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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 (CH3Cl 

and CH3Br) gases and analyzed. These new techniques require small samples sizes (1.4 µmol 

of Cl- and 1 µmol of Br-). The internal precision using pure CH3Cl gas is better than ±0.04 ‰ 

(±STDV) while the external precision using seawater standard is better than ±0.07 ‰ 

(±STDV). The internal precision using pure CH3Br gas is better than ±0.03 ‰ (±STDV) and 

the external precision using seawater standard is better than ±0.06 ‰ (±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 37Cl 

and 81Br isotopes. The δ37Cl and δ81Br values of the formation waters from these basins are 

characterized by large variations (between -1.31 ‰ and +1.82 ‰ relative to SMOC and 

between -1.50 ‰ and +3.35 ‰ relative to SMOB, respectively). A positive trend between 

δ81Br and δ37Cl values was found in all basins, where an enrichment of δ81Br is coupled by 

an enrichment of δ37Cl. 
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In the Paleozoic sequences in southern Ontario and Michigan, the δ37Cl and δ81Br 

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 δ81Br signatures of the two 

brines show total separation with no overlaps. The δ37Cl 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 δ81Br and δ37Cl 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 δ37Cl and δ81Br 

of the formation waters suggests that the ocean isotopic signatures were variable over 

geologic time. A seawater temporal curve for δ81Br and δ37Cl was proposed with a larger 

variation of δ81Br in comparison with δ37Cl. The isotopic variations of these two elements 

agree very well with 87Sr/86Sr 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. 



 

 v 

ACKNOWLEDGEMENTS 

 

First and foremost, I would like to sincerely thank my supervisor, Professor Shaun K. Frape, 

for his generous guidance, support and constructive critical insights throughout this thesis. I 

would like also to express my genuine appreciation to Shaun for giving me the opportunity to 

attend several important conferences and for introducing me to highly respected scientists. I 

certainly gained valuable experience and contacts during these meeting and these resulted in 

several co-operative projects. I am proud to call you and your lovely wife Nori friends.  

Also, I am grateful to my PhD committee members, Professor Ramon Aravena, Professor 

Jim Barker and Professor Mario Coniglio from the University of Waterloo and Professor Ben 

Rostron from the University of Alberta for their valuable time, advice, constructive 

comments and guidance throughout this study. A special appreciation goes to Ben for sharing 

his samples and database to conduct a study on the Williston Basin (Chapter 6). Ben, thank 

you very much for trusting me and for supporting my work, and for the fast responses to my 

phone calls and emails. I would also like to extend my appreciation to Ramon for his 

friendship and support over the years. 

I also extend my appreciation to my external examiner Professor Don Siegel for his 

valuable time and his critical and constructive comments that enriched my thesis. 

Further, I would like to express my gratefulness to Dr. Sergey Alexeev and Dr. Ludmila 

Alexeeva for sharing their Siberian Platform samples, providing me with valuable 

information and supporting my study.   



 

 vi 

 

I would also like to gratefully acknowledge the support and assistance of Bob Drimmie 

who always encouraged me, trusted me and inspired me. I thank him also for giving me the 

opportunity to work at the Environmental Isotope Laboratory (EIL), which got me involved 

in different analytical challenges and sparked my interest in the method development aspects 

of isotopes.  

The faculty and staff of the Department of Earth and Environmental Sciences created a 

supportive and highly stimulating environment in which to work. I especially want to 

acknowledge the support of my fellow EIL staff members. I consider myself lucky not only 

to have had the opportunity to work in the EIL, but also to work with wonderful people and 

make unforgettable colleagues and friends. I would like also to extend my thanks to Sue 

Fisher and Lorraine Albrecht. 

I wish to extend my thanks to Dr. Monique Hobbs and Dr. Min Zhang for their friendship, 

support and enlightening discussions that I have had over the years.  

Special thanks are also due to Bill Mark and Richard Elgood for their friendship and 

support. I very much enjoyed our irregular lunches. I certainly think that we need to get a 

life, so let us schedule regular lunches. Rich I think you should be in charge of that.  

I cannot thank Oya Albak, Humam Elmugammar, Asma Kaghdou and Tania Stas enough 

for their friendship, support and encouragement. I wish all the best for them in their career, 

and personal life. 



 

 vii 

I also would like to thank Mary Ellen Patton for her support, friendship and proofreading 

several papers. My gratitude goes also to Randy Stotler my fellow graduate student over the 

last few years for interesting discussions and friendship.  

Above all else, I am indebted to my parents for their support, endless patience and 

unconditional love. They inspired me to work hard and they taught me the value of 

education. My gratitude to them exceeds the boundaries of this formal acknowledgement. My 

heartfelt appreciations are also extended to my in-laws for their continuous support and 

undying encouragement to pursue my dreams.  

Finally, I dedicate this work to my lovely wife Mirna and my little two angels Enaal and 

Anzor. The development and completion of this work would not have been possible without 

their support, encouragement, belief in me and understanding. I am very grateful to God who 

blessed me with my wife and kids. I know that school took a lot of my time and that I could 

not be there as much as I should have been. However, now that my formal education is 

complete, I can only hope that there will be many happy years ahead of us. Mirna, no matter 

what I say, I cannot thank you enough. I ask Almighty God to keep us together forever. 

  

 



 

 viii 

TABLE of CONTENTS 
ABSTRACT ............................................................................................................................ iii 

ACKNOWLEDGEMENTS ................................................................................................... v 

TABLE of CONTENTS ....................................................................................................... viii 

LIST OF TABLES ................................................................................................................ xii 

LIST OF FIGURES ............................................................................................................. xiv 

FOREWORD....................................................................................................................... xxii 

Chapter 1 Introduction........................................................................................................... 1 

1.1 Background .................................................................................................................................. 1 

1.2 Distribution in Nature ................................................................................................................... 2 

1.2.1 Chlorine .................................................................................................................... 2 

1.2.2 Bromine .................................................................................................................... 5 

1.3 Physical and Chemical Properties ................................................................................................ 7 

1.4 Isotopes ......................................................................................................................................... 8 

1.4.1 Chlorine .................................................................................................................... 8 

1.4.2 Bromine .................................................................................................................. 10 

1.5 Isotopic Distribution of Chlorine and Bromine .......................................................................... 12 

1.5.1 Chlorine .................................................................................................................. 12 

1.5.2 Bromine .................................................................................................................. 15 

1.6 Natural Processes and Isotopic Fractionation ............................................................................. 17 

1.7 Implications ................................................................................................................................ 18 

Chapter 2 Determination of Inorganic Chlorine Stable Isotopes by Continuous-Flow 

Isotope Ratio Mass Spectrometry (CF-IRMS) ................................................................... 20 

2.1 Introduction ................................................................................................................................ 20 

2.2 Experimental .............................................................................................................................. 23 

2.2.1 Materials ................................................................................................................. 23 

2.2.2 Instruments ............................................................................................................. 24 

2.2.3 Silver Chloride Preparation .................................................................................... 28 

2.2.4 Methyl Chloride Preparation .................................................................................. 29 

2.3 Sample Analysis ......................................................................................................................... 30 



 

 ix 

2.4 Results and Discussion ............................................................................................................... 31 

2.5 Conclusions ................................................................................................................................ 37 

Chapter  3   Determination of Bromine Stable Isotopes Using Continuous-Flow Isotope 

Ratio Mass Spectrometry ..................................................................................................... 39 

3.1 Introduction ................................................................................................................................ 39 

3.2 Experimental .............................................................................................................................. 42 

3.2.1 Materials ................................................................................................................. 42 

3.2.2 Instruments ............................................................................................................. 43 

3.2.3 Bromine Separation ................................................................................................ 45 

3.2.4 Silver Bromide Preparation .................................................................................... 48 

3.2.5 Methyl Bromide Preparation .................................................................................. 49 

3.2.6 Sample Analysis ..................................................................................................... 50 

3.3 Results and Discussion ............................................................................................................... 51 

3.3.1 Reaction Vials......................................................................................................... 52 

3.3.2 Blanks ..................................................................................................................... 52 

3.3.3 Reaction Time......................................................................................................... 53 

3.3.4 Accuracy and Precision .......................................................................................... 54 

3.3.5 Linearity.................................................................................................................. 55 

3.3.6 Memory Effects ...................................................................................................... 57 

3.4 Potential Application and Data on Natural Samples .................................................................. 58 

3.5 Conclusions ................................................................................................................................ 61 

Chapter 4 Origin and Evolution of Waters from Paleozoic Formations, Southern 

Ontario, Canada: Additional Evidence from δ37Cl and δ81Br Isotopic Signatures ........ 62 

4.1 Introduction ................................................................................................................................ 62 

4.2 Study Area and Geology ............................................................................................................ 64 

4.3 Stratigraphy ................................................................................................................................ 66 

4.4 Hydrogeology ............................................................................................................................. 70 

4.5 Sampling and analyses ............................................................................................................... 73 

4.6 Results and Discussion ............................................................................................................... 76 

4.6.1 Chemical Composition ........................................................................................... 76 



 

 x 

4.6.2 δ 18O and δ 2H Compositions ................................................................................. 86 

4.6.3 δ37Cl and δ81Br Compositions ................................................................................ 96 

4.6.3.1 Devonian ...................................................................................................................... 99 

4.6.3.2 Silurian ....................................................................................................................... 102 

4.6.3.3 Ordovician .................................................................................................................. 107 

4.6.3.4 Cambrian .................................................................................................................... 111 

4.6.3.5 Summary .................................................................................................................... 112 

4.7 Conclusions .............................................................................................................................. 123 

Chapter 5 Geochemistry and Stable Isotopic Signatures, Including Chlorine and 

Bromine Isotopes, of the Deep Groundwaters of the Siberian Platform, Russia .......... 127 

5.1 Introduction .............................................................................................................................. 127 

5.2 Study area ................................................................................................................................. 129 

5.3 Geology .................................................................................................................................... 131 

5.4 Hydrogeology ........................................................................................................................... 138 

5.5 Sampling and analyses ............................................................................................................. 139 

5.6 Results ...................................................................................................................................... 140 

5.7 Discussion ................................................................................................................................ 145 

5.7.1 Interpretation based on geochemical parameters .................................................. 145 

5.7.2 Interpretation based on the isotopes of 18O and 2H .............................................. 160 

5.7.3 Additional information to be learned from 37Cl and 81Br isotopes ....................... 166 

5.8 Conclusions .............................................................................................................................. 175 

Chapter 6 Bromine and Chlorine Isotopes in Sedimentary Formation Waters from the 

Williston Basin (Canada and USA) ................................................................................... 179 

6.1 Introduction .............................................................................................................................. 179 

6.2 Study Area ................................................................................................................................ 181 

6.3 Geology .................................................................................................................................... 184 

6.4 Hydrostratigraphy ..................................................................................................................... 185 

6.5 Hydrogeology ........................................................................................................................... 189 

6.6 Sampling and Analysis ............................................................................................................. 191 

6.7 Chemical Compositions ............................................................................................................ 192 

6.7.1 Grouping by Water Types .................................................................................... 196 



 

 xi 

6.7.2 Grouping by the Stratigraphic Units ..................................................................... 204 

6.8 Isotopic Compositions .............................................................................................................. 207 

6.8.1 δ 18O and δ 2H Compositions ............................................................................... 207 

6.8.2 δ37Cl and δ81Br Compositions .............................................................................. 219 

6.8.2.1 δ37Cl and δ81Br Compositions Based on Water Types ............................................... 219 

6.8.2.2 δ37Cl and δ81Br Compositions Based on Stratigraphic Units ..................................... 222 

6.9 Conclusions .............................................................................................................................. 252 

Chapter 7 Summary ........................................................................................................... 256 

7.1 Analytical Advances ................................................................................................................. 256 

7.2 The Evaluation of Chlorine and Bromine Isotopes in Sedimentary Basins ............................. 257 

7.3 Recommendations .................................................................................................................... 264 

References ............................................................................................................................ 266 

Appendix A .......................................................................................................................... 293 

A.1 Distribution of Chlorine in Nature ........................................................................................... 293 

A.2 Distribution of Bromine in Nature ........................................................................................... 295 

Appendix B .......................................................................................................................... 298 

Appendix C .......................................................................................................................... 316 



 

 xii 

 LIST OF TABLES 
Chapter 1 Introduction........................................................................................................... 1 

Table 1.1  The natural chlorine contents of Earth’s reservoirs ............................................ 3 

Table 1.2  The natural bromine content of Earth’s eservoirs ............................................... 6 

Table 1.3  Physical properties of chlorine and bromine ...................................................... 7 

Table 1.4  References of the source data presented in Figure 1.2 ...................................... 14 

Chapter 2 Determination of Inorganic Chlorine Stable Isotopes by Continuous-Flow 

Isotope Ratio Mass Spectrometry (CF-IRMS) ................................................................... 20 

Table 2.1    Test of memory effect of CF-IRMS analysis of chlorine stable isotope. ............ 36 

Chapter 4 Origin and Evolution of Waters from Paleozoic Formations, Southern 

Ontario, Canada: Additional Evidence from δ37Cl and δ81Br Isotopic Signatures ........ 62 

Table: 4.1  A brief description of the geology of the stratigraphic units that were sampled .. 

 .......................................................................................................................... .69 

Table 4.2  Isotopic compositions of formation waters from the southern Ontario and 

Michigan. Samples were collected from the stratigraphic units shown. ................................. 88 

Chapter 5 Geochemistry and Stable Isotopic Signatures, Including Chlorine and 

Bromine Isotopes, of the Deep Groundwaters of the Siberian Platform, Russia .......... 127 

Table 5.1  Location, depth, major ions, charge balance and stable isotopes of the Siberian 

platform samples. .................................................................................................................. 142 

Chapter 6 Bromine and Chlorine Isotopes in Sedimentary Formation Waters from the 

Williston Basin (Canada and USA) ................................................................................... 179 

Table 6.1  Isotopic compositions of the Williston Basin formation waters. Formation 

waters are from different stratigraphic units (Early Cretaceous to Cambrian).. ................... 213 

Appendix B .......................................................................................................................... 298 

Table B.1  Geochemical data of formation waters from the southern Ontario and 

Michigan. Samples were collected from the stratigraphic units shown. ............................... 299 

Table B.2  The isotopic (δ37Cl and δ81Br) ranges for the formation waters in southern 

Ontario and Michigan Basin based on the stratigraphic units they were sampled from....... 314 

 



 

 xiii 

Appendix C .......................................................................................................................... 316 

Table C.1  Geochemical data of the Williston Basin formation waters. Formation waters 

are from different stratigraphic units (Early Cretaceous to Cambrian). ............................... 317 

Table C.2  The isotopic (δ37Cl and δ81Br) ranges for the Williston Basin formation waters 

from the different stratigraphic units. ................................................................................... 326 



 

 xiv 

 LIST OF FIGURES 
Chapter 1 Introduction........................................................................................................... 1 

Figure 1.1  The Earth’s major reservoirs of chlorine and bromine and some natural 

processes that transfer these two elements between these reservoirs ....................................... 4 

Figure 1.2  A summary of δ37Cl ranges of various natural materials. Bracketed numbers 

refers to the source of data.   ................................................................................................... 13 

Figure 1.3  A summary of δ81Br ranges of waters from sedimentary and crystalline 

environments.. ......................................................................................................................... 16 

Figure 1.4  Histogram of all δ81Br values of sedimentary and crystalline formation waters 

from this thesis (198 samples) and Eggenkamp and Coleman (2000) (11 samples).  ............ 16 

Figure 1.5  The predicted behaviours of δ81Br values during natural processes coupled with 

the known behaviour of δ37Cl. ................................................................................................ 19 

Chapter 2 Determination of Inorganic Chlorine Stable Isotopes by Continuous-Flow 

Isotope Ratio Mass Spectrometry (CF-IRMS) ................................................................... 20 

Figure 2.1  Schematic of the multi-collector array on the CF-IRMS (IsoPrime GV 

Instruments).. .......................................................................................................................... 25 

Figure 2.2  The CF-IRMS system attached to the gas chromatograph which is equipped 

with an autosampler. ............................................................................................................... 26 

Figure 2.3  Schematic of the four way Valco valve installed between the GC and the 

IRMS. ........................................................................................................................... 27 

Figure 2.4  Methyl iodide is added to samples in an inflatable glove bag connected with an 

ultra pure helium tank. ............................................................................................................ 30 

Figure 2.5  Chromatogram of masses 50/52 of different blanks (blank-air, blank-helium, 

blank-methyl iodide). .............................................................................................................. 32 

Figure 2.6  Chromatogram of methyl chloride analysis in continuous-flow mode. The 

chromatogram illustrates 8 reference pulses and a sample peak. ........................................... 34 

Figure 2.7  Relationship between δ37Cl values and peak area. ........................................... 35 

Figure 2.8  Comparison between δ37Cl values obtained by DI-IRMS and CF-IRMS. ....... 37 



 

 xv 

Chapter  3  Determination of Bromine Stable Isotopes Using Continuous-Flow Isotope 

Ratio Mass Spectrometry ..................................................................................................... 39 

Figure 3.1  Schematic of the multi-collector array on the CF-IRMS (IsoPrime GV 

Instruments).. .......................................................................................................................... 45 

Figure 3.2  Bromine distillation apparatus. ......................................................................... 48 

Figure 3.3  δ81Br (‰) values versus Reaction Time (hours). .............................................. 53 

Figure 3.4  Chromatogram of methyl bromide analysis (NBS-977 Standard) in continuous-

flow mode. ........................................................................................................................... 55 

Figure 3.5  Comparison between δ81Br (‰) values obtained by DI-IRMS and CF-IRMS. ... 

 ........................................................................................................................... 56 

Figure 3.6  δ81Br (‰) values as a function of peak area (Ampere seconds x 10-10). .......... 57 

Figure 3.7  Test of memory effect of CF-IRMS analysis of bromine stable isotopes of three 

standards with a bromine isotopic composition that ranges over 2.3 ‰. ............................... 58 

Figure 3.8  (a) Br (mg/L) versus δ81Br (‰) and (b) δ37Cl (‰) versus δ81Br (‰) values of 

natural saline formation waters and brines from sedimentary and crystalline rock 

environments. .......................................................................................................................... 60 

Chapter 4 Origin and Evolution of Waters from Paleozoic Formations, Southern 

Ontario, Canada: Additional Evidence from δ37Cl and δ81Br Isotopic Signatures ........ 62 

Figure 4.1  Large-scale tectonic elements in southern Ontario and definition of study area, 

adapted from Johnson et al. 1992 (from Mazurek 2004). ....................................................... 65 

Figure 4.2  Geologic map of southern Ontario (redrawn from Ontario Geological Survey 

1991, and surface contours of the Precambrian basement from Carter et al. 1996).  ............. 67 

Figure 4.3  Stratigraphic section showing formations and ages, oil and gas producing units.  

 ........................................................................................................................... 68 

Figure 4.4  Concentration trends of a number of cations and anions in evaporating seawater 

(From Kharaka et al., 1987, after Carpenter, 1978). ............................................................... 79 

Figure 4.5  A logarithmic plot of the concentration trends of chloride versus bromide 

during the evaporation of seawater showing the initial precipitation point of evaporite 

mineral phases (after Matray, 1988). ...................................................................................... 80 



 

 xvi 

Figure 4.6  Logarithmic plots of Cl (mg/L) versus Br (mg/L) of southern Ontario and 

Michigan samples based on the stratigraphic units they were sampled from. ........................ 82 

Figure 4.7  The different possible end members and processes that control the oxygen and 

hydrogen isotopic compositions of the southern Ontario and Michigan formation waters. ... 94 

Figure 4.8  δ2HVSMOW (‰) versus δ18OVSMOW (‰) of all southern Ontario and Michigan 

formation waters grouped based on the stratigraphic units from which they were sampled. . 95 

Figure 4.9  δ81Br signatures versus  δ37Cl signatures of southern Ontario and Michigan 

formation waters based on the stratigraphic units they were sampled from. .......................... 97 

Figure 4.10  δ37Cl and δ81Br versus depth of southern Ontario and Michigan formation 

waters based on stratigraphic units from which they were sampled. ...................................... 98 

Figure 4.11  δ37Cl Compositions versus Cl (mg/L) of southern Ontario and Michigan 

formation waters based on stratigraphic units. ..................................................................... 101 

Figure 4.12  δ37Cl and δ81Br compositions versus Br/Cl (mg/L) of southern Ontario and 

Michigan formation waters based on stratigraphic units from which they were obtained. .. 103 

Figure 4.13  δ81Br signatures versus Br (mg/L) of southern Ontario and Michigan 

formation waters based on stratigraphic units. ..................................................................... 113 

Figure 4.14  δ37Cl versus K (mg/L) and δ81Br versus K (mg/L) of southern Ontario and 

Michigan formation waters based on stratigraphic units. ..................................................... 115 

Figure 4.15  δ81Br versus K/Br (mg/L) and Ca/Br (mg/L) of southern Ontario and 

Michigan formation waters based on stratigraphic units. ..................................................... 116 

Figure 4.16  δ37Cl versus δ18O and δ81Br versus δ18O of southern Ontario and Michigan 

formation waters based on stratigraphic units. ..................................................................... 117 

Figure 4.17  δ37Cl versus Br/Cl (mg/L) and δ81Br versus Br/Cl (mg/L) of southern Ontario 

and Michigan formation waters based on stratigraphic units. .............................................. 120 

Figure 4.18  Map of the study area that illustrates the sample locations of brines examined 

in this study.  ..................................................................................................................... 121 

 

 



 

 xvii 

Chapter 5 Geochemistry and Stable Isotopic Signatures, Including Chlorine and 

Bromine Isotopes, of the Deep Groundwaters of the Siberian Platform, Russia .......... 127 

Figure 5.1  Map of the Siberian Platform showing the five sampling sites (after Shouakar-

Stash et al., 2007). ................................................................................................................. 130 

Figure 5.2  Stratigraphic column of the Daldyn-Alakit area (Site I) ................................. 133 

Figure 5.3  Stratigraphic column of the Malo-Botuobinskiy region (Site II) .................... 134 

Figure 5.4  Stratigraphic column of the Napskiy artesian basin (Site III)  ........................ 135 

Figure 5.5  Stratigraphic column of the Tungusskiy artesian basin (Site IV)  .................. 136 

Figure 5.6  Stratigraphic column of the Irkutskiy artesian basin (Site V)  ........................ 137 

Figure 5.7  A logarithmic plot of the concentration trends of chloride versus bromide 

during the evaporation of seawater showing the initial precipitation point of evaporite 

mineral phases (after Matray, 1988). .................................................................................... 146 

Figure 5.8  (A) Logarithmic plot of TDS (mg/L) versus Br (mg/L) for the Siberian 

Platform samples. (B) Logarithmic plot for the Cl (mg/L) versus Br (mg/L) of the Siberian 

Platform samples. .................................................................................................................. 149 

Figure 5.9  Depth (km) versus Total Dissolved Solids (TDS) (mg/L) of the Siberian 

Platform samples. .................................................................................................................. 151 

Figure 5.10  Piper diagram of the Siberian Platform samples major ion results. The 

diagram illustrates the chemical compositions of the four groups.  ..................................... 152 

Figure 5.11  Plot of the Cl concentrations (mg/L) versus Br to Cl weight ratio of the 

Siberian Platform samples. ................................................................................................... 157 

Figure 5.12  Chloride concentrations (meq/L) versus Na concentrations (meq/L) for the 

Siberian Platform samples.  .................................................................................................. 158 

Figure 5.13  (A) Strontium (mg/L) versus TDS (mg/L) and (B) Lithium (mg/L) versus 

TDS (mg/L) of the Siberian Platform. .................................................................................. 159 

Figure 5.14  The different possible end members and processes that control the oxygen 

and hydrogen isotopic compositions of the southern Ontario and Michigan formation waters. 

.  ..................................................................................................................... 161 



 

 xviii 

Figure 5.15  Stable isotopic composition (δ2H and δ18O) of water samples from the 

Siberian Platform compared to the Global Meteoric Water Line (GWML).  ....................... 162 

Figure 5.16  The δ37Cl (‰) - δ81Br (‰) relationship for the Siberian Platform samples. 

Group C samples show the widest spread of both δ37Cl and δ81Br values. .......................... 168 

Figure 5.17  (A) Depth (km) versus δ81Br (‰) and (B) depth (km) versus δ37Cl of the 

Siberian Platform samples. ................................................................................................... 171 

Figure 5.18  δ37Cl (‰) − δ81Br (‰) relationship of group A samples of the Siberian 

Platform according to the geological sections from which they were sampled. ................... 176 

Chapter 6 Bromine and Chlorine Isotopes in Sedimentary Formation Waters from the 

Williston Basin (Canada and USA) ................................................................................... 179 

Figure 6.1  Significant physiographic features of the Williston Basin (boundary after Laird, 

1952), modified from Iampen and Rostron, 2000. ................................................................ 182 

Figure 6.2  Cross-section A-A’ in Figure 6.1 of the Williston Basin. .............................. 183 

Figure 6.3  The Cambrian to Early Cretaceous stratigraphic units of the Williston Basin 

(modified from the new Saskatchewan Stratigraphic Correlation Chart, 2004)  .................. 187 

Figure 6.4  A simplified sketch of the Cambrian to Mississippian hydrostratigraphic units 

of the Williston Basin. .......................................................................................................... 188 

Figure 6.5  Sample locations of the Williston Basin formation waters. ............................ 193 

Figure 6.6  A logarithmic plot of the concentration trends of chloride versus bromide 

during the evaporation of seawater showing the initial precipitation point of evaporite 

mineral phases (after Matray, 1984). .................................................................................... 195 

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. ......................................................................................................................... 196 

Figure 6.8  Piper diagram of the Williston Basin formation waters grouped based on their 

water types. ......................................................................................................................... 198 

Figure 6.9  The relationship between Cl/Br (molar) versus Na/Br (molar) of the Williston 

Basin formation waters grouped based on their water types. ............................................... 200 



 

 xix 

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.

  ..................................................................................................................... 203 

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.  ............ 205 

Figure 6.12  The different possible end members and processes that control the oxygen 

and hydrogen isotopic compositions of the Williston Basin formation waters.. .................. 208 

Figure 6.13  δ2HVSMOW (‰) versus δ18OVSMOW (‰) of Williston Basin formation waters 

grouped based on their water types. ...................................................................................... 211 

Figure 6.14  δ2HVSMOW (‰) versus δ18OVSMOW (‰) of Williston Basin formation waters 

grouped based on the stratigraphic units from which they were sampled. ........................... 212 

Figure 6.15  δ81BrSMOB (‰) versus δ37ClSMOC (‰) of Williston Basin formation waters 

grouped based on their water types.. ..................................................................................... 220 

Figure 6.16  Plots A, B, C and D are δ37ClSMOC (‰) versus Sr (mg/L) and Li (mg/L) and 

δ81BrSMOB (‰) versus Sr (mg/L) and Li (mg/L), respectively of the Williston Basin formation 

waters grouped based on their water types. .......................................................................... 223 

Figure 6.17  δ81BrSMOB (‰) versus δ37ClSMOC (‰) of the Williston Basin formation waters 

grouped based on the stratigraphic units they were sampled from.  ..................................... 224 

Figure 6.18  A) δ81BrSMOB (‰) versus TDS (mg/L) and B) δ37ClSMOC (‰) versus TDS 

(mg/L) of the Williston Basin formation waters grouped based on the stratigraphic units they 

were sampled from.. .............................................................................................................. 225 

Figure 6.19  A) δ81BrSMOB (‰) versus Ca/Na (mmol/L) and B) δ37ClSMOC (‰) versus 

Ca/Na (mmol/L) of the Williston Basin formation waters grouped based on stratigraphic 

units.  ..................................................................................................................... 232 

Figure 6.20  A) δ81BrSMOB (‰) versus δ18OVSMOW (‰) and B) δ37ClSMOC (‰) versus 

δ18OVSMOW (‰) of the Williston Basin formation waters grouped based on stratigraphic units.

  ..................................................................................................................... 234 

Figure 6.21  δ81BrSMOB (‰) and δ37ClSMOC (‰) versus Age (MY) of the Williston Basin 

formation waters (Mississippian – Cambrian) The bars represent the isotopic ranges in each 



 

 xx 

specific formation, and the dotes represent the average isotopic values of these stratigraphic 

units.  ..................................................................................................................... 236 

Figure 6.22  The 87Sr/86Sr temporal variation of seawater (blue line) (redrawn from Burke 

et al., 1982). The pink band represents the range of isotopic variations. .............................. 236 

Figure 6.23  The seawater δ34S (‰ CDT) curve (blue) of marine sulphates redrawing after 

Claypool et al. (1980). .......................................................................................................... 238 

Figure 6.24  δ81BrSMOB (‰) and δ37ClSMOC (‰) versus Age (MY) of the Williston Basin 

formation waters (Mississippian – Cambrian) ...................................................................... 241 

Figure 6.25  δ81BrSMOB (‰) versus δ37ClSMOC (‰) of the Williston Basin formation waters 

(Mississippian – Cambrian) from the central part of the basin ............................................. 242 

Figure 6.26  A) δ81BrSMOB (‰) versus 87Sr/86Sr and B) δ37ClSMOC (‰) versus 87Sr/86Sr of 

the Williston Basin formation waters from the central part of the basin. ............................. 244 

Figure 6.27  A) δ81BrSMOB (‰) versus Sr (mg/L) and B) δ37ClSMOC (‰) versus Sr (mg/L) 

of the Williston Basin formation waters from the central part of the basin. ......................... 247 

Appendix B ......................................................................................................................... 298 

Figure B.1  Logarithmic plot (Cl versus Br) of southern Ontario and Michigan formation 

waters. Samples were grouped according to their water type. .............................................. 307 

Figure B.2  Na (mg/L) versus Br (mg/L) of the southern Ontario and Michigan samples in 

comparison to the seawater evaporation line. (after Carpenter, 1978). ................................ 308 

Figure B.3  Mg (mg/L) versus Br (mg/L) of the southern Ontario and Michigan samples in 

comparison to the seawater evaporation line. (after Carpenter, 1978). ................................ 309 

Figure B.4  K (mg/L) versus Br (mg/L) of the southern Ontario and Michigan samples in 

comparison to the seawater evaporation line. (after Carpenter, 1978). ................................ 310 

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). ................................ 311 

Figure B.6  SO4 (mg/L) versus Br (mg/L) of the southern Ontario and Michigan samples in 

comparison to the seawater evaporation line. (after Carpenter, 1978). ................................ 312 

Figure B.7  δ2HVSMOW (‰) versus δ18OVSMOW (‰) of all southern Ontario and Michigan 

formation waters grouped based on their water types. ......................................................... 313 



 

 xxi 

Figure B.8  Na (meq/L) versus Cl (meq/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. ............................................................................... 315 

Appendix C ......................................................................................................................... 316 

Figure C.1  Cl (meq/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. ................................................................................................................. 328 

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.  ........ 329 

Figure C.3  A) δ81BrSMOB (‰) versus Mg (mg/L) and B) δ37ClSMOC (‰) versus Mg (mg/L) 

of the Williston Basin formation waters grouped based on the stratigraphic units they were 

sampled from. ....................................................................................................................... 330 

Figure C.4  A) δ81BrSMOB (‰) versus T (°C) and B) δ37ClSMOC (‰) versus T (°C) of the 

Williston Basin formation waters grouped based on the stratigraphic units they were sampled 

from. ......................................................................................................................... 331 

Figure C.5  A) δ81BrSMOB (‰) versus pH and B) δ37ClSMOC (‰) versus pH of the Williston 

Basin formation waters grouped based on the stratigraphic units they were sampled from. 332 



 

 xxii 

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: 



 

 xxiii 

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 Kužvart, 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 
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Kužvart, 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.  
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Table 1.1 The natural chlorine contents of Earth’s reservoirsa 

Reservoir Chlorine contenta Percentage of total  Form Sourcesb

 

Mantle 

 

4.61 x 1024 g 98.170 % 

 

Mineral 

 

[1], [2] 

Crust 60 x 1021 g 1.272 % Mineral [3] 

   Igneous and 

   Metamorphic Rocks  

   Sedimentary Rocks  

 

6.67 x 1021 g 

53.33 x 1021 g 

 

0.142% 

1.13 % 

 

Mineral 

Mineral 

 

[4] 

[3],[4] 

Ocean 26 x 1021 g 0.553191 % Ionic [5], [6] 

Pedosphere 24 x 1015 g 5.11 x 10-7 % Mineral [3] 

Fresh surface waters 7.35 x 1014 g 1.56 x 10-8 % Ionic [5], [7] 

Groundwater 380 x 1015 g 8.09 x 10-6 % Ionic [5], [8] 

Cryosphere 5.15 x 1014 g 1.10 x 10-8 % Ionic [3], [5] 

Troposphere 4.3 x 1012 g 9.15 x 10-11 % Gaseous [3], [5] 

Troposphere 1.0 – 1.5 x 1012 g 2.66 x 10-11 % Areosol [3], [5] 

Stratosphere 0.4 x 1012 g 8.51 x 10-12 % Gaseous [3], [5] 

 

Earth (total) 

 

4.7 x 1024 g 

 

100 % 

  

a The Chlorine contents are calculated from information obtained from the references listed below. Calculations 
are described in more details in Appendix A. 
b 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-
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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 %).  

 

 

 

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). 
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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 

Kužvart, 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 (KCl.NaCl) and carnallite 

(KCl.MgCl2.6H2O) 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 
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in Table 1.2. The bromine content of the mantle (10.471 x 1021 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 1021 g 98.924 % 

 

Mineral 

 

[1], [2] 

Crust* 2.21 x 1019 g 0.209 % Mineral [3] 

Ocean 9.18 x 1019 g 0.867 % Ionic [4] 

Fresh surface waters 25.34 x 1011 g 2.39 x 10-8 % Ionic [4], [5], [6] 

Groundwater** 1.267 x 1015 g 1.20 x 10-5 % Ionic [4], [7], [8] 

Atmosphere 3.98 x 1010 g 3.76 x 10-10 % Gaseous [9] 

 

Earth (total) 

 

10.585 x 1021 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; [5] Martin and Meybeck, 1979; [6] Chester, 2000; [7] Freeze and Cherry, 1979. [8] Downs and 
Adams, 1975; [9] Schilling et al., 1978. 
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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 20ºC and 1 atm) Green-Yellow gas Dark red liquid 

Melting point 172.31 K (-100.84ºC) 266.05 K (-7.1ºC) 

Boiling point 239.25 K (-33.9ºC) 332.4 K (59.25ºC) 

Electronegativity (Pauling) 3.16 2.96 

Density (g.ml-1)20ºC 3.214 3.119 

Vapour pressure 1300 5800 (at -7.1 ºC) 

Atomic radius 0.97 Å 1.12 Å 

Covalent radius 0.99 Å 1.14 Å 

Ionic radius 1.81 Å 1.96 Å 

Ionization potential 

                  First 

                  Second 

                  Third 

 

12.967 

23.81 

39.611 

 

11.814 

21.8 

36 

Valence electron potential (-eV) -7.96 -7.35 

Electrode potential E0
298/volts -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-Cl type waters, plot off the seawater 

evaporation line. The other three water types (Na-Cl-HCO3, Na-Cl-SO4, and Na-K-Cl-SO4) 

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 Cl 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).  

 
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 Cl/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 (Cl/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 (Cl/Br : Na/Br) line, where Cl/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 Cl/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 Cl/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 Cl/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 SO4) 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) (CaCO3) 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 (KCl) dissolution or high 

temperature water-rock interaction with feldspar-rich sediments and this is supported by the 

enriched δ18O composition of these formation waters. The large deficit of SO4 can be 

attributed to SO4 reduction or to gypsum and anhydrite precipitation. 

Alternatively, Lowenstein et al. (2003) have suggested that CaCl2 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 McIntosh (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 CaCl2-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).  

 

 

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 (meq/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 Iampen 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 δ 18O and δ 2H 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 

(18O and 2H). 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 δ18O 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 18O and 2H 

by 4 ‰ and 20 ‰, 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 δ18O toward more 

enriched value. Further processes that might cause 18O enrichment are hydrothermal activities 

(e.g. mixing with geothermal waters) and high temperature water-rock interaction. For 

example, Sheppard (1986) reported that the δ18O signature enrichments and shifts to the right 

of the GMWL are predominantly due to isotopic exchange with 18O-rich sedimentary 
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minerals such as carbonates. The δ18O compositions are enriched in marine carbonates by 29 

‰ relative to the water they precipitated from at ambient temperature, however, the 

equilibrium between carbonate and water is reduced to only 8 ‰ at 250°C (Clark and Fritz, 

1997). Therefore, at high temperature water-rock interaction processes the 18O 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 δ2H versus δ18O 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 (δ2H 

versus δ18O) of the majority of waters are typical of sedimentary basin brines in that they are 

enriched in 18O 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 ‰). 

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 δ18O 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. 

 
Figure 6.13 δ2HVSMOW (‰) versus δ18OVSMOW (‰) of Williston Basin formation waters 
grouped based on their water types.  
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Figure 6.14 δ2HVSMOW (‰) versus δ18OVSMOW (‰) of Williston Basin formation waters 
grouped based on the stratigraphic units from which they were sampled.  
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Table 6.1 Isotopic compositions of the Williston Basin formation waters. Formation 
waters are from different stratigraphic units (Early Cretaceous to Cambrian). Sample 
numbers are per Iampen, 2003 and Jensen, 2007. 
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Table 6.1 Continued  
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Table6.1 Continued  
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Table 6.1 Continued  

 
 

 

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

characterized by δ2H value between 0 ‰ and -40 ‰ (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 

δ18O values of these samples toward more positive values is mostly likely due to processes 

such as gypsum hydration and water-rock interaction with 18O-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 δ2H and δ18O 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 δ2H and δ18O 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 δ2H (-40 ‰ to 0 ‰) 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 δ2H and δ18O 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-Cl-HCO3, Na-Cl-SO4, Na-K-Cl-SO4) that are characterized 

by low TDS compositions are characterized by depleted δ2H and δ18O 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 δ2H and δ18O 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 δ2H and δ18O values observed in Na-type waters 

suggest that meteoric waters were involved in the halite dissolution and not seawaters. The 

highly depleted δ2H and δ18O 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 δ2H and δ18O 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 δ2H and δ18O (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 δ2H and δ18O of the formation waters from the different stratigraphic units 

are characterized by large variations. The enriched δ18O 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 δ37Cl and δ81Br Compositions 

6.8.2.1 δ37Cl and δ81Br Compositions Based on Water Types 

The δ37Cl and δ81Br 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 δ37Cl and δ81Br compositions vary from -1.01 ‰ to +0.97 

‰, and from -1.5 ‰ to +2.77 ‰, respectively. However the majority of the samples fall in a 

smaller range (between -0.50‰ and +0.25 ‰ for δ37Cl and between -0.5 ‰ and +1.0 ‰ for 

δ81Br). 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 δ37Cl and δ81Br 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: 

δ81Br = 1.841 x δ37Cl + 0.582  (R2 = 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:  

δ81Br = 2.537 x δ37Cl + 0.725  (R2 = 0.797) 

 
Figure 6.15 δ81BrSMOB (‰) versus δ37ClSMOC (‰) of Williston Basin formation waters 
grouped based on their water types. The plot demonstrates a possible relationship 
(positive) between δ37Cl and δ81Br 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-Cl 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 ‰ and +1.2 ‰) 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 (δ37Cl and δ81Br) 

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 δ37Cl and δ 81Br. 

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 δ37Cl and δ81Br Compositions Based on Stratigraphic Units 

Figure 6.17 demonstrates the δ37Cl and δ81Br signatures of the Williston Basin formation 

waters based on stratigraphic units. The δ37Cl and δ81Br 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 δ37Cl and δ81Br 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 δ37Cl and δ81Br compositions. The 
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formation waters from other units are concentrated in a smaller range (δ37Cl: between -0.50 

‰ and +0.20 ‰; and δ81Br: between -0.5 ‰ and +1.0‰) (Figure 6.17). However, brines 

from specific stratigraphic units seem to group together.   

 

 
Figure 6.16 Plots A, B, C and D are δ37ClSMOC (‰) versus Sr (mg/L) and Li (mg/L) 
and δ81BrSMOB (‰) 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 δ81BrSMOB (‰) versus δ37ClSMOC (‰) 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) δ81Br (‰) versus TDS (mg/L) and b) δ37Cl (‰) 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) δ81BrSMOB (‰) versus TDS (mg/L) and B) δ37ClSMOC (‰) 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/L and modest isotopic 

variations (δ37Cl and δ81Br). 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 

(δ37Cl = 0 ‰ and δ81Br = 0 ‰) does not change, then the residual brines produced by halite 

precipitation should be slightly more negative in their δ37Cl (Eggenkamp, 1994). Eggenkamp 

(1994) suggested that halite precipitation can cause as much as 0.26 ‰ fractionation. Since 

the Ca-type waters are characterized by slightly more depleted δ37Cl 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 δ18O values (Figure 6.13) and the elevated Ca, Sr and Li contents (Table C.1, 

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 δ37Cl (> 0.2 ‰) 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 δ37Cl value (0.82 ‰) 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 (37Cl and 81Br) (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 δ81Br (Figure 6.18). Most of the samples are 

characterized by positive δ 37Cl 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 δ81Br values (>2 ‰) 

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 δ18O and δ2H 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 δ18O 

and δ2H values (Table 6.1) supports dilution. These samples were collected from the northern 

edges of the Basin. These three samples are characterized by enriched δ81Br (~ 2 ‰) and 

δ37Cl values (~ 0.5 ‰). The involvement of halite dissolution has a small effect on the δ81Br 

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 δ37Cl 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 

δ81Br and δ37Cl values (< 1.0 ‰ and < 0.2 ‰, 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 δ18O and δ2H 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 δ81Br and 

enriched δ37Cl compositions. These samples are believed to have a more complex scenario 

than just mixing between two different brines. The δ81Br values are inherited from the mixing 

with different brines (e.g. brines from the Duperow Formation), however, the δ37Cl signatures 

are most likely due to dissolution of evaporites with enriched δ37Cl signatures. Sample 99-69 

is very concentrated and enriched in both 18O and 2H. This supports the idea of evaporite 

dissolution being the mechanism that enriched δ37Cl and most likely did not change the 

δ81Br. 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 (δ81Br and δ37Cl) 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 (δ81Br and δ37Cl) 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 δ81Br and 

δ37Cl are from the central part of the basin. These brines plot on the seawater evaporation line 

suggesting a paleoseawater origin and the δ18O and δ2H values also support this idea. This 

suggests that these represent an end member that is depleted in both 81Br and 37Cl. 

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 δ18O and δ2H 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 δ81Br and δ37Cl 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 δ81Br 
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signatures and by slightly negative δ37Cl signatures. Although the Cl 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 δ81Br is due to the halite dissolution, due to the 

low Br content in halite.  

The δ81Br and δ37Cl 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 δ81Br and δ37Cl 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) δ81Br (‰) versus Ca/Na (mmol/L) and b) δ37Cl (‰) 

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 (δ81Br and δ37Cl) 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 δ81Br 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.  

 
Figure 6.19 A) δ81BrSMOB (‰) versus Ca/Na (mmol/L) and B) δ37ClSMOC (‰) 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 (δ81Br versus δ18O and δ37Cl versus 

δ18O) show the wide isotopic variations (δ81Br and δ37Cl) of the brines from different 

formations (e.g. Bakken, Duperow and Yeoman) that are characterized by δ18O signatures 

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

Several other plots (Figures C.3, C.4 and C.5) that show the relationship of δ81Br and δ37Cl 

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 δ81Br and δ37Cl. 

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) δ81BrSMOB (‰) versus δ18OVSMOW (‰) and B) δ37ClSMOC (‰) versus 
δ18OVSMOW (‰) of the Williston Basin formation waters grouped based on stratigraphic 
units. 
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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 (δ81Br and δ37Cl) 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 δ81Br and δ37Cl 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 (δ81Br and δ37Cl) 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 (δ81Br and δ37Cl) provided similar curves 

that suggest a systematic temporal variation of seawater, the temporal variations for the δ81Br 

values are more pronounced in comparison to the variations in the δ37Cl values. Several lines 

of evidence support the hypothesis of temporal variation of the isotopic (δ81Br and δ37Cl) 

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 (87Sr/86Sr) (Burke et al., 1982).  
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Figure 6.21 δ81BrSMOB (‰) and δ37ClSMOC (‰) 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. 

 
Figure 6.22 The 87Sr/86Sr 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 87Sr/86Sr seawater curve (Figure 6.22) and the two curves 

produced by the δ81Br and δ37Cl 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 δ34S 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 δ34S signature of seawater during the Middle 

Devonian and the following sharp rise (enrichment) of the δ34S signature during the Late 

Devonian period. Furthermore, it agrees with the depletion of the δ34S in the Late Ordovician 

Period reported by Fox and Videtich (1997) in their revision of the seawater δ34S 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 δ13C 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 δ13C values in all three materials (carbonates, 

total organic and bitumen).   
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Figure 6.23 The seawater δ34S (‰ 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 δ81BrSMOB (‰) and δ37ClSMOC (‰) versus Age 
(MY) of the Williston Basin formation waters  
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In summary, the comparison of the δ81Br and δ37Cl variations of seawater with both the 

87Sr/86Sr and the δ34S 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 δ81Br and δ37Cl 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 δ81Br and δ37Cl 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 δ81Br and δ37Cl 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 δ81Br and 

δ37Cl 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 δ81Br versus δ37Cl 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 δ37Cl and δ81Br 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: 

δ81Br = 2.841 x δ37Cl + 0.780 (R2 = 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 δ81Br and δ37Cl and 87Sr/86Sr 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 δ81BrSMOB (‰) and δ37ClSMOC (‰) 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 δ81BrSMOB (‰) versus δ37ClSMOC (‰) 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 87Sr/86Sr. The 87Sr/86Sr 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 87Sr-enriched strontium from continental 

weathering and 87Sr-depleted strontium from mantle sources. The 87Sr/86Sr signatures of the 

Williston Basin formation waters are presented in Table 6.2. In general, the 87Sr/86Sr 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) δ81Br and 87Sr/86Sr and b) δ37Cl and 

87Sr/86Sr. These two plots do not show any clear relationship between the various isotopes. 

This means that although a positive correlation between δ81Br and δ37Cl signatures of the 

brines and the 87Sr/86Sr signatures of the rocks from the same age is possible, a correlation 

might not be possible when compared with the 87Sr/86Sr signatures of the brines. This is 

because of the sensitivity of the 87Sr/86Sr toward water-rock interaction processes and these 

brines showed high degrees of water-rock interaction as discussed earlier (e.g. the highly 

enriched δ18O and highly elevated Sr and Li contents of these samples).  
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Figure 6.26 A) δ81BrSMOB (‰) versus 87Sr/86Sr and B) δ37ClSMOC (‰) versus 87Sr/86Sr 
of the Williston Basin formation waters from the central part of the basin. 



245 

 

 

Generally, most formation waters in this study are characterized by more enriched values in 

comparison to the 87Sr/86Sr values of the stratigraphic units they were sampled from. 

Typically, formation waters in sedimentary basins containing Paleozoic strata have 87Sr/86Sr 

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 87Sr/86Sr ratios to have totally different δ81Br and δ37Cl 

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) δ81Br and Sr and b) δ37Cl 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 (δ81Br and δ37Cl) 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 (δ81Br and δ37Cl) 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 δ37Cl, with one fluid being characterized by an isotopic 

value near -0.8 ‰ and the other near 0 ‰.  

In summary, the δ81Br and δ37Cl 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 87Sr/86Sr seawater 

variation during the same period and reasonably with the seawater variation of the δ34S. 

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-Cl-SO4 type during the Phanerozoic. They attributed these changes as corresponding to 

the chemical evolution of the Phanerozoic Ocean.  

 

 

Figure 6.27 A) δ81BrSMOB (‰) versus Sr (mg/L) and B) δ37ClSMOC (‰) 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 87Sr/86Sr 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 87Sr/86Sr values during the Late Ordovician, it is reasonable to 

suggest that the depleted δ37Cl and δ81Br 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 HCl 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 δ37Cl than solid residue.  For 

example, Eggenkamp and Schuiling (1995) reported negative chlorine isotope values of 

PbCl2 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 ‰) of primary carbonatites. Willmore et al., (2002) explained the 

enriched δ37Cl 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 87Sr/86Sr. Furthermore, the δ37Cl and δ81Br 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 unique palaeogeographic, palaeoceanographic 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 δ34S, 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 δ34S brine. Later a 

catastrophic mixing of the brine and the surface ocean caused by the destruction of the basin 

that stored the highly enriched δ34S brine is put forward to explain the enriched δ34S 

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 (δ34S, δ13C, 87Sr/86Sr, δ37Cl and δ81Br). 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 δ2H and δ18O 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 δ37Cl and δ81Br signatures of the Williston Basin formation waters show large 

variations in both isotopes, especially in the bromine stable isotopes. The δ81Br and δ37Cl 

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 δ37Cl and δ81Br 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 δ81Br and δ37Cl 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 δ81Br and δ37Cl was proposed, where δ81Br show larger 

variations than δ37Cl. The isotopic variations of these two elements agree very well with 

87Sr/86Sr seawater variation during the same period and reasonably with the seawater 

variation of δ34S.  

The 87Sr/86Sr 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 δ81Br and δ37Cl 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 (δ81Br and δ37Cl) 

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 (δ81Br and δ37Cl) 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 δ81Br and δ37Cl during the Late Ordovician. On the other hand, an anoxic seawater 

and biological activity were proposed to explain the sharp rise in the δ81Br and δ37Cl 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.  
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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 µmol of Cl-). The internal 

precision using pure CH3Cl gas is less than ±0.04 ‰ (±STDV). The external precision using 
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seawater standard is less than ±0.07 ‰ (±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 CH3Br gas is better than ±0.03 ‰ (±STDV); the external 

precision with the seawater standard used at Waterloo is better than ±0.06 ‰ (±STDV) for n 

= 12.  This new technique measures samples as small as 0.2 mg of AgBr (1 µmol 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 δ37Cl 

and δ81Br 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 ‰ and +3.35 ‰ relative to SMOB. This range extended the isotopic variation of 

bromine isotopes reported for formation water in the literature.  

  The δ37Cl and δ81Br 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 δ37Cl and δ81Br 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 δ2H and δ18O 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 δ18O and δ2H show some similarities and 

overlaps between various samples, the δ37Cl and δ81Br 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 δ81Br signatures of the two brines show a 

complete separation in isotopic signatures with no overlaps or mixing, unlike the δ37Cl 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 (37Cl and 81Br) 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 δ37Cl and δ81Br values of the Ca-Cl type brines range between -0.67 ‰ and 

+0.04 ‰; and between -0.31 ‰ and +0.27 ‰, respectively. These brines are from depths 

below 1000 m and characterized by high TDS (> 300,000 mg/L). Their δ2H versus δ18O 

values of this group of samples range between -78 ‰ and -31 ‰ and between -10.9 ‰ and 

+1.8 ‰, respectively. Based on their chemical composition and isotopic signatures, it is 

postulated that they are residual brines of evaporated paleoseawaters. 

The δ37Cl and δ81Br values of the Na-Cl type fluids range between -0.25 ‰ and +1.54 ‰ 

and between -0.25 ‰ and +0.17 ‰, 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 δ2H 

versus δ18O values of this group of samples range between -152 ‰ and -94 ‰ and between -

20 ‰ and -0.5 ‰, 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 δ37Cl and δ81Br values of the third group of waters range between -0.40 ‰ and +1.30 

‰ and between -0.40 ‰ and +0.56 ‰, 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 δ2H and δ18O values range between -140 

‰ and -89 ‰ and between -17.1‰ and -9.3 ‰, 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 Archaean–Proterozoic crystalline brines were found to have δ37Cl values that range 

between -0.67 ‰ and -0.16 ‰ and δ81Br values that range between -0.31 ‰ and 0 ‰, while 

the Early Cambrian sedimentary brines have δ37Cl values that range between -0.53 ‰ and 

+0.04 ‰ and δ81Br values range between -0.11 ‰ and +0.27 ‰. 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 δ81Br and δ37Cl signatures of the brines from the various sedimentary 

sequences investigated in this study including the Siberian Platform revealed a general 

positive trend between δ81Br and δ37Cl values, where an enrichment of δ81Br is coupled by an 

enrichment of δ37Cl. 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 δ81Br and δ37Cl 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 

(δ81Br and δ37Cl) and located in the Bakken Formation; B) characterized by near zero 

isotopic signatures from the Duperow Formation; and C) isotopically depleted in both 

isotopes (δ81Br and δ37Cl) 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 δ18O 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 

δ2H and δ18O values. 

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

explain the relatively wide ranges of δ37Cl and δ81Br 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 δ81Br and δ37Cl 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 δ81Br and δ37Cl was 

proposed with more pronounced variation of δ81Br observed in comparison to the variation of 

δ37Cl. The isotopic variations of these two elements agree very well with 87Sr/86Sr seawater 

variation during the same period and agree reasonably with the seawater variation of the δ34S.  

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 δ81Br and δ37Cl during the Late Ordovician. On the other hand, an anoxic seawater 

and biological activity were proposed to explain the sharp rise in the δ81Br and δ37Cl 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 106 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 1024 g, the chlorine 

content of the Earth is approximately 4.7 x 1024 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 1024 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 (KCl), Carnallite 

(MgCl2.KCl.6H2O), Kainite (MgSO4.KCl.3H2O). These deposits are widely distributed in 

sedimentary formations around the world. By considering the weight of the crust as 26 x 1024 

g, then the weight of igneous and metamorphic rocks that makes up almost 95% of the crust 

is 24.7 x 1024 g and the average content of chlorine in igneous rocks to be 270 µg/g (Yoshida 

et al., 1971), the chlorine content of the crust (igneous and metamorphic) is calculated is 6.67 

x 1021 g. The chlorine content in the entire crust including sediments is reported by Graedel 

and Keene (1996) as 60 x 1021 g, therefore the chlorine contented in sedimentary rock is 
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calculated to be approximately 53.33 x 1021 g. By considering an average concentration of 

chlorine in soil as 100 ppm weight, the pedosphere is estimated to contain 24 x 1015 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 106 km3 (Berner and Berner, 1987) and an average Cl concentration 

of 19.354 g/kg (Wilson, 1975), the ocean contains approximately 26 x 1021 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 105 km3 (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 1014 g. The groundwater in aquifers and soils comprises about 0.68 % of Earth’s water, 

i.e. 9.5 x 106 km3 (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 

380 x 1015 g.  

The average concentration of Cl in ice is 5 x 10-7 M Cl/L (Graedel and Keene, 1996). The 

current volume of ice on Earth is estimated at 29 x 106 km3 (Berner and Berner, 1987) and 

therefore, the estimated chlorine content in the cryosphere is approximately 5.15 x 1015 g.   

Most volatile chlorine in the atmosphere exists as hydrochloric acid (HCl) and methyl 

chloride (CH3Cl) (Berner and Berner, 1987). The average concentration of natural gaseous 

HCl 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 1012 g. 

The chlorine content of the atmosphere due to sea-salt aerosol varies widely, however the 

typical concentration measured, is 100 nM/m3 (Berner and Berner, 1987). The chlorine 

content in the troposphere due to sea-salt aerosol is estimated to be between 1 and 1.5 x 1012 

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 1012 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 106 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 1018 t, the bromine content of the Earth is 

approximately 10.585 x 1021 g. According to the calculated contents of chlorine and bromine 

in the Earth the chlorine-to-bromine (Cl/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 µg/g (Yoshida et al., 1971), and taking into account the weight of the crust as 26 

x 1024 g, the bromine content of the crust is calculated to be 2.21 x 1019 g. This gives an 

average value of 318 for the chlorine-to-bromine (Cl/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 106 km3 

(Berner and Berner, 1987), the ocean contains approximately 9.18 x 1019 g.  

Surface waters including lakes and rivers comprises 1.267 x 105 km3 (Berner and Berner, 

1987). The average concentration of dissolved Br in rivers is 20 µg/L (Chester, 2000 after 

Martin and Meybeck, 1979), and thus the Br content in fresh surface waters is 25.34 x 1011 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 1015 g.  The content of 

bromine in groundwater reservoir is thus 1.267 x 1015 g. 
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The bromine concentration in the Atmosphere is 7.8 x 10-6 ppm (Schilling et al., 1978) and 

since the mass of the Earth’s atmosphere is 5.1 x 1021 g, then the bromine content in the 

atmosphere is 3.98 x 1010 g.  

The bromine content of the mantle (10.471 x 1021 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 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. 
Comm.; [3] Cloutier, 1994; [4] Husain, 1996; [5] Weaver, 1994; [6] Sherwood-Lollar and Frape, 1989) 
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Table B.1 Continued 
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Table B.1 Continued 
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Table B.1 Continued 
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Table B.1 Continued 
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Table B.1 Continued 
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Table B.1 Continued 
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Table B.1 Continued 
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Figure B.1 Logarithmic plot (Cl versus Br) of southern Ontario and Michigan 
formation waters. Samples were grouped according to their water type.  
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Figure B.2 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.3 Mg (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.4 K (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 SO4 (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 δ2HVSMOW (‰) versus δ18OVSMOW (‰) of all southern Ontario and 
Michigan formation waters grouped based on their water types.  
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Table B.2 The isotopic (δ37Cl and δ81Br) 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 δ37Cl 

values 

Variations in δ81Br 

values 

Mississippian (Berea) -0.40 ‰ to +0.10 ‰  

Late Devonian (Kettle Point) -1.11 ‰ to +1.82 ‰  

Late Devonian (Hamilton) 0.00 ‰ to +0.89 ‰  

Middle Devonian (Dundee) -0.72 ‰ to +1.25 ‰ -0.21 ‰ to +0.92 ‰ 

Middle Devonian (Detroit River) -0.50 ‰ to +0.94 ‰ -0.23 ‰ to +0.63 ‰ 

Middle Silurian (F Salt) -0.20 ‰  

Middle Silurian (A-1 Carbonate) -0.35 ‰  

Middle Silurian (Guelph) -0.51 ‰ to -0.15 ‰ -0.95 ‰ to -0.61 ‰ 

Middle Silurian (Niagaran) -1.04 ‰ to -0.22 ‰ -0.92 ‰ to -0.28 ‰ 

Early Silurian (Grimsby) +0.13 ‰ to +0.78 ‰ +0.77 ‰ to +1.74 ‰ 

Early Silurian (Whirlpool) +0.60 ‰ to 0.86 ‰ +2.11 ‰ to +2.31 ‰ 

Late Ordovician (Blue Mountain) +0.09 ‰ +1.75 ‰ 

Middle Ordovician (Trenton) -1.31 ‰ to +0.32 ‰ -0.49 ‰ to +2.15 ‰ 

Middle Ordovician (Black River) -0.14 ‰ to +0.32 ‰ +1.18 ‰ to +1.94‰ 

Middle Ordovician (PDU) -104 ‰ to -0.18 ‰ -0.73 ‰ to -0.55 ‰ 

Cambrian  -0.50 ‰ to +0.19 ‰ +0.71 ‰ to +1.51 ‰ 

Precambrian +0.30 ‰  
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Figure B.8 Na (meq/L) versus Cl (meq/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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Table C.1 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] Iampen, 2003; [4] Jensen et al., 2006.) 
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Table C.1 Continued  
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Table C.1 Continued  
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Table C.1 Continued  
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Table C.1 Continued  
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Table C.1 Continued  
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Table C.1  Continued  
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Table C.2 The isotopic (δ37Cl and δ81Br) ranges for the Williston Basin formation 
waters from the different stratigraphic units.   

Stratigraphic Unit 
Range of  δ37Cl 

values 

Average 

δ37Cl 

(±Stdv) 

Range of  δ81Br 

values 

Average 

δ81Br 

(±Stdv) 

Early Cretaceous 

(Mannville Group) 
-1.01 ‰ to +0.16 ‰ 

-0.62 ‰ 

(±0.53) 
  

Mississippian 

(Madison Group) 
-0.06 ‰ to -0.05 ‰ 

-0.06 ‰ 

(±0.01) 
+0.13 ‰ to +0.26 ‰ 

+0.19 ‰ 

(±0.10) 

Mississippian 

(Poplar Member) 
-0.10 ‰ -0.10 ‰  

 

 

Mississippian 

(Ratcliffe Member) 
-0.25 ‰ to -0.11 ‰ 

-0.18 ‰ 

(±0.07) 
-0.39 ‰ to +0.04 ‰ 

-0.18 ‰ 

(±0.22) 

Mississippian 

(Midale Member) 
-0.27 ‰ to +0.97 ‰ 

+0.02 ‰ 

(±0.41) 
+0.30 ‰ to +0.71 ‰ 

+0.54 ‰ 

(±0.16) 

Mississippian 

(Frobisher Member) 
-0.09 ‰ to +0.01 ‰ 

-0.03 ‰ 

(±0.04) 
+0.36 ‰ to +0.70 ‰ 

+0.59 ‰ 

(±0.16) 

Mississippian 

(Lodgepole Formation) 
-0.31 ‰ -0.31 ‰   

Late Devonian 

(Bakken Formation) 
-0.15 ‰ to +0.82 ‰ 

+0.25 ‰ 

(±0.29) 
+0.20 ‰ to +2.77 ‰ 

+1.48 ‰ 

(±0.78) 
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Table C.2 Continued   

Stratigraphic Unit Variations in δ37Cl 

values 

Average 

δ37Cl 

(±Stdv) 

Variations in δ81Br 

values 

Average 

δ81Br 

(±Stdv) 

 

Late Devonian 

(Birdbear Formation) 

-0.18 ‰ to +0.38 ‰ 
+0.08 ‰ 

(±0.22) 
+0.75 ‰ to +1.01 ‰ 

+0.88 ‰ 

(±0.11) 

Middle Devonian 

(Dawson Bay 

Formation) 

-0.16 ‰ to +0.06 ‰ 
-0.07 ‰ 

(±0.10) 
-0.27 ‰ to +0.18 ‰ 

+0.01 ‰ 

(±0.20) 

Middle Devonian 

(Winnipegosis 

Formation) 

-0.46 ‰ to +0.09 ‰ 
-0.23 ‰ 

(±0.21) 
-0.42 ‰ to +0.53 ‰ 

+0.19 ‰ 

(±0.30) 

Early to Middle 

Silurian (Interlake 

Formation) 

-0.25 ‰ to +0.36 ‰ 
-0.04 ‰ 

(±0.21) 
-.35 ‰ to +0.39 ‰ 

+0.21 ‰ 

(±0.31) 

Late Ordovician 

(Yeoman Formation) 
-0.73 ‰ to +0.07 ‰ 

-0.36 ‰ 

(±0.19) 
-1.50 ‰ to +0.45 ‰ 

-0.58 ‰ 

(±0.74) 

Middle Ordovician 

(Winnipeg Formation) 
-0.09 ‰ to +0.15 ‰ 

+0.03 ‰ 

(±0.08) 
0.00 ‰ to +0.15 ‰ 

+0.07 ‰ 

(±0.07) 

Cambrian  

(Deadwood Formation) 
-0.05 ‰ and -0.04 ‰ 

-0.05 ‰ 

(±0.01) 
-1.41 ‰ and 0.09 ‰ 

-0.66 ‰ 

(±1.06) 
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Figure C.1 Cl (meq/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) δ81BrSMOB (‰) versus Mg (mg/L) and B) δ37ClSMOC (‰) versus Mg 
(mg/L) of the Williston Basin formation waters grouped based on the stratigraphic units 
they were sampled from. 
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Figure C.4 A) δ81BrSMOB (‰) versus T (°C) and B) δ37ClSMOC (‰) versus T (°C) of the 
Williston Basin formation waters grouped based on the stratigraphic units they were 
sampled from. 
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Figure C.5 A) δ81BrSMOB (‰) versus pH and B) δ37ClSMOC (‰) versus pH of the 
Williston Basin formation waters grouped based on the stratigraphic units they were 
sampled from. 




