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ABSTRACT

Two new analytical methodologies were developed for chlorine and bromine stable isotope
analyses of inorganic samples by Continuous-Flow Isotope Ratio Mass Spectrometry (CF-
IRMS) coupled with gas chromatography (GC). Inorganic chloride and bromide were
precipitated as silver halides (AgCl and AgBr) and then converted to methyl halide (CH3CI
and CH3Br) gases and analyzed. These new techniques require small samples sizes (1.4 pmol
of CI"and 1 umol of Br’). The internal precision using pure CH3ClI gas is better than +0.04 %o
(xSTDV) while the external precision using seawater standard is better than +0.07 %o
(+STDV). The internal precision using pure CH3Br gas is better than +0.03 %0 (=STDV) and
the external precision using seawater standard is better than £0.06 %o (£STDV). Moreover,
the sample analysis time is much shorter than previous techniques. The analyses times for
chlorine and bromine stable isotopes are 16 minutes which are 3-5 times shorter than all

previous techniques.

Formation waters from three sedimentary settings (the Paleozoic sequences in southern
Ontario and Michigan, the Williston Basin and the Siberian Platform) were analyzed for *Cl
and ®'Br isotopes. The 5*’Cl and 8*'Br values of the formation waters from these basins are
characterized by large variations (between -1.31 %0 and +1.82 %o relative to SMOC and
between -1.50 %o and +3.35 %o relative to SMOB, respectively). A positive trend between

8%Br and §°*'Cl values was found in all basins, where an enrichment of 8%'Br is coupled by

an enrichment of 8°'Cl.



In the Paleozoic sequences in southern Ontario and Michigan, the 8*'Cl and &%'Br
signatures of formation water collected from northwest of the Algonquin Arch are distinct
from those collected from southeast of the Arch. All of the brines from the northwest of the
Algonquin Arch are characterized by depleted isotopic values in comparison with the
isotopic values from the brines from southeast of the Arch. The 8%'Br signatures of the two
brines show total separation with no overlaps. The 8*'Cl values show some overlap between
the two groups. One of the scenarios that can be put forward is that the Arch forms a water
divide, where sediments southeast of the Arch are dominated by Appalachian Basin
formation waters, and the sediments located northwest of the Arch are dominated by the
Michigan Basin formation waters.

The 8*'Br and &*'Cl signatures of the Williston Basin brines suggest the existence of
several different brines that are isotopically distinct and located in different stratigraphic
units, even though they are chemically similar. The relatively wide range of 8*'Cl and 8*'Br
of the formation waters suggests that the ocean isotopic signatures were variable over
geologic time. A seawater temporal curve for §*'Br and §*'CI was proposed with a larger
variation of 8*'Br in comparison with §*’Cl. The isotopic variations of these two elements

agree very well with ®’Sr/%°Sr seawater variation during the same period.

In general, the use of chlorine and bromine stable isotopes can be very useful in assessing
the origin and the evolutionary processes involved in evolving formation waters and also in
distinguishing different brines (end members). Furthermore, they can be employed to

investigate the hydrogeological dynamics of sedimentary basins.
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FOREWORD

This thesis was written in paper format with the intention that each chapter (with the
exception of chapters 1 and chapter 7) will be published separately. Due to this format, there
is some repetition between chapters. Chapter 1 is an introduction chapter that demonstrates
the chemical and isotopic characteristic of chlorine and bromine and their distribution in
nature. Chapters 2 and 3 are technical papers that describe the development of two new
methodologies for analyzing chlorine and bromine stable isotopes by Continuous-Flow
Isotope Ratio Mass Spectrometry (CF-IRMS). These two chapters are already published and

the full references for these two chapters are as follow:

Chapter 2: Shouakar-Stash, O., Drimmie, R.J., and Frape, S.K. (2005) Determination of
inorganic chlorine stable isotopes by Continuous Flow Isotope Ratio Mass spectrometry.

Rapid Communication in Mass Spectrometry. Vol. 19, 121-127. (DOI: 10.1002/rcm.1762)

Chapter 3: Shouakar-Stash, O., Frape, S.K., and Drimmie, R.J. (2005) Determination of
bromine stable isotopes using Continuous-Flow Isotope Ratio Mass Spectrometry. Analytical

Chemistry. vol. 77, No. 13, 4027-4033. (10.1021/ac048318n CCC:)

Chapters 4 through 6 are individual study areas; The southern Ontario sedimentary
sequences in Canada, the Siberian Platform in Russia, and the Williston Basin in Canada and
the United States of America. Of these three chapters, chapter 5 is already published in

Applied Geochemistry and the full reference of this paper is given below:
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Chapter 5: Shouakar-Stash, O., Alexeev, S. V., Frape, S.K., Alexeeva, L. P., Drimmie, R.
J. (2007) Geochemistry and stable isotopic signatures, including chlorine and bromine
isotopes, of the deep groundwaters of the Siberian Platform, Russia. Applied Geochemistry.

vol. 22, 589-605. (doi:10.1016/j.apgeochem.2006.12.005).

The discussion in Chapter 5 is slightly different from that published in Applied
Geochemistry. This section was modified during the final stage of the thesis to add clarity,

but it doest not change the conclusions of the published paper.

Chapter 4 and 6 are to be submitted for publication in Geochimica et Cosmochimica Acta

and Applied Geochemistry.

Chapter 7 is the last chapter which is composed of a general summary of all chapters.
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CHAPTER 1

INTRODUCTION

1.1 Background

Of all halogens, chlorine was the first to be discovered, being prepared by Scheele in 1774 by
heating hydrochloric (muriatic) acid with manganese dioxide (Downs and Adams, 1975),
though the fumes of the gas must have been known from the time of the thirteenth century by
all those who made and used aqua regia (a mixture of concentrated nitric acid and
concentrated hydrochloric acid). Sodium chloride (Halite) also known as ‘salt’ is referred to
by Pliny in the first century A.D. in his Naturalis Historiae (Downs and Adams, 1975). Salt
was an object of barter trade as early as the Stone Age. The “salt routes” crossed the ancient
world from India to the Dead Sea; Marco Polo even noted salt coins bearing the seal of the
Great Khan of Cathay. The busy traffic on the European salt routes persisted until modern

time (Harben and Kuzvart, 1996).

Bromine was discovered by A.J. Balard in 1825 and its atomic weight was determined
gravimetrically for the first time in the 1860’s by J. S. Stas (Yaron, 1966). Bromine is the
only nonmetallic element that is liquid at room temperature, which readily volatilizes to a red
vapour that is extremely irritating to the eyes, nose, and throat. It has a pungent odour as
described by its Greek derivation bromo, meaning stench. The first bromine-bearing mineral,
apparently bromyrite (silver bromide), was recognized in 1846 by Berthier (Harben and

1



Kuzvart, 1996). The discovery of bromine and the invention of photography were made at
about the same time. In 1840, the use of silver bromide was introduced in photography and
through this, bromine became an industrial chemical (Yaron, 1966). The initial commercial
production of bromine developed by David Alter at Freeport, Pennsylvania was based on
native salt brines. An additional source was discovered in 1858 as a by-product of potash

production from the Stassfurt salt deposits in Germany.

1.2 Distribution in Nature

1.2.1 Chlorine

Of the ninety two natural elements, chlorine is the eighteenth in order of abundance (Graedel
and Keene, 1996). Chlorine exists predominantly as chloride ion, a trace component of all the
Earth’s geological compartments other than the oceans, its primary sink (Reimann and de
Caritat, 1998). Chlorine resides in several major reservoirs (Figure 1.1); rock (the mantle and
crust), soil (the pedosphere), freshwater (groundwater, lakes and rivers), salt-waters (the
oceans, saline lakes, inland seas, and subsurface crystalline and sedimentary brines), ice caps
(the cryosphere), the lower atmosphere (the troposphere), and the middle atmosphere (the
stratosphere). The total chlorine content of these reservoirs differs enormously. The chlorine
contents in these different reservoirs were calculated by the author and presented in Table

1.1.



Table 1.1 The natural chlorine contents of Earth’s reservoirs?

Reservoir Chlorine content”  Percentage of total ~Form Sources®
Mantle 461 x10%g 98.170 % Mineral — [1],[2]
Crust 60x 10°' g 1.272 % Mineral [3]

Igneous and

Metamorphic Rocks  6.67 x 10*' g 0.142% Mineral [4]

Sedimentary Rocks ~ 53.33 x 10*' g 1.13 % Mineral  [3],[4]
Ocean 26x 10! g 0.553191 % Tonic [5], [6]
Pedosphere 24x 107 g 511x107 % Mineral  [3]
Fresh surface waters ~ 7.35x 10" g 1.56 x 10™ % Tonic [5],[7]
Groundwater 380x 10" g 8.09x 10° % Tonic [5], [8]
Cryosphere 5.15x 10" g 1.10x 10 % Tonic [3], [5]
Troposphere 43x10"% g 9.15x 10" % Gaseous  [3], [5]
Troposphere 1.0-15x10%g  2.66x 10" % Areosol [3], [5]
Stratosphere 0.4 x 1012g 8.51x 10" % Gaseous [3], [5]
Earth (total) 47x10% g 100 %

? The Chlorine contents are calculated from information obtained from the references listed below. Calculations
are described in more details in Appendix A.

® Sources: [1] Anders and Ebihara, 1982; [2] Press and Siever, 1978; [3] Graedel and Keene, 1996; [4] Yoshida
et al., 1971; [5] Berner and Berner, 1987; [6] Wilson, 1975; [7] Meybeck, 1994; [8] Freeze and Cherry, 1979.

Figure 1.1 demonstrate a useful summary that was prepared by Graedel and Kneene (1996)
for the major reservoirs and the flow between them. As a result of their aqueous solubility,

inorganic chloride salts enter the hydrosphere and distribute between the hydrosphere’s sub-



compartments coupled to the hydrological cycle. Chlorine is distributed in the hydrosphere in
the following order: Oceans (97 %), ice sheets and glaciers (2 %), deep (0.4 %) and shallow
(0.3 %) groundwater, lakes (0.01 %), soil moisture (0.005 %), rivers (0.0001 %) and the

atmosphere (0.001 %).

Stratosphere
T i Turbulent mixing
Volcanic activity Troposphere
(e.g. HCl and HB
surface deposition

Biomass burning / \ \

(CH,Cl and CH,Br)
Fungi and algae
(CH,Cl and CH,Br)

Fungi and algae

es and Rivers (CH.Cl and CH,Br) Sea spray injection

Cryosphere

Mantle

Figure 1.1  The Earth’s major reservoirs of chlorine and bromine and some natural
processes that transfer these two elements between these reservoirs (modified after
Graedel and Keene, 1996).



1.2.2 Bromine

Bromine is widely distributed in nature but in relatively small concentrations compared to
chlorine. Elemental bromine follows chlorine through the geological cycle (Harben and
Kuzvart, 1996) (Figure 1.1). In accordance with the similarity of radius of the chloride and
bromide ions, their mineral chemistry is closely related, and bromine is known to replace
chlorine in numerous minerals (Yaron, 1966). The bulk of the chlorine and bromine present
in sedimentary and volcanic rocks takes the place of OH groups in hydroxide-bearing
minerals such as amphibols, phylosilicates (mica), clay materials and aluminum hydroxide
(feldspathoids) (e.g. sodolite) (Downs and Adams, 1975). There are relatively few minerals
composed chiefly of bromide compounds, those that exist usually contain silver bromide
(AgCl), and they have no commercial significance with regard to bromine manufacture. The
chief mineral sources used to obtain bromine include sylvinite (KCI.NaCl) and carnallite

(KC1.MgCl,.6H,0) where Br content seldom exceeds 0.35% w/w (Price et al., 1988).

The other main sources of bromine are the seas, salt lakes, brine wells and salt springs.
Although the bromine content of seawater is only 0.0065 %, some isolated water bodies are
much richer in bromine. Worldwide, the two most important brine sources with regard to
bromine manufacture are the Arkansas subsurface sedimentary brine field in the USA which
has a typical bromide content of 4 g/litre and the Dead Sea where the bromide level is about 5

g/litre (Price et al., 1988).

The bromine contents of the Earth’s various reservoirs are presented in Table 1.2. These

contents are calculated based on information obtained from several references that are listed



in Table 1.2. The bromine content of the mantle (10.471 x 10*' g) was calculated by
subtracting the sum of all reservoirs from the total content listed for Earth. This is most likely
an over estimation since the author did not address the bromine content in the cryosphere and
the pedosphere, due to the lack of information in the literature. However, the bromine content
in these two reservoirs is relatively small in comparison to the mantle and leaving these two
out of the equation will not change the overall distribution picture and the bromine content in
the mantle. Detailed information on the calculations is presented in Appendix A. Figures 1.1
illustrates the main reservoirs for chlorine and bromine and the relationship between these

various reservoirs.

Table 1.2 The natural bromine content of Earth’s eservoirs*

Reservoir Bromine content Percentage of total Form Sources™**
Mantle 10.471 x 10! g 98.924 % Mineral [1],[2]
Crust* 221x10"%¢g 0.209 % Mineral [3]

Ocean 9.18x 10" g 0.867 % Tonic [4]

Fresh surface waters  25.34 x 10" g 2.39x 10% % Ionic [41, [5], [6]
Groundwater** 1267x 10" g 1.20x 10° % Tonic (41, [71, [8]
Atmosphere 3.98x 10" g 3.76 x 107'° % Gaseous [9]

Earth (total) 10.585x 10*' g 100 %

*based on the average content of Br in igneous rock that makes up over 95% of the crust. Calculations are
described in more details in Appendix A.

**by estimating an average Cl/Br of 300

*** Sources: [1] Anders and Ebihara, 1982; [2] Press and Siever, 1978; [3] Yoshida et al., 1971; [4] Berner and
Berner, 1987; [S] Martin and Meybeck, 1979; [6] Chester, 2000; [7] Freeze and Cherry, 1979. [8] Downs and
Adams, 1975; [9] Schilling et al., 1978.



1.3 Physical and Chemical Properties

Some of the physical and chemical properties of chlorine and bromine are presented in Table

1.3.

Table 1.3 Physical properties of chlorine and bromine*

Property Chlorine Bromine
Atomic number 17 35
Atomic weight 35.453 79.904
Physical state (at 20°C and 1 atm) Green-Yellow gas Dark red liquid
Melting point 172.31 K (-100.84°C) 266.05 K (-7.1°C)
Boiling point 239.25 K (-33.9°C) 332.4 K (59.25°C)
Electronegativity (Pauling) 3.16 2.96
Density (g.ml™")20°C 3.214 3.119
Vapour pressure 1300 5800 (at -7.1 °C)
Atomic radius 0.97 A 1.12 A
Covalent radius 0.99 A 1.14 A
Tonic radius 1.81 A 1.96 A
Ionization potential
First 12.967 11.814
Second 23.81 21.8
Third 39.611 36
Valence electron potential (‘eV) -7.96 -7.35
Electrode potential E0298/v01ts -1.358 -1.065
Electron affinity eV 3.613 3.363

* Data are from Environmental Chemistry (http://environmentalchemistry.com/yogi/chemistry/),
Bassett et al., 1988 and Wieser, 2006 (IUPAC, 2006).
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6.7.1 Grouping by Water Types

In this study, the samples were grouped according to their water type. The Cl (mg/L) and Br
(mg/L) contents of the Williston Basin formation waters were plotted on a logarithmic graph
(Figure 6.7) and compared to the evaporation lie of modern seawater to determine their

origin(s) and/or the effect of evolutionary processes.

Figure 6.7 A logarithmic plot of Cl (mg/L) versus Br (mg/L) of the different water
types of the Williston Basin formation waters. The plot also illustrates the seawater
evaporation line.
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The results show that all Ca-Cl and Ca-Na-Cl type waters plot on the evaporation line
while only some of the Na-type waters (Na-Ca-Cl and Na-Cl) plot on the evaporation line.
More than half of the Na-type waters, especially the Na-ClI type waters, plot off the seawater
evaporation line. The other three water types (Na-CI-HCO3, Na-CI-SO,4, and Na-K-CI-SO,)
plot far from the seawater evaporation line and below the seawater point. The plot suggests
that several end member fluids are present in the Williston Basin. Based on the diagram (i.e.
the CI and the Br contents) the Ca-Cl and Ca-Na-Cl type waters are the result of evaporated
seawater and they are the least affected by dilution afterward (i.e. mixing with seawater or
fresh water). The Na-Cl type waters were either produced by seawater evaporation or by
halite dissolution by seawater or meteoric waters. The high Br contents in these formation
waters suggest that they were mixed with highly concentrated brines (e.g. generated from
seawater evaporation such as the Ca-type brines). The bromine content in various evaporites
such as halite and sylvite range between 68 ppm and 260 ppm (Valyaskho, 1956; Holser,
1979), which means that formation waters originating from halite dissolution by meteoric
waters should be characterized by Br contents in the range between 24 and 93 mg/L at
saturation (Rittenhouse, 1967), while formation waters originating from halite dissolution by
seawater should be characterized by Br contents in the range between 90 and 150 mg/L at
saturation (Rittenhouse, 1967) when considering a solubility of 359 g/L for halite. The
majority of the Na-Cl type waters examined in this study are characterized by Br contents
that are higher than that range, which imply that these formation waters are not simply
produced by halite dissolution by meteoric waters or seawater. Although, halite dissolution

by seawater would produce formation waters that are characterized by higher Br content (70-
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105 mg/L). It is necessary to consider mixing with highly concentrated end member brine
that is Br-rich, in order to explain the high Br content Na-Cl type waters. Another possible
mechanism that can explain the Br enrichment is several stages of halite dissolution and re-
crystallization which would increase the Br content in the brine and decrease it in the mineral

phase (Land and Prezbindowski, 1981; Hanor, 1987).

Legend:
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Figure 6.8  Piper diagram of the Williston Basin formation waters grouped based on
their water types.

The Na-Ca-Cl type waters fall between the Ca-Na-Cl and Na-Cl type waters, and they
seem to be produced by mixing between the other two water types. Some of the Na-Ca-Cl

type waters that plot below the seawater evaporation line imply mixing with seawater and/or
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with meteoric water. The low TDS waters are characterized by low Cl and Br contents and
are affected by meteoric waters. The Piper diagram (Figure 6.8) also illustrates the separation
between the three main water types and shows the position of the Na-Ca-Cl type waters
between the Ca-Na-Cl and Na-Cl type waters with the tendency of being closer to the Na-Cl

type waters.

Further support for the origin of these samples can be found by comparing the CI/Br
(molar) versus Na/Br (molar) of these samples (Figure 6.9). Martini et al. (1998) used the Na-
Cl-Br systematic of formation waters (CI/Br versus Na/Br) to identify solute sources and
determine the effects of dilution by Br-depleted sources such as meteoric waters and halite
dissolution. Seawater plots just above the 1:1 (CI/Br : Na/Br) line, where CI/Br and Na/Br for
seawater are 169 and 292, respectively. This diagram shows that almost all Ca-type waters
are the result of residual seawater as they plot below the seawater mark (Na/Br < seawater
and CI/Br < seawater). Most of the Na-Ca-Cl formation waters also plot below the seawater
mark, suggesting a residual seawater origin. Some of the Na-Ca-Cl plot above the seawater
mark (Na/Br > seawater and CI/Br > seawater), which implies mixing with Na-Cl waters.
Most of the Na-Cl type formation waters plot above the seawater mark, which suggests halite
dissolution as the origin of these formation waters or at least a significant impact from halite
dissolution. Some of the Na-Cl type formation waters plot below the seawater mark (Figure
6.9) and that implies that these samples are residual seawater or they might result from
mixing between halite dissolution formation waters and the seawater residual Ca-type

formation waters.
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Figure 6.9  The relationship between CI/Br (molar) versus Na/Br (molar) of the
Williston Basin formation waters grouped based on their water types.
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Figure 6.10 show the concentrations of major ions and TDS (mg/L) contents versus Br
(mg/L) concentrations of the different water types obtained from this study. These chemical
data are compared to the changes in major ions during seawater evaporation and consequent
precipitation of some minerals such as CaSO4 and NaCl. The plots in Figure 6.10 shows that
almost all water types show a large excess in Ca and a large deficit in SO4 content where Ca-
type waters are the most deviated from the seawater evaporation trends. These plots also
show that K and Mg are characterized by a positive trend versus Br where they follow the
seawater evaporation trend, however, all formation waters show an excess in K and a deficit
in Mg. The Na (mg/L) versus Br (mg/L) plot shows that most Ca-type waters are

characterized by a Na-deficit, while Na-type waters show a Na-excess.

The chemical characteristics of the formation waters especially when compared to the
seawater evaporation trend strongly suggest at least three end members (evaporated
paleoseawater, halite dissolution brines that involved fresh water or seawater, and meteoric
waters). It also shows mixing products between these end members. Although the deviations
of some of these ions (especially Ca, Na and SO,) from the seawater evaporation trends does
not support the presence of an evaporated paleoseawater component (end member) this is still
supported by other ions such as Cl and Br and TDS composition as well. In fact, the majority
of sedimentary formation waters described in the literature have chemistries that vary
considerably from what would be expected of evaporated seawater. During the diagenetic
evolution of the brines, calcium and strontium concentrations increase by up to an order of

magnitude compared to evaporated seawater, while magnesium and potassium concentrations
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may decrease by as much as an order of magnitude (Kharaka and Hanor 2004). There are
several water-rock interaction processes that can account for these changes of the major ions.
For example, the loss of Na and gain of Ca can be attributed to ion exchange between the
water and the host rock. As mention earlier, dolomitization is another mechanism that can
account for the loss of Mg and gain of Ca. During the dolomitization process calcite
(limestone) (CaCOs) reacts with Mg to form dolomite, which results in the release of Ca to

solution and loss of Mg from the solution.

The excess in K is probably due to the involvement of sylvite (KCI) dissolution or high
temperature water-rock interaction with feldspar-rich sediments and this is supported by the
enriched 8'*0 composition of these formation waters. The large deficit of SO, can be

attributed to SO4 reduction or to gypsum and anhydrite precipitation.

Alternatively, Lowenstein et al. (2003) have suggested that CaCl, brines present in most
sedimentary basins inherited their compositions and salinities from evaporated paleoseawater
that were rich in calcium and depleted in sulphate relative to modern day seawater (e.g.
during the Silurian and Devonian). However, Hanor and Mclntosh (2006) emphasized that
the compositions of typical brines hosted by Silurian and Devonian-aged formations from the
Illinois and Michigan basins do not show the same compositional trends of progressively

evaporated CaCl,-rich seawater.
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Figure 6.10 The relationship between major cations and anions concentrations (mg/L)
versus Br (mg/L) of the Williston Basin formation waters grouped based on their water
types. The figures show the changes of concentrations during seawater evaporation.
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6.7.2 Grouping by the Stratigraphic Units

Figure 6.11 (A) illustrates the relationship between Cl and Br concentrations of the Williston
Basin formation waters based on the stratigraphic unites from which they were sampled. A
comparison of the Cl and Br concentrations of the formation waters against the seawater
evaporation line shows that less than half of the samples fall on the evaporation line. The plot
does not show different ‘“clusters” for the different formation waters based on the
stratigraphic units from which they were sampled. Figure 6.11 (B) shows that the Mannville
Group formation waters are mainly of fresh water origin with low Cl and Br contents. A
couple of samples from the Mississippian units are also characterized by low Cl and Br
contents, suggesting a strong fresh water impact on these samples. In general, the Cl and Br
contents of the formation waters from the Mississippian stratigraphic units show large
variations. Samples that fall on the seawater evaporation line are probably the least affected
by halite dissolution and dilution, while the samples that plot to the left of the seawater
evaporation line are the most affected by both halite dissolution and dilution. Figure 6.11 (C)
demonstrates the position of the formation waters from the different Devonian stratigraphic
units. The plot shows that these formation waters unlike the Mississippian formation waters
plot to the right as well as to the left of the seawater evaporation line. The Cl and Br contents
vary over a large range which is a reflection of the involvement of almost all end members in
their evolution. Some of the Duperow formation waters are the most evolved on the seawater

evaporation line. The plot does not show any specific characteristic for the formation waters
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from the different Devonian units (i.e. formation waters from different stratigraphic units are

not chemically unique).
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Figure 6.11 Logarithmic plot of Cl (mg/L) versus Br (mg/L) of the Williston Basin
formation waters based on the stratigraphic units from which they were sampled. A) All
units. B) Early Cretaceous and Mississippian stratigraphic units. C) Devonian

stratigraphic units. D) Silurian, Ordovician and Cambrian stratigraphic units. These
plots illustrate also the seawater evaporation line.
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Figure 6.11 (D) shows the Cl and Br concentrations of the Silurian, Ordovician and
Cambrian formation waters. These formation waters are the least affected by dilution in
comparison to the other fluids from younger formations discussed above. All Interlake
Formation brines plot on the seawater evaporation line except for one sample which shows
both the impact of halite dissolution and dilution. The Late Ordovician Yeoman Formation
brines are the most evolved on the seawater evaporation line. None of the Middle Ordovician
Winnipeg Formation brines plot on the seawater evaporation line and they show the impact of
halite dissolution. The two Cambrian brines analyzed in this study plot very close to the

seawater evaporation line, suggesting minimal impact of halite dissolution.

Further support to the finding discussed above can be seen in Figure C.1 (Na (megq/L)
versus Cl (meq/L)) and Figure C.2 (Ca/Na (mmol) versus TDS (mg/L)) available in

Appendix C.

In summary, the geochemical data examined in this study suggests that the Williston Basin
formation waters are of several origins (i.e. end members) and that they are the result of
various evolutionary process that include evaporation, evaporite dissolution, mixing and
water-rock interaction. The proposed end members are: 1) residual paleoseawater that were
highly concentrated by evaporation during the deposition of several mineral phases; 2)
evaporite dissolution formation waters that involved seawater or meteoric water or both; 3)
meteoric water; 4) paleoseawaters. Mixing between these end members along with water-
rock interaction (e.g. ion exchange) are some of the evolutionary processes that are involved

in the evolution of these formation waters. All formation waters from older (deeper)
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stratigraphic units are generally highly concentrated in comparison to formation waters from
younger stratigraphic units that are characterized by larger range of TDS compositions. This
is due to minimal dilution by meteoric water in the deeper formations in comparison to the

younger formations.

These findings disagree with some of the early studies that suggested evaporite (halite and
anhydrite in the Middle Devonian Prairie) dissolution as the only or at least the main
mechanism responsible for the Williston Basin formation waters (e.g. Wittrup and Kyser,
1990; Busby et al., 1995; Hitchon, 1996), or Clayton et al. (1966) who argued that formation
waters in general are dominantly of meteoric water origin and not of seawater origin.
However, these findings agree with the finding of a more recent study by lampen and Rostron
(2000) who concluded that the formation waters in the Williston Basin are of at least three
origins (residual seawater, halite dissolution and fresh waters) and the mixing between these

end members.

6.8 Isotopic Compositions

6.8.1 8 ®0 and & H Compositions

During the early phases of the evaporation of seawater the lighter isotopes are preferentially
removed from solution and the residual seawater becomes enriched in the heavier isotopes
("*0 and *H). Isotopic analysis of an evaporating marine salt pan by Holser (1979) indicated
that progressive enrichment of heavier isotopes does not continue indefinitely, but that the

trajectory hooks around as shown in Figure 6.12 at an evaporation degree of 4 fold.
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Figure 6.12 The different possible end members and processes that control the oxygen
and hydrogen isotopic compositions of the Williston Basin formation waters. Seawater
(SMOW), different degrees of seawater evaporation, modern precipitation, and glacial
melt-water are the main end members. Mixing between various end members, seawater
evaporation, hydrothermal activities, and high temperature water-rock interactions are
the major processes. The shaded area represents the mixing area between the main end
members. The area filled with bars represents the mixing area between end members
after high temperature water rock interaction that enriched the 8?0 signatures. The
Figure contains the seawater evaporation curve by Holser (1979) and the extrapolation
by Knauth and Beeunas (1986). It contains also the hydration water in gypsum (after
Knauth and Beeunas, 1986).
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During progressive evaporation the relative amount of water tied up in hydration spheres
around cations increases. Isotope exchange between this water, the unbound water, water
molecules leaving the liquid-air interface, and atmospheric water vapour may be the cause of
the hook-shaped trajectory (Holser, 1979). The shape and the extent of the hook depend on
local humidity, temperature, average wind speeds, and other climatic variables (Knauth and
Beeunas, 1986). In Figure 6.12, the behaviour of hydrogen and oxygen isotopes during the
evaporation of seawater is illustrated by the hook-shape curve presented by Holser (1979).
The degrees of evaporation (x4 and x10) are also indicated on the curve as proposed by
Holser (1979). The Figure also contains the x45 degree of evaporation as extrapolated by
(Knauth and Beeunas, 1986). The halite precipitation begins at about x11 and continues to
about x65 (Knauth and Beeunas, 1986). Figure 6.12 shows the gypsum hydration curve as
proposed by Knauth and Beeunas, 1986). This curve represents the hydration water in
gypsum precipitated during the evaporation of seawater. This water is enriched in '*0 and *H
by 4 %o and 20 %o, respectively for the water they precipitated from (Sofer, 1978). However,
the stability of gypsum depends greatly on temperature (Hardie, 1967). At temperature above
50°C, gypsum losses it’s two water molecules and transforms into anhydrite. Consequently,
this changes the isotopic signature of the formation waters by shifting the 8'°0 toward more
enriched value. Further processes that might cause '*O enrichment are hydrothermal activities
(e.g. mixing with geothermal waters) and high temperature water-rock interaction. For
example, Sheppard (1986) reported that the 8'*0 signature enrichments and shifts to the right

of the GMWL are predominantly due to isotopic exchange with '*O-rich sedimentary
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minerals such as carbonates. The 8'*0 compositions are enriched in marine carbonates by 29
%o relative to the water they precipitated from at ambient temperature, however, the
equilibrium between carbonate and water is reduced to only 8 %o at 250°C (Clark and Fritz,
1997). Therefore, at high temperature water-rock interaction processes the '*O of formation
waters tends to get enriched and that of carbonates tends to get depleted. Figure 6.12, also
illustrates a few mixing scenarios between the following end members; 1) Seawater
(SMOW), 2) saline waters of different degrees of seawater evaporation, 3) modern

precipitation, and 3) glacial melt-water.

The &°H versus 8'°0 values of the formation waters from the Williston Basin are presented
in Table 6.1 and illustrated in Figure 6.13 based on water type and in Figure 6.14 based on
the stratigraphic units from which they were sampled. The stable isotopic compositions (5°H
versus 8'°0) of the majority of waters are typical of sedimentary basin brines in that they are
enriched in 'O relative to modern day meteoric water, plotting to the right of the GMWL
(Figure 6.13). However, unlike the Michigan Basin formation waters (Chapter 4), the
majority of the highly concentrated formation waters are characterized by more enriched

oxygen isotopic compositions than that of seawater (VSMOW = 0 %o).

Figure 6.13 shows that the majority of the formation waters of this study plot to the right of
the GMWL and fall on a line that looks like an evaporation line, but which is most likely a
mixing line. The formation waters fit perfectly in the mixing area (filled in bars) between the
hydration water hook trajectory and meteoric waters illustrated in Figure 6.12. The Ca-Cl

type fluids plot in an evolved position on the seawater evaporation hook passed the 45x mark
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along with a shift toward more positive 8'0 values. This agrees very well with the chemistry
of this sample and the projection of the sample on the seawater evaporation line [Cl (mg/L)

versus Br (mg/L)] in Figure 6.7, where it plots in a highly evolved position.
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Figure 6.13  8*Hvsmow (%o) versus §®Ovsmow (%o) of Williston Basin formation waters
grouped based on their water types.
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numbers are per lampen, 2003 and Jensen, 2007.
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Isotopic compositions of the Williston Basin formation waters. Formation
waters are from different stratigraphic units (Early Cretaceous to Cambrian). Sample

No.

Sample ID

550 % (VSMOW) 3°H % (VSMOW)

sjs:f“sr

5701 % (SMOC)

5" Br % (SMOB)

Early Cretaceous (Mannville Group)

99-116
00-101
01-205
02-128

Mississippian (Madison Group)

01-128

01-129

1.9
9.9

05-106

05-109
05-111

16
17
18

99-117

00-180
00-190
05-103
05-104
03-110
05-115
05-117

i7
-5.0

Mississippian (Frobisher Member)

00-116
00-117
02-019
05-112
05-119

98-20

98-21
98-43
98-56

99-48

-97
-93.1
=100.6
-89.4

-8.4
-10.3

-116.2

=49
-49
-80

-81
=78
-63

-93.9

-41
=30
-33
-17

-14

0.70803
0.70831

0.70809
0.70805

0.70807
0.70802

0.70807
0.70810
0.70800
0.70813
0.70831

0.70810
0.70800

0.70956
0.71084
0.70842

0.71097
0.70851

Aver

-1.01
-0.91
0.16
-0.72

-0.06

-0.05

-0.10

(.19
-0.25

011

0.19
0.05
0.97
-0.20
-0.27
-0.22
-0.20
-0.16

-0.01
0.01

(.09
(.02
-0.03

-0.31

0.20
0.31
0.18
0.26
0.74
0.09

Stdv

0.04
0.15
0.09
017

0.02
0.06

0.08

0.05
0.09

0.05

010
0.03
0.05
0.01
0.06
0.13
0.07
0.08

011

0.06

0.07

0.01

0.06

0.08

0.07

0.12
0.04

Aver

0.26
0.13

0.04
-0.39
-0.19

0.30
0.45
0.50
0.45
0.71
0.69
0.68

.63

0.67

0.70
0.36

Stdv

0.09
0.12

0.07
0.07
0.09

0.08
0.06
0.08
0.05
0.12
0.12

0.08

0.08
0.11

0.10
0.06

0.04
0.06
0.02
0.11
0.06
0.11
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Table 6.1 Continued
No. Sample ID 50 % (VSMOW) 5°H % (VSMOW)  ¥seMse 5701 % (SMOC) 3% Br % (SMOB)
31 99-69 1.1 -4 0.82 0.14 0.54 01l
32 01-108 5.0 -22 0.71004 0.33 0.06 2.77 0.12
33 01-115 55 -19 0.71012 0.30 0.02 2.52 .09
34 01-116 7.8 -14 0.71038 0.47 0.08 245 0.10
35 01-117 7.2 -17 0.71027 0.58 (.08 211 0.05
36 01-118 9.5 -17 -0.07 0.04 0.72 0.04
37 01-119 0.8 -58 0.71037 0.27 2.03 0.11
38 01-122 116 -16 -0.15 0.04 0.38 0.09
39 01-125 9.2 -109 0.44 0.15 0.39 0.08
40 01-126 -10.0 -102 0.71028 0.15 2.14 0.11
41 01-150 6.1 -24 -0.15 0.07 0.20 .06
42 01-171 -14.5 -125 0.70976 0.39 0.09 1.29 0.07
43 01-404 53 =23 0.71234 -0.08 010 (.86 0.15
44 02-016 6.1 -36 0.31 0.11
45 02-205 45 -38 0.43 1.89 0.05
46 97-14 6.1 -20 0.70866 0.00 0.01
47 97-32 0.38
48 98-18 6.2 -20 0.18 0.01
49 98-125 6.4 -25 0.13 0.04
50 99-25 8.7 -14 0.70934 0.15 0.08 1.01 0.09
51 01-105 7.9 -15 0.70931 018 0.05 0.91 0.07
52 01-106 8.2 -16 0.70926 0.18 0.08 0.75 0.10
53 01-107 7.4 -19 0.70925 0.15 0.02 0.86 0.08
54 01-402 6.4 -24 0.70888 0.28 0.05
55 01-403 6.3 -22 0.70895 0.15 0.02
56 01-405 -14.5 =123 0.70836 0.37 0.09
Late Devonian (Duperow Formation)
57 98-28 7.1 -17 0.70863 -0.05 0.14 1.24 0.06
58 98-40 7.9 -17 0.05 013 0.52 011
59 98-41 7.3 -18 0.03 0.11 0.50 0.11
60 98-123 4.2 -40 0.08 0.12 0.35 0.05
61 99-26 5.1 -42 0.70850 -0.27 0.13 0.43 0.11
62 99-40 9.4 -28 0.70873 -0.19 0.13 0.44 0.06
63 99-42 4.5 -51 0.70852 -0.36 0.12 0.13 0.04
64 99-46 21 -57 -0.17 0.00 0.38 0.11
65 99-47 -1.8 -8l -0.12 0.33 .08
66 99-49 8.0 -28 0.70838 -0.25 0.01 0.18 0.12
67 99-52 8.5 =26 0.70839 -0.42 0.05 0.29 011
68 99-53 8.0 -29 -0.29 0.14 0.48 012
69 99-95 8.8 -13 -0.23 0.15 1.00 0.09
70 99-96 9.3 22 0.70867 0.28 0.08 0.30 0.08
71 00-17 -13.3 -122 0.41 0.13
72 00-44 -13.2 -123 0.49 0.08
73 00-61 -11.7 -125 0.16 0.05
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Table6.1 Continued
No. Sample ID 8"°0 %0 (VSMOW) §°H % (VSMOW) TSr/sr 3701 %e (SMOC) 3" Br %e (SMOB)
74 01-136 49 -27 0.70831 0.01 0.05 0.57 0.08
75 01-141 1.9 -24 0.70840 -0.27 0.36 0.07
76 01-203 39 =31 0.82 0.13
77 02-345 1.0 -45 0.70828 -0.21 0.16 0.22 0.01
78 99-56 6.1 -37 0.70998 0.06 0.08 0.00 0.11
79 99-57 6.6 =36 0.71014 -0.16 0.13 -0.27 0.06
80 00-201 0.4 -61 -0.02 0.13 0.12 0.06
81 01-131 6.7 =23 -0.14 0.13 0.18 0.08
82 98-45 -0.3 =60 0.70946 -0.06 0.09 -0.09 0.08
83 98-46 -4.5 -82 -0.41 0.10 0.09
84 98-58 -2.0 =69 -0.32 0.02
85 99-75 -1.8 =71 0.70994 -0.38 0.13 018 0.10
86 01-147 1.4 =37 0.70945 -0.32 0.05 0.20 0.13
87 01-151 21 -56 0.70901 -0.37 0.10 -0.42 0.12
88 01-407 -14.8 -131 0.71203 0.09 0.06 0.52 0.08
89 01-408 -15.1 -131 0.71201 0.06 0.03 0.53 0.07
90 01-411 -15.8 =129 0. 70892 -0.01 0.06
91 02-215 -1.4 -58 -0.36 0.28 0.09
92 02-216 -0.4 =55 -0.46 0.38 0.13
Early to Middle Silurian (Interlake Formation}
93 98-44 9.5 49 -0.24 0.06
94 98-121 -12.1 -122 -0.02 0.05
95 99-34 4.8 -40 -0.25 0.16 -0.35 0.08
96 99-35 6.0 -38 0.70917 0.16 0.09 0.36 0.12
97 99-36 -0.1 <65 0.70878 0.10 0.03 0.30 0.12
98 99-55 6.6 =31 0. 70828 -0.09 0.07 0.39 0.10
99 99-61 7.8 =30 0.70954 0.16 0.01 0.34 0.06
100 03-010 -13.80 =123 0.36 010
Late Ordovician (Yeoman Formation
101 97-15 -1.2 =56 0.70994 044 0.00
102 97-19 -0.9 -56 0.70988 -0.29 0.13
103 99-28 7.1 -29 0.71004 -0.66 0.04 -1.5 0.08
104 99-39 8.3 =20 -0.23 0.06 0.45 0.05
105 99-60 8.0 =29 0.07 (.08 0.28 0.05
106 99-65 34 -49 -0.45 0.13 -0.88 0.07
107 99-128 -1.1 -51 -0.14 0.02
108 00-187 -8.4 -98 -0.28 0.07 0.12 0.11
109 00-192 -0.7 =54 -0.19
110 01-109 7.1 85 0.71409 -0.39 -1.29 0.06
111 01-110 10.8 -22 0.70942 -0.39 0.01 -1.07 0.09
112 01-111 7.1 121 0.70899 -0.45 -1.34 0.09
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No.
113
114
115
116
117

Middle Ordovician (Winnipeg Formation

Cambrian (Deadwood Formation

126

Sample ID
01-112
01-135
01-140
01-409
01-410

98-10
98-24
00-08
00-09
00-11
00-19
00-60

01-201

01-202

30 % (VEMOW) 5°H % (VSMOW) srse 87C1 %o (SMOC) " Br %« (SMOB)
47 31 0.71127 -0.73 0.11 -1.43 0.09
33 .35 -0.41 0.15 -0.93 0.09
3.9 27 -0.36 0.15 0.29 0.10
-8.0 97 0.71078 -0.35 0.16 -0.11 0.05
-82 -98 0.71040 -0.42 0.07 -0.19 0.11
32 70 0.71474 0.11 0.00 0.03 0.12
3.4 -70 0.71521 0.00 0.02 0.00 0.06
24 -61 0.71456 0.06 0.11 0.10 0.09
-29 -63 0.71451 -0.01 0.07 0.15 0.10
13.2 -120 -0.09 0.02
10.8 -116 0.01 0.07
13.8 -130 015 0.03
.02 -42 0.72159 -0.05 0.00 0.09 0.04
0.7 -47 0.72103 -0.04 0.10 -1.41 0.09

All of the Ca-Na-Cl type waters and the majority of the Na-Ca-Cl type waters are

characterized by &°H value between 0 %o and -40 %o (i.e. between x10 and x45 fold

enrichment). This is in agreement with the conclusion drawn from the chemistry of these

samples that they were evaporated beyond the start of halite precipitation. The shift of the

880 values of these samples toward more positive values is mostly likely due to processes

such as gypsum hydration and water-rock interaction with '®O-rich sedimentary minerals

such as carbonates as a result of elevated temperatures (Sheppard, 1986). This water-rock

interaction scenario is supported by the presence of the North American Central Plains

Conductivity Anomaly (NACPCA) under the entire Williston Basin from the North-South

direction that is characterized by basal heat flow (Jones and Craven, 1990; Jones and Savage,

1986). This is also supported by the presence of anhydrite in almost all stratigraphic units in
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the Williston Basin (see the geology section). Some of the Na-Ca-Cl type waters are
characterized by depleted 8°H and 8'°0 values, suggesting dilution with meteoric waters.
These same water samples are deviated from the seawater evaporation line in Figure 6.7. This

shows agreement and support between the chemical and isotopic data.

The Na-Cl type waters show the largest variation in 5°H and 5'®O values of all water types.
This large variation is a reflection of the presence of more than one end member and various
degrees of mixing between the end members. All of the samples that are characterized by
enriched 8°H (40 %o to 0 %o) are also characterized by high TDS compositions (TDS ~
300,000 mg/L). They also plot on the seawater evaporation line in Figure 6.7. This lends
support to the conclusion that these samples were evolved by seawater evaporation. The rest
of the Na-Cl type water samples that are characterized by depleted 8°H and 8'*0 values
(along the mixing trend with the fresh water) are in agreement with the dilutions observed
from their chemistry. Water samples that plot the farthest from the seawater evaporation line
(Figure 6.7) plot the farthest on the mixing line between the highly concentrated brines and

the modern precipitation toward the modern precipitation area (Figure 6.12 and Figure 6.13).

The last three water types (Na-CI-HCO3, Na-Cl-SO,4, Na-K-C1-SO,) that are characterized
by low TDS compositions are characterized by depleted 8°H and 8'°0 and plot close to
modern precipitation and melt-water in the area. This is in agreement with the chemistry that

suggests a fresh meteoric water origin for these samples.

In general, the 8°H and 8'°0 compositions of the different water types, suggests seawater

evaporated component as one of the end members and modern precipitation and melt water as
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the other end members. The samples show mixing between these two end members. All of
the Ca-type waters are not affected by dilution which is in agreement with the chemistry of
these samples. The largest variations of 8°H and 8'°0 values observed in Na-type waters
suggest that meteoric waters were involved in the halite dissolution and not seawaters. The
highly depleted 8°H and 8'®O values observed in some of the samples indicate melt-water
components. Grasby and Betcher (2000) investigated the possibility of a Pleistocene recharge
of the Williston Basin and they concluded that a significant influx of fresh water into the
Williston Basin took place along the outcrop belt in southern and central Manitoba during

Pleistocene glaciation.

Figure 6.14 demonstrates the 8°H and 8'°O signatures based on the stratigraphic unit of
origin. Formation waters from most stratigraphic units are characterized by a large range of
isotopic values. However, some of the stratigraphic units are characterized mainly by
enriched 8°H and 8'®O (e.g. Bakken and Duperow). This suggests that brines from these
formations are relatively unaffected by fresh water dilution and this is in agreement with
findings from the chemistry section. Brines from the Winnipegosis Formation and Winnipeg
Formation seem to be affected by fresh water, which is in agreement with the previous
findings (see Figure 6.7, all of these samples plot off the seawater evaporation line). All of

the Early Cretaceous formation waters are highly affected by fresh water.

In summary, the 8°H and 8'%O of the formation waters from the different stratigraphic units
are characterized by large variations. The enriched 8'*0 values indicate high temperature

water interactions. The infiltration and mixing with fresh waters (e.g. precipitation and glacial
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melt-water) is observed, especially in the shallower formations. Brines that are characterized
by enriched isotopic values are located in the central part of the basin and the brines that

show isotopic depletions are normally further away from the centre of the basin.

6.8.2 8°’Cl and 8*'Br Compositions

6.8.2.1 8°'Cl and 8%'Br Compositions Based on Water Types

The 8*'Cl and 8'Br compositions of the Williston Basin formation waters are presented in
Table 6.1. They are also illustrated in Figure 6.15 based on their water types. In general, the
different formation water types show large variations in both isotopes, especially in bromine
stable isotope compositions. The &°'Cl and &*'Br compositions vary from -1.01 %o to +0.97
%o, and from -1.5 %o to +2.77 %o, respectively. However the majority of the samples fall in a
smaller range (between -0.50%o and +0.25 %o for 8°'Cl and between -0.5 %o and +1.0 %o for
8*'Br). The Ca-type waters are characterized by the smallest variations for both isotopes and
they also tend to be depleted in both isotopes relative to the Na-Cl type waters that are
generally more enriched in both isotopes.

Figure 6.15 demonstrates a possible relationship (positive) between &°'Cl and 8*'Br of the
Williston Basin formation waters. The regression of all data points can be presented by line

(A) in Figure 6.15 and the relationship can be expressed by the following equation:

8% Br=1.841x 8°'C1 + 0.582 (R* =0.659)
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When applying the regression after omitting four data points that are deviated from the trend,
the relationship can be presented by line (B) in Figure 6.15 and the relationship can be

expressed by the following equation:

8% Br=2.537x 8'C1 +0.725 (R*=10.797)
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Figure 6.15  8%Brsmog (%o) versus 8% Clsyoc (%o) of Williston Basin formation waters
grouped based on their water types. The plot demonstrates a possible relationship
(positive) between §*'Cl and 8%'Br of the Williston Basin formation waters. Line (A) is

expressed by all data points, while line (B) represents the relationship after omitting
four data points.
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The Na-ClI type waters show the largest variation in chlorine stable isotope compositions of
all water types. Based on the evaluation of the chemistry and hydrogen and oxygen isotopic
compositions of these samples, it was determined that these formation waters were evolved
from halite dissolution by fresh waters and mixing with evaporated seawater residuals. The
chlorine isotopic compositions of these brines fall within the reported range of chlorine
isotopes (-0.9 %o and +1.2 %o) for evaporites in the literature (Kaufmann et al., 1984;
Eggenkamp and Schuiling, 1995; Eggenkamp et al., 1995; Liu et al., 1997; Eastoe et al.,
1999; Eastoe and Peryt, 1999; Eastoe et al., 2001; Stewart and Spivack, 2004; Eastoe et al.,
2007). This large variation in the chlorine isotopic compositions is a reflection of the
complex evolution of these brines. It is either due to the involvement of different evaporite
bodies with different isotopic compositions, various degrees of mixing between the different
end members (i.e. Ca-type brines and Na-type brines), or various degrees of other
evolutionary processes (e.g. water-rock interaction). Regardless of the processes involved in
the evolution of these brines, these Na-type brines are mainly characterized by positive
bromine isotopic values. In summary, separation of isotopic compositions based on water

types is not identified.

Figure 6.16 illustrates the relationship between the isotopic compositions (8°'Cl and 5*'Br)
and the concentrations of Sr and Li. Generally, the formation waters investigated in this study
are characterized by high concentrations of both Sr and Li. These concentrations, especially
for Ca-type waters and Na-Ca-Cl type waters are much higher than what is expected from

seawater evaporation. Such high concentrations of Sr and Li are found in brines from other
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sedimentary basins (Heier and Billings, 1969; Collins, 1975; Kharaka and Hanor, 2004).
Kharaka and Hanor (2004) suggested that during the diagenetic evolution of the brines,
calcium and strontium concentrations increase by up to an order of magnitude compared to
evaporated seawater. Therefore, these highly concentrated Sr and Li values lend support to an
extensive water-rock interaction as one of the processes in brine evolution. However, since
there is no relationship between the increase of these elements and the isotopic composition
of the brines, one can assume that the isotopic variations are not due to water-rock interaction
or at least water-rock interaction does not cause a significant isotopic fractionation and
cannot be responsible for the large range of values for these isotopes for &°'Cl and & *'Br.
This favours the second scenario that implies that the isotopic variations are mainly due to the
original fluids that were isotopically different rather than being altered due to diagenetic

processes that evolved the brines, such as water-rock interaction.

6.8.2.2 8°’Cl and 8*'Br Compositions Based on Stratigraphic Units

Figure 6.17 demonstrates the &°'Cl and &*'Br signatures of the Williston Basin formation
waters based on stratigraphic units. The &°’Cl and 8*'Br ranges for the different stratigraphic
units are presented in Table C.2 (Appendix C). The results show that the formation waters
from some of the stratigraphic units (e.g. Bakken and Yeoman) are characterized by very
distinctive 8°'Cl and 8*'Br compositions. For example, the brines sampled from the Bakken
Formation are generally enriched in both isotopes with few exceptions. The Yeoman

Formation brines are generally characterized by depleted 8°'Cl and 8*'Br compositions. The
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formation waters from other units are concentrated in a smaller range (5°'Cl: between -0.50
%o and +0.20 %o; and &*'Br: between -0.5 %o and +1.0%o) (Figure 6.17). However, brines

from specific stratigraphic units seem to group together.
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Figure 6.16 Plots A, B, C and D are 8*'Clsmoc (%) versus Sr (mg/L) and Li (mg/L)
and 8*'Brsmos (%o) versus Sr (mg/L) and Li (mg/L), respectively of the Williston Basin
formation waters grouped based on their water types.
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Figure 6.17  8%Brsmos (%o) versus 8 'Clsyoc (%o) of the Williston Basin formation
waters grouped based on the stratigraphic units they were sampled from. The samples
that were discussed in the text are labelled.

Figure 6.18 illustrates two plots: a) 8*'Br (%o) versus TDS (mg/L) and b) 8°’Cl (%o) versus

TDS (mg/L). Three formations (Duperow, Bakken and Yeoman) are characterized by a large

number of samples and also distinctive isotopic values.
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Figure 6.18 A) 8*Brsmos (%0) versus TDS (mg/L) and B) &*'Clsmoc (%o) versus TDS
(mg/L) of the Williston Basin formation waters grouped based on the stratigraphic units
they were sampled from. The samples that were discussed in the text are labelled.
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The Duperow Formation brines are mainly characterized by a large range of TDS
compositions that vary between 220,000 mg/L. and 421,000 mg/LL and modest isotopic
variations (5°’Cl and 8*'Br). Most of the Duperow Formation brines that are characterized by
depleted isotopic values are Ca-type waters while most of the Na-type waters are
characterized by more enriched isotopic values. Based on the chemical compositions of the
Duperow brines discussed previously which suggest that these samples are mainly of marine
origin (evaporated paleoseawater) and by assuming that the isotopic values of the ocean
(8°'Cl = 0 %o and &*'Br = 0 %o) does not change, then the residual brines produced by halite
precipitation should be slightly more negative in their °'Cl (Eggenkamp, 1994). Eggenkamp
(1994) suggested that halite precipitation can cause as much as 0.26 %o fractionation. Since
the Ca-type waters are characterized by slightly more depleted &°’Cl values in comparison to
the Na-type waters, then the evolutionary processes (e.g. high temperature water-rock
interaction) that forms the Ca-type brines causes a slight isotopic fractionation that produces
more depleted isotopic values. However, these fractionations seem to be very minimal. The
enriched 8'°0 values (Figure 6.13) and the elevated Ca, Sr and Li contents (Table C.I,
Appendix C) of these brines are evidence of water-rock interaction. This suggests that
processes such as water-rock interaction at elevated temperatures do not cause large chlorine
isotopic fractionation. The small bromine isotopic range also suggests very minimal

fractionation due to high-temperature water-rock interaction.

Three of the Duperow Formation samples (00-17, 00-44 and 00-61; Figure 6.18) that are

characterized by enriched 8°'Cl (> 0.2 %o) are characterized also by low TDS values. This
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can be explained by the mixing with less saline waters that are isotopically enriched. The
dilution with less saline waters and possibly the involvement of halite dissolution can be seen
in Figure 6.11. It is worth noting that these samples were collected from the north-western

edges of the Williston Basin, away from the central part.

The enriched 8°'Cl value (0.82 %o) of sample (01-203; Figure 6.18) from the Duperow
Formation, while maintaining high TDS (~300,000 mg/L) composition can be explained only
by extensive mixing with a highly concentrated brine that is isotopically more enriched than
the Duperow Formation brines such as brines from the overlying Birdbear Formation or

Bakken Formation that are characterized by isotopically enriched brines.

The Bakken Formation brines are characterized by the largest isotopic variations of both
isotopes (*’Cl and *'Br) (Figure 6.17) and also by a large variation in their TDS compositions
(~ 120,000 mg/L to ~ 350,000 mg/L) (Figure 6.18). The results of these brines show the

following observations:

1) All of the brines sampled from the Bakken Formation are Na-type waters and all
samples show positive isotopic values for 8*'Br (Figure 6.18). Most of the samples are
characterized by positive & *’Cl values (Figure 6.18). All of the brines (01-108, 01-115, 01-
116 and 01-117; Figure 6.17) that are characterized by highly enriched &*'Br values (>2 %o)
have Br concentrations greater than 700 mg/L and fall on the seawater evaporation line
(figure 6.11). This suggests that these signatures belong to an evaporated paleoseawater.
Generally, the elevated Br content of the Bakken samples (ranging between 74 and 934 mg/L

with an average of 459 mg/L) and also the position of most of these samples on the seawater
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evaporation line in Figure 6.11 lend support to the involvement of evaporated paleoseawater

brines in this group of samples.

2) Two samples (01-119 and 01-126; Figure 6.17) that underwent dilution (decrease in
TDS) were collected from the western edges of the Basin and away from the center. These
samples are characterized by depleted 8'°0 and &°H values suggesting fresh water
component. These two samples maintained enriched chlorine and bromine isotopic values.
This suggests that these samples experienced simple mixing with fresh water, where minimal
chlorine and bromine isotopic changes are expected as the brine isotopic signature would

dominate.

3) Three samples (98-20, 98-56 and 02-205; Figure 6.17) show some dilution based on
their low TDS values (Figure 6.18) and also show halite dissolution (Figure 6.11). Their 80
and 8°H values (Table 6.1) supports dilution. These samples were collected from the northern
edges of the Basin. These three samples are characterized by enriched 8*'Br (~ 2 %o) and
8*'Cl values (~ 0.5 %o). The involvement of halite dissolution has a small effect on the §°'Br
signatures and that is expected as the Br contribution from the halite is small in comparison to
that of the brine and hence the isotopic signature of the brine is expected to dominate. On the
other hand the variation of the &°'Cl values of these samples is an indication of the

involvement of different evaporites or different degrees of mixing with the halite dissolution

waters.

4) Samples (e.g. 99-48, 01-118, and 01-150; Figure 6.17) that are characterized by depleted

8% Br and 8°'Cl values (< 1.0 %o and < 0.2 %o, respectively) and in the same time
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characterized by high TDS compositions (~ 300,000 mg/L) are believed to be produced by
mixing with other formation waters that are isotopically light (depleted). This is supported by
the enriched 8'*0 and 8*H compositions of these brines (Figure 6.13 and Table 6.1) and also
by their position on the seawater evaporation line (i.e. high Br concentrations) (Figure 6.11).
This implies that, although the highly concentrated brines that plot on the seawater
evaporation line seem chemically similar they are not isotopically similar. This might lead to
the suggestion that the Williston Basin contains two or more brines (evaporated

paleoseawater) that are isotopically different.

5) Samples (99-69 and 01-125; Figure 6.17) are characterized by depleted &*'Br and
enriched 8°'Cl compositions. These samples are believed to have a more complex scenario
than just mixing between two different brines. The 5*'Br values are inherited from the mixing
with different brines (e.g. brines from the Duperow Formation), however, the 8°'Cl signatures
are most likely due to dissolution of evaporites with enriched &°'Cl signatures. Sample 99-69
is very concentrated and enriched in both '®O and *H. This supports the idea of evaporite
dissolution being the mechanism that enriched 8*’Cl and most likely did not change the
8%'Br. On the other hand sample 01-125, suffered dilution as well as evaporite dissolution.
These two samples are from two different locations. Sample 99-69 was sampled from the
eastern parts of the basin while sample 01-125 was sampled from the western parts of the

basin. This could mean that the evaporites involved in dissolutions are isotopically different.

The brines collected from the Yeoman Formation are characterized by the most depleted

isotopic (8*'Br and &°'Cl) values of all formation waters. Similar to what was observed in the
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Bakken Formation brines, the brines of the Yeoman Formation are characterized by variable
TDS concentration (~ 120,000 mg/L to ~ 350,000 mg/L) and dilution does not seem to affect
the isotopic (8°'Br and 8°'Cl) signatures as the isotopic signatures of the brines dominates. In

general, the following observations can be extracted from these brines:

1) Brines (99-28, 01-109, 111 and 01-112; Figure 6.17) with the most depleted 8*'Br and
8"'Cl are from the central part of the basin. These brines plot on the seawater evaporation line
suggesting a paleoseawater origin and the 8'*0 and &°H values also support this idea. This

suggests that these represent an end member that is depleted in both *'Br and *'Cl.

2) Three samples (99-65, 01-110 and 01-135; Figure 6.17) were found to have relatively
less depleted signatures in comparison to the previous four samples. These brines are
believed to be mixtures between two types of brines that are isotopically different. The
mixing between two different brines is supported by the high TDS compositions of these
brines. Although all of these brines fall on the seawater evaporation line, they plot apart and
their 8'0 and 8”H values vary also, indicating that these samples experienced different

degrees of mixing.

3) A group of samples (e.g. 99-39, 99-60, 00-187, 01-140; Figure 6.17) from the Yeoman
Formation brines are characterized by 8*'Br and &°'Cl values that are enriched in comparison
with the two previous groups. These brines are most likely affected by extreme mixing with
other formation waters. For example, it could be mixing with brines from the overlaying

Interlake Formation. The Interlake Formation brines are characterized by near zero &°'Br
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signatures and by slightly negative 8°'Cl signatures. Although the C1 and Br concentrations of
these samples (Figure 6.11) suggest that these samples were affected by halite dissolution. It
is highly unlikely that this large shift in the 8*'Br is due to the halite dissolution, due to the

low Br content in halite.

The 8*'Br and &°'Cl signatures of the Williston Basin brines suggest the existence of
several different brine types that are “isotopically distinct”. Some of the major processes such
as dilution with meteoric waters were found to affect the isotopic signatures in a minimal
way. Mixing between different types of brines was found to exist which suggest cross-
formational flow or hydraulic connection. Mixing between the different brines affects the
isotopic compositions and these isotopic compositions can be used to determine the dominant
brine and might be also used to calculate mixing ratios. In general, halite dissolution or
evaporite dissolution processes affects the chlorine isotopic signatures more than the bromine
isotopic signatures. Further comparisons between the 8*'Br and 8°'Cl compositions and other
parameters will be discussed below to evaluate the effect of various processes on these two

isotopes.

Figure 6.19 illustrates two plots: a) 8°'Br (%o) versus Ca/Na (mmol/L) and b) 8°'Cl (%)
versus Ca/Na (mmol/L). In general, these two plots show that brines with high Ca/Na ratios
(i.e. high Ca contents) are characterized by depleted isotopic (8*'Br and &°’Cl) values.
However, these two properties do not seem to be related. Because formation waters from
both, the Duperow and the Yeoman formations are characterized by high Ca/Na ratios, they

are isotopically distinct, especially their 8*'Br signatures. This implies that the isotopic
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signatures are not inherited from the mechanisms that evolved Ca-rich brines such as water-
rock interaction processes (e.g. ion exchange, albitization and dolomitization), or isotopic

changes due to these processes is minimal.
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Figure 6.19 A) 8*'Brsmos (%o) versus Ca/Na (mmol/L) and B) &*'Clsmoc (%) versus
Ca/Na (mmol/L) of the Williston Basin formation waters grouped based on
stratigraphic units.
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In general, the results and the observations made from this study do not support significant
isotopic fractionation of chlorine and bromine in the brine due to water-rock interaction
processes. However, these results do not imply that these processes do not cause some

fractionation.

Furthermore, the two plots illustrated in Figure 6.10 (8*'Br versus 8'°0 and &°’Cl versus
8'%0) show the wide isotopic variations (8*'Br and &°'Cl) of the brines from different
formations (e.g. Bakken, Duperow and Yeoman) that are characterized by 8'°0 signatures

between 5 %o and 10 %o (i.e. high temperature water-rock interaction).

Several other plots (Figures C.3, C.4 and C.5) that show the relationship of 8*'Br and &°'Cl

signatures versus Mg (mg/L), temperature (°C) and pH values are illustrated in Appendix C.

Diffusion and ion filtration processes that can cause isotopic fractionations (Campbell,
1985; Desaulniers et al., 1986; Coleman et al., 2001; Lavastre et al., 2005; Hesse et al., 2006)
are among the numerous evolutionary processes that are proposed to explain brines in
sedimentary basins (Bredehoeft et al., 1963; Berry, 1969; Kharaka and Berry, 1973; Graf,
1982). However, these two processes cannot explain the isotopic variations found in the
Williston Basin. For example, the brines found in the Bakken Formation which is a sandstone
unit between two shale layers is characterized by highly enriched values of 8*'Br and 8°'Cl.
This is the opposite of what one should expect from an ion filtration process where the

residual brine is expected to become isotopically depleted.
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Figure 6.20 A) 8"Brswos (%o) versus 8®Ovsmow (%0) and B) &'Clsmoc (%o) versus
8" 0vsmow (%o) of the Williston Basin formation waters grouped based on stratigraphic

units.



235

Since most of the diagenetic processes that can be responsible for evolving these brines
such as evaporation, halite dissolution, water-rock interaction, diffusion and/or ion filtration
cannot explain the isotopic variations (5°'Br and 8*'Cl) found in the basin and since some of
the units show distinct isotopic signatures (e.g. Bakken and Yeoman), then these isotopic
variations could be connate reflecting the isotopic signatures of the original paleoseawaters.
Figure 6.21 illustrates the 8*'Br and 8°"Cl signatures of the formation waters versus the age of
the stratigraphic units they were obtained from. This diagram illustrates the isotopic ranges of
both elements (5°'Br and 8°'Cl) of all formation waters that were examined in this study from
each stratigraphic unit. The diagram illustrates also a possible temporal variation of the
seawater constructed by the average isotopic values of the brines of each stratigraphic unit
versus the age of the unit. Although, both isotopes (5°'Br and &°’Cl) provided similar curves
that suggest a systematic temporal variation of seawater, the temporal variations for the 8°'Br
values are more pronounced in comparison to the variations in the &°’Cl values. Several lines
of evidence support the hypothesis of temporal variation of the isotopic (8*'Br and &°'Cl)
composition of seawater. The first one is the large isotopic variations of the Williston Basin
brines that is not easy to explain by the diagenitic processes as discussed earlier. The second
is the agreement between the temporal variation found in this study from the bromine and

chlorine isotopes with the well-defined temporal variation of seawater strontium isotopic

signatures (*’Sr/**Sr) (Burke et al., 1982).
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Figure 6.21  8*Brsmos (%0) and 8*'Clsmoc (%o) versus Age (MY) of the Williston Basin
formation waters (Mississippian — Cambrian) The bars represent the isotopic ranges in
each specific formation, and the dotes represent the average isotopic values of these
stratigraphic units.
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Figure 6.22 The ®Sr/*Sr temporal variation of seawater (blue line) (redrawn from
Burke et al., 1982). The pink band represents the range of isotopic variations.
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The comparison between the *’Sr/*®Sr seawater curve (Figure 6.22) and the two curves
produced by the 8*'Br and 8°'Cl data of the Williston Basin illustrate good agreement
between these curves during the period between the Mississippian and the Cambrian. All
isotopes follow the same pattern of isotopic enrichment or depletion (e.g. the isotopic
enrichment during the Late Devonian and the isotopic depletion during the Late Ordovician).
The third is the reasonable agreement with the 8°*S seawater curve (Figure 6.23) produced by
Claypool et al. (1972) and discussed later in more detail (Holser, 1977; Claypool et al., 1980).
There is good agreement in the depletion of the 8°*S signature of seawater during the Middle
Devonian and the following sharp rise (enrichment) of the &*'S signature during the Late
Devonian period. Furthermore, it agrees with the depletion of the §**S in the Late Ordovician
Period reported by Fox and Videtich (1997) in their revision of the seawater &°'S curve
(Figure 6.23). These variations agree with the isotopic and organo-geochemical study on the
Phanerozoic sediments of the Williston Basin conducted by Arneth (1984). Arneth (1984)
concluded from his study that the 8'°C compositions of the carbonates, total organic and
bitumen of the rocks from the Ordovician (Red River) to be the most depleted of all old rocks
(Cambrian — Mississippian) and he also reported the Bakken (reported as Mississippian in his
paper) to be characterized by the most enriched 8'"°C values in all three materials (carbonates,

total organic and bitumen).
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Figure 6.23 The seawater 8*S (% CDT) curve (blue) of marine sulphates redrawing
after Claypool et al. (1980). The pink band represents uncertainty limit estimates on
either side of the curve. Above plot is the 8*'Brsmos (%0) and &*'Clsmoc (%o) versus Age
(MY) of the Williston Basin formation waters
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In summary, the comparison of the 8°'Br and &°’Cl variations of seawater with both the
¥7Sr/*Sr and the §**S variations of seawater over the geologic period from the Mississippian
through Cambrian, show good agreement but with different intensities. This in turn suggests
a systematic link between the causes of these variations of all the isotopes but in the same
time, the different intensities suggests either different responses to the causes, additional
factors that affects the isotopes of one element but not the others or both. These coincidences

support the hypothesis of 8*'Br and §*’Cl seawater variations.

Some of the data obtained during this study (Table 6.1) were eliminated, in order to obtain
a better demonstration of the temporal variation of the seawater 8*'Br and &°’Cl signatures.
Samples that fall under the following criteria were eliminated: 1) samples with TDS values
less than 200,000 mg/L, 2) samples that show dilution with fresh water (see Figure 6.11), 3)
samples that show halite dissolution (see Figure 6.9 and Figure 6.11), 4) samples that were
collected outside the area from 102.50° W to 104.00° W longitudes and 46.50° N to 49.00° N
latitudes. Two more samples (99-69; Bakken and 01-202; Deadwood) were eliminated due to
their deviation from the positive relationship between 8°'Br and 8°’Cl as presented in Figure
(6.17). The exceptions were samples from Dawson Bay Formation, Winnipeg Formation and
Deadwood Formation that qualified for the first three points but failed the last criteria. These
samples were considered because all samples from these three formations were collected
from outside the area specified in point 4. Generally, most of the remaining samples fall on
the seawater evaporation line as illustrated in Figure (6.11) or in close proximity. The main

objective of the elimination process is to minimize the isotopic variations due to mixing,
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dilution and halite dissolution and examine only the highly concentrated formation waters
from the very central part of the Williston Basin. This in turn will better represent the
paleoseawaters from the various end members. The new seawater curves of both 8*'Br and
8*'Cl are illustrated in Figure (6.26). These two curves show the same pattern observed in
Figure (6.23), however, the intensities of the variations (isotopic enrichments and depletions)
are more pronounced and better defined. It is worth noting that the analytical error bars are
smaller than the symbols on Figure (6.26). This suggests that the variations observed, even,

for the chlorine isotopes are significant.

Figure (6.27) illustrates the 5°'Br versus &°'Cl signatures of the Williston Basin formation
waters that were used to construct the seawater curves in Figure (6.26). Figure (6.27)
demonstrates a positive relationship between 5°’Cl and &*'Br that is better defined from the
one previously proposed in Figure 6.15. The regression of all data points can be presented by

line (C) in Figure 6.25 and the relationship can be expressed by the following equation:
8% Br=2.841 x 8°'Cl + 0.780 (R* = 0.802)

Since the two curves produced in Figure 6.24, follow the Sr seawater curve (Figure 6.22),
one would expect a positive relationship between both *'Br and 8°’Cl and *St/**Sr of these
formation waters. Typically, the strontium isotopic composition of formations waters has
shown great potential as a means of identifying sources of strontium in formation waters, the
degree of water—rock interaction, and the degree of mixing along regional fluid flow paths

(e.g., Armstrong et al., 1998, McNutt, 2000).
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Figure 6.24  8%Brswos (%0) and 8*'Clsmoc (%o) versus Age (MY) of the Williston Basin
formation waters (Mississippian — Cambrian) after eliminating samples with TDS vales
less than 200,000 mg/L, samples that suffered dilution or halite dissolution and samples
that were collected outside the area from 102.50° W to 104.00° W longitudes and 46.50°
N to 49.00° N latitudes. The bars represent the isotopic ranges in each specific
formation, and the dotes represent the average isotopic values of these stratigraphic
units.
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Figure 6.25 8%Brswos (%o) versus &*'Clswoc (%o) of the Williston Basin formation
waters (Mississippian — Cambrian) from the central part of the basin (after eliminating
some samples) (see the text and Figure 6.27 for more details).
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A detailed review of strontium isotopic behaviour in formation waters with emphasis on
water—rock interaction is explained in McNutt (2000). The strontium isotopic composition of
geological materials is expressed as the ratio of *’Sr/*°Sr. The *’St/*®Sr ratios of the world’s
oceans have varied from 0.7065 to 0.7092 during the Phanerozoic (Burke et al., 1982) as the
result of variations in the relative rates of input of *'Sr-enriched strontium from continental
weathering and *’Sr-depleted strontium from mantle sources. The *'Sr/**Sr signatures of the
Williston Basin formation waters are presented in Table 6.2. In general, the *’St/**Sr values
fall between 0.708 and 0.722. These values confirm the marine origin of these formation
waters and they show a radiogenic component in some of the samples. Typically, when a
brine has a signature within that range, then it is permissible to consider a marine isotopic
signature. However, when the isotopic values fall outside that range, one must consider other
factors to explain the values such as water-rock interaction processes (Frape et al., 2004).
Figure 6.26 illustrates the relationship between: a) 8'Br and *'Sr/*°Sr and b) §*'Cl and
¥7Sr/*Sr. These two plots do not show any clear relationship between the various isotopes.
This means that although a positive correlation between 8*'Br and &°'Cl signatures of the
brines and the *’Sr/*°Sr signatures of the rocks from the same age is possible, a correlation
might not be possible when compared with the *'Sr/*Sr signatures of the brines. This is
because of the sensitivity of the *'Sr/**Sr toward water-rock interaction processes and these
brines showed high degrees of water-rock interaction as discussed earlier (e.g. the highly

enriched 5'°0 and highly elevated Sr and Li contents of these samples).
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Figure 6.26  A) 8*Brsmos (%0) versus ¥Sr/*°Sr and B) §*'Clsmoc (%o) versus 2'Sr/%°Sr
of the Williston Basin formation waters from the central part of the basin.
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Generally, most formation waters in this study are characterized by more enriched values in
comparison to the “'Sr/*°Sr values of the stratigraphic units they were sampled from.
Typically, formation waters in sedimentary basins containing Paleozoic strata have *’Sr/**Sr
ratios that are more enriched than seawater values of the depositional age of the current host
sediment (Connolly et al., 1990; Kharaka and Hanor, 2004). This enrichment is usually,
attributed to the release of strontium from the alteration of silicates, albitization and feldspar
dissolution (Stueber et al., 1993). Although, no correlation is observed in Figure 6.26, this
figure shows samples with similar *’Sr/*Sr ratios to have totally different 8*'Br and &°'Cl
signatures (e.g. Bakken, Dawson Bay and Yeoman) and vice versa (e.g Deadwood, Winnipeg
and Dawson Bay). This implies that the evolutionary processes that affect these different

isotopes are not exactly the same, although some common factors are possible.

Figure 6.27 illustrates the relationship between: a) 5*'Br and Sr and b) 8*’Cl and Sr. These
two plots show three possible paleoseawater end member that are isotopically distinct. The
three end members are labeled A, B and C (Figure 6.27). The first end member (A) is
isotopically enriched in both isotopes (8*'Br and 8°'Cl) and located in the Bakken Formation
(Late Devonian), the second end member (B) is characterized by near zero isotopic signatures
from the Duperow Formation (Middle Devonian), and the third one (C) is isotopically
depleted in both isotopes (8*'Br and 8°'Cl) and located in the Yeoman Formation (Late
Ordovician). Whether the rest of the formation waters from the other stratigraphic units (e.g.
Dawson Bay, Winnipegosis and Winnipeg) are also end members that happen to be

isotopically similar or simply the product of mixing between these three end members is not
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clear from these plots. The co-existence of different brines that are isotopically distinct is
previously reported (Eastoe and Guilbert, 1992). Eastoe and Guilbert (1992) conducted a
study on three different basins and they concluded that formation waters from three different
basins have bimodal distribution of 8°'Cl, with one fluid being characterized by an isotopic

value near -0.8 %o and the other near 0 %o.

In summary, the 8*'Br and 8°’Cl signatures of the formation waters present in the central
part of the Williston Basin suggests multiple end members located in different stratigraphic
units. The isotopic variations of these two elements agree well with the *’Sr/**Sr seawater
variation during the same period and reasonably with the seawater variation of the &'S.
Furthermore, the presence of multiple sources of brines is in line with the presence of
different types and sources of oil in the Williston Basin (e.g. Williams, 1974; Osadetz et al.,
1992; Osadetz et al., 1994; Kirk et al., 1998; Obermajer et al., 2000; Jiang and Li, 2002;
Smith and Bend, 2004). For example, Smith and Bend (2004) indicated that oils found in the
Winnipeg and Red River formations are distinct and originate from two separate sources,

despite their close stratigraphic proximity.

Although the cause of the temporal variations of these two isotopes is not one of the
objectives of this study, a few observations will be addressed below.

If changes in the chlorine and bromine input did occur, and the isotopic signatures of the
various contributors are different, then seawater isotopic signatures varied over time as well.
Kovalevich et al (1998) concluded from their work on inclusions in primary bedded halite

from many evaporite formations of northern Pangaea that the chemical composition of
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marine brines was oscillating significantly between the Na-K-Mg-Ca-Cl type and the Na-K-
Mg-CI-SOy type during the Phanerozoic. They attributed these changes as corresponding to

the chemical evolution of the Phanerozoic Ocean.
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Figure 6.27 A) 8*'Brswos (%o) versus Sr (mg/L) and B) §*'Clswoc (%o) versus Sr
(mg/L) of the Williston Basin formation waters from the central part of the basin.
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Similar to the explanation presented to explain the variation of the *’Sr/*Sr signature of the
seawater (Burke et al., 1982), one can suggest that both chlorine and bromine isotopic
signatures of the seawater are controlled by the input of these two elements (weathering and

mantle degassing through various volcanic activities including seafloor spreading regions).

The agreement between the behaviour of Sr, Br and Cl isotopes during the Late Ordovician
Period might suggest a common source. Since the contribution of mantle sources is put
forward to explain the depleted *’Sr/**Sr values during the Late Ordovician, it is reasonable to
suggest that the depleted 8°’Cl and &*'Br signature of seawater at the same time period may
be due to the same source (i.e. mantle sources). Several lines of evidence seem to support this
suggestion. The mantle is the main reservoir of both chlorine and bromine as 98.2 % and
98.9% of these two elements in the Earth are present in the mantle (Table 1.1 and Table 1.2;
Chapter 1). Rubey (1951) argued that that there is more chloride (and other elements such as
sodium, magnesium and potassium) in the ocean than can be accounted for by weathering of
igneous rocks in the crust. In fact, both chloride and bromide are classified as excess volatile
(i.e. a constituent of seawater that cannot be accounted for by rock weathering). Volcanic
eruptions are prolific sources of HCI and they are suggested to be the strongest single source
of Br in the atmosphere (Graedel and Keene, 1996; Bobrowski et al., 2003; Aiuppa et al.,
2005). Schilling et al. (1978) calculated that Cl and Br associated with the lithosphere
formation and hotspot activity are outgassed rather than recycled. Furthermore, they reported
that geological time integrated rate of Cl and Br transfer from the mantle is comparable with

masses of Cl and Br in the surface reservoir. They hypothesized that the Cl and Br in surface
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reservoir has accumulated throughout the geologic time by volcanic processes. They also
argued that it is reasonable to assume that the rate of crustal production during the geologic
time was proportional to the rate of heat production from natural radioactivity within the
Earth which implies that the degassing of Cl and Br by the volcanic activities was higher
(almost twice as the present). Because most of these volcanic gases are highly soluble gases
they are quickly dissolved in the ocean or deposited at the surface (Brown et al., 1989;
Graedel and Keene, 1996). Several isotopic studies suggested negative values of chlorine
stable isotopes for mantle derived Cl materials. Due to the kinetics of isotope fractionation,
the gaseous sublimation products will probably have a lower &°'Cl than solid residue. For
example, Eggenkamp and Schuiling (1995) reported negative chlorine isotope values of
PbCl, and sal ammoniac minerals that formed from the condensation of volcanic gas
compounds. Eggenkamp and Koster van Gross (1997) reported depleted chlorine isotope
values (-0.8 and 0.1 %o) of primary carbonatites. Willmore et al., (2002) explained the
enriched &°’Cl values of the Bushveld Complex in South Africa by few possible scenarios
including the degassing of light chlorine isotopes during subduction, leaving heavy chlorine
to be degassed at a deeper level that subsequently metasomatize and partially melted the
mantle wedge. Subduction recycling of oceanic crust and mantle releases was suggested to be
responsible for the depleted chlorine isotopic signatures reported from active (Ransom et al.,
1995) and passive (Hesse et al., 2006) margins. Hesse et al. (2006) also suggested that mantle
chlorine-degassing might release a dominantly isotopically depleted chlorine gas. The Late

Ordovician concluded with a massive glaciation, where glaciers grew in and around the south
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polar region of Gondwanaland and as the Period came to a close, the glacial event reached a
climax. This lends support to the increase of the mantle contribution by limiting the
continental weathering input due to the glaciation. Therefore, it is reasonable to assume that
the depletion of chlorine and bromine isotopes in the Late Ordovician is due to the increase of

contribution of mantle derived Cl and Br.

Although it is logical to attribute the highly enriched isotopic values found in the Bakken
Formation to an increase of the continental weathering, this cannot be the only reason. The
sharp rise in the Bakken Formation (Figure 6.24) is proportionally greater than the change
observed for *’Sr/*®Sr. Furthermore, the 5°’Cl and 8®'Br signatures of the formation waters in
Figure 6.27 do not fall on a perfectly straight line, which means that the isotopic variations
are not due to only two end members (two input source). For example the Bakken Formation
brines show larger enrichment values for bromine isotopes versus chlorine isotope values
when compared to the Yeoman Formation brines. This implies that other factors played a role
in this enrichment aside from the input (the different sources), such as depositional

conditions.

Smith and Bustin (1998) suggested that the organic-rich (up to 35% TOC) Bakken
Formation had accumulated in response to both increased productivity and enhanced
preservation that resulted from wunique palacogeographic, palacoceanographic and
palaeoclimatic conditions. They proposed a pattern of estuarine-like marine circulation
between the Williston Basin and open-ocean conditions at the western craton edge of North

America. Surface water discharged from the basin was replaced by nutrient-rich deeper water
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sourced from the equatorial undercurrent in the Pacific Basin. This nutrient-rich water
enhanced the productivity and led to a high rate of organic sedimentation and the
development of anoxic bottom water on the basin floor. These depositional conditions might
have played a role in the isotopic enrichment of both Br and Cl isotopes by extensive
biological activity. These activities could affect the bromine isotopes by a larger scale in
comparison to the chlorine isotopes because of the different redox behaviour of Br (much
easier to oxidize), different behaviour in biological processes (easier to incorporate in organic
compounds by organisms) (Eggenkamp and Coleman, 1998). The presence of similar
organic-rich deposits across the North American interior during the Late Devonian, suggests
that these conditions were not restricted to the Williston Basin, but were probably worldwide.
In order to explain the sharp rise of the seawater 8°*S, Holser (1977) suggested that the brine
generated by evaporite deposition was initially stored in deep areas of a Mediterranean basin
like system, where the precipitation of pyrite produced highly enriched 'S brine. Later a
catastrophic mixing of the brine and the surface ocean caused by the destruction of the basin
that stored the highly enriched &S brine is put forward to explain the enriched &*S
distributed world-wide during this period. Therefore, a similar catastrophic scenario could be
responsible for mixing the isotopically enriched water that was produced by the biological
activities were lighter isotopes were preferentially removed from the water into organic

matter or released as gases.

It is worth noting that both major shifts for chlorine and bromine isotopes in the Late

Ordovician and Late Devonian were concurrent with two of the five major mass extinctions
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on Earth. Both, the Late Ordovician and Late Devonian mass extinctions were attributed to
climate condition changing and massive glacial events (Kump, 2004). Widespread anoxia has
also been invoked to explain the Late Devonian mass extinction (e.g., Joachimski and
Buggisch, 1993, Kump, 2004). These extinctions were accompanied with rises and dips of
several isotopic signatures including (8°*S, 8'°C, ¥'Sr/**Sr, &°’Cl and &*'Br). Although it is
not conclusive, some of the isotope results suggest different environmental conditions during
these two mass extinctions. This might suggest that glaciation cannot explain both events and

that widespread anoxia is a more favoured explanation for the Late Devonian event.

6.9 Conclusions

The majority of the formation waters are characterized by high TDS compositions ranging
between (100,000 mg/L and 550,000 mg/L). The vast majority of highly concentrated
formation waters (TDS > 100,000 mg/L) are Na-type waters (Na-Cl or Na-Ca-Cl) with few

exceptions that are Ca-type waters (Ca-Na-Cl or Ca-Cl).

The geochemical data examined in this study suggests that the Williston Basin formation
waters are of several origins (i.e. end members) and that they are the result of various
evolutionary process that include evaporation, evaporite dissolution, mixing and water-rock
interaction. The proposed end members are: 1) residual paleoseawater that were highly
concentrated; 2) evaporite dissolution formation waters; 3) meteoric water; and 4) seawater.

Mixing between these end members along with water-rock interaction (e.g. ion exchange) are
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some of the evolutionary processes that are involved in the evolution of these formation
waters. Generally, all formation waters from older (deeper) stratigraphic units are highly
concentrated in comparison to formation waters from younger stratigraphic units that are
characterized by larger range of TDS compositions due to greater dilution effects on the

younger (shallower) formations.

The 8°H and 80 of the formation waters from the different stratigraphic units are
characterized by large variations. The infiltration of fresh waters (e.g. precipitation and
glacial melt-water) is evident, especially in the shallower formations. Brines that are
characterized by enriched isotopic values are located in the central part of the basin and the

brines that show isotopic depletions are normally further away from the centre of the basin.

The &°'Cl and &*'Br signatures of the Williston Basin formation waters show large
variations in both isotopes, especially in the bromine stable isotopes. The 8*'Br and §°'Cl
signatures of the Williston Basin brines suggest the existence of several different brines that
are isotopically distinct. Mixing between different types of brines was found to exist which
suggest cross-formational flow or hydraulic connection. In general, halite dissolution or
evaporite dissolution processes affects chlorine isotopic signatures more than the bromine

isotopic signatures.

The relatively wide range of 8°’Cl and 8*'Br of the formation waters suggests that
evaporated paleoseawater and halite dissolution cannot be considered as the origin of these
brines, unless the ocean isotopic signatures were variable over geologic time. Although

precipitation, dissolution, diffusion and ion filtration are possible mechanisms for isotopic
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fractionation, they cannot be reasonable factors to cause the observed isotopic variability.
The 8*'Br and &°'Cl signatures of the formation waters present in the central part of the
Williston Basin suggests multiple end members located in different stratigraphic units. A
seawater temporal curve for 8''Br and &'’Cl was proposed, where 8*'Br show larger
variations than &°’Cl. The isotopic variations of these two elements agree very well with
¥7Sr/*Sr seawater variation during the same period and reasonably with the seawater

variation of §°*S.

The *’Sr/**Sr signatures of the Williston Basin formation waters fall between 0.708 and
0.722. These values confirm the marine origin of these formation waters and they show a

radiogenic component in some of the samples as well.

The relationship between both 5*'Br and §*'Cl versus Sr illustrates the presence of at least
three possible paleoseawater end member that are isotopically distinct. The three end
members are defined as (A) which is isotopically enriched in both isotopes (8*'Br and &°'CI)
and located in the Bakken Formation (Late Devonian), (B) which is characterized by near
zero isotopic signatures from the Duperow Formation (Middle Devonian), (C) that is
isotopically depleted in both isotopes (8°'Br and &°’Cl) and located in the Yeoman Formation
(Late Ordovician). Whether the rest of the formation waters from the other stratigraphic units
(e.g. Dawson Bay, Winnipegosis and Winnipeg) are also end members that happen to be
isotopically similar or simply the product of mixing between these three end members is not

clear from the data.
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Two major sources of input for chlorine and bromine to the ocean are proposed; 1)
continental weathering which is isotopically enriched and 2) mantle degassing that is

isotopically depleted.

An increase of the mantle contribution of Cl and Br to the seawater and a decrease of the
continental weathering input due to a glacial event was proposed to explain the isotopic dip
of both &*'Br and 8*'Cl during the Late Ordovician. On the other hand, an anoxic seawater
and biological activity were proposed to explain the sharp rise in the 8*'Br and &°’Cl values

during the Late Devonian Period.

In general, this finding has very important implications in different disciplines. These two
isotopes can be used in drawing preliminary conclusions about the origin and the
evolutionary processes involved in evolving formation waters and also to distinguish
different brines (end members). Further, they can also be employed in assessing
hydrogeological dynamic of sedimentary basins in different studies (e.g. nuclear waste
storage and petroleum exploration). They can be used as “fingerprinting” tools in
investigating mine leakage issues and mixing scenarios. Moreover, they might aid in

understanding and resolving some of the scientific controversies in the earth’s history.



CHAPTER 7

SUMMARY

This thesis consists of two parts: a technical part comprising of chapters two and three, and

an application part in chapters four, five and six.

7.1 Analytical Advances

Two new analytical methodologies were developed based on the Continuous Flow (CF)
technology by means of Isotope Ratio Mass Spectrometry (IRMS). The CF-IRMS was
coupled with a GC system and an autosampler in order to combine both online separation and
mass spectrometric analysis in one automated step. The analyses in these two methodologies
were carried out on halide gases (methyl chloride and methyl bromide) and showed excellent
results (chapters 2 and 3). These analytical methodologies are much faster (16 minutes) than
the classical off-line techniques and allow smaller sample sizes; they are also more cost-
effective.

The first methodology involved the analysis of chlorine stable isotopes in water samples.
This new technique uses samples as small as 0.2 mg of AgCl (1.4 umol of CI"). The internal

precision using pure CH3CI gas is less than £0.04 %0 (:STDV). The external precision using
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seawater standard is less than £0.07 %o (STDV) for n = 12. This precision is better than that
achieved by any previous methods.

The second methodology was developed for bromine stable isotope in waters. The bromine
stable isotope analysis by CF-IRMS technology gave excellent results with high precision.
The internal precision using pure CH;Br gas is better than £0.03 %o (£STDV); the external
precision with the seawater standard used at Waterloo is better than £0.06 %o (£STDV) for n
= 12. This new technique measures samples as small as 0.2 mg of AgBr (1 pmol of Br’). The
precision is very important when dealing with small variations in isotopic range and the small
size requirement is highly important for samples with very low concentrations of bromide.

The bromine stable isotope values obtained during the development of this methodology
extended the known range of isotopic variation of stable bromine isotopes and showed
promising results that lead to the further investigation of bromine isotopes in various
sedimentary environments as illustrated in chapters four, five and six. The CF-IRMS
methodologies developed during the course of this thesis will enhance the application of both
chlorine and bromine stable isotope in more research areas and will allow the use of this

analysis in studies where chlorine and bromine contents are small and precision is important.

7.2 The Evaluation of Chlorine and Bromine Isotopes in Sedimentary Basins

The analytical methodologies developed during this thesis were employed to determine 8°'Cl

and 8*'Br isotopic signatures in three sedimentary environments (the southern Ontario and
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Michigan Paleozoic sedimentary sequences, the Siberian Platform and the Williston Basin).
The results obtained from the bromine stable isotopes analysis demonstrated a range between
-1.50 %o and +3.35 %o relative to SMOB. This range extended the isotopic variation of
bromine isotopes reported for formation water in the literature.

The &°’Cl and 8*'Br values of the brines from the Middle Silurian carbonate sequence of
Michigan and southern Ontario and brines from the Lower Silurian sandstone formations of
the Appalachian basin are very distinct. The brines from the Lower Silurian sandstone
formations are enriched in both isotopes relative to the brines from the Middle Silurian
carbonate formations. Similarly, the brines collected from the Ordovician formations
illustrated different &°’Cl and &*'Br signatures. In both cases (Ordovician and Silurian)
formation waters from the central areas of the Michigan Basin are characterized by more
depleted isotopic signature in comparison with the formation waters from the marginal areas.
This indicates that the formation waters in these stratigraphic units are either of different
origins or they experienced different evolutionary processes and/or mixed with different

intrusive or allochthonous fluids that altered their isotopic signatures during mixing.

The projection of Cl and Br composition on the seawater evaporation line (Figure 4.7)
suggests that the origin of these brines is evaporated paleoseawaters. However, dilution with
less saline waters (e.g. seawater and/or freshwater) is also evident. The contribution of halite
dissolution is minor and it is restricted to marginal areas. Generally, the degree of dilution

and halite impact increases with distance from the central part of the basin and towards the
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marginal areas. As well, the 8°H and 8'*0 compositions of these fluids confirms the proposed

end member and mixing scenarios as was concluded from the geochemical data.

Although the chemical parameters and also the 3'°0 and 8°H show some similarities and
overlaps between various samples, the 8°'Cl and 8*'Br shows some distinctive differences
between the samples from northwest of the Algonquin Arch and those from southeast of the
Algonquin Arch. All of the brines collected from the northwest of the Algonquin Arch are
characterized by depleted isotopic values in comparison with the isotopic values from the
brines collected from southeast of the Arch. The &*'Br signatures of the two brines show a
complete separation in isotopic signatures with no overlaps or mixing, unlike the 8°'CI values
that show some overlap between the two groups. One of the scenarios that can be put forward
is that the Arch forms a water divide, where sediments southeast of the Arch are dominated
by Appalachian Basin formation waters, and the sediments located northwest of the Arch are
dominated by the Michigan Basin formation waters. The fact that formation waters from
either side of the Arch are isotopically (*’Cl and *'Br) distinct strongly suggests that the
evolutionary processes that affected the waters are very different, which is in agreement with
previous studies that investigated geochemistry and origin of natural gases in southern
Ontario (Barker and Pollock, 1984) and suggested that natural gas formation and
accumulation in the two basins (Appalachian and Michigan) proceeded under different
conditions and sources. Further in-depth investigation and understanding of the behaviour of
these isotopes under different conditions are necessary to answer that question and to better

understand the system.
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The Siberian Platform formation waters were classified into four different groups based on
their chemical compositions. The two main water types found are Ca-Cl and Na-Cl type
waters. The &°'Cl and 8*'Br values of the Ca-Cl type brines range between -0.67 %o and
+0.04 %o; and between -0.31 %o and +0.27 %o, respectively. These brines are from depths
below 1000 m and characterized by high TDS (> 300,000 mg/L). Their 8°H versus 8'°0
values of this group of samples range between -78 %o and -31 %o and between -10.9 %o and
+1.8 %o, respectively. Based on their chemical composition and isotopic signatures, it is

postulated that they are residual brines of evaporated paleoseawaters.

The 8°’Cl and 8%'Br values of the Na-Cl type fluids range between -0.25 %o and +1.54 %o
and between -0.25 %o and +0.17 %o, respectively. These waters occur at shallower depths (0—
1000 m) and their TDS values range between 44,000 mg/L and 242,000 mg/L. The &°H
versus 8'°O values of this group of samples range between -152 %o and -94 %o and between -
20 %o and -0.5 %o, respectively. The chemical and isotopic data indicate that these samples
are derived from halite dissolution, most likely as a result of recharge in a colder climate,

possibly Pleistocene derived water.

The 8°’Cl and &*'Br values of the third group of waters range between -0.40 %o and +1.30
%0 and between -0.40 %o and +0.56 %o, respectively. The waters of this group are
characterized by Na—Ca—Cl and Na—Cl type waters. These samples were collected from
various depths ranging from 100 to 2100 metres. They are characterized by high TDS values
between 32,000 mg/L and 286,000 mg/L and their §°H and §'*0 values range between -140

%0 and -89 %o and between -17.1%o and -9.3 %o, respectively. The chemical compositions and
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isotopic signatures did not show any obvious trends that could lead to a definite brine source.
However, the available data suggest that these samples were produced via a number of
scenarios that involved several end members such as meteoric water, evaporated
paleoseawater brines, and also some geochemical evolutionary processes such as mixing,

halite dissolution, biological activities and/or ion filtration.

The Archaecan—Proterozoic crystalline brines were found to have 8°'Cl values that range
between -0.67 %o and -0.16 %o and 5°'Br values that range between -0.31 %o and 0 %o, while
the Early Cambrian sedimentary brines have &°'Cl values that range between -0.53 %o and
+0.04 %o and 8°'Br values range between -0.11 %o and +0.27 %o. The variation of Br stable
isotopes observed in this study can imply two things: (1) different water types may have
different Br stable isotope signatures, i.e., they are originally different, and (2) different
geochemical processes may affect the Br stable isotopes of the waters differently and cause

significant fractionations.

Generally, larger isotopic variations are observed in shallower samples, which is also
consistent with samples from the southern Ontario Paleozoic sequences. This suggests that
surficial processes could be responsible for isotopic fractionations that led to these larger
variations. The &*'Br and &°'Cl signatures of the brines from the various sedimentary
sequences investigated in this study including the Siberian Platform revealed a general
positive trend between 8*'Br and 8°’Cl values, where an enrichment of 8*'Br is coupled by an
enrichment of &8°’Cl. This is also observed in the formation waters from the southern Ontario

Paleozoic sequences and the Williston Basin.
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The relationship between both 8*'Br and 8°’Cl versus Sr of the Williston Basin showed that
at least three evaporated paleoseawater end members that are isotopically distinct are present
in the Williston Basin. The three end members are: A) isotopically enriched in both isotopes
(8*'Br and &°’Cl) and located in the Bakken Formation; B) characterized by near zero
isotopic signatures from the Duperow Formation; and C) isotopically depleted in both
isotopes (8*'Br and 8°’Cl) and located in the Yeoman Formation. Whether the rest of the
formation waters from the other stratigraphic units (e.g. Dawson Bay, Winnipegosis and
Winnipeg) are also end members that happen to be isotopically similar or simply the product

of mixing between these three end members is not clear from the data.

The geochemical data examined in this study suggests that the Williston Basin formation
waters are of several origins (i.e. end members) and that they are the result of various
evolutionary processes that include evaporation, evaporite dissolution, mixing and water-rock
interaction. The proposed end members are: 1) residual evaporated; 2) evaporite dissolution
formation waters; 3) meteoric water; and 4) seawater. Mixing between these end members
along with water-rock interaction (e.g. ion exchange) are some of the evolutionary processes
that are involved in the evolution of these formation waters. The enriched 80 of these
formation waters is an indication of an elevated temperature water-rock interaction. The
infiltration of fresh waters (e.g. precipitation and glacial melt-water) is also evident by the

&°H and 820 values.

Unless the ocean isotopic signatures were variable over geologic time, it is difficult to

explain the relatively wide ranges of 8°’Cl and &*'Br of the formation waters found in the
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Williston Basin. Although precipitation, dissolution, diffusion and ion filtration are possible
mechanisms for isotopic fractionation, they are not reasonable factors to cause the observed
ranges. The 8°'Br and 8°’Cl signatures of the formation waters found in the central part of
the Williston Basin showed that several end members are present in different stratigraphic
units. Based on the findings of this study, a seawater temporal curve for 8*'Br and 5°’Cl was
proposed with more pronounced variation of 8*'Br observed in comparison to the variation of
8*'Cl. The isotopic variations of these two elements agree very well with *’Sr/**Sr seawater

variation during the same period and agree reasonably with the seawater variation of the 5>*S.

Two major sources of input for chlorine and bromine to the ocean are proposed: 1)
continental weathering (isotopically enriched) and 2) mantle sources (isotopically depleted).
An increase of the mantle contribution of Cl and Br to the seawater and a decrease of the
continental weathering input due to a glacial event was proposed to explain the isotopic dip
of both 8*'Br and 8°'Cl during the Late Ordovician. On the other hand, an anoxic seawater
and biological activity were proposed to explain the sharp rise in the *'Br and 8°'Cl values

during the Late Devonian Period.

In general, this new range of isotopic variation of bromine stable isotopes has very
important implications in different disciplines. The of bromine and chlorine stable isotopes
can be useful in drawing preliminary conclusions about the origin and the evolutionary
processes involved in evolving formation waters and also in distinguishing different brines
(end members). This will consequently help improve our understanding of the

hydrogeological behaviour of sedimentary basins and crystalline shield areas as well. This
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knowledge can be very crucial in assessing the hydrogeological dynamic and the hydraulic
connection between different geological units in sedimentary basins, and, accordingly, its
application in various diverse fields such as nuclear waste storage and petroleum exploration.
They can be also employed in as “fingerprinting” tools in mine leakage investigations.
Furthermore, they can be useful in studying mixing scenarios and determining mixing ratios.
Moreover, they might aid in understanding and resolving some of the scientific controversies

in the earth’s history.

7.3 Recommendations

Based on the outcome results of this thesis, it is important to further investigate and examine
the systematic of Br stable isotopes in nature and during geochemical and physical processes
which might unfold broad applications of these isotopes in various disciplines. A number of
experiments are needed in order to understand the behaviour of bromine stable isotopes
during different chemical and physical process. The following list provides a number of
recommended experiments that should be considered and carried out in rder to understand

their effect on bromine stable isotopes:
1. The effect of evaporation.
2. The effect of dissolution and precipitation of various evaporites, especially halite.

3. The effect of diffusion.
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4. The effect of ion filtration.

5. The effect of water-rock interaction on both formation waters and host rock.
6. The effect of freezing.

7. The effect of oxidation and reduction reactions.

It is also necessary to investigate the bromine stable isotope compositions from various
different natural materials such as different types of rocks and minerals and also waters from
different environments such as near volcanic sites, subduction zones, Sabkhat and wetlands.
It is also recommended to explore the bromine stable isotopes in natural and synthetic

organic compounds.
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Appendix A

A.1 Distribution of Chlorine in Nature

The most recent determination of the primordial abundance of chlorine reported a value of
5240 Cl atom per 10° Si atoms (Anders and Ebihara, 1982). Given that silicon is 15 % by
weight of the earth (Press and Siever, 1978), which itself weighs 5980 x 10* g, the chlorine
content of the Earth is approximately 4.7 x 10* g. Therefore, the chlorine content of the
Earth’s interior (mantle and core) is that of the Earth’s minus that of all other reservoirs,
which is approximately 4.61 x 10?* g, and accounts for 98.170 % of all of the chlorine content

of the Earth.

The amount of chlorine in the form of minerals found in the crust is not equally distributed,
but is concentrated in sedimentary salt beds. Ocean derived deposits that contain chloride are
dominated by the following minerals: Halite (NaCl), Sylvite (KCI), Carnallite
(MgCl,.KCIL.6H,0), Kainite (MgSO4.KCI.3H,0). These deposits are widely distributed in
sedimentary formations around the world. By considering the weight of the crust as 26 x 10%*
g, then the weight of igneous and metamorphic rocks that makes up almost 95% of the crust
is 24.7 x 10°* g and the average content of chlorine in igneous rocks to be 270 pg/g (Yoshida
et al., 1971), the chlorine content of the crust (igneous and metamorphic) is calculated is 6.67
x 10%* g. The chlorine content in the entire crust including sediments is reported by Graedel

and Keene (1996) as 60 x 10?* g, therefore the chlorine contented in sedimentary rock is
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calculated to be approximately 53.33 x 10?' g. By considering an average concentration of
chlorine in soil as 100 ppm weight, the pedosphere is estimated to contain 24 x 10" g

(Graedel and Keene, 1996).

The oceans are the largest natural reservoir for chlorine in the earth’s hydrosphere. Out of a
total average salinity of about 3.4%, seawater contains approximately 1.9 % chloride. Isolated
bodies of water in arid regions are frequently found to have high chloride content; the Great
Salt Lake of Utah, for example contains no less than 23% sodium chloride, while the Dead
Sea, with a total salinity of more than 30 %, contains about 3.5% calcium chloride, 8.0%
sodium chloride and 13% magnesium chloride (Downs and Adams, 1975). With an average
volume of about 1370 x 10° km® (Berner and Berner, 1987) and an average Cl concentration
of 19.354 g/kg (Wilson, 1975), the ocean contains approximately 26 x 10*' g. The Available
evidence suggests that the chlorine content of seawater has remained relatively constant over
the past 600 million years, although small fluctuations are expected based on the presence or

absence of significant evaporite pans (Berner and Berner, 1987).

Surface waters including lakes and rivers comprise 1.267 x 10° km® (Berner and Berner,
1987). Whereas, the chloride ion makes up 90% of the total anion content of seawater, it only
amount to 2-5% of river waters. The average concentration of non-anthropogenic, dissolved
Cl in rivers is about 5.8 mg/L (Meybeck, 1994) and the reservoir content is of the order of
7.35 x 10" g. The groundwater in aquifers and soils comprises about 0.68 % of Earth’s water,

i.e. 9.5 x 10° km® (Berner and Berner, 1987), and has a typical chlorine concentration of 40
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mg/L (Freeze and Cherry, 1979). The content of chlorine in the groundwater reservoir is thus

380x 10" g.

The average concentration of Cl in ice is 5 x 107 M CVL (Graedel and Keene, 1996). The
current volume of ice on Earth is estimated at 29 x 10° km® (Berner and Berner, 1987) and

therefore, the estimated chlorine content in the cryosphere is approximately 5.15 x 10" g.

Most volatile chlorine in the atmosphere exists as hydrochloric acid (HCI) and methyl
chloride (CH;3Cl) (Berner and Berner, 1987). The average concentration of natural gaseous
HCI in the troposphere is about 200 pptv in the boundary layer and < 100 pptv above the
boundary layer, while the average concentration of CH3Cl is constant and about 620 pptv.
The chlorine content of these two compounds in the troposphere is estimated at 4.3 x 10" g.
The chlorine content of the atmosphere due to sea-salt aerosol varies widely, however the
typical concentration measured, is 100 nM/m’ (Berner and Berner, 1987). The chlorine
content in the troposphere due to sea-salt acrosol is estimated to be between 1 and 1.5 x 10"
g. The average concentration of chlorine in the stratoshpere is 3 ppbv, most of it from

anthropogenic materials. The total content of chlorine in the stratosphere is 0.4 x 10" g

(Graedel and Keene, 1996).

A.2 Distribution of Bromine in Nature

The bromine content of the Earth can be calculated based on the most recent determination

of the primordial abundance of bromine reported a value of 11.8 Br atom per 10° Si atoms
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(Anders and Ebihara, 1982). Given that silicon is 15 % by weight of the Earth (Press and
Siever, 1978), which itself weighs 5980 x 10'® t, the bromine content of the Earth is
approximately 10.585 x 10*' g. According to the calculated contents of chlorine and bromine

in the Earth the chlorine-to-bromine (CI/Br) ratio of the Earth is 444.

By considering the average content of Br in igneous rock which makes up over 95 % of the
crust as 0.85 pg/g (Yoshida et al., 1971), and taking into account the weight of the crust as 26
x 10** g, the bromine content of the crust is calculated to be 2.21 x 10" g. This gives an

average value of 318 for the chlorine-to-bromine (CIl/Br) ratio of the crust.

The oceans are the largest natural reservoir for bromine in the Earth’s hydrosphere. The
oceans contain approximately 67 mg/L bromide. Isolated bodies such as the Dead Sea have
bromide contents that exceeds 5000 mg/L. With an average volume of about 1370 x 10° km’

(Berner and Berner, 1987), the ocean contains approximately 9.18 x 10" g.

Surface waters including lakes and rivers comprises 1.267 x 10° km® (Berner and Berner,
1987). The average concentration of dissolved Br in rivers is 20 ug/L (Chester, 2000 after
Martin and Meybeck, 1979), and thus the Br content in fresh surface waters is 25.34 x 10'' g.
The bromine content in groundwater in aquifers and soils is calculated by assuming an
average Cl/Br of 300 for groundwater (Downs and Adams, 1975) and considering the
chlorine content of groundwater, shown in Table 1.1, which is 380 x 10"° g. The content of

bromine in groundwater reservoir is thus 1.267 x 10" g.
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The bromine concentration in the Atmosphere is 7.8 x 10 ppm (Schilling et al., 1978) and
since the mass of the Earth’s atmosphere is 5.1 x 10*' g, then the bromine content in the

atmosphere is 3.98 x 10'° g.

The bromine content of the mantle (10.471 x 10*' g) was calculated by subtracting the sum

of all reservoirs mentioned above from the total content in Earth.
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Table B.1

Comm.; [3] Cloutier, 1994; [4] Husain, 1996; [5] Weaver, 1994; [6] Sherwood-Lollar and Frape, 1989)
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Geochemical data of formation waters from the southern Ontario and

Michigan. Samples were collected from the stratigraphic units shown. (Note: The samples
and data presented in this table were compiled from various authors: [1] Dollar, 1988; [2] Walter, Pers.

No.

Author Sample Name

Mississippian (Berea)

b —

Y

10
11
12

13

Late Devonian (Kettle Point / Antrim)

14
15
16
17
18
19
20

[1]
[1]
(1]
(1]
(1]
(1]
2]
[2]

(2]

3]
[3]
[4]
[4]

MB-1

MB-2

MB-3

MB-4

MB-5

MB-6
BRENNAN 122
CAMPBELL #7
CAMPBELL #9
CANNELL #1
CARTER
JAMES 122
NKERN #|

LD-90-3-5
DOW-90-3-4
BRP-143
BRP-151

SP A2-32
WSMC2-10
HGR D4-6

Late Devonian (Hamilton)

21
22
23
24

25

[3]
[3]
131
[3]
[3]

LD-90-3-4
LD-90-3-3
LD-90-3-2
DOW-90-3-3
DOW-90-3-2

Middle Devonian ( Dundee)

26
27
28
29

48

[3]
(3]
(1]
(1]
(1]
[1]
5]
[5]
[5]
[51]
(5]
[5]
[5]
[51]
[51]
[5
[5]
[5]
[51]
|5

[5]
5]
5]
[51]
151

DOW-90-3-1
LD-90-3-1
DD-1
DD-2
DD-3
DD-4
PD-COCH
PD-NORTH
PD-RAL
PD-WEST
RA-N
RA-NE
RA-SE
RA-SW
LAI-1
LAI-2
LAI-3
WB-11
WB-2
WB-7
WB-8
LBH-1
LBH-2
LBH-3
LBH-4

Rock Type

Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone

Shale
Shale
Shale
Shale
Shale
Shale
Shale

Shale
Shale
Shale
Shale
Shale

Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate

Depth

746
60
738
737
728
723

E ]

68
89
131
77
106

142
142
108
97
1131
1128

TDS
mg/L

2RRGO0O
312900
269400
230100
306300
304500
318210
379471
350561
349683
364914
176430
323992

15511
641
934
984

241262
205671
122914

10415
7499

12930
10728
19086

K380
4866
15940
3260
291500
292000
16155
22073
20166
18399
16008
20145
20840
18342
17828
17346
16512
10470
12829
15334
17388
22314
25194
24731
24839

Ca
mg/L

41100
43600
3TROO
33000
40900
35100
45315
(3000
55335
41624
47080
26718
34138

127
841
39.6
26.5
6770
T700
3280

122
104
200
164
367

127
92
660
623
31500
40300
1180
1580
1580
1400
1140
1410
1490
1320
1270
1300
1220
736
918
1100
1240
1700
2000
19440
1760

Na
mg/L

51200
59400
51000
43500
59600
64300
54378
70770
62062
86516
R3248
30744
TI508

5410
189
278
338

2600
63700
42400

3840
2590
4230
3760
5940

2920
1510
3690
414
0600
6600
3470
4830
4390
3870
3420
4360
4530
3970
3670
3520
3430
2100
2620
3090
3590
4450
4950
4900
5150

Mg
mg/L

8760
9160
7500
6320
RO60O
T080
9576
12285
10720
9408
15136
5636
7817

120
0.1
14
12
3590
4690
2140

68
59
137
75
208

T0
289
632
83
5410
6990
715
BUN
908
793
675
208
858
758
I8
803
773
450
593
GRS
543
1170
1320
1340
1300

K
mg/L

799
861
732
697
795
686
708
2436
627
721
434
1094

31
72

667
487
370

29
47
41
47
67

48
136
85
19
3030
3370
91
115
117
105
85
105
1
100
103
102
107
62
76
B
11
152
156
169
171

Sr
mg/L

1540
1750
1530
1340
1570
1210
1744
2226
2146
1663
2710
1029
1265

0.5
LR}
0.5
323
424

221

!-uz-i-u;

w

[

-t
LB I

Y

1120
23
29
30
26

[E
SV Lh Lh 00 00

h k) b 1 R
s

[FR )
[ 36 e e ey

[P
=

36



300

Table B.1 Continued
No. Author Sample Name Cl Br S04 HCO3 F Water Type
mg/L mg/L mg/L mg/L mg/L
Mississippian (Berea)
1 [1] MB-1 183800 1340 53 <7 4 Na-Ca-Cl
2 [1] MB-2 196700 1460 <15 =<7 12 Na-Ca-Cl
3 [1] MB-3 169600 1250 <15 <7 12 Na-Ca-Cl
4 [1] MB-4 144300 1080 18 <7 10 Na-Ca-Cl
5 [1] MB-5 194400 1310 <15 <7 9 Na-Ca-Cl
6 1] MB-6 194800 1180 66 <7 Na-Ca-Cl
7 12] BRENNAN 122 204439 2046 26 Na-Ca-Cl
8 [2] CAMPBELL #7 228417 2028 38 Ca-Na-Cl
9 [2] CAMPBELL #9 216104 1738 20 Ca-Na-Cl
10 [2] CANNELL #1 208313 1460 72 Na-Ca-Cl
11 [2] CARTER 213993 2000 26 Na-Ca-Cl
12 [2] JAMES 122 110789 1067 14 Na-Ca-Cl
13 2] NKERN #1 206705 1395 70 Na-Ca-Cl
Late Devonian (Kettle Point / Antrim)
14 13] LD-90-3-5 8600 7 | 1210 Na-Cl
15 [3] DOW-90-3-4 164 0.7 42 164 Na-Cl
16 (4] BRP-143 393 0.4 10 194 Na-Cl
17 (4] BRP-151 390 0.3 [ 202 Na-Cl
18 12] SP A2-32 147000 307 <5 5 Na-Cl
19 12] WSMC2-10 128200 454 16 Na-Cl
20 [2] HGR D4-6 74300 179 24 Na-Cl
Late Devonian (Hamilton)
21 [3] LD-90-3-4 5800 5 349 200 Na-Cl
22 [3] LD-90-3-3 3530 5 783 376 Na-Cl
23 13] LD-90-3-2 7260 0 324 724 Na-Cl
24 [3] DOW-90-3-3 GOS0 6 379 214 Na-Cl
25 [3] DOW-90-3-2 11500 21 572 404 Na-Cl
Middle Devonian (Dundee)
26 [3] DOW-90-3-1 3880 9 819 S04 Na-Cl
27 [3] LD-90-3-1 793 4 1830 470 Na-S0,-Cl
28 1] DD-1 10000 50 795 293 Na-Cl
29 [1] DD-2 2000 12 98 <7 Ca-Na-Cl
30 [1] DD-3 179000 1050 166 <7 17 Na-Ca-Cl
31 [1] DD-4 182200 1310 150 90 10 Na-Ca-Cl
32 15] PD-COCH 8650 58 1700 264 Na-Ca-Mg-Cl
33 [5] PD-NORTH 12000 91 2200 325 Na-Ca-Cl
34 [5] PD-RAL 10900 78 2000 158 Na-Ca-Mg-Cl
35 |5] PD-WEST 9920 82 1940 258 Na-Ca-Mg-Cl
36 [5] RA-N 8870 62 1380 348 Na-Ca-Mg-Cl
37 [51 RA-NE 11300 74 1810 499 Na-Ca-Cl
38 |5] RA-SE 11500 79 1920 320 Na-Ca-Cl
39 [5] RA-SW 10100 67 1690 308 Na-Ca-Cl
40 (5] LAI-1 9500 59 1790 589 Na-Mg-Ca-Cl
41 |5] LAI-2 8980 54 2010 548 Na-Mg-Ca-Cl
42 151 LAI-3 8240 44 2110 561 Na-Mg-Ca-Cl
43 [5] WB-11 5700 43 751 572 Na-Mg-Ca-Cl
44 [5] WB-2 T190 21 787 599 Na-Mg-Ca-Cl
45 |5] WB-7 8450 60 1320 512 Na-Mg-Ca-Cl
46 [5] WB-8 9750 57 1230 536 Na-Mg-Ca-Cl
47 [5] LBH-1 13200 47 1400 157 Na-Mg-Ca-Cl
48 |5] LBH-2 14300 86 2340 5 Na-Mg-Ca-Cl
49 |5] LBH-3 14100 97 2140 5 Na-Mg-Ca-Cl
50 [5] LBH-4 15000 86 1220 112 Na-Mg-Ca-Cl
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No.  Author Sample Name

Middle Devonian (Detroit River)

51 [5] LBO2
52 [5] LBO3

53 [5]  CEN-14
54 [5]  CFN-A
55 [5]  CFN-B
56 [5]  CFN-l6l
57 [5]  CFN-C
58 [5]  CFN-E
50 [5]  CFS-A

60 [5]  CFS-B
61 [5]  CFS-C
62 [5]  CFS-D
63 (1] DR-1

Midddle Silurian (F Salt)
64 [I] SFl
65 [1]  SF2
66 [1]  SF-3

Middle Silurian (A2 Salt)
67 1] SA2-1
68 [1] SA2-2

Middle Silurian (A1 Carbonate)

6 (1] SAl-1
70 (1] SAl-2

Middle Silurian (Guelph)
71 i SG-1
72 [1] SG-2
73 1 SG-3
74 [1] SG4
75 1] 5G-5
76 [ SG-6
77 1] SG-7
78 1] SG-8
79 1] 5G-9
80 [1] SG-10
81 1] 5G-11
82 1 SG-12
83 [1] 5G-13

Middle Silurian (Niagaran)
84 1] SN-1

85 [1] SN-2

86 ] SN-3

87 [1] SN-4

88 1] SN-5

89 [1] SN-6

90 [ SN-7

91 [1] SN-8

92 [ SN-9

93 [1 SN-10

94 12]

Cold Srings WH1-29

Rock Type Depth

m
Carbonate

Carbonate

Carbonate

Carbonate

Carbonate

Carbonate

Carbonate

Carbonate

Carbonate

Carbonate

Carbonate

Carbonate

Carbonate 1445
Salt 150
Salt 150
Salt 150
Salt 250
Salt 250
Carbonate 645
Carbonate 649
Carbonate 354
Carbonate 448
Carbonate 553
Carbonate 614
Carbonate 571
Carbonate 646
Carbonate 749
Carbonate 695
Carbonate 770
Carbonate 726
Carbonate 518
Carbonate 597
Carbonate 670
Carbonate 892
Carbonate 895
Carbonate 1161
Carbonate 1272
Carbonate 1305
Carbonate 1264
Carbonate 1010
Carbonate 1001
Carbonate 713
Carbonate 717
Carbonate

TDS
mg/L

18556
17066
13500
16365
13148
53400
43912
43304
48694
43805
43192
41456
281900

322200
305900
304000

340400
340000

284400
306400

158800
297600
326800
319800
300400
297600
334700
339200
319200
301900
333300
255000
327000

330800
327800
359900
391700
380300
397000
335300
310300
324100
323100
394620

Ca
mg/L

1530
1640
1310
1570
1190
5990
3830
4020
4320
4240
3800
3500
64900

8200
10300
9630

48400
46800

52000
54700

15000
31300
44500
60300
29000
53700
66000
61500
53100
57200
52600
34700
50200

62000
61300
73800
78500
77300
79500
62900
61900
54900
62600
88643

Na
mg/L

4030
3130
2390
3170
2590
10900
B6Y0
B090
9330
9700
R910
8320
23400

100000
94500
94400

33400
33600

37700
37900

41200
65500
61300
46600
70000
42100
42300
46000
42900
39400
49900
53200
54800

40800
40300
24800
25300
31000
25200
45300
45100
46000
42600
26275

Mg
mg/L

940
920
608
830
673
2750
2430
2270
2330
2270
2160
2150
7960

2850
3100
3370

16600
16200

11400
10900

3780
7770
9000
8250
8200
9520
8440
10600
13300
8670
9500
7080
8230

86RO
8530
17900
17900
11900
15500
B350
BOR0
9600
8530
10176

K
mg/L

2600
2780
2600

5000
6400

4520
4760

1430
1880
2740
3040
2040
3240
3270
3400
2150
3340
4840
2390
2810

6080
5920
8560
9280
10300
9820
4320
3900
3560
3370
18285

Sr
mg/L

34
35
29
35
27
100
70
67
70
67
67
67
2060

214
197
158

1620
1620

740
9269

263
43 (!
599
1220

744
1120
997
580
1220
702
572
684

1270
1270
2040
2170
2040
2500
1160
1190
919
1060
3661
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No. Author Sample Name

Middle Devonian (Detroit River)

51 15 LBO-2
52 [5] LBO3
53 [5]  CEN-14

54 [5]  CFN-A
55 [S|  CFN-B
56 15] CFN-161
57 [5]  CEN-C
s& [5]  CFN-E
59 [S]  CFS-A
60  [5]  CFS-B

61 15 CFS-C
62 [5] CES-D
63 [I]  DR-l

Midddle Silurian (F Salt)

64 1] SF-1

65 (1] SF-2

66 (1] SF-3
—

67 1] SA2-1

68 (1] SA2-2

Middle Silurian (Al Carbonate)

0 1] SAI-1
0 (1] SAl-2

Middle Silurian (Guelph)

7 1] SG-I
72 1] S$G2
73 (1]  SG-3
74 (1] SG4
75 (1] SG-5
76 (1] SG6
77 1] SG-7
7% 1] SG-8
79 [1]  SGY
80 (1] SG-10
81 (1] SG-11
82 (1] SG-12
83 [1]  SG-13

Middle Silurian (Niagaran)

84 [1]  SN-I
85 [I]  SN=2
86  [I]  SN-3
87  [I]  SN4
88 [1]  SN-5
8  [1] SN
90 [I]  SN-7
9l [I]  SN-8
92 [I] SN
93 [I]  SN-10

94 [2]

Cold Srings WH1-29

Cl
mg/L

11300
10400
7990
9460
7810
31400
27400
26800
30300
25500
26600
25700
173100

207000
194100
192900

232000
232000

176000
195300

95500
189100
206900
197800
189100
186300
210900
214600
205500
189500
213700
155200
208200

209700
208500
230400
256200
245300
261800
210700
187800
207100
202500
244975

mg/L

99
69
66
86
61
277
200
216
294
202
195
187
1970

390

1880
1700

810
1390
1620
2510
1390
1780
2440
2010
1490
2380
1920
1510
1920

2160
1880
2390
2360
2440
2640
2270
2240
1970
2320
2570

S04
mg/L

448
630
?9(‘
9216
398
1240
760
1220
1390
1350
941
BO8
205

750
510
595

110
106

167
193

810
250
127
119
259
227
239
61
203
172
170
300
170

79

59
38
42
49
94
105
89
89
36

HCO3
mg/L

40
113
219
171
297
328
22]
328
345
148
206
421
258

73
76

F
mg/L

14

319
295

Water Type

Na-Mg-Ca-Cl
Na-Ca-Mg-Cl
MNa-Ca-Mg-Cl
Na-Ca-Mg-Cl
Na-Ca-Mg-Cl
Na-Ca-Mg-Cl
Na-Mg-Ca-Cl
Na-Ca-Mg-Cl
Na-Ca-Mg-Cl
Na-Ca-Mg-Cl
Na-Ca-Mg-Cl
Na-Mg-Ca-Cl
Ca-Na-Cl

Na-Cl
Na-Cl
Na-Cl

Ca-Na-Mg-Cl
Ca-Na-Mg-Cl

Ca-Na-Cl
Ca-Na-Cl

Na-Ca-Cl
Na-Ca-Cl
Na-Ca-Cl
Ca-Na-Cl
Na-Ca-Cl
Ca-Na-Cl
Ca-Na-Cl
Ca-Na-Cl
Ca-Na-Cl
Ca-Na-Cl
Ca-Na-Cl
Na-Ca-Cl
Ca-Na-Cl

Ca-Na-Cl
Ca-Na-Cl
Ca-Cl
Ca-Cl
Ca-Na-Cl
Ca-Cl
Ca-Na-Cl
Ca-Na-Cl
Ca-Na-Cl
Ca-Na-Cl
Ca-Cl
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No.  Author Sample Name Rock Type Depth TDS Ca Na Mg K Sr
m mg/L mg/L mg/L mg/L mg/L mg/L

Early Silurian (Grimsby Thorhold
95 [1] STGr-1 Sandstone 431 223900 29000 48100 5980 1000 464
96 [1] STGr-2 Sandstone 380 258000 36700 51900 7030 1410 611
97 [1] STGr-3 Sandstone 374 208700 27400 42200 6620 899 463
98 [1] STGr-4 Sandstone 414 242800 34700 49400 6100 981 536
99 [1] ST-5 Sandstone 292 232200 30500 44500 5830 1010 490
100 [1] ST-6 Sandstone 408 231900 33700 45200 6210 1040 544
101 [1] SGr-7 Sandstone 424 254300 33600 S0600 SR80 1010 530
102 [1] SGr-8 Sandstone 426 257400 34200 49500 5840 1130 522
103 [1] STGr-9 Sandstone 522 282200 42100 49700 7500 1260 697
104 [1] STGr-10 Sandstone 524 311800 45700 SR000 8000 1390 784
105 [1] SGr-11 Sandstone 512 293500 44600 58700 T700 1450 745
106 [1] SGr-12 Sandstone 524 191700 26900 38900 5310 878 456
107 [1] STGr-13 Sandstone 547 229600 31400 45100 5630 877 509
108 1] STGr-14 Sandstone 541 325900 47700 58600 8230 1400 883
109 1] SGr-15 Sandstone 554 254800 34600 46900 6280 9230 564
110 [1] SGr-16 Sandstone 572 226100 28100 45800 4870 911 452
111 1] STGr-17 Sandstone 544 222700 29100 43300 5070 846 483
112 1] SGr-18 Sandstone 289 [80RO0 39700 22800 6780 664 347
113 1] SGr-19 Sandstone 335 I85600 39800 20900 3540 637 358
114 1] SGr-20 Sandstone 365 218500 42700 30300 5470 822 481
115 [1] SGr-21 Sandstone 410 187300 42000 26400 3930 713 426
Early Silurian (Whirlpool
16 1] SW-1 Sandstone 361 248600 50400 32400 4250 782 489
17 [1] SW-2 Sandstone 422 231000 47300 29900 3710 763 452
118 1] SW-3 Sandstone 422 267500 51100 36400 5500 870 507
119 1] SW-4 Sandstone 459 204700 43400 28200 4460 770 420
Late Ordovician (Blue Mountain)
120 |6] OHD-1 #15 Carbonate 173 185570 3R600 21800 4520 404 702
Middle Ordovician ( Trenton)
121 [1] OT-1 Carbonate 647 156900 15600 35700 3680 1600 529
122 [1] 0T-2 Carbonate 657 158200 16000 35300 3510 1600 540
123 1] OT-3 Carbonate 645 159400 15800 35800 3500 1630 467
124 [1] 0T-4 Carbonate 738 183700 23300 39800 5480 1970 402
125 [1] OT-5 Carbonate 743 206700 23500 41400 6130 2120 739
126 [1] OT-6 Carbonate i) 165000 17400 36900 4280 1690 574
127 1] oT1-7 Carbonate 790 239800 35200 43600 T410 2310 606
128 [1] OT-8 Carbonate 775 238500 32600 46800 6520 2410 525
129 [1] oT-9 Carbonate 786 247300 36500 48800 7410 2270 612
130 1] OT-10 Carbonate 784 273600 36700 48700 7930 2330 633
131 1] OT-11 Carbonate 804 255500 36730 45700 7270 2320 733
132 1] OT-12 Carbonate 779 262100 39200 45300 6210 2120 729
133 1] OT-13 Carbonate 791 260700 32600 55200 7300 2390 578
134 1] OT-14 Carbonate 782 234300 33000 48700 6750 2390 548
135 1] OT-15 Carbonate 787 237800 31300 46100 6530 2300 527
136 1] OT-16 Carbonate 778 238900 32800 46100 GOO0 2680 529
137 (1] OT-17 Carbonate 781 221800 29700 43200 5960 2150 568
138 [1] OT-18 Carbonate 786 249000 34100 45400 6700 2310 658
139 [1] OT-19 Carbonate 844 229400 31100 42000 5440 2190 518
140 [1] OT-20 Carbonate 225000 27200 46500 5170 2080 467
141 [1] OT-21 Carbonate 854 242700 32500 49700 5960 2070 619
142 1] 0T-22 Carbonate 1225 195700 21700 41900 4470 3230 493
143 1] OT-23 Carbonate 1140 249700 31000 48000 5450 3390 595
144 [1] OT-24 Carbonale 1247 195300 21800 42300 4270 3130 494
145 [1] OT-25 Carbonale 1238 184800 18300 40300 3790 3060 447
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Table B.1 Continued

No.  Author Sample Name Cl Br S04 HCO3 F Water Type
mg/L mg/L mg/L mg/L mg/L

Early Silurian (Grimsbv/Thorhold)
95 1] STGr-1 137600 1340 385 <7 Na-Ca-Cl
96 1] STGr-2 158500 1550 259 =7 Na-Ca-Cl
97 [1] STGr-3 129400 1260 447 <7 Na-Ca-Cl
98  [I]  STGr4 149200 1580 320 <7 Na-Ca-Cl
99 [1] ST 148100 1340 413 <7 Na-Ca-Cl
100 1] ST-6 143400 1430 339 <7 Na-Ca-Cl
101 [1] SGr-7 160800 1510 332 <7 Na-Ca-Cl
102 1] SGr-8 164300 1540 345 <7 Na-Ca-Cl
103 1] STGr-9 179000 1650 272 <7 Na-Ca-Cl
104 [1] STGr-10 195800 1970 164 <7 Na-Ca-Cl
105 [1]  SGr-l1 178300 1870 174 <7 Na-Ca-Cl
106 [1]  SGr-12 117500 1130 657 <7 Na-Ca-Cl
107 [1]  STGr-13 144300 1380 423 <7 Na-Ca-Cl
108 [1] STGr-14 207000 2010 123 <7 Na-Ca-Cl
109 1] SGr15 163600 1490 404 <7 Na-Ca-Cl
1o 1] SGr-16 144200 1250 530 <7 Na-Ca-Cl
11 1] STGr-17 142200 1260 450 <7 Na-Ca-Cl
112 [1] S5Gr-18 109200 755 560 <7 Ca-Na-Cl
113 [1] SGr-19 119400 694 235 <7 Ca-Na-Cl
114 [1] SGr-20 137400 920 405 L Ca-Na-Cl
115 [1] SGr-21 112600 855 329 <7 Ca-Na-Cl
Early Silurian (Whirlpool)
116 [1] SW-1 158800 1130 320 47 8 Ca-Na-Cl
117 11] SwW-2 147500 100G 376 6l Ca-Na-Cl
118 1] SW-3 171600 1190 375 <7 Ca-Na-Cl
119 [1] SW-4 126100 920 433 <7 Ca-Na-Cl
Late Ordovician (Blue Mountain)
120 |6] OHD-1 #15 118300 1080 120 44 Ca-Na-Cl
Middle Ordovician (Trenton)
121 [1] OT-1 YRT00 578 453 <7 4 Na-Ca-Cl
122 [1] 0T-2 99800 725 742 34 Na-Ca-Cl
122 [1] OT3 101100 563 575 <7 5 Na-Ca-Cl
124 [1] OT-4 111300 832 630 <7 [ MNa-Ca-Cl
125 1] OT-5 131800 8356 152 <7 6 Na-Ca-Cl
126 [1] OT-6 103200 550 410 58 4 Na-Ca-Cl
127 [1] oT-7 149500 920 263 17 Na-Ca-Cl
128 [1] OT-8 145100 1190 353 33 Na-Ca-Cl
129 [1] OT-9 150500 9350 263 <7 Na-Ca-Cl
130 [1] OT-10 175900 1170 260 Na-Ca-Cl
131 (1] OT-11 160900 1610 271 Na-Ca-Cl
132 [1] OT-12 166100 1370 321 Na-Ca-Cl
133 1] OT-13 161200 1150 320 32 Na-Ca-Cl
134 [1] OT-14 141400 1170 358 <7 8 Na-Ca-Cl
135 [1] OT-15 149500 1120 380 60 8 Na-Ca-Cl
136 1] OT-16 148600 1220 347 49 13 Na-Ca-Cl
137 [1] OT-17 138600 1270 366 <7 Na-Ca-Cl
138 [1] OT-18 158300 1210 348 Na-Ca-Cl
139 [1] OT-19 147000 T80 393 12 MNa-Ca-Cl
140 1] OT-20 142300 765 485 45 Na-Ca-Cl
141 [1] 0T-21 150300 1190 335 <7 246 Na-Ca-Cl
142 [1] OT-22 122700 625 620 49 Na-Ca-Cl
143 1] OT-23 159800 1160 327 86 Na-Ca-Cl
144 [1] 0T-24 122000 925 402 66 168 Na-Ca-Cl
145 [1] OT-25 117600 797 538 90 160 Na-Ca-Cl
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Table B.1 Continued
No. Author Sample Name Rock Type Depth TDS Ca Na Mg K Sr
m mg/L mg/L mg/L mg/L mg/L mg/L
Middle Ordovician (Trenton)
146 [1] OT-26 Carbonate 1203 188300 19200 41300 4360 3330 490
147 [1] OT1-27 Carbonate 1287 196000 20300 42500 4620 3490 505
148 [1] OT-28 Carbonate 1299 190700 19800 42000 4320 3460 489
149 [1] OT-29 Carbonate 1278 190200 21400 41200 4670 3490 512
150 [1] OT-30 Carbonate 1280 346100 54900 53200 7790 5250 1060
151 [1] OT-31 Carbonate 1279 218200 23800 46200 5070 3960 564
152 [1] 0T-32 Carbonate 1259 214600 23800 45900 5170 3770 546
153 [1] OT-33 Carbonate 1289 190700 21600 41900 4110 3890 518
154 [1] OT-34 Carbonate 1290 200500 22200 44100 4280 3990 550
155 [1] OT-35 Carbonate 1292 199300 20700 42500 4090 36350 507
156 [1] OT-36 Carbonate 1292 199400 21400 42500 3960 3770 478
157 [1] OT-37 Carbonate 1288 199400 20900 43000 4130 3760 508
158 [1] OT-38 Carbonate 1293 208700 25300 41800 4720 3300 477
159 [1] OT-39 Carbonate 637 160900 13100 38800 3670 2010 473
160 [1] OT-40 Carbonate 308 139500 9850 36400 3720 1840 524
161 [1] OT-41 Carbonate 310 140900 10800 36400 3850 1850 496
162 [1] OT-42 Carbonate 614 142100 10500 37500 3670 1880 567
163 [6] UN-2#13 Carbonate 50 44113 6250 8120 1840 141 277
164 [6] OHD-1 #13 Carbonate 204 136737 26600 18400 3280 321 515
165 [6] UN-2#11 Carbonate 85 101983 15100 17900 4080 271 705
Middle Ordovician (Black River)
166 [6] OHD-1 #7 Carbonate 295 297766 58000 37100 7080 636 1210
167 [6] UN-2 45 Carbonate 175 251375 36000 40800 11200 709 1130
168 [6] OHD-1 #35A Carbonate 326 290235 57800 35700 7100 641 1200
169 [6] OHD-1 #5B Carbonate 326 290351 59000 38500 7230 651 1220
170 [6] OHD-1 #3 Carbonate 353 304086 58500 35100 7150 649 1220
171 [6] UN-2#2 Carbonate 210 97385 15000 17400 4090 322 335
172 [6] UN-2 #4 Carbonate 190 153987 23400 24900 7230 469 488
173 [6] OHD-1 #2 Sandstone 368 295752 58300 37600 7200 657 1220
174 [1] 0OP-1 Sandstone 3425 325400 68000 26700 7200 14200 2350
175 [2] LAHAR 1-7 Sandstone 390707 89200 30120 7560 12720 3632
176 [2] FOSTER 1-21 Sandstone 344142 65250 43500 5568 9483 2906
177 [2] PRASS 1-12 Sandstone 201389 67600 22702 5744 10600 2848
178 [1] 0OPp-2 Sandstone 3234 391500 87500 22600 8700 18400 2850
Cambnan
179 [1] C-1 Sandstone 1217 279200 47900 41000 6750 1410 1210
180 [1] C-2 Sandstone 1095 337600 60000 47700 6710 1340 1640
181 [1] C-3 Sandstone 1097 325600 60200 48500 GOS0 1330 1690
182 [1] C-4 Sandstone 1212 306000 57800 49900 7710 1480 1170
183 [1] C-5 Sandstone 1070 174100 32100 24900 3240 645 1010
184 [1 C-6 Sandstone 1011 179200 22400 40100 4380 2060 418
185 [1] c-7 Sandstone 1209 276600 46500 43400 5860 1380 1210
186 [1] C-8 Sandstone 1264 307400 51200 50800 6510 1810 1320
187 [1] C-9 Sandstone 1201 301100 52800 45000 T060 1560 1290
188 [1] C-10 Sandstone 1203 289200 50500 43600 6900 1550 1210
189 [1] C-11 Sandstone 1149 269900 43600 47700 5340 1570 1130
190 [1] C-12 Sandstone 1087 288600 53500 42100 5670 1150 1230
191 [1] C-13 Sandstone 887 305200 54800 44200 T180 937 1210
Precambrian
192 [6] OHD-1 #1 Granitic 380 287807 68500 32200 5030 499 1400
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Table B.1 Continued

No. Author Sample Name Cl Br S04 HCO3 F Water Type
mg/L mg/L mg/L mg/L mg/L

Middle Ordovician (Trenton)
146 [1] OT-26 118500 857 256 81 171 Na-Ca-Cl
147 [1] OT1-27 123200 917 312 69 184 Na-Ca-Cl
148 [1] OT-28 119400 650 622 48 8 Na-Ca-Cl
149 [1] OT-29 117600 917 418 66 191 Na-Ca-Cl
150 [1] OT-30 222000 1780 129 95 10 Ca-Na-Cl
151 [1] 0T-31 137300 909 411 73 10 Na-Ca-Cl
152 [1] 0T-32 134100 890 400 61 T08 Na-Ca-Cl
153 [1] OT-33 117500 725 460 57 7 Na-Ca-Cl
154 [1] OT-34 133000 911 474 71 6 Na-Ca-Cl
155 [1] OT-35 126400 872 535 96 8 Na-Ca-Cl
156 [1] OT-36 126100 650 505 48 8 Na-Ca-Cl
157 [1] OT-37 125700 877 491 75 7 Na-Ca-Cl
158 [1] OT-38 131800 789 507 <7 7 Na-Ca-Cl
159 [1] OT-39 101900 510 415 61 Na-Ca-Cl
160 [1] OT-40 86600 460 66 66 Na-Ca-Cl
161 [1] OT-41 87000 440 66 137 Na-Ca-Cl
162 [1] OT-42 87500 460 <15 76 Na-Ca-Cl
163 [6] UUN-2 #13 26975 282 175 53 Na-Ca-Cl
164 [6] OHD-1 #13 86700 755 125 41 Ca-Na-Cl
165 [6] UN-2 #11 63050 635 210 32 Na-Ca-Cl
Middle Ordovician (Black River)
166 [6] OHD-1 #7 192045 1555 140 <7 Ca-Na-Cl
167 [6] UN-2 #5 159900 1445 165 26 Ca-Na-Mg-Cl
168 [6] OHD-1 #5A 186000 1620 145 29 Ca-Na-Cl
169 [6] OHD-1 #5B 182000 1595 155 <7 Ca-Na-Cl
170 [6] OHD-1 #3 200500 817 150 <7 Ca-Na-Cl
171 [6] UN-2#2 30000 619 575 44 Na-Ca-Cl
172 [6] UN-2 #4 96000 935 520 45 Ca-Na-Mg-Cl
173 [6] OHD-1 #2 189000 1620 155 <7 Ca-Na-Cl
Early Ordovician (Prairie du Chien)
174 [1] OP-1 205000 1930 63 <7 Ca-Na-Cl
175 [2] LAHAR 1-7 245673 1719 83 Ca-Cl
176 [2] FOSTER 1-21 215081 2311 43 Ca-Na-Cl
177 [2] PRASS 1-12 179576 2229 91 Ca-Cl
178 [1] OP-2 249700 1780 <30 <7 CaCl
Cambrian
179 [1] C-1 179000 1680 277 <7 Ca-Na-Cl
180 [1] C-2 218700 1420 52 21 Ca-Na-Cl
181 [1] C-3 205600 1550 47 19 Ca-Na-Cl
182 [1] C-4 186100 1710 96 <7 11 Ca-Na-Cl
183 [1] C-5 110100 1110 980 <7 Ca-Na-Cl
184 [1] C-6 108400 792 645 <7 11 Na-Ca-Cl
185 [1] c-7 176500 1510 247 <7 Ca-Na-Cl
186 [1] C-8 193400 2260 134 <7 Ca-Na-Cl
187 [1] Cc-9 191800 1450 131 17 Ca-Na-Cl
188 [1] C-10 183800 1440 169 17 Ca-Na-Cl
189 [1] C-11 168700 1610 210 <7 Ca-Na-Cl
190 [1] C-12 183000 1770 138 <7 Ca-Na-Cl
191 [1] C-13 194900 1835 146 <7 Ca-Na-Cl
Precambrian
192 [6] OHD-1 #1 178400 1635 143 <7 Ca-Na-Cl
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Figure B.1

formation waters. Samples were grouped according to their water type.
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Logarithmic plot (Cl versus Br) of southern Ontario and Michigan



Na (mg/l)

308

1000000

100000

10000

1000

Legend:

Ca-Cl
Ca-Mg-Cl
Ca-Na-Cl

W Ca-Na-Mg-Cl

Il MNa-Ca-Cl
Na-Ca-Mg-Cl

Q MNa-Cl
MNa-Cl-HCO3
MNa-Mg-Ca-Cl
Na-504-Cl
Seawater

100

Figure B.2

100
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Na (mg/L) versus Br (mg/L) of the southern Ontario and Michigan

samples in comparison to the seawater evaporation line. (after Carpenter, 1978).
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Figure B.5 Ca (mg/L) versus Br (mg/L) of the southern Ontario and Michigan
samples in comparison to the seawater evaporation line. (after Carpenter, 1978).
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Figure B.6 SO, (mg/L) versus Br (mg/L) of the southern Ontario and Michigan
samples in comparison to the seawater evaporation line. (after Carpenter, 1978).
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Figure B.7  8Hvsmow (%0) versus 8®Ovswow (%0) of all southern Ontario and
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314

Table B.2 The isotopic (8°’Cl and 8*'Br) ranges for the formation waters in southern
Ontario and Michigan Basin based on the stratigraphic units they were sampled from.

Formation or Group

Variations in 8°'Cl

Variations in 8%'Br

values values

Mississippian (Berea) -0.40 %o to +0.10 %o

Late Devonian (Kettle Point) -1.11 %o to +1.82 %0

Late Devonian (Hamilton) 0.00 %o to +0.89 %o

Middle Devonian (Dundee) -0.72 %o t0 +1.25 %0 -0.21 %o to +0.92 %o
Middle Devonian (Detroit River) -0.50 %o to +0.94 %o -0.23 %o to +0.63 %0
Middle Silurian (F Salt) -0.20 %o

Middle Silurian (A-1 Carbonate) -0.35 %o

Middle Silurian (Guelph)

Middle Silurian (Niagaran)

Early Silurian (Grimsby)

Early Silurian (Whirlpool)

Late Ordovician (Blue Mountain)
Middle Ordovician (Trenton)
Middle Ordovician (Black River)
Middle Ordovician (PDU)
Cambrian

Precambrian

-0.51 %o to -0.15 %o

-1.04 %o 10 -0.22 %o

+0.13 %o to +0.78 %o

+0.60 %o to 0.86 %o

+0.09 %o

-1.31 %o to +0.32 %o

-0.14 %o to +0.32 %o

-104 %o to -0.18 %o

-0.50 %o to +0.19 %o

+0.30 %o

-0.95 %o to -0.61 %o

-0.92 %o t0 -0.28 %o

+0.77 %o t0 +1.74 %o

+2.11 %o t0 +2.31 %o

+1.75 %o

-0.49 %o to +2.15 %o

+1.18 %o to +1.94%0

-0.73 %o to -0.55 %o

+0.71 %o to +1.51 %o
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Figure B.8  Na (meg/L) versus Cl (meg/L) of the southern Ontario and Michigan
samples based on the stratigraphic units they belonged to. The Na:Cl (1:1 line) expected

for the halite dissolution is illustrated also in the plot.
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Geochemical data of the Williston Basin formation waters. Formation

waters are from different stratigraphic units (Early Cretaceous to Cambrian). (Note: The
samples and data presented in this table were compiled from various authors: [1] Rostron et al., 2002; [2]

Jensen, 2007; [3] lampen, 2003; [4] Jensen et al., 2006.)

No. Sample 1D

Early Cretaceous (Mannville Growp)

1 99116
2 00-101
3 01-205
4 02-128

Mississippian (Poplar Member)

5 01-033

Mississippian {Ratcliffe Member)

[ 05104
7 05-109
8 05111

Mississippian (Midale Member)

9 99-117
10 00-180
I 0-190
12 01-128
13 01-129
14 05-103
15 05-104
I 05110
17

Mississippian (Frobisher Member)

19 00-116
20 00-117
21 02-019
22 05-112
23 05-119

Mississippian { Lodgepole Formation)
24 =04

Late Devonian (Bakken Formation)

25 97-
26 9820
27 98-21
28 9%-43
29 98-56
30 99-4%
3l 99-69
01-108
o1-115
34 01-116
35 01-117
i6 01-11%
37 M-119
38 01-122
39 01-125
40 01-126
41 01=150
42 o1-171
43 O1-404
44 02-016

45 02-205

[

[

=}

2]
121

m

8]
8]

Author  BH Latitude

42415539
49.363884
49 468548
49415539

49.309834

47.962631
47.
45114439

765

49415379
40.415478
49.546276
48.606134
48602112
45135740
48201704
47.540328
48002414
47.830184

49,537922
49.5424580
49.684620
47.546827
45308875

49349953

49.519096
49.521278
49538319
48609373
49.518135
48609739
48446634
47,290129
47.291901
47071380
47092307
47.755130
47.803230

47.741770
48842100
47.786710
48.717685
49472649
49147205
49.518158

49535255

BH Longitude

103 499031
103,51 1909
103.708702
103 499031

104 805626

103 685886
104018553
103.781117

103 455070
103421410
103 386664
103.017776
103.023225
103.584204
103 487600
103094908
103591718
104029676

103261841
103.228294
103.324142
103.083983
103554015

104321915

103.412277
103415403
103399971
102861120
103.411545
102975285
102948018
102. 780465
102.773457
103
103.5 34
104294950
104412840
104430870
104 394960
104359920
102933323
104478668

104 445717
103.412048
103.409576

Depth (m)

1032
1046
1044
1032

1587

1846

1719
1718
1703
2809
1720

1812

2943

Temp (°C)

45
41
42
45

104
95
98

614
61
62
59
83
98
106
101
105
104

7.56

nd

nd
6,07
nd

6.35
6.6
7.4
579
nd
nd
nd
nd
nd
6,11

6,72
6,86
nd
nd
645

nd

642

6,41

density

1.0031

1.0025

1.0076
1.006

nd

nd
12063
nd

11246
1.1265
1.0715
12015
nd
nd
nd
nd
nd

nd

1.0995
1.0985
nd
nd
nd

Ll6
nd
nd
nd
nd

1.1957
1.1951
1.1935
1.1951
1.212
1.1963
nd
1.1435
1.2075
Ll&
1.085
1.157
nd
nd
nd
1.1525

Water Type

Na-Cl

Na-Cl

Na-Cl
Na-Cl-HCO3

Na-Cl-S04

a1
Na-Cl
Na-(l

Na-Cl
Na-Cl
M-l
a1
Na-Cl
Na-Cl
Na-Cl
Na-C'l
Na-Cl
Na-Cl

a1
Na-Cl

Na-Cl
M-l

Ma-K-Cl-504

Na-Cl
Na-Cl
M-l
M-l
Na-Cl
Na-Cl
a1
Na-Cl
Na-Cl
Na-Ca-Cl
Na-Cl
M-l
Na-Cl

Na-Cl
Na-Cl
Na-Cl
Na-C'l
Na-C'l

Na-Cl
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No.

Sample [D

Late Devonian (Birdbear Formation)

46
47
48
49
50
51
52
53
54
55
36

97-14
97-32
98-18
98-125
99-25
01-105
01-106
01-107
01-402
01-403
01-403

Late Devonian {Duperow Formation)

57
38
59
60
61
62
63
64
63
66
67
68
69
70
71
72
73
74
75
76

98-28
98-40
98-41
98-123
99.26
99-40
99-42
99-46
99.47
99-49
99-52
99-53
99.95
99-96
00-17
00-44
00-61
01-136
01-141
01-203

Middle Devonian (Dawson Bav Formation)

77
78
79
80

99-56
99-57
00-201
01-131

Middle Devonian (Prairie Formation)
81

02-345

3

U]
(1]
(3]

0]
(1]
[

[31
[31
(3]
(1]
[3]
(3]
[3]
(3]
[3]
(3]
[3]
[3]
[3]
(3]
(1
)]
)]

0]

(3]
(31
(3]

41

[3]
[3]
(3]
[3]

(1]
(1
(1

Author BH Latitude

49.517406
49.517406
49470104
49.470104
47.216217
47.151175
47.259581
47.162280
49.151577
49.154221
49.186249

48.947288
48918441
48,788032
49.558506
47.176037
47.300707
47.105538
48.619942
48.580825
48.479379
48472109
47.914577
47.222034
47.388812
49.124603
49.124603
49349606
48,507830
48.340792
49,524559

47.905720
47876400
47447390
47.661740

52.095800

48. 740362
48.729327
49.684620
49.560486
48.717810
48.505970
49208008
49.189781
49.182419
49427120
49.422802

BH Longitude

103.388321
103.388321
103.421410
103.421410
103.736501
103657314
103.739711
103.669158
104446304
104.440437
104.726852

103494599
103.711766
103.566845
103.476746
103690634
103.098512
103.325994
103111918
103.009742
102.920699
102.909722
103.740754
103396170
103.484373
104815804
104.815804
104.791672
104.423910
103.768498
103403198

104.700100
104.710300
104.962320
105071660

106866700

102942186
103.352543
103324142
103.474976
102931829
102.969320
104.805138
104.743988
104.731789
102.608704
102.609100

Depth (m)

1790
1790
1838
1838
328
3258
3188
3241
2309
2317
2184

2569
2616
2800
1989
3373
3489
e
3087
3091
3090
3093
3484
3459
3410
2386
2386
2191
2861
3298
1588

1025

3275
3193
2085
2252
3253
3436
2566
2603
2610
2192

2197

Temp (°C)

75
75
75
75
116
119
116
112
78
78
71

87
91

88
76
110
117
134
113
12
17
120
117
127
126
79
7
70
105
110
T6

109
110
109

104
104
75
81
103
102
74
74
74
80
79

Ph

nd

nd

nd
6.01
3.63
547
5.82
631

747

nd
5.66
5.59
nd
5.72
5.65
6.27
5.79
6.13
5.28
3.25
5.19
nd
nd
nd
nd
nd
6.37
5.17
5.92

5.99
597
nd
5.85

nd

5.78
6.05
6.08
6.69
741
5.85
6.65
6.36
6.4
5.82
nd

density

1.184
nd
nd
nd

1.1976

1.204

1.205

1.168

1.1545

1.155

1016

nd
1.2071
1.1976

nd
1.2200
1.2360
1.1949
1.2015

1.12-1.19

1.2403
1.2461
1.2429

nd

nd

nd

nd

nd
1.2055

J18-1.250

1.1918

1.1936
1.1949
nd
1.192

nd

11656
nd
1.1901
1.1990
1.01-1.12
1.180-1.250
1.1645
1.168
nd
1.206
nd

Water Type

Na-C1
Na-C]
Na-C]
Na-C1
Na-C1
Na-Ca-Cl
Na-Ca-Cl
Na-Ca-Cl
Na-C1
Na-C]
Na-Cl-504

Na-Ca-C]
Na-(']
Na-(1

Na-Ca-Cl

Na-Ca-C1

Na-Ca-Cl

Na-Ca-Cl

Na-Ca-Cl

Na-Ca-C]

Ca-Na-Cl

Ca-Na-Cl

Ca-Na-Cl

Na=Ca-Cl

Na-Ca-Cl
Na-Cl
Na-Cl
Na-(']

Na-Ca-Cl

Ca-Na-Cl
Na-C]

Na-C1
Na-(']
Na-Ca-Cl
Na-Ca-Cl

Ca-Cl

Na-Ca-Cl
Na-Ca-Cl
Na-C1
Na-C']
Na-Ca-Cl
Na-Ca-Cl
Na-C1
Na-C1
Na-Cl
Na-C]
Na-C]
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Table C.1 Continued
No. Sample ID Author BH Latitude BH Longitude Depth (m) Temp (°C) Ph density Water Type
Early to Middle Silurian (Interlake Formation)
93 98-44 [3] 48.664943 102.856115 3669 122 nd nd
94 98-121 [1] 49.523670 103.401176 2358 83 nd nd Na-Cl
95 99-34 [3] 46.758284 102.865124 3337 113 5.79 1.1992 Na-Ca-Cl
96 99-35 [3] 46.815203 102.806281 3383 113 6.01 1.12-1.19 Na-Ca-Cl1
97 99-36 [3] 47.028696 102.742774 3494 113 6.36 1.12-1.90 Na-Cl
98 99-55 [3] 48.664943 102.856115 3669 122 nd nd Na-Ca-Cl1
99 99-61 [3] 47.802210 104318040 3539 112 5.85 1.2102 Na-Cl
100 03-010 49.510906 103.392258 2347 86 nd nd
Late Ordovician (Yeoman Formation)
101 97-15 [3] 49.510906 103.392258 2583 92 6.08 1.175 Na-Cl
102 97-19 [3] 49.527412 103.413475 2575 92 6.19 1.184 Na-Cl
103 99-28 [3] 47.140136 103.613007 3856 113 5.80 1.2226 Na-Ca-Cl
104 99-39 [3] 47298931 103.793683 3861 110 546 1.12-1.19 Na-Ca-C1
105 99-60 [3] 47.808580 104308610 3828 102 5.88 1.2073 Na-Cl
106 99-65 [3] 48.958042 103.927671 3216 88 5.86 1.2161 Na-Ca-Cl
107 99-128 49.495594 103.399178 2584 92 nd nd Na-Cl
108 00-187 49.328510 104815643 2729 81 nd nd Na-Cl
109 00-192 [3] 49.470104 103.421410 2600 92 6.12 1.1978 Na-Cl
110 01-109 47.861029 103.349897 4103 140 6.25 1.0905 Ca-Na-Cl
111 01-110 47.716207 103.457003 4213 142 5.58 1.2335 Ca-Na-Cl
112 01-111 47.679565 103.317501 4307 137 6.51 1.23 Ca-Na-Cl
113 01-112 47.677990 104.047470 3892 126 6.04 1.1972 Na-Ca-Cl
114 01-135 48.691700 104.080440 3421 5.7 1.2415 Na-Ca-Cl
115 01-140 48.579720 104.140790 3486 91 5.39 1.18-1.25 Na-Ca-Cl
116 01-409 [1] 49.324455 104.816475 2737 82 nd nd Na-Cl
117 01-410 [1] 49.331688 104.816475 2730 81 6.79 1.1239 Na-Cl
Middle Ordovician (Winnipeg Formation)
118 98-10 [3] 49.510300 103.392326 2695 95 nd nd Na-Cl
119 98-24 [3] 49.490200 103.442955 2701 95 nd nd Na-Cl
120 00-08 49.470688 103.423599 2726 95 nd nd Na-Cl
121 00-09 49.489481 103.442902 2700 95 nd nd Na-Cl
122 00-11 [1] 49.328510 104.815643 2846 88 nd nd Na-Cl
123 00-19 [1 49.349953 104.821915 2892 88 nd nd Na-Cl
124 00-60 [1] 49.349606 104.791672 2850 80 nd nd Na-Cl
Cambrian (Deadwood Formation)
125 01-201 [1] 48.955806 101.970487 2918 93 nd nd Na-Ca-Cl
126 01-202 [1] 48.976666 101.939347 2794 80 nd nd Na-Ca-Cl
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TableC.1  Continued
No. Sample D TDS Ca K Mg Na Li Sr
mg'T. me'L mgL mg'L mg'L mg'L mz'L
Ear ceous (Mannville Group)
1 G-116 11245 <50 <100 <10 3524 0.28 1.63
2 00-101 7845 <20 <4 <5 3581 0.37 0.76
3 01-205 15012 43 17 314 5940 0.71 6.03
4 02-128 7420 24 20 4.8 3310 0366 13
Mississippian (Poplar Member)
5 01-033 12397 G40 84 154 3670 232 11.8
& 05-106 302245 nd nd nd 104100 58 nd
7 05-109 309662 oo 4580 1100 111000 59.6 541
8 05-111 303940 15600 5260 1800 104200 606 1050
Mississippian (Midale Member)
9 99-117 194903 7260 1650 1640 62565 3.2 247
10 =180 207888 5250 1520 1200 TO596 29.1 177
11 00-190 139230 4560 150 967 35898 6.01 127
12 01-128 326852 12300 5370 1440 107153 69.6 839
13 01-129 327667 11900 5500 1430 107736 725 209
14 05-103 265092 14200 4680 1600 29370 499 1040
15 05-104 266402 11200 4790 1200 92770 452 524
16 05-110 274285 16800 5000 1500 G040 57 1420
17 05-115 246964 24300 4830 1700 TT460 60.7 940
18 05-117 282599 13800 4460 1400 100000 49 1040y
issippian (Frobisher Member)

00-116 161392 2230 1270 589 56891 4.7 68.5

0o0-117 147183 2290 1300 586 50503 249 67.2

02-019

05-112 272789 16800 5180 1600 92550 54.4 1380
23 05-119 250898 10600 4380 1200 BT3RO0 52.1 T41
Mississippian (Lodgepole Formation)
24 =04 29651 979 GR10 186 4710 1.68 19.2
Late Devonian (Bakken Formation)
25 7-23 349056 2510 2130 454 92047 204 328
26 98-20 254052 2270 1910 396 95790 181 GE.1
27 98-21 328840 2190 1960 478 89376 20.3 80.8
28 98-43 308167 19800 6370 1530 B8814 47.3 1390
29 GB-56 254534 2400 1920 409 97300 179 678
30 PI-48 289586 15700 6110 1710 87878 433 1070
il 99-69 282825 12100 5160 1420 91033 47.1 727
32 01-108 309209 17600 5310 1450 94091 G0.5 1160
33 01-115 313734 18200 5500 1530 96472 662 1210
34 01-116 33RR68 24400 7150 1770 98647 90.1 1820
35 01-117 309081 20800 6220 1780 90597 81.5 1560
kL 01-11% 318885 11300 5370 1380 106600 Gl 752
37 01-119 207686 11600 4460 994 G068 49.1 773
38 01-122 9120 5300 1220 116000 577 G0
39 01-125 248346 4860 4180 623 90270 254 265
40 01-126 128124 7200 2540 all 39920 293 476
41 01-150 246292 8110 4020 1180 0790 636 484
42 01-171 125383 1780 1350 392 46362 16.5 587
43 01-404 235557 3430 2580 586 B4 356 151
44 02-016
45 02-205 224505 2150 2040 380 B4280 16.1 67
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No.

Sample 1D

Late Devonian (Birdbear Formation)

46
47
48
49
50
51
52
53
54
55
56

97-14
97-32
98-18
98-125
99-25
01-105
01-106
01-107
01-402
01-403
01-405

Late Devonian (Duperow Formation)

57
58
59
60
61
62
63
64
63
66
67
68
69
70
71
72
73
74
75
7%

9828
95-40
98-41
98-123
99:26
99-40
99-42
99-46
99-47
99-49
99.52
99.53
99.95
99.96
00-17
00-44
00-61
01-136
01-141
01-203

Middle Devonian (Dawson Bay Formation)

77
78
79
80

81

99-56
9957
(0-201
01-131

02-345

Middle Devonian { Winnipegosis Formation)

82
83
84
85
56
87
8
89
90
91
92

9R-45
98-46
98-58
99-75
01-147
01-151
01-407
01-408
01-411
02-215
02-216

ns

389722
300898
3TRORT
309775
288570
209074
320098
300665
248998
253006
21093

309162
320249
308263
420970
307478
334882
273348
281471
226454
348089
346573
346015
2EE748
354058
85825
96082
29609
311305
363496
300817

280321
284359
176551
286818

518581

257620
244751
304836
407819
53440
288932
252275
268821
309923
319951
332044

Ca

10300
10600
12600
13900
17300
22100
24400
21900
6270
6450
580

25400
S8R0
18700
28200
36700
47300
30400
43000
33700
54800
SET00
S6O00
23200
54600
686
1860
1430
33100
ST000
5700

19100
18800
12600
33900

136000

28800
18900
6440
7350
4950
33100
2360
2260
3370
18300
22500

3220
3280
3750
4020
3750
710
7240
G0
3040
330

G790
9450
4570
3540
7290
9240
6200
8370
8470
9810
10900
10300
210
10300
360
758
336
7150
11000
3160

R350
TR0
3660
10400

19900

Mg

1330
1350
1590
1740
1740
2020
2330
2030
899

931

207

2850
803
2160
3570
2870
3480
1990
3040
2750
4810
4750
3710
1500
3650
182
466
262
3450
5050
774

1750
17100
1310
izo

22300

1910
1620
4450
2120
567
2550
403
406
506
2890
3200

Na

95480
99739
98012
102867
88627
89728
HOBR6
B6653
86391
87244
6830

87915
111609
94429
H4690
TI441
66766
66437
50227
42281
60935
58532
58830
79262
66576
31700
33620
8870
TH416
62581
109403

3009
82651
46361
62960

6392

62187
69070
103000
104768
13880
66336
93389
99328
113787
96127
96349

325
329

374
49.9
T0.7
726
69.2
47.5
3518
12.3

49.4
134
165

551
113
121
102
209
133
113
159
198

821
172

6.99
129

4.74
242
184

56.8

804
778
39.2

119

13.9

41.3
28.3
5.6
46.3
9.53
383
1.6
1.3
10.7
36.2
375

Sr

481
501
668
682
645
900
1060
866
285
309

1260
i
791
860
1650
1850
1240
1600
1370
2200
2330
2520
990
2050
27.7
57.3
28.6
1770
2370
295

705
674
443
1110

4220

791
876
362
315
148

1160

94

90.8
17
773
921
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TableC.1  Continued
No. Sample ID TDS Ca K Mg Na Li Sr
Early to Middle Silurian (Interlake Formation)
93 98-44
94 98-121 252007 3170 3380 58 56478 13.2 91.2
95 99-34 295552 27600 5630 1960 78299 55.1 941
96 99-35 281975 20400 6010 1510 83182 509 736
97 99-36 275629 18700 6050 1440 81477 386 662
98 99-55 291680 28400 3710 2050 79747 67.6 1030
99 99-61 310680 19600 6520 1640 92628 48.3 684
100 03-010
Late Ordovician (Yeoman Formation)
101 97-15 38BR66 15400 2940 1760 90706 383 575
102 97-19 404607 15300 3200 1860 95081 41.3 597
103 99-28 317683 44100 3910 3130 70345 50.3 1590
104 99-39 313206 33300 7270 2930 76363 97.5 1250
105 99-60 304134 19600 6660 1620 92472 474 673
106 99-65 302027 34200 4210 3510 74738 41 1090
107 99-128 288283 16900 3160 1870 89160 40.5 623
108 00-187 270461 3300 4890 496 97361 18.5 149
109 00-192 291958 16100 3140 1850 89397 388 647
110 01-109 133332 24200 1840 1520 19870 53.7 866
111 01-110 351930 64700 8350 4250 55178 95.5 1960
112 01-111 177725 36100 3980 2200 23600 58.6 1050
113 01-112 304590 34800 4050 2870 73828 78.7 1350
114 01-135 335774 48000 6230 4870 67302 728 1570
115 01-140 336169 43900 5580 4340 73341 69.3 1510
116 01-409 278270 3750 5660 589 97783 26 175
117 01-410 282355 3100 5720 504 100835 242 143
Middle Ordovician (Winnipeg Formation)
118 98-10 305376 8450 2780 908 102000 304 372
119 98-24 406588 10900 2890 1030 102970 30 436
120 00-08 414005 7920 2800 879 104295 332 351
121 00-09 311369 8580 2710 923 105978 332 377
122 00-11 236922 2850 3420 449 86774 13.5 119
123 00-19 208471 2780 5500 414 72570 12.7 122
124 00-60 240631 2920 2590 441 85751 12.9 102
Cambrian (Deadwood Formation)
125 01-201 325398 33700 3230 1960 85054 239 874
126 01-202 320179 27400 3170 1990 90667 274 772
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Table C.1 Continued

No. Sample 1D Cl Br 1 50, HCO, Charge Balance
mg'L mgL mg'L mg'L mg'L

Early Cretaceous (Mannville Group)

1 99-116 4370 5 1.9 <6 nd 13

2 00-101 4173 6.7 25 =2 nd 14.8
3 01-205 Te60 51 1.6 995 876 0.9
4 02-128 3927 5.2 1.4 <3 1880 0.7

Mis:
5 01-033 3520 3 below detection 4285 218 42

ian (Poplar Member

issippian (Ratcliffe Member)

3 05-106 197500 569 759 nd nd
7 05-109 198100 499 63.0 <100 106
8 05-111 199100 504 75.6 <100 96

Mississippian (Midale Member)

9 99-117 120156 234 959 nd -1.7
10 00-180 127705 262 995 nd -1.7
11 00=190 66503 208 1396 nd 0.7
12 01-128 198171 597 306 138 0z
13 01-129 198755 G0 [ 297 153 0.1
14 05-103 175000 635 68 <100 121
15 05-104 172900 642 9.6 <1} 136
16 05-110 182600 651 93.8 300 588
17 05-115 163200 545 593 <1} 79
18 05117 181900 60 97.6 =1 114

ppian (Frobisher Member)
19 00-116 97429 155 16.9 2580 nd -2
20 00-117 80634 140 147 2481 nd <33
2] 02-019
22 05-112 179500 645 939 630 380
23 05-119 163000 464 543 =1 143
Mississippian (Lodgepole Formation)
24 O0-04 11740 70 1.1 5184 2490 <38
Late Devonian (Bakken Formation)
25 97-23 146530 241 19.8 1834 236 0.8
26 G8-20 151349 240 12.7 1807 189 08
27 98-21 141789 233 26.7 2145 232 0.7
28 98-43 188910 934 31.7 284 =5 -1.2
29 98-56 150000 235 9.1 1825 208 21
30 9948 175407 827 T6.1 37 nd 0.1
3l 9969 170988 630 696 306 nd 0.4
32 01-108 188252 716 1236 425 <5 0.1
33 01-11% 189895 753 128 330 <5 09
34 01-116 205814 770 122 260 <5 1.7
35 01-117 187225 T06 111 277 <5 |
36 01-118 192736 590 97.8 321 <5 0.8
37 01-119 124875 4356 57 292 55 1.3
38 01122 324 121
39 01-125 147861 161 37 728 94 2.2
40 01-126 To682 292 35.1 224 108 1.8
41 01-150 150353 425 47.7 336 135 0.7
42 01-171 72147 74 395 2790 341 21
43 01-404 140797 239 17.6 953 179 1.1

44 02-016
45 02-205 132918 199 142 2124 4 0.9
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TableC.1  Continued
No. Sample 1D Cl Br 1 S0y HCO, Charge Balance
Late Devonian (Birdbear Formation)
46 97-14 171870 496 29 415 67 0.4
47 97-32 184132 480 299 425 69 -1
48 GE-18 162587 173 33 517 150 58
49 98-125 184932 572 354 476 207 2.2
50 99-25 174458 800 67.6 300 nd 1.5
31 01-105 186240 852 526 327 73 1.7
52 01-106 194079 984 46.2 333 94 1
33 01-107 181257 B4 513 295 84 1.7
54 01-402 150295 462 309 614 175 0.3
35 01-403 153146 462 3l 596 186 0
36 01-405 9300 Ti.6 1.7 3835 522 1.3
Late Devonian (Duperow Formation)
37 98-28 183954 T63 39 1780 64 35
58 98-40 191099 622 274 506 108 1.8
59 98-41 186462 T62 283 363 109 23
6o 98-123 201807 1028 21.8 196 188 -1
| 99-26 186203 1190 2006 250 nd 2.3
62 99-40 204598 1490 370 312 nd 1.4
63 99-42 165398 963 18.1 530 nd 21
64 99-46 173049 1196 253 290 nd 1.4
G5 99-47 140548 849 19.6 845 nd 0.9
66 99-49 213034 1340 39 306 nd 1.3
67 99-52 208622 1630 341 318 nd a7
68 99-53 212835 1597 25.1 292 nd 1.3
69 99-95 175561 889 534 262 nd 0.5
70 99-96 215138 1340 313 303 nd 25
71 00-17 52100 41.3 1.71 1510 191
72 00-44 35600 44.5 1.9 3506 112 -0.5
73 00-61 14300 20.2 0.8 4255 75 0.1
74 01-136 189223 1130 24.7 339 800 2.5
75 01-141 223001 1691 40.1 428 148 1.4
76 01-203 180349 318 19.8 390 220 1.4
Middle Devonian (Dawson Bayv Formation)
77 99-36 175406 R 12.5 251 nd 0.6
8 99-57 171737 916 134 235 nd 1.1
79 00-201 111351 377 942 399 nd -4
80 01-131 173831 1310 20.6 296 47 1.8
Middle Devonian (Prairie Formation)
81 02-345 324018 5490 73.7 =30 6 1.7
82 98-45 156482 461 5.3 246 35 1.1
83 98-46 148849 435 14.3 330 33 0.4
&4 98-58 183665 346 5.0 605 39 1.7
85 99-75 181680 421 16.7 488 249 1.4
86 01-147 32065 88 2 351 180 1.3
87 01-151 177867 554 201 275 90 0.4
&8 01-407 150318 85.3 1.9 1576 174 0.6
&9 01-408 161174 86.5 21 1450 149 0
90 01-411 186629 141 2.1 1387 135 =03
91 02-215 194293 618 11.8 126 55 0.6
92 02-216 200736 651 14.0 51 63 1.4
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Table C.1 Continued
No. Sample ID Cl Br | SO, HCO; Charge Balance
Early to Middle Silurian (Interlake Formation)
93 98-44
94 98-121 95293 74.4 2.33 1861 73 -0.2
95 99-34 180128 925 13.8 216 nd 0.7
96 99-35 169286 784 16.3 261 nd 2
97 99-36 166206 691 11.9 180 nd 1.1
98 99-55 175460 747 1.7 259 nd 2.7
99 99-61 188781 769 9.8 231 nd 0.4
100 03-010
Late Ordovician (Yeoman Formation)
101 97-15 176816 448 5.2 321 53 -0.2
102 97-19 182655 446 6.0 348 65 0.2
103 99-28 193295 1250 13 199 nd 2.1
104 99-39 190800 1153 42 261 nd 1.3
105 99-60 182267 785 10 232 nd 2.1
106 99-65 183422 809 7 283 nd 2.2
107 99-128 175610 448 4.9 324 nd 0.5
108 00-187 163038 208 4.1 959 nd -0.4
109 00-192 179840 458 6.1 375 nd -1.1
110 01-109 80950 503 4.2 234 211 -0.8
111 01-110 215062 1490 10.2 428 393 1.9
112 01-111 274 451 1.2
113 01-112 186519 1002 13 247 79 1.1
114 01-135 206612 1110 7 390 <5 1.3
115 01-140 206370 1000 339 52 1.3
116 01-409 168915 220 4.2 902 195 -1.3
117 01-410 170430 201 4.3 1076 268 -0.8
Middle Ordovician (Winnipeg Formation)
118 98-10 190000 278 53 455 <5 -3.1
119 98-24 182430 348 6 292 <5 0.6
120 00-08 184954 299 5.3 416 <5 -1.1
121 00-09 191946 317 410 <5 -1.9
122 00-11 141543 119 1501 91 0.4
123 00-19 125658 110 3.0 1142 89 -1.2
124 00-60 146634 102 2.6 1930 92 2.3
Cambrian (Deadwood Formation)
125 01-201 199931 617 7.5 357 <5 0.2
126 01-202 195554 594 4.6 351 <5 0.7



Table C.2

The isotopic (5*'Cl and 8%'Br)
waters from the different stratigraphic units.
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ranges for the Williston Basin formation

Stratigraphic Unit Average Average
Range of §°'Cl Range of 8*Br
8°’Cl 8¥'Br
values values
(£Stdv) (£Stdv)
Early Cretaceous -0.62 %o
-1.01 %o to +0.16 %o
(Mannville Group) (£0.53)
Mississippian -0.06 %o +0.19 %o
-0.06 %o to -0.05 %o +0.13 %o to +0.26 %o
(Madison Group) (+0.01) (+0.10)
Mississippian
-0.10 %o -0.10 %o
(Poplar Member)
Mississippian -0.18 %o -0.18 %o
_ -0.25 %o 0 -0.11 %o -0.39 %o to +0.04 %o
(Ratcliffe Member) (£0.07) (£0.22)
Mississippian +0.02 %o +0.54 %o
-0.27 %o to +0.97 %o +0.30 %o to +0.71 %o
(Midale Member) (x0.41) (+0.16)
Mississippian -0.03 %o +0.59 %o
-0.09 %o to +0.01 %o +0.36 %o to +0.70 %o
(Frobisher Member) (+0.04) (+0.16)
Mississippian
-0.31 %o -0.31 %o
(Lodgepole Formation)
Late Devonian +0.25 %o +1.48 %o
-0.15 %o to +0.82 %o +0.20 %o to +2.77 %o
Bakken Formation +0.29 +0.78
(
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Table C.2 Continued
Stratigraphic Unit Variations in 8°'Cl Average Variations in 8*'Br Average
values 8¥Cl values 8¥Br
(£Stdv) (£Stdv)
+0.08 %o +0.88 %o
Late Devonian -0.18 %o to +0.38 %o +0.75 %o to +1.01 %o
. . (£0.22) (+0.12)
(Birdbear Formation)
Middle Devonian
-0.07 %o +0.01 %o
(Dawson Bay -0.16 %o to +0.06 %o -0.27 %o to +0.18 %o
+0.10 +0.20
Formation) ( ) ( )
Middle Devonian
-0.23 %o +0.19 %o
(Winnipegosis -0.46 %o to +0.09 %o -0.42 %o to +0.53 %o
(+0.21) (+0.30)
Formation)
Early to Middle
-0.04 %o +0.21 %o
Silurian (Interlake -0.25 %o to +0.36 %o -.35 %o t0 +0.39 %o
+0.21 +0.31
Formation) ( ) ( )
Late Ordovician -0.36 %o -0.58 %o
-0.73 %o to +0.07 %o -1.50 %o to +0.45 %o
(Yeoman Formation) (+0.19) (x0.74)
Middle Ordovician +0.03 %o +0.07 %o
-0.09 %o to +0.15 %o 0.00 %o to +0.15 %o
(Winnipeg Formation) (+0.08) (£0.07)
Cambrian -0.05 %o -0.66 %o
) -0.05 %o and -0.04 %o -1.41 %o and 0.09 %o
(Deadwood Formation) (+0.01) (+1.06)
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ClI (meg/L) versus Na (meq/L) of the different water types of the Williston
Basin formation waters. A) All data; B) Early Cretaceous and Mississippian
stratigraphic units; C) Different Devonian stratigraphic units; D) Silurian, Ordovician
and Cambrian stratigraphic units. The plot also illustrates the seawater evaporation
trend and the Na:Cl 1:1 halite dissolution line. Some of the possible evolutionary
processes and mixing scenarios between end members are also demonstrated.
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Figure C.2  Ca/Na (mmol) ratios versus TDS (mg/L) of the Williston Basin formation
waters (A) based on formation water types and (B) based on the stratigraphic units. The
plot shows some possible evolutionary processes and mixing scenarios between different
end members.
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Figure C.3  A) 8Brswos (%o) versus Mg (mg/L) and B) 8*'Clswoc (%0) versus Mg
(mg/L) of the Williston Basin formation waters grouped based on the stratigraphic units
they were sampled from.
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Williston Basin formation waters grouped based on the stratigraphic units they were

sampled from.
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