that the dominant
exchange reaction began with R1 ordering of the I/S is validated by experimental results
(Chapter 3). however the recrystallization depends on the reaction kinetics. as a function of
temperature. time and fluid/rock ratio. It has been assumed that the recrystallization of each
sample occurred at the maximum temperature that affected that sample. but it is possible
that isotopic exchange occurred at a lower temperature, yet was retained in the authigenic

illite as temperatures increased to the degree indicated by vitrinite reflectance.
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Table 4.3. Mass balance calculations for fluid/rock ratios based on isotope ratios
(Taylor. 1977).
Fluid / Rock Ratios

T°C A min-wat  §"B (I/S) &'B water F/R oo F/R .-

25 -31.5 8.0 39.5 0.03 0.03
200 -19.0 7.8 26.8 0.04 0.04
285 -15.7 7.8 23.5 0.05 0.05
350 -13.8 8.7 22,5 0.03 0.03
405 -12.5 5.2 17.7 0.10 0.10
430 -12.0 0.5 12.5 0.19 0.17
465 -11.3 -7.0 4.3 0.29 0.26
500 -10.7 -12.0 -1.3 0.35 0.30

A min-wat is taken from the experimental fractionation equation (Fig. 3).
5"B water=8"B (I/S) - A

F/R ... =|(d final rock - 8 initial rock)/(d initial fluid - (3 final rock + A))|
F/R . =In (F/R closed + 1)
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The relatively close agreement of the Rayleigh volatilization model with the
measured 8''B of IS in this contact metamorphosed shale demonstrates the utility of B-
isotopes for evaiuating fluid/rock interactions. The results show that illite is an important
mineral host for B. and that it retains the equilibrium 5''B even in samples that have
sustained temperatures of 500°C. Most importantly this establishes that authigenic illite will
retain the isotope ratio acquired during recrystallization at lower diagenetic temperatures.
4.6.3. Application

Large accumulations of organic-rich mudstones in sedimentary basins produce
significant quantities of hydrocarbons. and there is evidence that organic matter can be a
source of B (Gulyayeva et al.. 1963: Williams et al.. 1997b. Chapter 2). It is known that
some organic matter contains several hundred ppm B (eg.. Gulyayeva et al.. 1966:
Goodarzi and Swain. 1994), which appears to be released during thermal maturation since
metasedimentary graphite contains negligible B (Douthitt. 1985). Boron may be released
from organic matter. similar to the release of H and O as C-O-H bonds are broken during
thermal maturation. Many oilfields contain B-enriched brines associated with hydrocarbon
accumulations (Sivan, T.P.. 1972: Collins. 1975: Vengosh et al.. 1994: Moldovanyi et al..
1992). Since B is not adsorbed by clay minerals at temperatures of hydrocarbon generation
(You et al.. 1995a). it partitions preferentially into the aqueous phase. and may be trapped
along with hydrocarbons in sandstone reservoirs. The recrystallization of I/S to form Rl
ordered structures commonly occurs at temperatures of hydrocarbon generation (100-
150°C) over the long time periods of burial diagenesis (Tissot and Welte, 1984), thus

fixation of B in the authigenic illite should record the chemistry of the oil-related waters.
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The fixed B-isotope composition of authigenic illite could therefore be used to trace
hydrocarbon migration paths.
4.7. CONCLUSIONS
The results of this work demonstrate that illite is a reservoir for '°B. even at
metamorphic temperatures as high as 500°C. Boron is incorporated into illite in isotopic
proportions reflecting the coordination change between water (trigonal) and illite
(tetrahedral). Measured 5''B values of I/S generally match values predicted by a Rayleigh
distillation model for isotopic fractionation, indicating that the shale is not closed with
respect to pore fluids during contact metamorphism. There is good agreement between the
field results and theoretical calculations based on the experimentally derived B-isotope
fractionation curve (Chapter 3). indicating that it is a fair assessment of the temperature
dependence of B-isotope fractionations between silicates and water. These fractionations
are large compared to oxygen isotope fractionation at the same temperature (Savin and Lee.
1988) and may provide an important marker for diagenetic processes in hydrocarbon
reservoirs.
In the contact metamorphosed black shale. the fixed-B of randomly ordered I/S
retains the isotopic ratio of the original source material. but there is a 20%c¢ decline in 5'B
recorded when I/S undergoes long-range ordering. Rl ordering of I/S commonly occurs at
depths similar to that of hydrocarbon maturation in sedimentary basins around the world,
thus re-equilibration of 5''B can be an important diagenetic marker of fluid changes

associated with hydrocarbon maturation. If organically-bound B is released from kerogen
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with a distinctive isotopic composition. then the B-chemistry of oil-related waters should be

recorded by authigenic illite allowing hydrocarbon migration paths to be traced.



CHAPTER FIVE:
APPLICATION OF BORON ISOTOPES TO UNDERSTANDING FLUID/ROCK
INTERACTIONS IN A HYDROTHERMALLY STIMULATED OIL-RESERVOIR

IN THE ALBERTA BASIN, CANADA



5.1. ABSTRACT

Boron isotope ratios of minerals and fluids involved in diagenetic reactions may
be usetul as a geothermometer and monitor of fluid/rock interactions. In the steam-
injected Cold Lake oil sands of northern Alberta. there is a notably large variation in the
5''B of produced waters from the steam recovery project (Wieser. 1998). The higher
temperature waters (~200°C) have isotopically light §''B values (+3%c) and high B-
contents (~150 ppm). The range of 5''B values observed is +3 to +14%c. This variation
cannot be ascribed to fluid mixing because there are no fluid reservoirs in the region with
a significant component of B. It is inferred that the hydrothermal fluids have interacted
with the reservoir rock, causing a release of '98 that lowers the 8''B of the fluid.

Examination of the B-isotope ratios of reservoir minerals before and after steam
injection. allows evaluation of the sources of B in the reservoir. The only significant
phase containing B is pumice. It shows generally positive 5''B values before steam
injection and negative values after steam. with 5''B as low as —28%c. Other possibly
reactive phases include clay minerals and organic matter. but their abundance is not great
enough for them to impact the isotopic composition of the produced waters.

This information makes it possible to evaluate the boron isotope fractionation
cquation derived from experimental data (Chapter 3). The resuits show that the
fractionation curve accurately predicts the observed fractionation of B between pumice
and hydrothermal fluids in the Cold Lake reservoir. This not only indicates that that the
fluid and pumice have approached isotopic equilibrium, but also shows that B-isotopes

potentially provide a useful geothermometer for hydrothermally stimulated oil-reservoirs.



5.2. INTRODUCTION

The application of boron isotope systematics to understanding fluid migration in
hydrocarbon reservoirs has been proposed (Chapter 3). and an experimental fractionation
curve was derived (Hervig et al.. in review) in order to predict the relative changes of B-
isotopes as a function of temperature. The dominant control on the large isotopic
fractionations of B in nature result from the coordination change in B between aqueous
“B(OH); and tetrahedral [OB(OH)J“ which prefers silicate minerals (Hervig et al.. in
review). Other factors that could affect isotope ratios include changes in the water
chemistry brought about by decomposition of organic matter or other mineral sources of
boron (Chapter 2). and mixing of waters from diverse origins.

In order to test the relative influence of these factors. and to apply the results of
the experimental work to a larger scale experiment that may simulate a natural diagenetic
environment. samples were studied from a thermal recovery project in oil sands from the
Western Canada sedimentary basin. Recovery of high viscosity bitumen (API
gravity~10°C) from reservoirs in the Cold Lake region of Alberta requires steam
injection. The steam is injected at the rate of several hundred m3/day. at temperatures as
high as 300°C and pressures up to 12 MPa (Hutcheon and Abercrombie. 1990). The
interaction of the fluid with reservoir rock is variable depending on the relative degree of
tTuid mixing and corresponding temperatures of fluid/rock interaction. Using an aqueous
silica geothermometer (Gunter et al.. 1997) on the recovered hydrothermal fluids, the
temperatures sustained by the reservoir minerals range from 80-200°C, similar to

temperatures of diagenesis (Hutcheon and Abercrombie. 1990).



Produced waters. meaning hydrothermal fluids that are recovered along with
the mobilized bitumen. were examined for B-isotope ratios as a method of monitoring
fluid mixing between the thermal recovery waters and formation waters (Wieser. 1998).
The rock saumples examined in this study were collected from cores that were near the
recovery wells for the fluids. The cores were sampled before and after steam injection. so
that mineralogical changes related to the steam injection could be evaluated. Using the
experimental data on B-isotope fractionation (Chapter 3). we can predict the equilibrium
chemistry expected for minerals in contact with fluids of known 5''B. A comparison of
the predicted values to those measured helps to define which mineralogical changes most
influence the B-isotopes. and how B can be used as a geochemical tracer of fluid/rock
interactions in hydrocarbon reservoirs.

5.3. SAMPLES AND METHODS

Samples were collected from three production pads (BS. Dil and D23) in the
vicinity of the produced waters (Fig. 5.1). Two samples were selected from each pad at
approximately the same depth, for a total of six samples representing the pre and post-
stcam reservoir minerals. The samples were largely unconsolidated, so they were
impregnated with epoxy for preparation as doubly polished thin sections. The previously
described petrology and sedimentology of the samples (e.g. Hutcheon et al.. 1989)
documented extensive dissolution of framework grains (largely volcanic clasts) at the
depth of the selected samples. Non-lithic fragments are predominantly quartz and

teldspar. and lithic fragments include polycrystalline chert, pumice and shale
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Figure 5.1 Location map of Cold Lake. Alberta basin. Enlargement shows core locations
(Pads B5. D11 and D23) and locations of produced waters (Pads A4, C4. D3. D5, D7).
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(Sedimentology Research Group. 1981). The abundance of clay minerals (smectite,
chlorite. kaolinite and illite) is generally <6% (Hutcheon et al.. 1989).

The process of drilling. coring, thin sectioning and polishing of the samples all
combine to contaminate the surface of the minerals with B from fluids associated with
each of these processes (e.g. Shaw et al.. 1988). In order to remove B from the samples
before isotopic analysis. thin sections were soaked in mannitol solution. which complexes
with surface adsorbed-B. The mannitol is then washed from the samples by ultra-
sonifying them in B-free distilled-deionized water. The samples were dried at 60°C then
gold coated for isotopic analysis by secondary ion mass spectrometry (SIMS).

The method for SIMS analyses is described elsewhere (Chapter 3). The isotope
ratios are reported as delta values relative to boric acid standard NBS SRM 951 (''B/'°B
=4.0437).

5'"'B = (([{"'B/"*Bsample /{ ' 'B/*B} standgaral — 1) X 1000) — IMF
where IMF is the instrumental mass fractionation. or calibration. The analyses were
performed over a period of two years. during which the IMF varied from -35 to —46%«.
but remained constant (within error) during each analytical session. The IMF is
determined on a standard (IMt-1 illite). and must be known for each analytical session in
order to correct the measured ' 'B/'°B ratio for instrumcat bias. Most analyses were
collected in stepping mode where the sample is moved in a line with analyses taken every
50 to 100um. This allows a random sampling of the minerals in the thin section, so that
results can be used to estimate the statistical variations in 8''B of the entire sample.

Normally multiple step scans were performed on each sample with the IMF rechecked on
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standards between scans. This mode of operation produces results that are often
unreliable. due to the analytical crater overlapping two phases, or hitting epoxy. or
encountering a mineral (e.g. feldspar) with B-contents too low to produce a statistically
significant isotope ratio.

Such analyses. however. are easy to identify based on the standard error of the
individual analysis compared with the predicted error based on counting statistics.
Repeated measurements of secondary ion intensity shows variation about a mean due to
the random nature of the sputtering process. The predicted error can be described by a
Poisson distribution for which the standard error (0) is defined as the square root of the
average of the total counts (Long. 1995). Analyses of areas that contain very little B will
produce higher predicted errors. If the actual error of analysis (based on 49 cycles of
measurement of mass 11 and mass 10) is more than twice the predicted error. the analysis
is discarded as invalid. This condition usually indicates problems with instrumental
stability or a non-ideal sample surface (charging or uneven). Analyses used for statistical
compilation were based on this evaluation of the step-scanned data. The unfiltered data
can be found in Appendix A.

Once the analyses were done. the analytical craters can be found as holes in the
Au coat that can be observed in the petrographic microscope (Fig. 5.2). It is necessary to
leave the Au coat on the sample for petrographic analysis because the analytical craters
are less than a few microns deep and cannot be easily seen without the contrast provided

by the Au layer. Petrographic study is required to identify the minerals encountered in
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each analysis. There are often multiple analyses within one grain. allowing the
assessment of intracrystalline chemical variability.

5.4. RESULTS

Table 5.1 is a summary of results based on 142 analyses that displayed acceptable
statistical errors. The errors were high (>3%c) in minerals that contained little B (quartz
and feldspar). but most of the analyses on lithic fragments yielded errors <2%c. Because
the summary of results excludes analyses with high 8''B errors. it is biased and is not an
indication that lithic fragments dominate the sample. The pumice fragments contain
highly variable quantities of B. ranging from tens to hundreds of ppm B in both pre- and
post-steam samples. Since they display the most significant alteration between pre-steam
and post-steam samples. their results are summarized separately from the other phases
(Table 5.1). The small number of analyses of clay minerals in these samples limits the
statistical significance of the results. however. on the basis of 3 analyses the pre-steam
core from Pad B5 had B-contents averaging 50 ppm and the post steam core from Pad
D11 showed a slight decline in B-content of clay (36 ppm). Other minerals (e.g. quartz.
feldspar) displayed low B counts indicating that the B-content was very low (<10 ppm).
so they were not analyzed.

There is considerable overlap of §''B values when comparing the pre- and post-
steam samples from each production pad as a whole. however when the data are selected
on the basis of mineralogy important differences are observed. The pumice fragments
appear to be the most reactive constituent of the reservoir during steam injection, because

ce .l :
they show the greatest difference in 8 "B between the pre and post-steam cores. Selecting
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Figure 5.2 Photomicrographs of pre-steam and post-steam
samples from Cold Lake showing A) step scan, B) altered
pumice. and C) analyses in organic matter.
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Table 5.1. Summary of boron data on minerals from the Cold Lake reservoir.
Alberta basin.

Summary of pumice 3"B values

(n=142 analyses) 'B%  8"'B% B (ppm) B (ppm)
Sample Name Sample # Pre-Steam Post-Steam Pre-Steam Post-Steam
B5-8 (460m) 1 -4 10 +5 41-59
B5-28P (460m) 8 Oto -28 *n.a.
D11-8 (461m) 17 -3to+19 43-61
D11-8P (461.3m) 21 +5t0-13 36-89
D23-6A(468.2m) 23 -2t +12 25-575
D23-8 (467.5m) 26 +71t0-16 13-107
Other minerals
clay +lto-4 -410-10 50 36
shale -lto-22
organics -11to-28
fsp +10t0 +15 +61t0 +15
chert +12t0+20

epoxy +10 to +50 (low B. high errors)
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those data only. a histogram of the 5''B values measured in pre- and post-steam
pumice from each pad was compiled (Fig. 5.3). These data show that in general the pre-
steam samples have a more positive §''B than the post steam samples. The greatest
overlap of values is in the core from Pad D23. The greatest range of §''B values (0 to
-28%c) is found in the post-steam sample from Pad B5. where the pumice was oil-stained.
It is difficult to determine if the low §''B values were from the organic material or the
pumice.

Clay minerals were rare in the sections analyzed. This may be due to loss during
sample preparation. The few clay-rich areas analyzed appeared to be replacement of a
framework grain (Fig. 5.2). Three clay analyses from the pre-steam core of Pad B3 had
5''B values of +! to —4%c. One post-steam core from Pad D11 had four analyses of
replacement clay with values of —4 to —10%¢. The clay mineral type was not determined.
Other minerals analyzed did not contain a significant amount of B. Their range of s''B
values is indicated in Table 5.1.

To aid the discussion. the B-isotopic composition and B-content of the produced
waters (Wieser. 1998) is presented (Table 5.2). along with the temperature measured
upon recovery. and temperatures interpreted for fluid/rock interaction (Gunter et al..
1997).

5.5. DISCUSSION

In order to understand factors influencing the B-isotope equilibrium between

minerals and waters in the Cold Lake reservoir. it is necessary to evaluate the relative

influence of various reactive phases in the rock. The discussion can be limited to three
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Table 5.2. Summaryv of boron data on produced waters from the Cold Lake reservoii

Sample 3"B B ppm PW T C *Reservoir T °C Near Pad
PW | +11.0 76.6 107 124 unknown
PW2 +8.0 954 80 96 BS
PW3 +3.1 148 182 190 D23
PW4 +6.9 154 159 185 D23
PW5 +5.2 159 177 182 D23
PW6 +8.0 169 142 167 DIl
PW7 +6.4 196 151 177 D11
PWS8 +14.1 85.7 unknown unknown unknown

* Reservoir temperatures were estimated based on the silica geothermometer
T (°C)=1201/(5.01 - log agSiO: (ppm))-273
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phases that were identified in this study as containing the greatest quantities of B:
pumice. clay minerals. and organic matter. This evaluation lends credibility to the utility
of the experimentally derived B-isotope fractionation curve in predicting fluid/rock
interactions in a hydrocarbon reservoir.

5.5.1. Pumice

Volcanic rock fragments (pumice) provide the major mineralogical source of B in
the samples studied. Volcanic glass is the most reactive mineral in the reservoir because
it is the most unstable under reservoir conditions. In general. hydrothermal alteration
breaks down volcanic ash to form various clay minerals and silica (Nesbitt and Young.
1984). and the Cold Lake post-steam core samples have several grains that show such
alteration to clay laths (Fig. 5.2). During the recrystallization of the pumice. one would
expect exchange of B with the hydrothermal fluids. The §''B values of the recrystallized
pumice should reflect the range of 5''B values measured on the fluid (at equilibrium)
thus providing a predictive tool. This depends on the assumptions that pumice is the
source of B and the isotopic fractionation curve is valid for the temperatures and minerals
under investigation.

For pumice with 5''B values in the range indicated (Table 5.1). the s''B
predicted for water is shown as a function of temperature (Fig. 5.4). The three curves
plotted for water 5''B span the range of values measured on the produced waters. The
3''B for pre-steam pumice is shown at T <50 °C. It plots above the range of water 5''B
values that were measured on produced waters. This indicates that if pre-steam minerals

. N . . . . R |
were in equilibrium with the original pore fluids. then the pore-fluids’ 8 "B was between
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35%c and 39.5%c (seawater). This is the range of values observed in the formation
waters (Wieser. 1998). The temperatures measured for the produced waters range from
80° - 182°C. but these are the cooled temperatures measured after interaction with the
rock. The temperatures of the water during rock interaction have been estimated based on
the silica geothermometer defined by Gunter et al. (1997), where
T (°C) = 1201/(5.01 - log SiO; (,q,ppm) - 273.

This relation indicates temperatures of fluid/rock interaction in the range of 96°-190°C.
The most common analyses of post-steam pumice range from -5 to —20%¢ (Fig. 5.3).
Using this range of mineral 5''B and the indicated temperatures. the fluid/mineral
tractionation of B generates water chemistries precisely in the range of 5''B values
measured for the produced waters (Fig. 5.4). This indicates that the 8''B of the produced
waters result from equilibration with the reactive pumice.
5.5.2. Clay Minerals

The clay minerals are not a significant influence on the B-isotope composition of
the waters in this reservoir. because of the high water/rock ratio and because they are not
volumetrically significant (<6%) compared to the volcanic clasts. Furthermore,
experimental studies (Chapter 3) show that smectite and illite incorporate B at diagenetic
temperatures. There is evidence that the clay minerals do not release fixed-B at
temperatures <500°C (Chapter 4). This has also been found to be true for fixed-NH, in
the interlayer sites of illite (Williams and Ferrell, 1991). Adsorbed-B. on the other hand.
will be de-sorbed as temperatures approach 120°C, because the distribution coefficient

for adsorbed-B approaches zero above that temperature (You et al., 1995a). The average
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3''B of adsorbed-B for marine sediments is +14%c. but it was shown to be a minor
fraction (<20%) of the total-B (Spivack et al.. 1987). Since the clay minerals in the Cold
Lake samples showed relatively low B-contents (50 ppm). the contribution from the
adsorbed-B component would be <10 ppm. Mass balance precludes this as a significant
source of B in the produced waters. The fact that clay minerals in the post-steam samples
have a lower 8''B (-4 to —10%c) than pre-steam samples (+1 to —4%c) indicates that they
are re-equilibrating with the hydrothermal fluid. The temperature of nearby waters (PW 6
and PW 7) was 167-177°C. If the clays have reached equilibrium at this temperature
(indicated by long-range ordering: Chapter 3) then the fluid composition should be +10 to
+15%e.
5.5.3. Organic Matter

Some organic-rich areas of the post-steam sample from pad B-5 showed very light
SHB values (-11 to —=28%c). It has been shown that kerogen from the U.S. Gulf Coast
basin contains isotopically light B (Chapter 2) and it was suggested that release of this B
might occur during thermal maturation. To test this hypothesis, we examined samples
from a coal seam that was transected by a dike in Wolcott, Colorado. Vitrinite reflectance
of the samples (provided by Dr. Neeley Bostick. USGS. Denver) was used to determine
the maximum temperatures that had affected the coal samples. Eighteen samples were
analyzed that spanned 2 temperature range of 200-650°C (Clayton and Bostick, 1986). B-
contents were determined by SIMS using a calibration curve based on the HB/12¢ ratio.
Details of the calibration can be found in Appendix B. This particular coal contained very

little B. with a maximum of 32 ppm found in the lowest temperature sample (200°C).
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Values declined to <10 ppm between 200 and 300°C and at higher temperatures there
was no detectable B. Isotope ratio measurements of the coal samples yielded very high
errors (3-7%c) but the average of the analyses was —15+2.8%c. These results indicate that
organically-bound B is a potential source of B in hydrocarbon reservoirs. but somewhat
higher temperatures than those affecting the Cold Lake reservoir may be necessary to
release it. [t would be necessary to know the amount of organic-B in the bitumen. in
conjunction with the water/oil ratio. in order to determine the significance of organic-B
liberation on the chemistry of the produced waters. Still. considering the greater
abundance of pumice than bitumen. it is clear that the dominant influence on the B-
chemistry of produced waters is the recrystallization of volcanic material at elevated
temperatures.
5.5.4. Equilibrium Fractionation

The successful application of the experimentally derived B-isotope fractionation
curve to predicting the isotope ratios of waters observed in this natural environment.
lends credibility to the derived equation (Apgineral-waer = —10.12(1000/T(K))+2.44).
Previously published fractionation data (Kotaka et al., 1973; Kakihana et al., 1977: Oi et
al.. 1989: Oi et al.. 1991). based on theoretical calculations of reduced partition function
ratios (RPFR). indicated a fractionation curve (A ;peral-water = —3-85 (1000/T (K))+0.33)
with a much lower slope and intercept. This approximation does not explain the field data
measured on Cold Lake samples. It would require waters to have much lower §''B values

than observed. approaching 0%c.
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The experimental data presented (Chapter 3) allow accurate prediction of the
3''B of minerals and water as a function of temperature. This indicates that the dominant
reactive phase (pumice) in the Cold Lake reservoir approaches equilibrium with the
hydrothermal waters. even though steam injection has occurred over a time period of only
a few years. The changes in water 5'B appear to be a function of reaction with the rock
rather than fluid mixing. This means that the 5''B of the waters and pumice fragments
could be monitored to evaluate the extent of thermal disturbances in the reservoir. The
large fractionation of B-isotopes makes it an excellent geothermometer. The fact that the
fractionation is not mineral dependent makes it even more valuable as a geochemical tool
in a variety of geological environments.

5.6. CONCLUSIONS

The major source of B in the Cold Lake reservoirs is pumice. with B-contents
ranging from 25-575 ppm. During steam injection, the increased temperatures cause
recrystallization of the pumice. which reaches equilibrium with the hydrothermal fluid by
releasing B. The isotopic composition of the fluid decreases with increasing temperature
due to the equilibration with the rock. as predicted by the experimentally derived B-
isotope fractionation curve.

The influence of other minerals on the B-isotope composition of produced waters
is negligible at Cold Lake. Other reservoirs with significant amount of B-rich minerals
(e.g. borates) would have to be evaluated for the relative reactivity of those minerals
under the diagenetic conditions. Clay minerals are not expected to be a source of B at any

diagenetic temperature (Chapter 3). but may be a significant sink for B during
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recrystallization. At low temperatures (<120°C) adsorbed-B may alter the 8[ lB of
waters if the volume of clay minerals in the reservoir is significant. Organic matter is
probably not a significant source of B on the scale of a single reservoir. because of the
relatively low volume compared to the mass of rock. Furthermore. studies of B in coal
indicate that B is not completely released until temperatures exceed ~300°C.

The magnitude of isotopic fractionation of B is large over the range of diagenetic
temperatures represented (96-190°C). The fact that the fractionation is independent of
mineralogy (at least for silicates). makes B a very good geothermometer for

hvdrothermally stimulated oil-reservoirs.



CHAPTER SIX: CONCLUSIONS

The results presented in these four papers (Chapters 2-5) have met the three main

goals of the proposed research: to determine the B-isotope fractionation between I/S and

water as a function of temperature. to explore the various sources of B in clastic

sedimentary basins. and to apply the knowledge to understanding fluid/rock interactions

in hydrocarbon reservoirs. A summary of the most important conclusions of the thesis is

compiled below.

L.

19

The B-content and isotopic composition of oil field brines in the U.S. Gulf Coast
reservoirs showed changes both laterally across the reservoir and vertically among
stacked reservoirs. There appears to be a ''B enrichment of waters with distance of
migration, that could result from the 10 preference for clay minerals. However. this
trend might also reflect a separation of gaseous or light hydrocarbons with a higher
3''B.

Kerogen from the source rock contains >100 ppm B. similar to the quantities
observed in the pore-filling clay minerals of the reservoir. The isotopic composition is
light (0 1o —10%c). therefore organic matter is a potential source of 10g during thermal
maturation. This research has deduced that B is released by processes of late
hvdrocarbon maturation. possibly during dry gas generation. Although kerogen
makes up only a small percentage of any sedimentary basin, its significance as a

source of boron in deep sedimentary basins cannot be ignored when considering its

reactivity compared to clay minerals.
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The isotopic fractionation of B determined by the experimental reaction of
smectite to illite allowed construction of a linear fractionation curve as a function of
the reciprocal temperature. The best fit to the data from these experiments and other
experiments at higher and lower temperature produced the following relationship:
Anineral-water = —10.12 (1000/T (K))+2.44
The Kinetics of the illitization reaction was demonstrated by a time-series of samples
analyzed during the reaction progress. The results showed that metastable equilibrium
is attained with respect to B-isotopes during Rl ordering of the [/S. but that
equilibrium conditions require long range ordering (R3). indicative of neoformation
of authigenic illite. In general. there was a 5-fold increase in the B-content of the illite
during recrystallization. This indicates that illite is a sink for B. not a source of B
during burial diagenesis.
The neoformation of illite at depths similar to those of hydrocarbon generation.
makes boron a sensitive monitor of pore fluid changes related to organic maturation.
If the B-isotopic composition of reservoir fluids can be linked to a specific source
rock. then authigenic illite might record the presence of fluids related to
hydrocarbons.
Authigenic illite is a reservoir for 198, even at high temperatures (~ 500°C). This was
demonstrated by the very high B-content (500 ppm) of a bentonite sample taken near
a dike in the presence of metasomatic fluids. Other samples in the bentonite showed a

20%c decline in 8''B of the I/S during long-range ordering. The isotopic fractionation
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data derived from experiments was used in a Rayleigh distillation model to
predict that isotopic compositions observed.

Application of the isotopic fractionation curve to a steam-injected reservoir in the
Alberta basin demonstrated that the 8''B of the hydrothermal fluids could be
predicted by the isotopic composition of the pumice in the reservoir as a function of
temperature. The pumice contained the highest concentrations of B and was the most
reactive constituent of the reservoir because it was the most unstable at the
temperatures of the hydrothermal perturbation.

The successful application of the new B-isotope fractionation curve to prediction of
the pumice-water fractionation indicates that the curve is not limited to clay minerals.
but can be used on a variety of silicate minerals that incorporate B in tetrahedral sites.
[t i1s the change of B between trigonal (aqueous) and tetrahedral (mineral)
coordination that has the greatest affect on the isotopic fractionation. This makes B-
isotopes a useful geothermometer in hydrothermally stimulated oil-reservoirs and

potentially other high temperature environments such as geothermal wells.
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CHAPTER SEVEN: RECOMMENDATIONS FOR FUTURE RESEARCH

The new B-isotope fractionation curve has tremendous potential for future
research applications in sedimentary. igneous, and metamorphic research (Hervig et al..
in review). Certainly. more experimental data measuring the isotopic fractionations at a
variety of temperatures will be needed to confirm and refine the fractionation equation.
The curve is only applicable in situations where B is dominantly in trigonal coordination
in fluids. and where minerals provide only tetrahedral coordination sites for the
substituted B. This precludes the application to carbonates and borates that have trigonal
sites for B. and metamorphic minerals (e.g2. some tourmalines and borosilicates) that
contain a mixture of tetrahedral and trigonal sites. It also precludes application to surficial
environments where the pH and temperature variations of water will affect the
distribution of B(OH); and B(OH)  aqueous species. Further work is needed on ways of
predicting the B-isotopic fractionation under those types of conditions and in those types
of minerals.

While the I/S experiments showed a significant increase in the amount of B
substituted in authigenic illite. they did not produce the high B-contents of illite observed
in nature. Experiments should be conducted with saline solutions in order to determine if
the activity of B changes with ionic strength, allowing more to be fixed in authigenic
minerals. It should also be confirmed that the isotopic fractionation is not a function of
the amount of B incorporated at equilibrium conditions.

Future applications of B-isotope research in hydrocarbon-bearing sedimentary

basins should focus on a variety of source rocks with different types of organic matter.
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The variation in B-content of oil field brines is great and it may correlate with the
type of oil present. or the degree of thermal or bio-degradation.

Much more research is needed on understanding the B-content of organic matter
and how it may be released as a function of thermal maturation. It is not known what
organic-B compounds exist in nature. and how they are bound in complex organic
mixtures. [t is not known if B is expelled from kerogen at once at a given temperature. or
it it 1s gradually released. just as O is released from maturing organic matter. These types
of studies should be combined with examination of the isotopic changes that take place. It
should be determined if ''B partitions into a gaseous hydrocarbon phase. that could
explain the observed 5''B increase found in the gaseous portion of the U.S. Gulf Coast
reservoirs. This might also provide a unique method of correlating gas with source
horizons.

In relation to sediments being subducted at continental margins. it may be
profitable to examine the isotopic composition of hydrous silicates as an indicator of the
temperature of fluids generated in the subduction zone. The temperatures reported have
been in the range of 350°C: therefore this experimental work should be directly
applicable. However, the pressures are much greater in that environment and the effect of
pressure on the isotopic fractionation should be tested.

In summary. future applications of B-isotope systematics to natural geologic
environments are as varied as the applications of other stable isotopic systems. Although
B is a minor constituent of the earth’s crust. its fractionation is simpler than the major

element isotopic systems (e.g2. oxygen) due to its high bond strength and small ionic
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radius in minerals. It can be applied as a geothermometer and tracer of fluid

compositions in a variety of field applications.
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APPENDIX A:

Compilation of Analytical Data on Cold Lake Reservoir Samples
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0.02748
0.03870
0.02500
0.04800
0.04390
0.00958

S.D.
0.00576
0.04000
0.01276
0.01495
0.02282
0.03814
0.01170
0.00828
0.02195
0.02481

error %c P.E.%c 0"B  Grain type

191900 U~ 19 10
U= 10w W= =y

O
WO O\ W O

'S

error %
0.8
5.7
1.8
2.1
33

P.

1.9
1.1
1.8
28
0.8
1.1
0.7
0.8
0.9
0.6
0.5
1.2
2.8
35
4.0
0.8
0.8
0.7
1.6
22
0.6
1.8
5.3
8.4
1.7
24
2.2
4.8
5.5
3.8
4.4
6.9
1.3

E. %c
0.7
33

2.1

-

1.6
1.5
44
1.7
1.1
33

2.7

1.8
5.9
-6.5
9.9

-16.3
-4.5

6.2
0.7
-6.6
-5.9
-1.1
23
12.5
204
15.6
-1.1
-0.2

1.2
53
7.0
4.0

1.5
-4.8
5.9
0.5
-5.9
-3.5
-7.8
-5.5
-2.8
-3.0
16.2
-6.1

5'B
4.5
1.9
1.0
1.6

-6.2
4.4

-3.7

-1.1

-21.9

-0.9

pumice
pumice
pumice
plag
pumice
pumice
epoxy
pumice
pumice
pumice
pumice
epoxy
chert
chent
chert
pumice
pumice
pumice
epoxy
Fe -stain
Fe -stain
epoxy
pumice
epoxy
pumice
pumice
pumice
pumice
pumice
pumice
pumice
epoxy
pumice

Grain type
altered
altered
pumice
pumice

edge of clast
epoxy
shale
shale
shale

edge of clast

g/ %;

2.93E-03
1.17E-02

2.79E-03

5.16E-03
6.32E-02

3.75E-03

g%

B ppm

24
95.7

RAS

34

B ppm

162
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Sample ''g/'%8 S.D. error%c P.E. % 8"B  Grain type "'8/%i B ppm
CL-26  3.8598 004792 68 81 05  epoxy
post steam 39158  0.03751 54 54 14.4 fsp
INMF=-46  3.8989  0.04834 6.9 7.5 10.2 fsp
39179 0.03126 4.5 5.0 14.9 fsp

3.8693  0.02435 35 3.0 29 quartz
3.8718  0.04000 5.7 4.5 3.5 quartz
3.8497  0.01961 2.8 2.3 -2.0 pumice
39056 0.03439 49 4.2 11.8 glass?
3.8621 0.01083 1.5 0.7 1.1 pumice
3.8517 0.00751 1.1 09 -1.5 pumice

3.8646  0.00736 1.1 0.9 1.7 pumice
38644 0.01156 1.7 1.3 1.7 pumice 1.40E-03 13
Sample ''B/'’8 S.D. error%c P.E.%c 0"B  Grain type "B %i B ppm
CL-26 3.8484 0.01160 1.7 1. 2.3 pumice 1.17E-02 107
poststeam  3.8756  0.01573 2.2 1.8 4.4 pumice
IMF=-16  3.8536 0.00891 1.3 1.1 -1.0 edge of clast
3.8842 0.06362 9.1 6.6 epoxy
1,10 " . g 30,
Sample B/'B S.D. error% P.E.%c 0"B  Grain type B/7Si B ppm

CL-26 3.8569  0.00982 1.4 1.1 -11.2  pumice
IMF=-35 38402 0.04000 5.7 6.0 -15.3  pumice
3.8628 0.00799 1.1 0.7 -9.7 pumice

3.8432  0.00686 1.0 09 -146 pumice

3.8519 0.02378 3.4 34 -124  pumice

3.8789  0.00800 1.1 .1 -5.8 pumice

3.8774  0.02590 3.7 3.7 -6.1 pumice

Sample "'8/"B S.D. error%c P.E.%c 0"B  Grain type '8/ %i B ppm
CL-1 3.8585 0.04302 6.1 1.5 -3.8 clays 449E-03 41
Pre-steam 3.8790 0.00584 0.8 0.7 1.3 clays 6.53E-03 59
IMF=-42 38575 0.01060 1.5 1.2 -4.0 clays
Sample ''B/'B S.D. emor% PE.% &'B Graintype ''B/°Si B ppm
CL-8 3.8648 0.01106 1.6 1.5 -9.2 pumice
Post-steam  3.8403  0.01031 1.5 1.4 -153 pumice
IMF=-35 39276 0.02617 3.7 3.8 6.3 fsp
3.8827 0.01068 1.5 1.5 4.8 pumice
3.7892  0.01579 23 1.7 -279  organic
3.8482 0.01282 1.8 1.7 -13.3  organic
3.8025 0.02273 3.2 33 -24.6 organic
3.8563 0.02876 4.1 39 -113 glass?
3.8680 0.01152 1.6 2.0 -8.5 glass?
3.8567 0.01563 22 1.7 -11.2  organic



Sample
CL-8
Post-steam
IMF =-35

Sample

CL-17
Pre-steam
IMF =-42

Sample
CL-21
Post-steam
IMF = 42

g%
3.8548
3.8275
3.8297
3.9029
3.9202

lig,i0
3.9045
3.8669
3.8739
3.8746
3.9003
3.8880
3.8643
3.8841
3.8579
3.8613
3.9224
3.9340
3.8590
3.9170
3.9264
3.9138
3.9095
3.9097
3.9464
39145
3.9360
39154
3.8875
3.8646
3.8849
3.8134
3.9512
3.9443

g%
3.8587
3.8383
3.8210
3.8590
3.8354
3.8318
3.8540
3.8271

Continuation of Appendix A

S.D.
0.01094
0.00903
0.01301
0.03588
0.05289

S.D.
0.00989
0.00767
0.00982
0.00931
0.01014
0.02035
0.00930
0.01570
0.04316
0.06630
0.05657
0.04526
0.04078
0.02589
0.03579
0.05217
0.03725
0.01020
0.12320
0.04642
0.04092
0.07363
0.11850
0.09687
0.01372
0.00935
0.04503
0.01467

S.D.
0.01398
0.00806
0.02538
0.01318
0.01107
0.01271
0.00963
0.01120

error %c P.E.%c &'B  Grain type

1.6
1.3
1.9
5.1
7.6

error %c P.E. %c

1.4
l.1
1.4
1.3

29
1.3
22

6.2
9.5
8.1
6.5
5.8
3.7
5.1
7.5
53
1.5
17.6
6.6
5.8
10.5
16.9
13.8
2.0
1.3
6.4
2.1

error ¢ P.E. %c¢

2.0
1.2
3.6
1.9
1.6
1.8
1.4
1.6

1.5

.C\U|r—-i—
L — O\ 4=

14.6
5.5
6.3
1.4
15.0
15.9
1.8

2
3
3

— A

1.4
0.7
2.9
1.5
1.0
0.8
1.2
1.3

HB P si

-11.7 organic
-18.5 organic
-17.9 organic

0.2 quartz

4.5 epoxy

8B  Graintype ''BrUSi
7.6 pumice/center 7.50E-03
-1.7 pumice 5.24E-03
0.0 pumice/edge

0.2 pumice/edge

6.5 RF

3.5 RF

-2.4 RF

25 RF

-39 glass

-3.1 glass

12.0 epoxy

149 fsp

-3.7 clay

10.7 epoxy

13.0 glass

9.9 glass

8.8 glass

8.9 glass

17.9 epoxy

10.0 epoxy

15.4 glass

10.3 glass

34 epoxy

23 epoxy

2.7 glass
-15.0 epoxy

19.1 epoxy

19.4 pumice

"B Grain type "B/ %;i
-3.8 pumice 6.09E-03
-8.8 pumice 9.77E-03
-13.1 pumice

-3.7 pumice

-9.5 pumice

-10.4 pumice

-4.9 pumice

-11.6 pumice

B ppm

B ppm
61.4
429

B ppm
55
89



Sample
CL21
IMF =-44

g%
3.8357
3.8265
3.8515
3.8746
3.8670
3.8602
3.8690
3.8311
3.8742
3.8569
3.8399
3.8151
3.8254
3.8665
3.8457
3.7874
3.8643
3.8789
3.8507
3.8268
3.8384
3.8406
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error %c P.E. %c

S.D.
0.01154
0.01205
0.02661
0.02914
0.01704
0.01948
0.01949
0.01980
0.01997
0.02607
0.01598
0.02543
0.01680
0.01985
0.01165
0.01891
0.01882
0.02283
0.03546
0.01850
0.01485
0.04509

1.6
1.7
38
4.2
2.4
2.8
2.8
2.8
2.9
4.2
2.3
36
24
2.8
1.7
2.7
2.7
3.3
5.1
2.6
2.1
6.4

I.1
1.1
1.5
1.3
1.4
0.7
0.8
09
1.4
2.0
1.9
1.0
1.1
1.5
09
2.1
1.7
1.3

4.7
2.2

2.3
1.8

3'B
7.4
9.7

-3.5
2.2

0.3
1.4
0.8

-8.6
2.1

-2.2

-6.4
-12.5
-10.0

0.2

-3.0
-19.4

-0.4

3.2

-3.7

-9.6

-6.8

-6.2

Grain type
pumice
pumice
pumice

clay
pumice
pumice
pumice
pumice
pumice
pumice
pumice
pumice
pumice
epoxy
pumice
glass
pumice
pumice
clay
clay
clay
clay

Hg0%;

4.45E-03

B ppm

36
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APPENDIX B

SIMS ANALYSIS OF THE B-CONTENTS OF ORGANIC MATTER
Standards were prepared by mixing solutions of 10, 100. and 1000 ppm B (aqueous boric

acid) with the B-complexing agent mannitol which is an organic compound with the
chemical formula C¢H,;,O4. The proportion of mannitol was kept constant (500 mg) and

only the B-content of the solution was varied. The solutions were evaporated onto B-free
(p-type) silicon wafers. and Au coated for SIMS analysis. Three spot analyses were done
on each sample measuring the counts on mass 11 for 20 s. and mass 12 for 30 s. The

errors indicated by multiple analyses are <1%c. The resulting calibration curve is shown.
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B ppm
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Calibration curve for organically bound B
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B-content measurements on coal

Using this calibration curve the following B-content of coal was observed. Vitrinite
reflectance measurements (Bostick and Pawlewicz. 1984) were used to estimate
temperature.
Sample 11/12 B ppm Temp
cps Q)

10 0.093 0.9 300
10 0078 0.8 300

11 0.113 1.1 280
11 0060 0.6 280
12 0.089 0.9 250
12 0.087 0.9 250
12 0.084 0.8 250
13 0.389 39 225
13 0.544 54 225
13 0.107 1.1 225
13 0.088 0.9 225
13 0.298 3.0 225
14 1.137 114 220
15 0904 9.0 215
15 0.297 30 215
15 0.352 3.5 215
15 0.112 1.1 215
16  0.091 0.9 210
16 0.098 1.0 210
16  0.117 1.2 210
16 0476 4.8 210
17 0.127 1.3 205
17 0.120 1.2 205
18 2,174 21.7 200
18 3.150 31.5 200
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B-isotope ratios measured on coal

[t was noted that for analyses of B in organic matter. the B counts per second (cps) are
much lower than for clay minerals. and they drop rapidly in the first minute of sputtering.
The count rate stabilizes after about 3 minutes. Where count rates are high enough for an
isotope ratio analysis. the primary beam current was increased to get a minimum of 500
cps on the least abundant mass (‘°B). This usually required a primary current of ~5nA.

The following results were obtained on the coal samples above.

Sample 11/10 S.D. error% P.E. % 5"B IMF
[Mt-1 <2.0u 3.8052 0.0045 0.6 0.6 -59.0 -50.0
3.8112 0.0051 0.7 0.6 -57.5 -48.5

3.8150 0.0044 0.6 0.6 -56.6 -47.6

3.8106 0.0040 0.6 0.6 -57.6 -48.6

Average= -48.7

Sample 11/10 S.D. error %c  P.E. %c 5"B 3" Buure
Coal-18 3.7878 0.0716 7.2 5.5 -63.3 -14.3
Coal-16 3.7912 0.0741 7.4 2.3 -62.4 -13.4
Coal-16 3.7627  0.0647 6.5 1.9 -69.5 -20.5
Coal-13 3.7765 0.0339 3.4 1.1 -66.1 -20.1
Coal-10 3.8088 0.0952 9.6 2.3 -58.1 -12.1
Sample 11/10 S.D. emmor% P.E. %o 5"B IMF
[Mt-1 <2.0u 3.8351 0.0047 0.7 0.5 -51.6 -42.6
3.8280 0.0048 0.7 0.5 -53.3 -44.3

3.8208 0.0064 0.9 0.5 -55.1 -46.1

3.8205 0.0050 0.7 0.5 -55.2 -46.2

3.8029 0.0050 0.7 0.5 -59.5 -50.5

Average= -46.0

S.D. is standard deviation of the analysis
P.E. is the predicted error.
IMF is the instrumental mass fractionation measured before and after sample analysis.





