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Abstract
Metal precipitation in several types of hydrothermal ore deposits is a product of fluid-rock
interaction. The degree to which fluids can interact with rocks is, therefore, a fundamental control on
the metal endowment of such deposits. This dissertation investigates hydrothermal flow paths and
fluid-rock interactions along these flow paths in the Osiris cluster of Carlin-type Au deposits,
Nadaleen trend, Yukon. The main findings of the dissertation are that steeply-plunging folds in the
deposits were rotated to their modern steep geometry during progressive thrusting and flattening
against the northern margin of the Selwyn basin, which acted as a rigid backstop. The vein networks
that formed during this folding were later preferentially exploited by the ore fluids, which altered the
pre-existing veins to Mn-rich, Sr-poor, Fe-poor, Mg-poor, UV-fluorescent (UVF) calcite veins. The
chemistry and δ13C and δ18O composition of these UVF veins suggest that they formed during the
progressive mobilization of carbonate cations down the flow path from carbonate dissolution zones.
Most fluid flow occurred where the pre-existing vein network was closest spaced, such as in rigid
carbonate units and steeply-plunging fold closures. This interpretation is supported by
lithogeochemical relationships between Mn, Sr, Au, As, δ13C and δ18O that suggest the fluids
generally exploited numerous flow paths smaller than the ~3 m lithogeochemical sample interval.
Gold grades are higher in parts of the deposit where fluids could percolate through the rock mass
rather than being confined to veins. Their ability to partition between fractures or veins and the wallrock is controlled by the ratio of the fracture network’s bulk permeability to the rock layer’s
permeability. Consequently, changes in the pre-existing vein network permeability are equally, if not
more important, than changes in host rock permeability for promoting fluid-rock interaction.
Variations in time-integrated fluid flux between flow paths also significantly influence fluid-rock
interaction along the flow path. Laser ablation U-Pb carbonate geochronology of ore-stage carbonate
veins indicates that the deposit likely formed from multiple hydrothermal events over several tens of
millions of years and that magmatism was probably not a heat, fluid, or metal source.
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Lay Summary
The gold deposits in the Osiris cluster, Yukon, formed when ancient hot fluids carrying gold
interacted with limestone. This dissertation explores the geological conditions that caused this fluid
flow and which geological features helped or hindered fluid flow through the rocks. In the Osiris
cluster, the rocks were tilted, faulted, and folded so that they were steep at the time of fluid flow,
with abundant veins (fractures filled with minerals). The fluids flowed through these veins, and
chemical reactions dissolved the existing minerals and replaced them with a chemically-modified
version of the same minerals that fluoresce under UV light. The fluids needed to leave the veins and
flow through the surrounding limestone to deposit gold. This happened where the veins were wider
spaced, narrower or not well connected. Age dating the veins revealed that there were several fluid
flow events over several tens of millions of years.

iv

Preface
The research program in this dissertation was initially designed by Ken Hickey as a M.Sc project.
Ken and I worked together to expand the project's scope to make it suitable for a Ph.D. project, with
contributions from the research committee, Greg Dipple, Dominique Weis, and Marg Amini. This
dissertation contains four research chapters enclosed between an introduction and conclusion chapter.
These four research chapters are modified versions of published papers or manuscripts intent on
being submitted for publication. I undertook the majority of data collection and all data analysis and
wrote the text for each chapter with edits from Ken Hickey and my other co-authors.
Chapter 2 is a structural interpretation of the study area based on field mapping. The accompanying
geological map is also an examinable material. It is published as an open file through the Yukon
Geological Survey (YGS):
Steiner, A.P., and Hickey, K.A., 2021. Bedrock geology map of the Nadaleen-Anubis fault corridor,
eastern Rackla belt (parts of 106C/1,2). Yukon Geological Survey, Open File 2021-1, scale 1:20000,
2 sheets. Available at: https://data.geology.gov.yk.ca/Reference/95902.
I have included a high-resolution picture of the map in Appendix A, which digital readers can
analyze by increasing the zoom on the document. The map includes structural measurements
collected by myself (over 1500 structural measurements at over 1050 different outcrops), industry
geologists working for Barrick Gold Corporation (Barrick), and the YGS. Measurements collected by
Barrick or the YGS are labelled in italics or underlined, respectively, in maps throughout the
dissertation. The interpretation of faults, contacts and geometries are all my own, based on my own
observations, aerial imagery, and locally on rock descriptions made by Barrick geologists. Ken
Hickey supervised me mapping in the field for a total of one week and helped me interpret possible
geometries when compiling the map. David Moynihan at the YGS reviewed that map twice prior to
its publication and helped with identifying stratigraphic correlatives for units. For completion sake,
the southwest corner and northwest corner of the map were taken from David Moynihan's 2016
compilation of the map area (Moynihan, 2016). The data analysis in Chapter 2 was all undertaken by
myself with edits from Ken Hickey. Preliminary interpretations from the data presented in this
chapter were published in Yukon Exploration and Geology 2017:
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Steiner, A., Hickey, K., and Coulter, A.B., 2018, The structural framework for Carlin-type gold
mineralization in the Nadaleen trend, Yukon, in MacFarlane, K.E. ed., Yukon Exploration and
Geology 2017, Yukon Geological Survey, p. 139-149.
A preliminary version of part of the geological map was published in a separate article in Yukon
Exploration and Geology 2017:
Coulter, A.B., Lane, J., and Steiner, A., 2018, Osiris cluster Carlin-type gold, east-central Yukon, in
MacFarlane, K.E. ed., Yukon Exploration and Geology 2017, Yukon Geological Survey, p. 65-74.
Chapter 3 investigates the significance of UV-fluorescent veins in the Osiris cluster deposits and
how they form. A shortened version of this chapter is in press in Economic Geology:
Steiner, A.P., Hickey. K.A., Huntington, K.W., Schauer, A.J., 2022, 'Roll-front' mass transfer of
carbonate cations in Carlin-type gold deposits: insights from UV-fluorescent calcite veins. In press,
Economic Geology.
This chapter presents several data sets, including a carbonate clumped isotope study that was done as
a collaboration at IsoLab, University of Washington. Kate Huntington, the principal investigator at
IsoLab, and Andrew Shauer, the lab manager, are co-authors of the paper. I collected the samples,
micro-drilled the carbonate from the samples and sent the samples to IsoLab for analysis. I
subsequently visited IsoLab to learn about the analytical procedure. LA-ICP-MS analyses were
undertaken at PCIGR at UBC. I collected and prepared the samples and set all spots. Marg Amini set
the instrument settings and supervised the analyses. EMP analyses were undertaken at UBC. I
collected and prepared the samples and set all spots, and Edith Czech set the instrument parameters. I
collected and micro-drilled all C and O isotope samples and analyzed approximately 50 of the
analyses myself. The remainder were analyzed by Frances Jones. I collected all Raman spectra under
the supervision of Rhy MacMillan at PCIGR, who calibrated the instrument before each session.
μXRF images were made by Logan Jameson at AuTec Laboratories. I collected all samples used in
these analyses in the field during the summers of 2017 and 2018 and cut all the rocks into billets.
Thin-sections were made by either Vancouver Petrographics or Precision Petrographics. I carried out
all petrographic and cathodoluminescence analyses. This chapter also presents whole-rock
geochemical data from samples collected by ATAC Resources and prepared and analyzed
commercially by ALS Minerals. I interpreted all the data with advice from Ken Hickey, Greg Dipple
and Kate Huntington. I wrote the text of the paper and made all figures with edits from Ken Hickey,
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Greg Dipple, Troy Rasbury (Stony Brook University), Katie Wooton (Stony Brook University), Kate
Huntington (University of Washington), Matt Fithian (SSR Mining Inc.), Larry Cathles (Cornell
University), and two anonymous reviewers. A short paper presenting preliminary results and
interpretations from this chapter was published in the proceedings of the 15th Biennial SGA Meeting,
Glasgow, Scotland:
Steiner, A.P., and Hickey, K.A., 2019, Ore-stage calcite veins in the Carlin-type Au-deposits of the
Nadaleen trend, Yukon: a new addition to the economic geologist’s tool kit: 15th Biennial SGA
Meeting, Glasgow, Scotland, August 27 – 30 2019, Proceedings Volume 1, p. 276–270.
Chapter 4 explores fluid flow pathways and variations in fluid-rock interaction between flow paths
in the Osiris cluster. I collected all field data (cross-sections, logs, field observations) for this chapter.
The C and O isotope, whole-rock lithogeochemical, and μXRF data came from the same data sets as
discussed for Chapter 2. I wrote the text for the paper and made all figures, with edits from Ken
Hickey.
Chapter 5 presents laser ablation (LA) U-Pb carbonate geochronology of ore-stage carbonate veins.
I collected and prepared all samples, set all spots and reduced all the data in this chapter. Marg Amini
and I developed the method for LA U-Pb carbonate geochronology after I visited Stony Brook
University to learn about the method from Troy Rasbury and Katie Wooton. Marg Amini supervised
all analyses at PCIGR. Rich Friedman and Marg Amini carried out additional thermal ionization
mass spectrometry and isotope dilution ICP-MS analyses that contributed to the method development
but are not reported in this chapter. Details of these procedures can be found in Appendix C.1. Marg
Amini, Dominique Weis, Rich Friedman, and Corey Wall all offered suggestions to improve the
precision of the methods. I wrote the text and made all figures. Ken Hickey and Marg Amini helped
edit the text.

vii

Table of Contents

Abstract ................................................................................................................................................ iii
Lay Summary ...................................................................................................................................... iv
Preface................................................................................................................................................... v
Table of Contents .............................................................................................................................. viii
List of Tables ..................................................................................................................................... xiv
List of Figures..................................................................................................................................... xv
List of Supplementary Materials ................................................................................................... xxxi
List of Abbreviations ..................................................................................................................... xxxii
Acknowledgements ............................................................................................................................ xli
Dedication .........................................................................................................................................xliii
Chapter 1: Introduction ...................................................................................................................... 1
1.1

Background ........................................................................................................................... 3

1.1.1

Carlin-type Au-deposits in Nevada ................................................................................... 3

1.1.2

Carlin-type hydrothermal regimes in Nevada ................................................................... 4

1.1.3

The Osiris cluster Carlin-type Au deposits, Nadaleen trend, Yukon ................................ 7

1.2

Objectives and approach ..................................................................................................... 10

Chapter 2: The formation of steeply-plunging folds in fold-and-thrust belts .............................. 15
2.1

Introduction ......................................................................................................................... 15

2.2

Regional geological setting ................................................................................................. 17

2.3

Lithostratigraphy ................................................................................................................. 19

2.4

Structural geology ............................................................................................................... 22

2.4.1

Dawson panel .................................................................................................................. 24
viii

2.4.2

Northern panel................................................................................................................. 25

2.4.3

Osiris panel...................................................................................................................... 27

2.4.4

Vein and foliation development associated with folding ................................................ 36

2.5

Discussion ........................................................................................................................... 37

2.5.1

Steepened thrusts, flattening and back thrusting ............................................................. 37

2.5.2

Buckle folding prior to thrust imbricate formation ......................................................... 41

2.5.3

Steeply-plunging fold formation through rotation .......................................................... 42

2.5.4

The Yukon Stable Block backstop and the formation of steeply plunging folds ............ 43

2.5.5

The Kathleen Lakes and Dawson faults .......................................................................... 45

2.6

Conclusions ......................................................................................................................... 47

Chapter 3: ‘Roll-front’ mass transfer of carbonate cations in Carlin-type gold deposits: insights
from UV-fluorescent calcite veins..................................................................................................... 49
3.1

Introduction ......................................................................................................................... 49

3.2

Background ......................................................................................................................... 50

3.2.1

Carlin-type gold deposits ................................................................................................ 50

3.2.2

Geological setting............................................................................................................ 51

3.2.3

Previous interpretations of ore-stage carbonate in the Nadaleen trend ........................... 54

3.3

Methods ............................................................................................................................... 54

3.3.1

Core-logging and petrography ........................................................................................ 54

3.3.2

Micro X-ray fluorescence ............................................................................................... 55

3.3.3

Major and trace element geochemistry ........................................................................... 56

3.3.4

Raman Spectroscopy ....................................................................................................... 57

3.3.5

δ13C and δ18O isotopes .................................................................................................... 58

3.3.6

Carbonate clumped isotope thermometry ....................................................................... 59

ix

3.4

Results ................................................................................................................................. 60

3.4.1

Physical characteristics and geometry of UVF calcite veins .......................................... 60

3.4.2

Relationship to Au-mineralization, alteration and deformation ...................................... 63

3.4.3

Major, minor and trace element geochemistry of UVF calcite veins.............................. 67

3.4.4

Wall-rock lithogeochemistry ........................................................................................... 71

3.4.5

Carbonate isotope geochemistry ..................................................................................... 76

3.4.6

Clumped isotope thermometry results ............................................................................ 77

3.5

Interpretation and Discussion .............................................................................................. 79

3.5.1

UVF calcite stoichiometry .............................................................................................. 79

3.5.2

Origin of luminescence in UVF veins ............................................................................. 80

3.5.3

An ore-stage timing for UVF calcite veins ..................................................................... 80

3.5.4

UVF calcite vein formation through the replacement of a pre-existing fold vein network
......................................................................................................................................... 81

3.5.5

Ore-fluid temperature ...................................................................................................... 82

3.5.6

Fluid-buffered δ13C and δ18O values in UVF calcite veins ............................................. 85

3.5.7

Fluid sources ................................................................................................................... 85

3.6

Roll-Front Model for the Formation of Ore-Stage Calcite.................................................. 88

3.6.1

Pseudomorphic calcite replacement ................................................................................ 88

3.6.2

Roll-front migration of calcite dissolution and manganoan calcite precipitation ........... 90

3.6.3

Roll-front mass transfer in Carlin-type Au deposits ....................................................... 91

3.7

Conclusions ......................................................................................................................... 96

Chapter 4: Fluid partitioning between fractures and the host rocks in Carlin-type Au deposits:
a significant control on fluid-rock interaction and Au endowment .............................................. 98
4.1

Introduction ......................................................................................................................... 98

4.2

Geological setting of CTGDs in the Osiris cluster, Yukon ............................................... 101
x

4.3

Methods ............................................................................................................................. 104

4.3.1

Lithogeochemistry and δ13C and δ18O isotopes ............................................................ 104

4.3.2

Micro X-ray fluorescence ............................................................................................. 106

4.4

Results ............................................................................................................................... 107

4.4.1

Background values ........................................................................................................ 107

4.4.2

Fluid flow at the sub-meter scale .................................................................................. 108

4.4.3

Fluid flow at the meter scale ......................................................................................... 110

4.4.4

Fluid flow at the deposit scale ....................................................................................... 117

4.5

Interpretation ..................................................................................................................... 119

4.5.1

Scale of fluid-rock interaction and fluid flow ............................................................... 119

4.5.2

Flow paths at the Osiris and Sunrise deposits ............................................................... 122

4.5.3

Flow paths at the Conrad deposit .................................................................................. 124

4.5.4

Fluid flow paths in Algae Formation dolostone ............................................................ 125

4.6

Discussion ......................................................................................................................... 127

4.6.1

Structures that control fluid flow .................................................................................. 127

4.6.2

Comparison to previous interpretations ........................................................................ 130

4.6.3

Permeability control on fluid-rock interaction: partitioning between intergranular

porosity and fractures or veins................................................................................................... 133
4.6.4

Time-integrated fluid flux control on fluid-rock interaction......................................... 136

4.6.5

Comparison to Carlin-type Au deposits in Nevada....................................................... 137

4.7

Conclusions ....................................................................................................................... 139

Chapter 5: Episodic fluid flow in Carlin-type Au deposits? Insights from laser ablation U-Pb
geochronology of ore-stage calcite veins ........................................................................................ 142
5.1

Introduction ....................................................................................................................... 142

5.2

Geological setting .............................................................................................................. 143
xi

5.2.1

Regional setting............................................................................................................. 143

5.2.2

CTGDs of the Nadaleen trend ....................................................................................... 146

5.2.3

UV-fluorescent syn-mineralization veins ..................................................................... 146

5.3

Methods ............................................................................................................................. 148

5.3.1

Sample imaging............................................................................................................. 148

5.3.2

U-Pb geochronology ..................................................................................................... 150

5.3.3

Data reduction ............................................................................................................... 150

5.3.4

Data screening and final age calculation ....................................................................... 151

5.4

Results ............................................................................................................................... 152

5.4.1

AS18-2 .......................................................................................................................... 152

5.4.2

AS18-7 .......................................................................................................................... 153

5.4.3

AS18-8 .......................................................................................................................... 154

5.4.4

AS18-24 ........................................................................................................................ 162

5.4.5

VSP11 ........................................................................................................................... 163

5.5
5.5.1

Discussion ......................................................................................................................... 164
Limitations of dating hydrothermal carbonate veins using U-Pb: open system behaviour.
....................................................................................................................................... 164

5.5.2

Interpretation of vein ages ............................................................................................. 165

5.5.3

Episodic fluid flow model ............................................................................................. 167

5.5.4

Implications for Carlin-type Au mineralization ............................................................ 171

5.5.5

Comparison with single-event fluid flow models for the Osiris cluster ....................... 173

5.5.6

Episodic fluid flow in the Nevada CTGDs? ................................................................. 174

5.6

Conclusions ....................................................................................................................... 174

Chapter 6: Conclusion ..................................................................................................................... 176

xii

6.1

Summary of findings ......................................................................................................... 176

6.2

Comparison to CTGDs in Nevada .................................................................................... 180

6.3

Strengths and limitations of methods utilized in this dissertation ..................................... 182

6.3.1

Using UVF veins to track flow paths ............................................................................ 183

6.3.2

Mn and Sr lithogeochemistry ........................................................................................ 183

6.3.3

Clumped isotope thermometry ...................................................................................... 185

6.3.4

LA-ICP-MS U-Pb carbonate geochronology ................................................................ 186

6.4

Implications for exploring for Carlin-type Au deposits and other resources formed during

deep fluid convection ..................................................................................................................... 187
6.5

Future research directions ................................................................................................. 189

References ......................................................................................................................................... 191
Appendix A ....................................................................................................................................... 207
A.1

High-resolution image of the geological map that accompanies Chapter 2. ................. 208

Appendix B ....................................................................................................................................... 210
B.1

Vein samples and analysis locations ............................................................................. 211

B.2

C and O isotope sample locations ................................................................................. 245

B.3

C and O isotope reproducibility .................................................................................... 265

B.4

Spatial distribution of UV-fluorescent calcite veins ..................................................... 267

B.5

Coupled dissolution-precipitation reactions during UVF carbonate veins formation... 270

B.6

μXRF images ................................................................................................................ 275

B.7

Cross-sections with Mn and Sr data .............................................................................. 290

Appendix C ....................................................................................................................................... 292
C.1

Development of laser-ablation U-Pb carbonate geochronology at PCIGR................... 293

C.2

LA U-Pb carbonate geochronology U-Pb metadata ............................................................ 307

xiii

List of Tables

Table 3.1. Instrument parameters for LA-ICP-MS analyses. Asterisks next to analytes indicate
isotopes that were not measured on some of the first analysis runs but were subsequently. ............... 57
Table 3.2. Carbonate clumped isotope thermometry results. ............................................................... 80
Table 3.3. Model-predicted TΔ47 for two different exhumation histories at precipitation temperatures
of 300, 200, 180, and 150 °C for Au-mineralization ages of 74, 60 and 50 Ma (after Henkes et al.
2014). The rapid exhumation scenario maintains the sample at the precipitation temperature and then
linearly cools it to 100 °C between 45 and 42 Ma and from 100 to 10 °C between 42 and 39 Ma. The
slow exhumation scenario cools the sample linearly to 100 °C at 42 Ma, then from 100 °C to 10 °C
between 42 and 0 Ma. .......................................................................................................................... 84
Table 5.1. Summary of LA U-Pb carbonate geochronology sample chemistry and calculated ages.162

xiv

List of Figures

Figure 1.1. Examples of geological features controlling ore fluids at the deposit scale in Carlin-type
Au deposits............................................................................................................................................. 2
Figure 1.2. The distribution of Carlin-type Au deposit in Nevada showing the four major trends
(Carlin, Battle Mountain-Eureka, Getchell, Jerrit Canyon) and the platform-hosted Long Canyon
deposit. After Maroun et al. (2017)........................................................................................................ 6
Figure 1.3. Schematic illustration of convection patterns for A. Free convection and B. Forced
convection induced by the thermal flux from an intrusion at 2.5 km depth. Free convection pattern
and crustal permeability after Person et al. (2008). ............................................................................... 7
Figure 1.4. Study area location. A. Simplified geological map of the Selwyn basin and surrounding
carbonate platforms east of the Tintina fault. After Colpron and Nelson (2011). ................................. 8
Figure 1.5. Simplified geology map of the Nadaleen trend after Steiner and Hickey (2021), showing
the main deposits and Au-mineralized showings. .................................................................................. 9
Figure 1.6. Location of CTGD trends in North America relative to the distribution of sedimentary
rocks deposited during the rifting of Rodinia and the subsequent passive margin development. After
Lund (2008). ........................................................................................................................................ 13
Figure 2.1. Ways of forming steeply-plunging folds. A. Rotate pre-existing folds. B. Heterogeneous
strain along the fold hinge forming a sheath fold with a curvilinear fold hinge. C. Steepen bedding
then subject it to layer-parallel contraction. D. Steepen bedding then subject it to non-coaxial shear.
Red planes represent cleavage. After Word and Spörli, 1979. ............................................................ 16
Figure 2.2. Study area location. A. Simplified geological map of the Selwyn basin and surrounding
carbonate platforms east of the Tintina fault. After Colpron and Nelson (2011). Niddery High
location after Cecile (2000). ................................................................................................................ 18
Figure 2.3. Simplified geological map of the northeastern Selwyn basin. Note the limited distribution
of Platform and Pre-Windermere rocks that define the Yukon Stable Block north of the Dawson and
Kathleen Lakes faults. The geology in this map is taken from Yukon Geological Survey map sheets

xv

115P, 116A, 106D, 105M, 106C, 105N, 106B, and 105P (Yukon Geological Survey, 2022; all last
updated in May 2018). ......................................................................................................................... 20
Figure 2.4. Stratigraphic column. Unit symbols after Steiner and Hickey (2021)............................... 23
Figure 2.5. Simplified geological map showing the three different structural panels and the extent of
inset maps shown in later figures. ........................................................................................................ 24
Figure 2.6. Cross-sections on section lines shown in Figure 2.5. Legend as in Figure 2.5. ................ 27
Figure 2.7. A-C. Inset maps and data from the Dawson panel. Location of inset maps shown in
Figure 2.5. Map legends as in Figure 2.5. D. Stereonet showing all structural data from the Dawson
panel. .................................................................................................................................................... 28
Figure 2.8 A-B. Inset maps and data from the Northern panel. Location of inset maps shown in
Figure 2.5. Map legends as in Figure 2.5. C-E. Stereonets showing all structural data from the Hydra
(C), North Ridge (D), and Keel Ridge (E) from areas outlined by red dashed lines in A. .................. 29
Figure 2.9. Folds in the field. Black lines are contacts; orange lines are bedding form lines; pink
dashed lines are fold axial traces; dashed black lines are faults. A. Upright mesoscopic folds in
carbonates, Hydra area, Northern panel. B. Upright fold truncated by a steep reverse fault, Northern
panel. C. The steeply-plunging Osiris z-fold couplet, Osiris panel. D. The West Ridge box fold,
Osiris panel. ......................................................................................................................................... 30
Figure 2.10. A-B. Inset maps and data from the Osiris panel. Location of inset maps shown in Figure
2.5. Map legends as in Figure 2.5. Hashed areas represent ridges where modern surface creep has
shallowed the dip or plunge of measurements. C-G. Stereonets showing all structural data from
Osiris (C), West Conrad (D), Spires (E), Ibis (F) and West Ridge (G) from areas outlined by red
dashed lines in A. Note that surface bedding and fold measurements from the S-dipping limb of the
Osiris z-fold couplet are shallow because of modern-day creep and are not representative of the fold
at depth (as constrained by shallow depth oriented core measurements). H. Bedding and beddingcleavage intersection lineation (L0-1) data from all panels (the majority of which comes from the
Osiris panel). ........................................................................................................................................ 32
Figure 2.11. A schematic interpretation of the gross geometry of bedding across the Osiris panel prior
to dissection by thrust faults. Note the local northwest stratigraphic younging direction in the short
limb of the large z-fold in the centre of the study area. The legend for geological units is the same as
xvi

in Figure 2.5. Some stratigraphic units are omitted for simplicity. The approximate locations of areas
discussed in the text within this larger z-fold structure are shown for reference. ................................ 33
Figure 2.12. A. Surface structural data and oriented drill core bedding measurements from the Lower
Carbonate Member, Conrad area. Note the wide range of seemingly random geometries. B. Folds in
the Lower Carbonate Member interpreted to be slump folds. Note the curved axial surface (pink
dashed lines), the change in fold axis orientations (plunge/trend), the truncation of one fold set by
another (black truncation surfaces with orange bedding form lines), and the truncation of the folds by
homoclinal bedding on the right. ......................................................................................................... 34
Figure 2.13. Fold and fracture photographs from the Gametrail Formation, Osiris panel. A. Beddingparallel fractures and bedding-normal veins and fractures in limestone. B. Bedding-normal veins,
limestone. C. Bedding-parallel veins (outlined in red), dolostone. D. Bedding normal calcite veins in
a limestone interbed within mudstone. Note how the veins do not extend into the rheologically
weaker adjacent mudstone. .................................................................................................................. 37
Figure 2.14. Bedding-fold-cleavage relationships in the Osiris panel. Orange lines are bedding form
lines; white lines are cleavage; pink dashed lines are fold axial traces. A. Pressure-solution cleavage
developed in Gametrail Formation limestone. B. Cleavage axial planar to minor folds, Green
Siliciclastic Member of the Nadaleen Formation. C. Preferential cleavage development in mudstone
layers over siltstone and sandstone layers. Where present, the cleavage refracts between these layers.
.............................................................................................................................................................. 38
Figure 2.15. Schematic diagram of thrust evolution showing the progressive steepening of
oppositely-dipping thrusts through back-rotation and flattening. E is a schematic representation of
cross-section A-A’ in Figure 2.6. New faults in each step are highlighted in bold. ............................ 41
Figure 2.16. Schematic diagrams showing the difference in geometry after rotation of A. W-vergent
folds rotated ~70° to the south as a mechanism for forming z-folds. B. N-vergent folds rotated ~40°
to the south as a mechanism for forming thrust-parallel upright folds, such as those at Hydra. ......... 44
Figure 2.17. The progressive formation of sinuous fold trains during differential shortening between
a promontory and an embayment in the Yukon Stable Block. After Munoz et al. (2013). ................. 45
Figure 2.18. A schematic kinematic model for the structural evolution of the study area. A. Variable
foreland-vergent folds form above a detachment. The geometry of the Yukon Stable Block (projected
xvii

to surface as a blue dashed line) causes these folds to swing north. B. Thrust faulting and backrotation of higher thrusts on lower thrusts. Where the folds in A are oblique to these thrusts, their
hinges are rotated to steep geometries. C. The next thrust cannot propagate through the Yukon Stable
Block. This initiates flattening and back thrusting. The red dashed line represents the nascent back
thrust. D. The Nadaleen and Anubis back thrusts (shown in orange) initiate to accommodate
shortening. Note that the Northern, Dale and Superbowl back thrusts are omitted for simplicity. E.
The Nadaleen and Anubis faults combine to form a single segmented fault. Continued flattening
steepens the whole sequence. F. The same stage as E except with erosion to show modern-day
geometry and crosscutting relationships. ............................................................................................. 46
Figure 3.1. Location and geology of the Osiris cluster within the Nadaleen trend after Steiner and
Hickey (2021) with representative bedding measurements. Yellow stars depict the four CTGDs. .... 53
Figure 3.2. Visual characteristics of UVF calcite veins in visible (left) and shortwave UV (right)
light. A. Orange-fluorescent calcite vein adjacent to a patchy pink-fluorescent calcite vein. B.
Bedding-normal and bedding-parallel calcite veins exhibiting homogeneous pink fluorescence. C.
Zoned pink-fluorescent calcite veins crosscutting patchy-fluorescent calcite veins. D. Zoned pinkfluorescent calcite vein with realgar infilling pore space in the center of the vein. E. Pink-fluorescent
vein containing realgar within a pre-ore, non-UVF calcite vein. Cal = calcite; Lst = limestone; Rlg =
realgar; Mst = mudstone. ..................................................................................................................... 62
Figure 3.3. Cathodoluminescence responses of UVF calcite (right) with the same view in planepolarized light (left). A. Concentrically zoned calcite crystals with sharp compositional boundaries
and realgar (Rlg) infilling pore space. Some ore-stage (luminescent) calcite occurs in the wall-rock.
B. A patchy fluorescent vein in hand sample showing the most fluorescent areas have homogeneous
CL responses while less fluorescent areas have abundant concentric zoning with less luminescent
compositional layers. C. UVF calcite replacing non-UVF calcite from cleavage planes across
irregular reaction fronts........................................................................................................................ 63
Figure 3.4. Geometries of UVF veins represented in quarter rose diagrams as their angle relative to
bedding in the plane perpendicular to bedding (half core cut along the bedding-core axis
intersection). A. Sunrise deposit. n = 203. B. Osiris deposit. n = 52. C. Conrad deposit. n = 67. Note
the dominant orientation of veins at a low or high angle relative to bedding. Figure 3.2B shows a
representative sample of such a configuration. .................................................................................... 64
xviii

Figure 3.5. Petrographic characteristics of UVF calcite veins. All photomicrographs are in crosspolarized light. A. Blocky morphology of most UVF calcite crystals. B. A coarse UVF calcite grain
with bent deformation twins. C. UVF calcite vein with syntaxially-grown grains and internal subgrains. D. Comb texture UVF calcite vein comprising syntaxially-grown crystals............................. 65
Figure 3.6. Spatial distribution of UVF calcite veins in the Osiris deposit. Logs display lithology
(Lith.), As grade, Au grade, and alteration. The alteration (Alt.) column depicts the presence of
realgar, orpiment, decarbonatization or silicification (orange bars) and UVF calcite veins (pink bars).
The black bars on the left of each log show the interval fluoresced under shortwave UV light. ........ 66
Figure 3.7. Vein spacing and dimensions in the Osiris cluster. A. Non-UVF veins in drillcore (OS12-197; 425.13 – 440.88 m) from a 190 m section of least-altered Lower Carbonate Member
limestone that is >80 m beyond the edge of the inferred resource at the Conrad deposit. None of these
are UVF. B. Visible light photograph of UVF calcite veins in the Gametrail Formation from the
Osiris deposit (OS-11-086; 120.11 – 131.58m) C. Shortwave UV photo of B. All veins are UVF.
Note that the patches of green fluorescence are remnant drilling mud spots. D. Log of OS-12-197
showing lithology and As and Au concentration. The interval marked by the black bar contained no
UVF calcite veins. A representative photograph from this interval is shown in A. E. Log of OS-11086 showing lithology and As and Au concentration. ......................................................................... 68
Figure 3.8. A ~6 m interval of intensely decarbonatized rock with no veins. The photographed
interval is OS-17-259; 187.12 -195.07 m, although the upper 1.85 m of this interval contains Aumineralized dike. The Au grade of decarbonatized rock in this interval is 5.01 - 7.37 ppm (mean =
6.18 ppm), and the Mn content is 73 - 167 ppm (mean = 103.75 ppm). The core is NQ size (47.6 mm
diameter). ............................................................................................................................................. 69
Figure 3.9. Temporal associations between UVF calcite and visible alteration. A. UVF calcite +
realgar veins cutting the outer edge of a dissolution front but being cut by the middle of the
dissolution zone. Realgar is infilling pore-space within the calcite vein. B. μXRF Ca-count map of A.
C. μXRF Mn-count map of A. D. μXRF As-count map of A. Brighter colors indicate higher relative
concentrations. E. UVF calcite enveloping realgar F. UV photograph of E. G. Syntaxially-grown
UVF calcite and realgar in a vein cut by a non-UVF vein with realgar. H. UV photograph of G. Cal =
calcite; Lst = limestone; Rlg = realgar; Orp = orpiment; Br = breccia. ............................................... 70

xix

Figure 3.10. Field relationships between UVF calcite veins, faults, and dikes. A. UVF calcite veins
crosscutting fault fabrics (red dashed lines) of the Nadaleen fault (visible light on the left; UV-light
on the right). B. A UVF calcite vein crosscutting fault fabrics of the Osiris fault (visible light on the
left; UV-light on the right). C. UVF calcite veins crosscutting a ~74.4 Ma dike. ............................... 71
Figure 3.11. Geochemistry of veins. A. Box and whisker plot of EMP results. Each box represents
the interquartile range, with the median shown as the horizontal line within the box. The capped lines
(‘whiskers’) enclose all the data above the detection limit, with the number of analyses shown above
each box. The grey areas represent the detection limits ranges, and the number of analyses lower than
the detection limit is shown below this area for each box. Note that analyses below the detection limit
are not included when computing the median and interquartile range, meaning that the shown values
are higher than reality for boxes with analyses below the detection limit. For this reason, EMP data
should not be compared to LA-ICP-MS data. B-D. LA-ICP-MS results plotted as Mn vs. Fe (B), Mn
vs. Sr (C), and Mn vs Mg (D; n = 324). Dolomite analyses are not shown in D so that the scale of the
plot is appropriate for assessing Mg variations in calcite analyses. Analyses returning Si content of >
1% are not shown because this indicates that the laser has ablated a phase additional to carbonate,
and our internal 43Ca standard would no longer be valid for these analyses. Uncertainty bars show the
analytical uncertainty at two standard error. UVF calcite veins generally have high Mn contents
(>1000 ppm), with lower Fe, Mg, and Sr contents than non-UVF calcite veins and most wall-rock
carbonate. ............................................................................................................................................. 73
Figure 3.12. LA-ICP-MS REE concentrations normalized to post-Archean Australian shale (PAAS;
McLennan, 1989) for UVF calcite veins (pink), non-UVF carbonate veins (blue), and wall-rock
carbonate (grey). The median value is shown by a thick line, with thin lines representing the
minimum and maximum of the range. ................................................................................................. 74
Figure 3.13. Raman spectroscopy of carbonate veins plotted as the peak center at maximum intensity
(PCMI) of the primary vibrational mode (v1-(CO3)2-) and the full width at half maximum (FWHM)
for the same peak (n = 274). The dashed fields represent our interpretation of the mineralogy of the
samples from comparison to Raman data from each mineral in the RRUFF database (Lafuente et al.,
2015). The inclusion of Mn into the carbonate lattice generally increases the v1-(CO3)2- peak width.
.............................................................................................................................................................. 75

xx

Figure 3.14. Box and whisker plots showing Ca, Mg, Mn, Fe and Sr differences among least-altered
intervals of the Lower Carbonate Member (Conrad deposit host), Gametrail Formation (Osiris and
Sunrise deposits host), the Green Siliciclastic Member of the Nadaleen Formation, and
decarbonatized Lower Carbonate Member. The Ca content of decarbonatized rock likely represents a
small volume of overprinting ore-stage carbonate or small local zones of partial decarbonatization. 75
Figure 3.15. μXRF element count maps of a decalcification front. A. Slab scan showing
decalcification (black with realgar) of limestone (grey). B. μXRF Ca-count map of A. C. μXRF Mncount map of A. Brighter colors indicate higher relative concentrations. Note the relative lack of Mn
and Ca in the decalcified zone. Cal = calcite; Lst = limestone; Rlg = realgar. .................................... 76
Figure 3.16. C and O isotopic signature of calcite veins and wall-rock. A. δ18O and δ13C data from
powdered carbonate vein and wall-rock samples within the Lower Carbonate Member (left) and the
Gametrail Formation (right). n = 184. Thick grey lines join vein–wall-rock pairs where the wall-rock
was sampled within 10 mm of the vein. Light grey uncertainty bars are one standard deviation. UVF
calcite veins (pink) generally fall within the δ13C range of approximately -0.5 to -4 ‰. B. Box and
whisker plot of the δ13C data shown in A and C. C. Box and whisker plot of the δ18O data shown in A
and B. ................................................................................................................................................... 78
Figure 3.17. Clumped isotope thermometry sampled material and calculated temperature (TΔ47). A
UVF calcite vein (CI-7) crosscutting an early bedding-parallel, fibrous vein (CI-6). B. UVF calcite
vein (CI-8) crosscutting decarbonatized wall-rock. C. Least-altered limestone of the Upper Carbonate
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Figure 3.19. The δ13C and δ18O composition of the fluids that formed UVF calcite veins (pink circles)
corrected for temperature-dependent fractionation during calcite precipitation at 140 °C (A), 200 °C
(B) and 300 °C (C) after O’Neil et al. (1969) and Ohmoto and Rye (1979). δ13C and δ18O data from
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comparison: Earn Group (maroon line; Ansdell et al., 1989), Rackla Group (blue diamonds;
Moynihan et al., 2019), Hay Creek Group (orange diamonds; Moynihan et al., 2019), Rapitan Group
(yellow diamonds; Milton, 2015), and Coates Lake Group (green diamonds; Milton, 2015). Eocene
meteoric water (from Hofstra and Cline, 2000) is denoted with a blue box. (Note that this box
represents meteoric water from Nevada, and the δ18O of meteoric water in this study is actually
slightly lighter after correcting for latitude). The interpreted δ13C and δ18O signature of ore-fluids
from CTGDs in Nevada (at fluid temperatures of 200 °C) is shown as a striped field outlined in grey
(Hofstra and Cline, 2000). The igneous calcite box encompasses the field of measured δ13C and δ18O
values for carbonate precipitated from a carbonatite magma (Taylor et al., 1967) and the measured
δ18O range of intrusions proximal to skarn deposits (Bowman, 1998). The dashed black box
represents the δ18O values of the igneous calcite box corrected for precipitation from magma at 500
°C after O’Neil et al. (1969). A temperature of 500°C represents the low-temperature threshold for
carbonatite crystallization and provides an estimate for the maximum degree of temperaturedependent δ18O fractionation. The δ13C remains equilibrated to magmatic CO2 at -5 to -8 ‰. The
dashed blue and red arrows schematically depict buffering paths drawn through the data between a
meteoric (blue arrow) and magmatic (red arrow) fluid reservoir and rocks in the basin with which
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Figure 3.20. A one-dimensional conceptual model for the “roll-front” formation of UVF calcite
veins. This model is qualitative but is geometrically consistent (the slopes of straight lines are
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calcite) are denoted on these graphs by horizontal dashed lines. Coupled dissolution-precipitation
(CDP) replacement occurs when the fluid is supersaturated with respect to Mn-rich calcite (above the
Mn-rich calcite line) but undersaturated with respect to least-altered calcite (below the calcite line).
With increasing Mn content in the fluid, the Mn-rich calcite saturation line decreases. The Roman
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scale. F-J represents the migration of the roll front and growth of the Mn-rich calcite halo at scales
greater than the grain scale. The eventual length of the Mn-rich vein scales with the total fluid flux
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zone with δ13C- and δ18O-altered, low Sr, low Mg and low Fe calcite. The inner CRZ is Mn-rich,
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represent Mn-poor non-UVF calcite veins, and white veins represent least-altered non-UVF calcite
veins. The large arrow represents fluid flow, and the colors represent the fluid’s evolution from a
carbonate-undersaturated (purple) to a carbonate-saturated fluid (white). Cation movements between
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Figure 4.1. Geology map of the Osiris cluster with cross-section lines for the sections shown in
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Sunrise, 4.15 ppm at Conrad, and 4.33 ppm at Ibis. The inset map shows the location of the Osiris
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Figure 4.2. Chemical characteristics of ore-stage carbonates and least-altered Gametrail Formation
and Lower Carbonate Member host rocks, after Steiner et al. (2022). Black arrows show schematic
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Figure 4.3. Schematic cartoon showing how Mn and Sr whole-rock lithogeochemical analysis of
pulped drill core intervals can provide insights into the scale of flow paths in the deposit. A. A single
flow path system ~10 m wide comprising an upper Au-rich, Mn-poor decarbonatized ore zone and a
downstream Au-poor, Mn-rich ore-stage carbonate halo. This deposit is intersected by four drill holes
with 3 m lithogeochemical sample intervals. B. Schematic plot of expected Au and Mn values of the
lithogeochemical samples in A. C. A deposit comprising multiple smaller flow paths over the same
approximate volume as A. The four drill holes intersecting the deposit and the lithogeochemical
sample spacing is the same as A. D. Schematic plot of expected Au and Mn values of the
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Figure 4.4. Examples of ore-stage veins in the Osiris and Sunrise deposits. A. Realgar veinlets
overprinting pre-existing calcite veins in limestone. B. Realgar + UV-fluorescent (UVF) calcite veins
in siltstone. C. Abundant realgar veinlets in a massive dolomitized flat pebble conglomerate. D.
Realgar vein (far right of photograph) with 10 mm of disseminated realgar in the wall-rock around it.
E. Realgar vein with disseminated realgar in select beds up to 10 cm away from the vein. ............. 110
Figure 4.5. Disseminated alteration in the Osiris and Sunrise deposits. A. Realgar infilling
decarbonatized interlaminated limestone, siltstone (generally the darker layers) and dolostone. B.
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Figure 4.6. Micro XRF (μXRF) images showing the relative distribution of Ca, As, and Mn in select
samples. A. Network of bedding-parallel and bedding-normal calcite ± realgar veins. Wall-rock
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decarbonatization front does not correlate with any As enrichments. This sample may represent
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to the Lower Carbonate Member and an increase relative to the Gametrail Formation. Grey boxes
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encloses a Au resource with Au grades >4.15 ppm. Notice how Au is concentrated along the upper
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Figure 4.11. Strategy for the reconstruction of fluid flow paths in the Osiris and Sunrise deposits. A.
Sketched example of an interval with anomalous lithogeochemical As designated as disseminated
alteration because of the prevalence of disseminated alteration within that interval. B. Sketched
example of an interval with anomalous lithogeochemical As designated as vein-dominated alteration.
C. Reconstruction of flow paths in section D-D’ in Figure 4.1. Surface measurements and the drill
core intersects were used to infer bedding construction lines (1). Stratigraphic units that correlated
along these lines between holes were joined (2), and units that didn’t were pinched out (3).
Disseminated alteration was always assumed to represent bedding-parallel flow (4) and was joined to
other disseminated alteration along bedding-parallel flow paths (5). Intervals dominated by ore-stage
veins were assumed to be on a flow path that travelled upwards in any direction. However, if veinhosted alteration lined up along bedding construction lines, then the flow path was assumed to be
bedding-parallel (6). Flow paths that do not align along bedding construction lines were assumed to
have travelled upwards across layering to join another flow path (7). .............................................. 126
Figure 4.12. Correlation of stratigraphy and alteration in the Osiris deposit (A) and Sunrise deposit
(B). Corresponding section lines are shown in Figure 4.1. Mn and Sr contents for these sections are
shown in Appendix B.7. Note the general lack of correlation between both stratigraphy and
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Figure 4.13. Interpreted flow paths based on the flow path construction strategy outlined in Figure
4.11 for the cross-sections shown in Figure 4.12. Note the prevalence of cross-layer flow. Legend as
in Figure 4.12. A. Osiris deposit. B. Sunrise deposit. ........................................................................ 130
Figure 4.14. Schematic cartoon of fluid flow through pre-existing vein networks formed during
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Figure 4.15. Schematic section showing the main flow paths in the Osiris cluster. Almost all flow is
in rigid units that formed closely-spaced vein networks when they buckled during pre-mineralization
folding. Flow paths follow sites where veins are closely spaced. However, where vein spacing
increases/connectivity decreases, the fluids flow through the sedimentary rocks until they intersect
more closely-spaced veins, at which point they fracture short-circuit across layering. There is a
higher Au concentration in flow paths through sedimentary layering compared to flow paths through
veins. In general, there was no layer-parallel flow through sedimentary layering over distances of
more than a few 10s of metres, except at Sunrise, where fluids flowed through the same stratigraphic
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horizon for over 100 m. There is no continuous flow along the upper contact of the Lower Carbonate
Member or at the apex of the Conrad deposit. However, these are sites where several flow paths
coalesce and, therefore, they have a higher gold endowment than other parts of the Conrad deposit.
The Algae formation is a significant flow path because it has a closely-spaced pre-existing vein
network, but there is essentially no fluid flow through sedimentary layering in the unit, resulting in a
low Au endowment. Note the lack of fault flow paths, except locally at Conrad, and how fluid flow
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Figure 4.16. Schematic illustration of the development of a dissolution short-circuit. A. Fluid flow
along a fracture results in fluid-rock interaction along the edges of the fracture. B-C. Sustained fluid
flow enables further dissolution. Reaction fronts extend further into the rock in more permeable
horizons than less permeable ones. However, the bulk permeability of the fracture is much higher
than the layering, and the majority of fluid flow is siphoned through the fracture. D. Continued
dissolution connects to another fracture. The bulk permeability of this connected permeability
through the decarbonatized layer is now high enough to divert a significant proportion of fluids
through the new flow path. This rapid change in permeability leads to the abandonment of other flow
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Figure 4.17. Interpretations of flow paths involving intergranular and fracture-controlled flow in
Carlin-type Au deposits in Nevada. A. Schematic section of the northern Carlin trend after Rhys et al.
(2015). Fluids travel along steep normal faults before travelling laterally along specific stratigraphic
horizons with minor steep flow along pre-existing dikes. The gold shell is the approximate extent of
economic-grade Au. B. Cortez Hills, Battle Mountain-Eureka trend. Fluids travelled laterally along
the Ponderosa fault before ascending steeply-dipping faults. After Herron (2018) and Maroun et al.
(2017). The gold shell encloses 6.8 ppm Au (Muntean, 2020). C. Pipeline deposit, Battle MountainEureka trend. Fluids travelled laterally along the shallow dipping Abyss fault before egressing into
the above sedimentary units and exploiting other high- and low-angle structures in the hanging wall
of the Abyss fault. Steep fractures are shown with a small normal offset. The gold shell encloses Au
grades >0.3 ppm. After Hickey et al. (2014b). D. Genesis deposit, Carlin trend. Fluids travelled along
shallow-dipping faults and up the steeply-dipping Post-Gen fault. After Rhys et al. (2015). Gold shell
shown encloses gold grades >0.94 ppm. E. Turquoise Ridge deposit, Getchell trend. Fluids travelled
up the moderately-dipping Getchell fault and the shallow- to moderate-dipping Main dike before
egressing into steep fractures. These fractures are shown in this figure as faults with small normal
xxvii

displacements. The gold shell represents the extend of <3.4 ppm gold grades. After Muntean (2020),
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U, Mn, Rb and 238U/206Pb. D. T-W plots showing all the spots and the spots used to define the final
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Chapter 1: Introduction
Carlin-type Au deposits (CTGDs) are typically large, high-grade hydrothermal deposits that form
from deep convective fluid flow through exhumed sedimentary basins in the brittle crust (Hofstra and
Cline, 2000; Cline et al., 2005; Hickey et al., 2014a). Gold deposition occurs when the hydrothermal
fluids dissolve and sulfidate Fe-bearing carbonate rocks, precipitating gold within pyrite (Wells and
Mullins, 1979; Hofstra et al., 1991). The largest CTGDs are found in northern Nevada, where the
total Au endowment is estimated to be ~250 Moz, accounting for approximately five percent of the
global Au supply (Frimmel, 2008; Muntean, 2020). Several variables collectively determine the
eventual size and endowment of CTGDs, such as the fluid Au content (related to the Au source),
fluid-rock reactivity, fluid flux, and the permeability of different geologic features. However,
decades of research on Nevada’s CTGDs has provided at best only a partial understanding of these
variables and the processes that control them. Several authors have described geological features that
ore fluids appear to have exploited during CTGD formation (Figure 1.1). These include both highand low-angle faults (Hickey et al., 2014b; Rhys et al., 2015; Herron, 2018), permeable sedimentary
beds (Cook, 2015), brittle boudin necks (Lepore, 2013), and dikes (Muntean et al., 2007). Yet, the
reasons the fluids exploited some geological features over others are not well understood. For
example, it is not clear why lateral flow paths are dominant in so many deposits (Lepore, 2013;
Hickey et al., 2014b; Herron, 2018) despite there being abundant high-angle faults that were active at
the time of fluid flow. Additionally, several previous studies have interpreted that fluids exploit both
high-angle normal faults (Rhys et al., 2015; Cline et al., 2005) and low-angle thrust faults (Hickey et
al., 2014b), sometimes even within the same deposit (Maroun et al., 2017). These fault geometries
could not have been active simultaneously unless the fluid pressure was relatively high (Hickey et al.,
2014b), suggesting that either one fault was inactive during fluid flow or there were multiple
episodes of fluid flow. However, neither of these scenarios has been considered in CTGD genetic
models.
The CTGDs in Nevada have a common hydrothermal and tectonic history, making it challenging to
evaluate which factors have the most considerable influence on deposit size and endowment.
Consequently, the detailed study of CTGDs in different geological environments is essential for
determining what geological conditions are ubiquitously required for CTGD genesis and which
conditions favour bigger deposits. This dissertation investigates the hydrothermal regime that formed
the Osiris cluster of CTGDs, which form part of the Nadaleen trend, Yukon. Current resource
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assessments indicate that these deposits collectively have approximately an order of magnitude less
Au than a typical Nevada CTGD but similar Au grades (ATAC Resources Ltd., 2022; Muntean et al.,
2020). The tectonic setting at the time of Au-mineralization is also different, with fluid flow likely
occurring during transpression in Yukon (Gabrielse et al., 2006; Tucker et al., 2018; Monger and
Gibson, 2019) versus extension Nevada (Hickey et al., 2014a; Rhys et al., 2015). Consequently, the
Osiris cluster deposits offer an exciting opportunity to evaluate what is similar or different about the
hydrothermal regime that formed these deposits compared to the Nevada deposits and what processes
might be responsible for the apparent differences in size.

Figure 1.1. Examples of geological features controlling ore fluids at the deposit scale in Carlin-type Au
deposits.

Deep convection in the brittle crust is also responsible for the formation of several other
hydrothermal mineral deposits, such as sedimentary rock-hosted base metal deposits (Milton et al.,
2017; Rodrigues et al., 2021) and epithermal deposits (Rowland and Simmons, 2012), as well as
modern geothermal reservoirs (Wisian and Blackwell, 2004; Coolbaugh et al., 2002). Geological
2

features that control fluid flow patterns in CTGDs likely also influence patterns of fluid flow in other
these other deposit types. As the demand for metals and renewable energy increases during the global
shift from fossil fuel-based societies to sustainable alternatives, new discoveries and developments of
these resources will be required to meet this demand (Vidal et al., 2013; Herrington, 2021). The
research presented herein better equips exploration geologists to explore for resources formed within
modern or paleo deeply-convecting hydrothermal systems by developing a deeper understanding of
the geological conditions that control the size, geometry and endowment of such systems.
1.1
1.1.1

Background
Carlin-type Au-deposits in Nevada

Carlin-type Au deposits (CTGDs) are epigenetic hydrothermal mineral deposits usually hosted in
carbonate rocks (typically limestone) or, less commonly, in siliciclastic and igneous rocks within a
carbonate package (Cline et al., 2005; Muntean, 2020). Au-mineralization occurs within the lattice of
As-rich pyrite, either as rims on pre-existing pyrite or as very fine-grained disseminations (Wells and
Mullins, 1973; Kusebauch et al., 2019; Gopon et al., 2019). These Au- and As-rich pyrite grains form
as a product of a sulfidation reaction between Fe2+ liberated by mineral dissolution and Au-bearing
bisulfide complexes in the acidic, reduced fluids (Hofstra et al., 1991; Stenger et al., 1998; Cline and
Hofstra, 2000). The fluids dissolve extensive volumes of carbonate, the most significant source of
this Fe2+, creating dark-colored, “decarbonatized” rocks comprising insoluble minerals such as pyrite,
quartz and aluminosilicates with abundant pore space. Hydrothermal silica, realgar (AsS), stibnite
(Sb2S3) and orpiment (As2S3) often infill pore space in decarbonatized rocks and occur in veins near
Au-mineralization (Hofstra and Cline, 2000; Cline and Hofstra, 2000; Cline et al., 2005). Where the
fluids intersect silicate rocks, particularly dikes, they alter feldspars to clays (Cline and Hofstra,
2000; Cline et al., 2005). Collectively, this alteration results in lithogeochemical enrichments in Sb,
Tl, Hg, and especially As (Cline et al., 2005).
The fluids that formed CTGDs were dominantly meteoric waters that had partially equilibrated with
the host rocks (Hofstra and Cline, 2000; Cline et al., 2005; Barker et al., 2013). However, fluid
inclusions from ore-stage minerals in the Getchell area have a range of δD values, the two lightest of
which are most consistent with deeper-sourced magmatic or metamorphic fluids (Cline and Hofstra,
2000; Muntean, 2018). One interpretation of these data is that ore-stage fluids (and by extension,
metals) were exsolved from cooling intrusions and subsequently mixed with convecting meteoric
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waters (Heinrich, 2005; Ressel and Henry, 2006; Muntean et al., 2011). Other interpretations propose
that exchanged meteoric fluids scavenged Au from deeper sedimentary rocks (Ilchick and Barton,
1997; Person et al., 2008; Large et al., 2011) or that ascending fluids from deep metamorphic
devolatilization provided a source of Au (Hofstra and Cline, 2000). The alteration mineralogy in
CTGDs and fluid inclusion analyses suggest that the ore-fluids were mildly acidic, low salinity (2–3
wt. % equivalent NaCl), reduced fluids with temperatures of ~120 - 240 °C (Cline and Hofstra, 2000;
Hofstra and Cine, 2000; Cline et al., 2005).
The vast majority of the world’s CTGDs occur in northeastern Nevada. These deposits occur in four
main clusters or ‘trends’: the Carlin trend, the Battle Mountain-Eureka trend, the Getchell trend, and
the Independence (Jerritt Canyon) trend (Figure 1.2). Slope- to basinal-facies, Ordovician to
Devonian sedimentary rocks underlie all four of these trends (Cook, 2015). However, the Long
Canyon CTGD is hosted in platform carbonate rocks ~100 km east of the Carlin trend, demonstrating
that CTGDs do not form exclusively in carbonate slope settings (Lepore, 2013; Smith and Cook,
2018; Figure 1.2). The general consensus is that all CTGDs in Nevada formed during the Eocene
(Ressel and Henry, 2006; Cline et al., 2005; Muntean, 2020). This interpretation is based upon the
geochronology of Au-mineralized and non-altered dikes (e.g., Ressel and Henry, 2006), two Rb-Sr
dates on the rare ore-stage mineral galkhaite (Tretbar et al., 2000; Arehart et al., 2003), and a
regional Eocene thermal anomaly modelled from fission tracks in apatite grains (Cline et al., 2005;
Hickey et al., 2014a). These apatite fission track data suggest that the deposits formed at depths
shallower than ~3 km (Cline et al., 2005; Hickey et al., 2014a).
1.1.2

Carlin-type hydrothermal regimes in Nevada

The bulk meteoric δ13C and δ18O composition of the ore fluids in CTGDs (Hofstra and Cline, 2000)
indicate that the transporting regime in the deposits was circulating meteoric waters to depth. These
fluids were most likely hydrostatically pressured since steep active faults provided connected
permeability pathways to depth during deposit genesis (Hickey et al., 2014a; Rhys et al., 2015), and
there is no evidence in the rock record of high fluid pressures (e.g., laminated veins, hydraulic
breccias, etc.; Cline et al., 2005). The circulation of meteoric waters to depth (i.e., convection)
requires horizontal variations in fluid density, usually as a result of the thermal expansion of the fluid
(Cathles, 1997). Horizontal density differences can arise in two ways. (i) Free convection initiates
when infinitesimal random thermal perturbations and resulting horizontal density gradients
spontaneously amplify and become ordered on a macroscopic level, forming convection cells. Free
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convection is steady-state and self-sustaining, provided that a critical threshold, known as the
Rayleigh number, is exceeded (Cathles, 1997). The three most significant geological variables that
influence the Rayleigh number are the geothermal gradient, the permeability of the crust, and the
depth to which connected permeable pathways are maintained (Cathles, 1997). Increasing the
magnitude of any of these variables during free convection increases the vigour of fluid flow
(Cathles, 1997). Free convection is generally low energy and results in the fluids exploiting a wide
range of permeable geological features, including significant lateral flow (Cathles, 1997; Person et
al., 2008). (ii) Forced convection cells develop when geological heterogeneity causes lateral fluid
density differences (Cathles, 1997). The most common such scenario is the heating of fluids
proximal to a cooling intrusion. Forced convection cells are high-energy systems, creating verticallyfocused flow paths with large temperature gradients (Rowland and Simmons, 2012). Consequently,
the thermal driver of fluid flow is a critical control on the deposit architecture. The thermal driver of
fluid flow in Nevada’s CTGDs is still debated, with most researchers favouring either a forced
convection model where flow was induced by the thermal flux from cooling intrusions (Ressel and
Henry, 2006) or a free convection model in response to an enhanced geothermal gradient (Ilchik and
Barton, 1997; Person et al., 2008; Figure 1.3). The current ambiguity over what initiated fluid
convection in CTGDs is a significant knowledge gap that inhibits unanimity on any genetic model.
The resultant flow paths in convective systems are a product of the energy (buoyancy) of the fluids,
which is primarily a result of different thermal drivers as discussed above, and the permeability
structure of the crust during fluid flow. Several studies have attempted to document flow paths in the
Nevada CTGDs and thus offer some insights into the geological features exploited by the fluids.
Some studies used the distribution of mineralogical alteration (e.g., Muntean et al., 2011) or Au (e.g.,
Rhys et al., 2015) to interpret flow paths in deposits. While these methods undoubtedly highlight
structures exploited by the ore fluids, care must be taken not to assume that these were the only flow
paths into the deposit. For example, many deposits have laterally-elongate ore bodies (Rhys et al.,
2015; Bradely et al., 2020), and many workers interpret that the fluids travelled lateral along these
layers, usually from a feeder structure (e.g., Rhys et al., 2015). However, there may be more cryptic
fluid conduits into the deposit from below.
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Figure 1.2. The distribution of Carlin-type Au deposit in Nevada showing the four major trends (Carlin,
Battle Mountain-Eureka, Getchell, Jerrit Canyon) and the platform-hosted Long Canyon deposit. After
Maroun et al. (2017).

Studies that map fluid flow pathways more comprehensively also take into account cryptic C and O
isotope alteration of carbonate rocks (e.g., Lepore, 2013; Hickey et al., 2014b, Vaughan, 2013;
Herron, 2018). Such C and O isotopic alteration arises when carbonate recrystallizes in the hot ore
fluid and adopts a more fluid-buffered δ13C and δ18O composition (Barker et al., 2013). As such,
carbonate rocks with anomalously different δ13C and δ18O compositions to rocks that have not
interacted with the fluid also represent fluid pathways, despite the fact these rocks often show no
other evidence for visible or chemical alteration (Barker et al., 2013; Hickey et al., 2014b).
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Figure 1.3. Schematic illustration of convection patterns for A. Free convection and B. Forced convection
induced by the thermal flux from an intrusion at 2.5 km depth. Free convection pattern and crustal
permeability after Person et al. (2008).

The 3D directionality of fluid flow is difficult to assess because there are also no temperaturedependent mineral or element zonations that might indicate relative positions within a flow path.
However, lateral fluid flow, often over several kilometers, has been recognized at several deposits
(Lepore, 2013; Hickey et al., 2014b; Vaughan, 2013; Herron, 2018). Fluid flow is also locally
vertical, for example, up the steeply-dipping Post-Gen fault (Rhys et al., 2015) or steep fracture
networks (Muntean et al., 2007). Whether the lateral flow zones are local deviations from an
otherwise vertical system or vice versa is not yet known.
Mineral precipitation and dissolution are other significant controlling factors on permeability in
convecting cells, especially when the flow is through carbonate rocks, as is the case for CTGDs. The
deposition of minerals in pore space reduces the permeability of the flow path, rendering it less
favourable to upstream fluids and potentially preventing further convection (Cathles, 1997).
Conversely, the dissolution of minerals can create porosity, potentially diverting fluids through new
flow paths and changing the flow regime’s topology. Carbonate minerals readily and rapidly dissolve
in most hydrothermal fluids, such that the precipitation and dissolution of minerals along flow paths
in carbonates should have a more significant influence on permeability than in silicate rock-hosted
flow regimes. The feedback between mineral dissolution and precipitation is an area that has received
little academic attention to date.
1.1.3

The Osiris cluster Carlin-type Au deposits, Nadaleen trend, Yukon

The Nadaleen trend is a ~25 km, east-southeast–trending array of CTGDs, Au-showings, and
anomalous As in soil in eastern-central Yukon, on the northern margin of the Selwyn basin (Figure
1.4; Coulter et al., 2018; Tucker et al., 2018). Au-mineralization occurs in two clusters: the Anubis
cluster in the west and the Osiris cluster in the east (Figure 1.5). Host rocks in the Anubis cluster are
7

dominantly Silurian to Devonian shales and skeletal limestones, and Au-mineralization occurs
proximal to faults (Tucker et al., 2018). The Osiris cluster comprises the Conrad, Osiris, Sunrise, and
Ibis deposits. The Neoproterozoic slope facies Lower Carbonate Member of the Nadaleen Formation
and Gametrail Formation are the main host-rock to Au-mineralization in the Conrad deposit and the
Osiris, Sunrise, and Ibis deposits, respectively. Cretaceous shortening deformed these rocks as part of
the Selwyn fold-and-thrust belt (Mair et al., 2006). This Cretaceous deformation led to the formation
of thrust faults and upright, thrust-parallel folds. Au-mineralization and As soil geochemical
anomalies are generally bound to the north and south by the eastern termini of the Kathleen Lakes
and Dawson faults, respectively, which were active during fold-thrust deformation (Moynihan,
2016). The northern Cordillera has been in a transpressive stress state since the end of Cretaceous
shortening (Gabrielse et al., 2006; Monger and Gibson, 2019).

Figure 1.4. Study area location. A. Simplified geological map of the Selwyn basin and surrounding carbonate
platforms east of the Tintina fault. After Colpron and Nelson (2011).
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Figure 1.5. Simplified geology map of the Nadaleen trend after Steiner and Hickey (2021), showing the main
deposits and Au-mineralized showings.

Like the CTGDs in Nevada, Au-mineralization in the Nadaleen trend occurs in arsenian pyrite, often
as rims on pre-existing pyrite (Tucker et al., 2018). Bulk S isotopic analysis of pyrite by Beaton
(2015) suggests that pyrite with ore-stage rims has a lighter S isotope composition than other pyrite
generations. Au-mineralization mostly occurs in decarbonatized rock, almost always with porosityinfilling realgar and sometimes silicification. Realgar and orpiment also occur as veinlets or within
calcite veins near Au-mineralization (Tucker et al., 2018). Gold generally correlates well with As,
Sb, Hg and Tl, as in the deposits in Nevada. Two mafic-to-intermediate igneous dikes intrude the
Neoproterozoic rocks, and these host Au-mineralization in several drill hole intercepts. One of these
dikes yielded a mean U-Pb zircon date of 74.4 ± 1 Ma (Tucker, 2015), providing an upper age
constraint on Au-mineralization and a lower age constraint on folding as the dikes are not folded or
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foliated. A ~42 Ma apatite fission-track (AFT) age for Au-mineralized sandstone provides a lower
Au-mineralization age constraint because it indicates that the rocks have not been hotter than ~100
°C since that time (Tucker et al., 2018; Hickey et al., 2014a).
The Selwyn basin comprises Neoproterozoic sedimentary rocks deposited during the rifting of
Rodinia overlain by a passive margin sequence. This same rock succession is present throughout the
North American Cordillera, where it is also host to the CTGDs in Nevada (Figure 1.6; Lund, 2008).
The CTGDs in both Yukon and Nevada formed in slope-facies rocks within this succession.
However, the Selwyn basin did not undergo widespread extension at the time of Au-mineralization
like the rocks in Nevada did. Rather, it was likely in transpression (Gabrielse et al., 2006). Thus,
there is an interesting intrigue of similarities and differences in the geological conditions between the
CTGDs in Yukon and Nevada at the time of hydrothermal fluid flow (Arehart et al., 2013).
1.2

Objectives and approach

The research presented in this dissertation collectively addresses the following research question:
What geological features and hydrothermal processes controlled the size and grade of the Osiris
cluster CTGDs?
The research herein addresses this question through the detailed study of the hydrothermal system
that formed the Osiris cluster deposits, with a particular focus on the Osiris and Sunrise deposits. The
research strategy used in this dissertation divides this overarching research question into three
sequential objectives.
1. Characterize the geometry and structure of the deposit at the time of Au-mineralization and
assess how this geometry and structure formed.
This objective investigates the geometry and structure of the deposit at the time of fluid flow to
provide context for later flow path interpretation. A detailed understanding of the kinematic history
of the deposit and the timing of structural events relative to fluid flow is essential for interpreting
fluid-controlling geological features. At the start of this project, there were only preliminary
constraints on the timing of Au-mineralization derived from geochronology of a Au-mineralized dike
and two modelled AFT ages from Au-mineralized sandstones constraining the timing of Au
deposition to ~74 to 42 Ma (Tucker, 2015; Tucker et al., 2018). However, the kinematics of
significant structures and the relative timing of fluid flow and deformation were still largely
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unknown. Additionally, it was not known whether there had been any considerable deformation since
Au-mineralization that would need to be accounted for when mapping fluid flow pathways in the
deposit.
Palmer and Kuiper (2017) presented a structural model for the Osiris cluster, which it was hoped
would provide a structural basis upon which this study could build. This model was based on
measurements from oriented drill core, and it became clear very early on in the study that these
measurements were not matching structural data measured at the surface. Upon further investigation,
nearly all the oriented measurements were found to have been calculated relative to the wrong core
axis. When this data was recalculated relative to the correct core axis, it matched the surface
measurements well (Steiner et al., 2018; Steiner and Hickey, 2021). The model presented by Palmer
and Kuiper (2017) was based on this erroneous data, and consequently, a new kinematic model for
the area was developed as part of this research, which is presented in Chapter 2. The new kinematic
model is based on geometric relationships constrained over approximately three months of surface
field mapping during the summer of 2017 and 2018. Surface geological observations were
augmented with drill core logs and petrography.
The timing of Au-mineralization relative to deformation is constrained by crosscutting relationships
between faults, folds, dikes and ore-stage carbonate veins. This data is presented as part of Chapter 3,
which investigates how ore-stage carbonate veins form. Additionally, the absolute timing of fluid
flow and its temporal relationship to the wider tectonics of the Selwyn basin are explored in Chapter
5.
2. Assess which geological features controlled fluid flow in the deposit and how these features
promoted or hindered fluid-rock interaction
Once the permeability structure at the time of fluid flow and the physicochemical controls on fluid
flow are understood, the presence of alteration relative to the geology can be used to track flow paths
in the deposit. In CTGDs, the distribution of decarbonatized and silicified rock, realgar and orpiment,
anomalous δ13C and δ18O compositions of carbonate rock, and lithogeochemical enrichments of Au,
As, Tl, Hg, and Sb all delineate flow paths used by the fluids (Cline et al., 2005; Barker et al., 2013).
These methods are helpful in tracking fluid flow pathways at the deposit scale, but using them to
assess fluid-controlling structures smaller than the lithogeochemical sample interval is expensive and
time-consuming (e.g., Lepore, 2013). This research uses these methods in conjunction with insights
11

from ore-stage carbonate veins to map flow paths and assess the geological features that control fluid
control in the deposit. Many researchers have reported on possible ore-stage carbonate veins in
CTGDs in Nevada, mainly based on their chemical composition and the inclusion of alteration
minerals within them (Ilchik, 1990; Hofstra et al., 1991; Kuehn and Rose, 1995; Hofstra and Cline,
2000; Emsbo et al., 2003; Vaughan et al., 2016; Herron, 2018; Zhou et al., 2019). However, these
studies never explored how they formed, and the inability to distinguish ore-stage calcite veins from
other calcite vein generations in the field generally limited their usefulness for interpreting flow
paths. Herron (2018) recently identified UV-fluorescent (UVF) veins at the Cortez Hills CTGD in
Nevada and suggested that these may be ore-stage veins. If this is the case, then UV fluorescence can
be used to quickly and reliably identify ore-stage carbonate veins and therefore use their distribution
and geometry to assess the geological features exploited by the fluids. Chapter 3 investigates genetic
links between UVF carbonate veins and Au-mineralization in the Osiris cluster based on their
chemistry and field relationships. It also explores the mass transfer processes that result in the veins’
anomalous isotopic and elemental chemistry, the latter of which is responsible for their fluorescence.
Chapter 4 analyzes deposit-wide variations in the same elements and isotopic compositions that form
ore-stage carbonate veins to identify the geological features exploited by the fluids and estimate the
relative size of fluid flow pathways. The 3D distribution and style (disseminated or vein-dominated)
of alteration (realgar, orpiment, decarbonatization and silicification), As, and Au in several crosssections through the Sunrise and Osiris deposits was also examined. Together, these data are used to
assess which geological features and processes help control the Au endowment of the deposit.
3. Appraise possible thermal drivers of fluid flow
Different thermal drivers produce convection cells of different sizes, durations and energy. For
example, forced convection cells induced by the thermal energy of a shallow intrusion are highenergy systems, creating vertically-focused flow paths with large temperature gradients, as is the case
in many epithermal deposits (e.g., Rowlands and Simmons, 2012). In comparison, free convection is
much lower energy and results in the fluids exploiting a wider range of permeable geological
features, including significant lateral flow, such as in sediment-hosted base metal deposits (e.g.,
Milton et al., 2017; Rodrigues et al., 2021). Consequently, the thermal driver of fluid flow is a critical
control on the eventual architecture of the hydrothermal regime.
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Figure 1.6. Location of CTGD trends in North America relative to the distribution of sedimentary rocks
deposited during the rifting of Rodinia and the subsequent passive margin development. After Lund (2008).
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Genetic models for Nevada’s CTGDs invoke either magmatic forced convection (e.g., Ressel and
Henry, 2006) or amagmatic free convection (Ilchik and Barton, 1997; Person et al., 2008) as fluid
flow drivers. These two drivers are also possibilities for the Osiris cluster deposits. The bulk
directionality of fluid flow compared to the permeability anisotropy of the deposit, the magnitude of
thermal gradients, and temporal-spatial relationships between hydrothermal flow, magmatism and
deformation can help infer thermal drivers. Spatial-temporal relationships can be used to rule out
certain scenarios (for example, a magmatic driver is impossible if there was no magmatism at the
time of hydrothermal flow). However, care must be taken not to assume causations from correlations.
To assess thermal drivers, laser-ablation (LA)-ICP-MS U-Pb geochronology was undertaken on orestage calcite to establish temporal relationships to regional tectonics and magmatism. A small
clumped isotope thermometry study, presented in Chapter 2, was also undertaken to establish ore
fluid temperatures and interpret ore fluid origins, which provide clues on the thermal driving force.
The results of the geochronology study and possible interpretations of thermal drivers are presented
in Chapter 5.
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Chapter 2: The formation of steeply-plunging folds in fold-and-thrust belts
2.1

Introduction

The presence of >100 m wavelength steeply-plunging folds near the eastern terminus of the Dawson
fault, Yukon, is atypical for classic fold-and-thrust belts. Although folds are prevalent in fold-andthrust belts, they typically form with shallow fold axes and have axial surfaces sub-parallel to thrusts.
At a basic geometric level, there are three ways to create steeply-plunging folds in thrust belts
(Figure 2.1; Word and Spörli, 1979): (i) form a fold and then rotate it into a steeply-plunging
geometry (Figure 2.1A), (ii) heterogeneous strain along the fold hinge to generate curvilinear hinge
lines (Figure 2.1B), or; (iii) steepen bedding and then subject it to layer-parallel shortening (Figure
2.1C) or non-coaxial shear (Figure 2.1D). Folds that form through non-coaxial shearing have axial
surfaces oblique to the shear plane (Figure 2.1; Gray and Foster, 1998). The first method is relatively
common within thrust belts, where moderately-plunging folds can occur as the result of thrusting
over lateral ramps (De Lamotte et al., 1995). However, the plunge of such folds is typically shallow
to moderate (much less than 60°; Wilkerson et al., 2002). Curvilinear fold hinges resulting from
heterogeneous strain along the fold axis can exist at strain transfer zones, such as tear faults and in
shear zones (e.g., Cooley et al., 2011). These folds are also typically moderately plunging (Cooley et
al., 2011), although a giant steeply-plunging (> 70°) interpreted sheath fold in the Hongliuhe foldand-thrust belt, China, has been documented by Cleven et al. (2015). Most researchers consider it
unlikely that very steeply-plunging folds formed through heterogeneous strain alone if they show no
evidence for high strain, such as a stretching lineation (Holdsworth et al., 2002).
Several steeply-plunging folds are present in the Nadaleen area, approximately between the Nadaleen
and Stewart rivers, Yukon, Canada (Figure 2.2, Figure 2.3). These folds occur between the eastern
terminations of the regional Dawson fault, which generally marks the northern boundary of the
Selwyn basin, and the enigmatic Kathleen Lakes fault. Contemplating why these folds occur where
they do, how they formed, and their relation to thrusts structures are significant outstanding
knowledge gaps regarding the tectonic evolution of the northern Selwyn basin. The folds also host
Carlin-type gold deposits in the area (Steiner et al., 2022). Thus, knowing the geologic conditions
under which the folds formed is critical for considering the geologic potential of an area for hosting
similar deposits elsewhere. In the only prior detailed structural study in the area, Palmer and Kuiper
(2017) interpret the steeply-plunging folds in the area to have formed after shortening of beds that
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had previously been tilted. However, there are several issues with the data used to develop this
model, which are discussed below.

Figure 2.1. Ways of forming steeply-plunging folds. A. Rotate pre-existing folds. B. Heterogeneous strain
along the fold hinge forming a sheath fold with a curvilinear fold hinge. C. Steepen bedding then subject it to
layer-parallel contraction. D. Steepen bedding then subject it to non-coaxial shear. Red planes represent
cleavage. After Word and Spörli, 1979.

This paper presents geological maps outlining the geometry of folds and faults in the Nadaleen area
and uses these geometric and timing constraints to propose a genetic model for the area's steeply
plunging folds. The maps were compiled from over 1500 structural measurements collected over the
summers of 2017 and 2018. Our data set was augmented by bedding measurements and outcrop
descriptions from exploration geologists working for ATAC Resources Ltd. (ATAC) and Barrick
Gold Corporation (Barrick). The maps and stereonets presented herein include these data and that
collected by the Yukon Geological Survey as part of a regional mapping program (Moynihan, 2016).
The distribution of lithologies in drill core helped define the 3D geometry of units, and bedding
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measurements from oriented core were used in stereonet interpretations where available. Additional
soil lithogeochemistry and surface chip samples from ATAC's databases aided our interpretations of
poorly exposed areas. The full version of the map has been published by the Yukon Geological
Survey (Steiner and Hickey, 2021) and is available for download at:
https://data.geology.gov.yk.ca/Reference/95902.
2.2

Regional geological setting

The study area is located on the Selwyn basin's northern margin between the Stewart and Nadaleen
rivers in the Wernecke Mountains (The southeast corner of Yukon Geological Survey quadrangle
106C; Figure 2.2). The rocks within this region are slope to basinal facies sedimentary rocks that
were deposited between the Cryogenian and Permian, initially during the rifting of Rodinia in the
Neoproterozoic, and subsequently as the passive margin to the rifted continent in the Paleozoic
(Moynihan et al., 2019; Ross, 1991).
Paleozoic shallow water rocks deposited on the North American shelf bound the Selwyn basin to the
north and east. In the east, these shelf rocks collectively form the Mackenzie carbonate platform.
North of the Selwyn basin lies the Yukon Stable Block, comprising Laurentian Proterozoic
sedimentary rocks overlain by the Paleozoic Ogilvie carbonate platform (Lenz, 1972). Paleozoic
shallow water siliciclastic rocks overlie both the carbonate platforms and the Selwyn basin (Abbott,
1990a, b, 1997a). The Yukon Stable Block is separated from the rest of ancestral North America by
the Richardson Trough (Figure 2.2; Lenz, 1972; Gabrielse, 1967). This feature is a NNW-oriented
intracratonic basin filled with Cambrian to Devonian sedimentary rocks (Lenz, 1972, Morrow et al.,
1999). It is generally interpreted as a failed continental rift (Pugh, 1983). Another aulacogen known
as the Misty Creek Embayment lies to the east of the study. It developed on the western margin of
Laurentia during the Cambrian to Silurian and is cut by a series of NW-striking faults (Cecile, 1982;
Cecile et al., 1997). The Misty Creek Embayment is separated from the Selwyn basin by the Niddery
High (Cecile, 1982; Cecile et al., 1997; Figure 2.2). Carbonate platform rocks and underlying
Proterozoic Laurentian sedimentary rocks separate the Misty Creek Embayment from the Richardson
Trough, although NNW-striking faults link both aulacogens through this area (Norris, 1982a, b). The
study area is located adjacent to the southeastern apex of the Yukon Stable Block (Figure 2.2).
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Figure 2.2. Study area location. A. Simplified geological map of the Selwyn basin and surrounding carbonate
platforms east of the Tintina fault. After Colpron and Nelson (2011). Niddery High location after Cecile
(2000).

Several terranes accreted to the western margin of North America during the Mesozoic, initially
bounding the Selwyn basin to the west. This accretion resulted in deformation throughout the Selwyn
basin and the formation of the Selwyn and Mackenzie fold-and-thrust belts from the Late Jurassic to
the Early Cretaceous (Mair et al., 2006). In the northern Selwyn basin, this deformation manifests as
a predominantly S-dipping series of moderately dipping in-sequence thrusts and thrust-parallel
shallowly plunging folds (Moynihan, 2016; Colpron et al., 2013; Abbott, 1990a, 1997b, c; Strauss et
al., 2014). The most significant thrust in this sequence is the Dawson fault, which juxtaposes basinal
rocks in its hanging wall against shelf rocks in its footwall along most of its strike (Figure 2.3;
Abbott, 1990b, 1997a). Many researchers interpret the Dawson fault as a reactivated Proterozoic
fault that controlled sedimentary facies changes during basin formation (Mair et al., 2006; Abbott,
1990b, 1997a). Our study area is located at the eastern terminus of this thrust sequence, where the
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strain dissipates into broader spaced thrust splays and thrust-parallel folds to the south of the study
area (Figure 2.3; Moynihan, 2016).
The next major structure north of the Dawson fault is the sub-parallel Kathleen Lakes fault (Figure
2.2, Figure 2.3). This enigmatic structure has been interpreted previously as either a foreland splay of
the Dawson fault (Roots, 1990) or a strike-slip fault (Moynihan et al., 2019). Mapped stratigraphic
offsets across the fault are not consistent with either end-member dip-slip or strike-slip motion
(Moynihan, 2016). Like the Dawson fault, the Kathleen Lakes fault is interpreted as a reactivated
Paleozoic fault based on stratigraphic correlations across the fault (Abbott, 1990b). This timing
means that it also would have had a role in accommodating Mesozoic shortening. In the vicinity of
the study area, the Kathleen Lakes fault marks the boundary between the Yukon Stable Block and the
Selwyn basin rather than the Dawson fault (Figure 2.3). Whether the Kathleen Lakes fault and the
Dawson fault are kinematically linked remains unknown.
2.3

Lithostratigraphy

The Nadaleen area is underlain by conformable Cryogenian to Permian slope facies sedimentary
rocks. The Cryogenian to Cambrian succession comprises the Windermere Supergroup and the
overlying Narchilla and Gull Lake formations (Figure 2.4). These rocks were deposited during the
rifting of Rodinia and are described extensively in Moynihan et al. (2019). The oldest rocks in the
Nadaleen area are Cryogenian quartz-pebble conglomerates and sandstones interpreted to be the
upper part of the Twitya Formation (Moynihan et al., 2019). These rocks are overlain by the
distinctive Ice Brook Formation, which comprises a granular silty limestone interbedded with crossbedded siltstone and shale at its base with mainly mudstone and siltstone and minor sandstone above.
This mudstone package contains abundant soft-sediment deformation, rare olistoliths and local
breccias (Moynihan et al., 2019). The overlying black shale of the Ediacaran Sheepbed Formation
was not observed during this mapping, but it is present at the Nadaleen Formation type section less
than 2 km east of the mapping area (Moynihan, 2016) and is, therefore, inferred in the stratigraphic
succession in the east of the map. The overlying Nadaleen Formation is separated into five members.
The Lower Carbonate Member is a laterally discontinuous well-bedded silty limestone with
characteristic bedding-parallel fibrous calcite veins. This member locally contains abundant folds
interpreted to be the product of soft-sediment deformation and slumping (see below). The
Heterolithic Member consists of siltstone, sandstone and rarer conglomerate lenses, all containing
features indicative of soft-sediment deformation (Moynihan et al., 2019). The upper contact of this
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unit is locally marked by a distinctive dolostone layer containing a mosaic-like network of black
quartz veinlets. The Black Shale Member comprises shale with minor siltstone interbeds. The Upper
Carbonate Member largely consists of limestone similar in character to the Lower Carbonate
Member but interbedded with upward-fining rudstone and black shale identical to the Black Shale
Member. In the Nadaleen Formation type section, the Black Shale Member overlies the Upper
Carbonate Member, whereas the opposite relationship exists in this study. The uppermost unit of the
Nadaleen Formation is the Green Siliciclastic Member, which comprises characteristically maroon or
green interbedded mudstone and siltstone.

Figure 2.3. Simplified geological map of the northeastern Selwyn basin. Note the limited distribution of
Platform and Pre-Windermere rocks that define the Yukon Stable Block north of the Dawson and Kathleen
Lakes faults. The geology in this map is taken from Yukon Geological Survey map sheets 115P, 116A, 106D,
105M, 106C, 105N, 106B, and 105P (Yukon Geological Survey, 2022; all last updated in May 2018).

The Gametrail Formation is a distinctly orange-buff weathering limestone unit (locally dolomitized)
with interbedded flat-pebble rudstone, mudstone, and matrix-supported angular rudstone. Its top is
defined locally by a poorly sorted rudstone with clasts up to several meters in size. The overlying
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Blueflower Formation has three members: a Lower Member of distinctive brown-colored, thinlybedded sandy limestone with local sandstone, mudstone and rudstone interbeds; A Middle Member
of thinly-bedded, brown-colored siltstone with local dolostone, limestone and sandstone interbeds;
and an Upper Member that is absent in the east of the Nadaleen area, but is inferred at depth in the
west based on its presence south of the Nadaleen area, where it is a mudstone and siltstone unit with
local interbedded limestone (Moynihan, 2016). The Algae Formation, the youngest unit in the
Windermere Supergroup, is a thick carbonate unit composed mainly of thick-bedded dolostone with
local tiger dolomite textures and rudstone horizons. In the east of the Nadaleen area, the lower part of
the Algae Formation is a black-colored, well-bedded limestone unit. The Ediacaran to Cambrian
Narchilla Formation overlies the Algae Formation and is a grey and maroon-colored mudstone with
local siltstone and sandstone beds. The Cambrian Gull Lake Formation has a Basal Member of
poorly-sorted rudstone with clasts up to 1 m in size. The upper part of the formation consists of
mudstone and bioturbated sandstone with the characteristic trace fossil Thalassinoides. In the West
Ridge area of the map, the upper part of the Gull Lake Formation is a thinly-bedded limestone unit
with interbedded sandstone and rudstone. In this same area, there is a thin orange-weathering
limestone overlying the Gull Lake Formation, which is possibly equivalent to the upper carbonates of
the Sekwi Formation (Turner et al., 2011).
The overlying Ordovician to Permian sequence (Figure 2.4) is interpreted to represent post-rift,
passive margin, sedimentation (Moynihan et al., 2019), possibly with intermittent rifting events
(Cecile et al., 1997). The ages of these rocks were determined from conodonts, graptolites, and fossil
macrofauna, as summarized in Steiner and Hickey (2021). The Ordovician Duo Lakes Formation is a
package of graptolite-bearing black chert and carbonaceous mudstone with lensoidal white chert
interlayers. Locally, the base of the unit comprises a thickly-bedded to massive lithic rudstone with
clasts of lime mudstone, carbonaceous mudstone, chert and fragments of crinoids and brachiopod
shells in a lime mudstone matrix. An orange weathering unit of bioclastic-lithic rudstone interbedded
with tuff and rudstone overlies the Duo Lake Formation, which in turn is overlain by a thickly
bedded bioclastic rudstone. This rudstone consists of fragments of corals, bryozoans,
stromatoporoids, brachiopods and crinoids, with the upper portion of the unit present as graded,
medium-bedded to laminated lime mudstone and wackestone. Bioclastic rudstone at the very top of
the unit contains two-holed crinoids, indicating that this unit spans from possibly the Late Ordovician
to the Middle Devonian (Johnson and Lane, 1969). Shales of the Devonian Earn Group overly the
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sequence of bioclastic rudstones. The lower part of the group consists of black shales with local
interbeds of bioclastic rudstone containing two-holed crinoids. A thickly bedded to massive
bioclastic limestone containing corals, brachiopods, bryozoans, trilobites and crinoids is present in
the west of the Nadaleen area, and the presence of two-holed crinoids in this unit indicates that it is
likely a lateral equivalent to the lower Earn Group. The upper part of the Earn group comprises bluegrey shale with interlayered chert-arenite and rare chert pebble-conglomerate. This unit laterally
transitions into chert-arenite and chert pebble-conglomerate-dominated facies. The youngest rocks in
the Nadaleen area are a sequence of Mississippian to Permian shales and interbedded crinoidal
limestones and rudstones. Two of these carbonate units are thick and resistive enough that they
define the precipitous terrane of the Spires region in the center of the map.
There are two sets of intrusive igneous rocks in the Nadaleen area. The oldest is an Ordovician
equigranular, hornblende-gabbro which Tucker et al. (2018) dated at 465.6 ± 4.4 Ma (U-Pb laser
ablation ICP-MS apatite dating), 452 ± 31 Ma (Ar-Ar hornblende), and 409 ± 32 Ma (Ar-Ar
hornblende). The younger set of intrusive rocks is represented by a pair of mafic dikes in the Conrad
area dated by Tucker et al. (2018) at 74.4 ± 1 Ma (U-Pb zircon). These dikes are locally porphyritic
with plagioclase phenocrysts and are extensively altered such that remnant clinopyroxene and
amphibole are rare (Tucker, 2015).
2.4

Structural geology

Below we describe the geometry of structures, temporal relationships between them and evidence for
deformation mechanisms in three structural domains, or panels. The southernmost domain, which we
call the Dawson panel, is bound to the north by the Dawson, Fog, and Anubis faults and by the
mapping limits in all other directions (Figure 2.5). The Northern panel occurs north of the Anubis
and Nadaleen faults. The final panel, termed the Osiris panel, occurs between the Nadaleen fault and
the Dawson fault and is constrained laterally by the Fog fault and the eastern limit of the mapping
(Figure 2.5). There is very little direct kinematic evidence in the rocks in the study area: fault fabrics
are largely absent, and fault rocks are not well-exposed at the surface. In drill core, rare fault fabrics
were observed but could not be oriented as the core was highly fractured and broken up.
Consequently, we had to infer kinematic relationships from mapped geometries and crosscutting
relationships.
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Figure 2.4. Stratigraphic column. Unit symbols after Steiner and Hickey (2021).
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The structural data reported by Palmer and Kuiper (2017) from oriented drill data are highly variable
and do not match the surface structural data outlined in this paper. We re-calculated the oriented drill
hole data reported by Palmer and Kuiper (2017) from the original alpha and beta angles and found
that almost all the data had been calculated relative to the wrong core axis. When calculated to the
correct core axis, this data matches the surface data well.

Figure 2.5. Simplified geological map showing the three different structural panels and the extent of inset
maps shown in later figures.

2.4.1

Dawson panel

The Dawson panel is characterized by a homoclinal sequence of sub-vertical, ESE-striking, SSWyounging strata (Figure 2.6, Figure 2.7). The Dawson fault, which partially defines the northern
boundary of this domain, is the most significant fault in this panel. It dips steeply (≥ ~70°) to the
south and has a net reverse offset that typically places Neoproterozoic rocks over Paleozoic rocks.
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This reverse motion, coupled with the general parallelism between the fault surface and bedding in
its hanging wall, suggests it is a steepened fore thrust. The Dawson fault anastomoses along its strike,
creating fault-bound horses. In the east of the map, it terminates into several faults that splay to the
north, where it separates the homoclinal Dawson panel from the macroscopic steeply-plunging folds
of the Osiris panel. In the west side of the mapping area, bedding in the footwall of the Dawson fault
is also homoclinal and S-younging; hence it is included in the Dawson panel. This western region of
homoclinal bedding is separated from the Osiris panel by the approximately NE-striking Fog fault.
Permian limestones and shale occur on both sides of this fault, and its presence is interpreted from
the distinct geometric change in bedding across the fault. The marked change in geometry across the
fault and abundant internal faulting within the Osiris panel prohibits any robust interpretations of the
Fog fault's dip direction or kinematics. The north of the Dawson panel is bound by the Anubis fault,
which is constrained by drilling to dip ~45 ° to the north. The Anubis fault has a net reverse offset
where it meets the Fog fault, placing Ordovician to Devonian limestone over Devonian Earn Group
shale. However, it has a net normal offset along the rest of its extent to the west. Here, it juxtaposes
Devonian Earn Group shales and Permian shales and limestone in the north against Devonian
limestone and dolostone to the south. This Devonian carbonate unit is not observed anywhere else in
the Nadaleen area and is time-equivalent with the Earn Group shales, as evidenced by the presence of
two-holed crinoids in each of these units.
There are no macroscopic folds within the Dawson panel and only two instances of minor folds, both
of which have shallow plunges and steeply-dipping WNW-striking axial surfaces. Moynihan (2016)
mapped several macroscopic folds with similar geometries to the southwest, many of which occur
near broadly-parallel thrusts dipping ~60 ° to the southwest. Apart from a single instance of beddingoblique pressure-solution cleavage observed in one outcrop of Cambrian Gull Lake Formation
sandstone, deformation in the Dawson panel was not accompanied by foliation development.
2.4.2

Northern panel

In the Northern panel, bedding generally youngs to the south. Immediately north of the Anubis fault,
homoclinal bedding dips and youngs to the south with a strike oblique to the Anubis fault (Figure
2.6, Figure 2.8A). This bedding is truncated by the strike-parallel Northern fault, which has a subvertical geometry and juxtaposes Ordovician to Devonian rocks in the north against the younger
Devonian rocks in the south. The Northern fault meets the Anubis fault south of the Hydra area
(Figure 2.5, Figure 2.8A). However, the limited drilling in this area and the lack of surface exposure
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obscured crosscutting relationships between the two faults. The Ordovician to Devonian carbonates
north of the Northern fault contain several mesoscopic folds with shallow-plunging hinges and subvertical NW-striking axial surfaces (Figure 2.9A). These parasitic folds form part of the map-scale,
upright Hydra anticline-syncline fold couplet with steeply NNE- and SSW-dipping limbs folded
around a steep NNE-dipping axial surface and a shallow fold axis (Figure 2.8C). The Hydra fold
couplet reduces in amplitude to the east and is cut by the Northern fault to the west. The northern
limb of the fold couplet dips steeply to the south and is cut by the Dale fault. The Dale fault strikes
sub-parallel to bedding but has an unconstrained steep dip to the southwest or northeast (Figure 2.6,
Figure 2.8A). It juxtaposes Ediacaran rocks of the Blueflower and Gametrail formations in the north
against the younger Ediacaran Algae Formation to the south, which is at least ~700 m of dip-slip
offset. Northwest of the Dale fault, this bedding is homoclinal, S-dipping and S-younging. However,
north of the Dale fault on North Ridge, these same units form part of map-scale, upward-facing,
moderately-plunging folds with N-striking axial surfaces (Figure 2.8D). Parasitic folds are developed
in the antiformal hinge of these folds. To the north, along strike of the axial surfaces, bedding dips
uniformly to the south again, suggesting that the folds dissipate to the north. To the south, they are
cut by the Dale fault at a high angle (Figure 2.8A).
On Keel Ridge, a series of upward-facing, SSW-plunging folds with steep NE-striking axial surfaces
result in synclinal keels of Gametrail Formation carbonate overlying Nadaleen Formation mudstones
(Figure 2.8E). The top of this ridge mainly comprises float material with little in situ outcrop. The
folds are inferred from the distribution of rock units and the presence of mesoscopic folds in outcrop
along the ridge. These mesoscopic folds have sub-vertical axial surfaces that strike northeast to
north-northeast with moderately-plunging hinges. Overall, this fold geometry is interpreted to be
equivalent to the moderately-plunging folds with approximately NNE-striking axial surfaces
discussed above, in which the axial surface strike gradually changes from north to east and the fold
plunge shallows, moving east. This interpretation explains the lack of steeply- or moderatelyplunging folds east of Keel Ridge in the Northern panel (including Brown Ridge to the east).
The east of the Northern panel is dominated by Ice Brook Formation mudstones (Figure 2.8B), which
have a well-developed foliation that is sub-vertical and strikes approximately west-northwest.
Bedding is difficult to identify and trace across an outcrop and often varies apparently randomly over
a scale of a few meters. An anticline is present in the western wall of the Nonad Superbowl valley,
truncated by the Superbowl fault (Figure 2.9B). Although we do not have any structural
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measurements from this fold, it appears to have an approximately E-striking, steep axial surface and
a shallow hinge line. On the east side of the Nonad Superbowl valley, bedding is homoclinal and
dipping shallowly to the east, implying that the Superbowl fault must truncate the anticline axial
surface (Figure 2.8B). The Superbowl fault is a steep, N-dipping fault that places Cryogenian Twitya
Formation rocks on top of younger Cryogenian Ice Brook Formation mudstone.

Figure 2.6. Cross-sections on section lines shown in Figure 2.5. Legend as in Figure 2.5.

2.4.3

Osiris panel

The Osiris panel is characterized by steeply-plunging z-shaped folds (Figure 2.10). The bestcharacterized fold in this area is the upright, NE-striking and ~70° SSW-plunging Osiris z-fold
couplet (Figure 2.9C, Figure 2.10A, C). Other z-folds include the West Conrad fold couplet (Figure
2.10D) and the Spires fold hinges (Figure 2.10B, E). These folds all have steep to sub-vertical, NEto NNE-striking axial surfaces and steeply-plunging axes. Throughout the Osiris panel, the folded
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stratigraphy youngs to the southwest within the axial planes to the folds, indicating that the latter are
SW-facing. In the Spires region, fossil macrofauna and conodont data indicate that the stratigraphic
sequence youngs to the northwest (Steiner and Hickey, 2021). The steeply-dipping, NE-striking beds
in this region likely represent the short limb of a regional-scale z-fold (Figure 2.11). The Ibis warp is
an open anticlinal flexure with a steeply-plunging fold axis and NE-striking axial surface, which may
also be an open-closure equivalent to these z-folds (Figure 2.10F). The West Ridge fold comprises
two adjacent anticlinal hinges, forming a box fold with a wavelength of ~500 m (Figure 2.9D, Figure
2.10G). The fold axes plunge steeply to the south, and it has two converging sub-vertical axial
surfaces, one that strikes northwest and one that strikes northeast.

Figure 2.7. A-C. Inset maps and data from the Dawson panel. Location of inset maps shown in Figure 2.5.
Map legends as in Figure 2.5. D. Stereonet showing all structural data from the Dawson panel.
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Figure 2.8 A-B. Inset maps and data from the Northern panel. Location of inset maps shown in Figure 2.5.
Map legends as in Figure 2.5. C-E. Stereonets showing all structural data from the Hydra (C), North Ridge
(D), and Keel Ridge (E) from areas outlined by red dashed lines in A.

Drilling in the Conrad deposit indicates that the Lower Carbonate Member of the Nadaleen
Formation has an apparent antiformal geometry that simultaneously plunges both east and west and
wraps towards the Nadaleen fault. Limited deep drilling through this body indicates that similar
siliciclastic rocks bound the deposit to the north and south. Consequently, previous researchers have
interpreted this structure as a double plunging anticline (Palmer and Kuiper, 2017; Pinet et al.,
2022a). However, drilling to depths of over 400 m through the middle of the structure has never
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intersected older rocks that would be expected in the core of such a fold. The bulk bedding and fold
data from the Lower Carbonate Member at Conrad are scattered and do not define any systematic
geometry (Figure 2.12A). The Lower Carbonate Member contains abundant internal folds, which are
disharmonic and have a wide range of geometries (Figure 2.12B). These folds often truncate one
another with no indication of strain along the truncation surface and are sometimes bound by
homoclinal beds. The geometry of these folds is highly anomalous relative to other mesoscopic folds
in the Nadaleen area. We suggest that these folds are soft-sediment slump folds and that the Lower
Carbonate Member was deposited as a mass wasting deposit that thins laterally and towards its toe.
When steepened, this lenticular geometry resembles an upright antiform. The siliciclastic rocks
intersected by deep drilling on the north side of the Lower Carbonate Member may belong to the
upper part of the underlying Sheepbed Formation, rather than being part of the overlying Heterolithic
Member of the Nadaleen Formation folded across an antiform.

Figure 2.9. Folds in the field. Black lines are contacts; orange lines are bedding form lines; pink dashed lines
are fold axial traces; dashed black lines are faults. A. Upright mesoscopic folds in carbonates, Hydra area,
Northern panel. B. Upright fold truncated by a steep reverse fault, Northern panel. C. The steeply-plunging
Osiris z-fold couplet, Osiris panel. D. The West Ridge box fold, Osiris panel.
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Figure 2.10 (this page and previous page). A-B. Inset maps and data from the Osiris panel. Location of inset
maps shown in Figure 2.5. Map legends as in Figure 2.5. Hashed areas represent ridges where modern
surface creep has shallowed the dip or plunge of measurements. C-G. Stereonets showing all structural data
from Osiris (C), West Conrad (D), Spires (E), Ibis (F) and West Ridge (G) from areas outlined by red dashed
lines in A. Note that surface bedding and fold measurements from the S-dipping limb of the Osiris z-fold
couplet are shallow because of modern-day creep and are not representative of the fold at depth (as
constrained by shallow depth oriented core measurements). H. Bedding and bedding-cleavage intersection
lineation (L0-1) data from all panels (the majority of which comes from the Osiris panel).
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The z-shaped folds are cut by all faults in the Osiris panel, including the Dawson and Nadaleen
faults, which define the southern and northern boundaries of the panel, respectively. The Nadaleen
fault bounds the Conrad deposit and is well constrained through diamond drilling. It dips ~60° to the
north and has a net reverse displacement. The Nadaleen fault can be traced west to the centre of the
mapping area, where it abruptly deviates to the south along a well-constrained N-striking structure
that cuts the Dale fault southwest of Keel Ridge (Figure 2.8A). The Nadaleen fault likely intersects a
northern splay of the Dawson fault to the east, although crosscutting relationships are not clear. The
Nadaleen fault manifests as a cataclastic fault zone up to ~60 m wide in the Conrad deposit drill core.
A WNW-striking mafic dike, dated by Tucker et al. (2018) at 74.4 Ma, dips ~70° to the north in the
footwall to the Nadaleen fault zone and locally intersects it. The dike occurs in the drill core as both
coherent bodies, typically ~50 cm wide, and brecciated clasts ranging from 1 to 30 cm when present
in the fault zone. These dike intercepts are spatially restricted to intervals a few meters in length and
generally line up approximately along strike of other dike intercepts, suggesting that the dike cuts the
fault zone. Local movement on the Nadaleen fault post-dike emplacement may have been enough to
break the dike but not transport it any significant distance within the fault zone. Alternatively, the
local brecciation of the dike may be a result of movement on later crosscutting NW-striking faults
discussed below. In either case, there was likely no significant slip on the Nadaleen fault after 74.4
Ma.

Figure 2.11. A schematic interpretation of the gross geometry of bedding across the Osiris panel prior to
dissection by thrust faults. Note the local northwest stratigraphic younging direction in the short limb of the
large z-fold in the centre of the study area. The legend for geological units is the same as in Figure 2.5. Some
stratigraphic units are omitted for simplicity. The approximate locations of areas discussed in the text within
this larger z-fold structure are shown for reference.
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Figure 2.12. A. Surface structural data and oriented drill core bedding measurements from the Lower
Carbonate Member, Conrad area. Note the wide range of seemingly random geometries. B. Folds in the
Lower Carbonate Member interpreted to be slump folds. Note the curved axial surface (pink dashed lines),
the change in fold axis orientations (plunge/trend), the truncation of one fold set by another (black truncation
surfaces with orange bedding form lines), and the truncation of the folds by homoclinal bedding on the right.
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The Conrad deposit is cut by a series of steep NW-striking faults with a strike length of up to a few
hundred meters (Figure 2.10A). These faults cut and offset the Nadaleen fault zone and appear to
offset the Conrad dikes. There are likely several of these small faults within the Conrad deposit based
on the widespread evidence for faulting in drill core from the Conrad deposit (Steiner et al., 2018).
Additional examples of NW-striking faults occur in the other structural panels of the mapping area,
nearly all of which have an apparent dextral offset. Similar dextral offsets of lineaments across short
northwest striking features are also abundant in geophysical data (airborne resistivity; internal ATAC
data).
The E-striking Sunrise fault cuts through the middle of the Osiris panel. It borders the Sunrise deposit
and has a geometry that is locally well-constrained through diamond drill intercepts. The fault dips
~70° to the south and has a sinuous surface trace. In the Osiris area, where z-folds have a steep
westerly plunge, the fault has an apparent dextral displacement in plan view (Figure 2.10A). Further
to the west in the West Ridge area, the Sunrise fault cuts through and has sinistrally displaced a steep
E-plunging z-fold (Figure 2.10B). This geometric relationship implies that movement on the fault
was near perpendicular to the current earth's surface (i.e., dip-slip motion) and that it post-dated
development of the z-folds. The apparent lateral offset of the upper contacts of the Ordovician to
Silurian limestone and the Blueflower Formation requires approximately 700 – 1100 m of reverse
movement across the Sunrise fault, suggesting it likely represents a steepened fore thrust. In plan
view, it seems that, like the Dawson fault, the Sunrise fault is also splaying to the east, with a splay
connecting the Dawon and Sunrise faults to the south (Figure 2.10B). To the west, the Sunrise fault
can be traced north of the Spires area, where it meets the N-striking segment of the Nadaleen fault
and the eastern extension of either the Anubis or Northern fault.
In the Spires area at the western end of the Osiris panel, steeply plunging fold hinges are cut by
several steep NE-striking faults (Figure 2.9). The stratigraphic succession is repeated across these
faults, as evidenced by the presence of three hinges in Permian limestone when there are only two
Permian limestone units. The faults terminate against the Dawson fault to the south and are truncated
by the Sunrise fault to the north with no correlatable structures identified north or south of the
Sunrise or Dawson faults, respectively. Therefore, these faults are interpreted to be kinematically
linked to the Dawson and Sunrise faults rather than cut by them.
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2.4.4

Vein and foliation development associated with folding

Map-scale folds developed in carbonate strata tend only to develop smaller-scale parasitic folds in
their hinge regions. Individual carbonate layers define map scale fold geometries and typically
exhibit an approximately Class 1B fold profile geometry with little change in bedding-normal
thickness from limb to hinge. These folds typically have well-developed vein networks containing
veins typically oriented either normal (Figure 2.13A-B) or parallel (Figure 2.13C) to bedding. In
general, veins are much more common within map-scale fold hinge areas than in homoclinal domains
and are more abundant in dolostone units than limestone units. However, within folds, the
distribution of veins varies: sometimes veins are well-developed in the hinge of parasitic folds (e.g.,
Figure 2.13D); other times, veins are absent in parasitic fold hinges but are present along fold limbs.
Drill core from the Osiris fold couplet exhibits abundant carbonate veining, most of which is either at
a high-angle or low-angle to bedding (Figure 2.13D). Intervening mudstone units are generally
absent of veins. These mudstone units are much thicker between map-scale carbonate fold hinges
than in areas of homoclinal bedding and are intensely folded in these hinge zones.
Carbonate units rarely have a sub-vertical foliation that strikes west-northwest and is present on mapscale fold limbs (Figure 2.14A). In thin-section, this fabric is a pressure-solution cleavage, and it is
locally present in other carbonate thin sections as short (mm-scale) discontinuous pressure solution
seams. The fabric was only ever observed within a single limb of map scale folds and was never
recognized in carbonate parasitic folds. Consequently, it is not known whether this fabric transects
the map scale folds or is axial planar to them. However, the plunge of bedding-cleavage intersection
lineations (L0-1) ranges from shallow to steep (Figure 2.10H), suggesting that bedding was not
uniform before it developed. Argillaceous units have a pervasive fabric, which has the same
geometry as that observed in carbonate units and is axial planar to steeply-plunging parasitic folds in
fold hinges (Figure 2.14B). In argillaceous units, the cleavage readily refracts between mudstone and
siltstone layers (Figure 2.14C). The axial surfaces of map-scale folds likely also refract in a similar
manner between carbonate and argillaceous units, which may explain some of the variability in axial
surface orientation in the Osiris panel.
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Figure 2.13. Fold and fracture photographs from the Gametrail Formation, Osiris panel. A. Bedding-parallel
fractures and bedding-normal veins and fractures in limestone. B. Bedding-normal veins, limestone. C.
Bedding-parallel veins (outlined in red), dolostone. D. Bedding normal calcite veins in a limestone interbed
within mudstone. Note how the veins do not extend into the rheologically weaker adjacent mudstone.

2.5
2.5.1

Discussion
Steepened thrusts, flattening and back thrusting

The Dawson fault and the Sunrise fault are both interpreted to be foreland-dipping thrust imbricates
upon which hanging wall bedding ramped, which is consistent with interpretations of previous
workers for the Dawson fault in regions along strike to the west (Colpron et al., 2013). The steep
(>70°) dip of the Dawson and Sunrise faults is not optimal for reverse slip. They likely steepened
after thrust movement ceased, probably through back-rotation on structurally lower thrusts during insequence thrusting. Assuming that the faults initially formed with a dip of ~30°, the thrusts and
bedding must have back-rotated a further ~40° after they formed. Bedding to the north of these faults
is still very steep, suggesting additional thrusts to the north along which the higher thrust sheets have
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rotated. Although there are no fore thrusts identified north of the Dawson fault to the west of the
Nadaleen area, bedding is still steeply S-dipping, suggesting that there are fore thrusts in this area
and that must be cut by other faults such that they are not exposed at the surface.

Figure 2.14. Bedding-fold-cleavage relationships in the Osiris panel. Orange lines are bedding form lines;
white lines are cleavage; pink dashed lines are fold axial traces. A. Pressure-solution cleavage developed in
Gametrail Formation limestone. B. Cleavage axial planar to minor folds, Green Siliciclastic Member of the
Nadaleen Formation. C. Preferential cleavage development in mudstone layers over siltstone and sandstone
layers. Where present, the cleavage refracts between these layers.

Several faults link the Dawson and the Sunrise fault, such as the Fog fault and NE-striking fault sets
that slice up the short limb of a regional z-fold in the Spires region (Figure 2.10B). Such NE-striking
faults do not occur elsewhere in the Nadaleen area, suggesting that they are kinematically linked to
the Dawson and Sunrise faults, possibly representing linking splays associated with the termination
of the Dawson fault. The Sunrise fault itself might also be a splay of the larger Dawson fault at a
more regional scale.
The north dipping Nadaleen fault has a net reverse motion, implying that it either formed as a back
thrust or as a S-dipping normal fault that was rotated through the vertical. We favour the former
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interpretation as the Nadaleen fault cuts folds, implying that the Nadaleen fault was active after fold
formation. The Nadaleen fault's 70° dip to the north suggests that it has not been back-rotated on fore
thrusts, as this would result in a shallow dip. Consequently, the fault likely formed after movement
has ceased on the fore thrusts. The Nadaleen fault abruptly changes strike southwest of Keel Ridge
(Figure 2.8A), and this may represent the development of a local tear fault that transfers slip onto a
higher fault segment to the south. We interpret this tear fault as connecting to the Anubis fault, which
is the only other fault in the Nadaleen area to have a distinctly northern dip. Thus, the Anubis and
Nadaleen faults are kinematically linked segments of the same reverse fault system. This
interpretation implies that the Anubis fault cuts the Sunrise fault, which explains why it is missing
from the west of the Nadaleen area. The apparent normal offset on the Anubis fault results because
the thrust cuts the fore thrust sequence, juxtaposing rocks from different thrust sheets (Figure 2.6).
The Northern, Dale, and Superbowl faults are all steep and separate older rocks to the north from
younger rocks to the south. Geometrically, these faults could be S-dipping normal faults or steepened
N-dipping reverse faults that post-date fore thrust back-rotation. They cut folds in the Northern panel,
implying that they were active after the folds formed. The general parallelism between the Northern
fault and the Hydra folds suggests that the Northern fault may have formed as a break-back thrust.
We consider it unlikely that there was a period of extensional faulting between fold formation and
thrust formation and consequently interpret the Northern, Dale and Superbowl faults to be N-dipping
reverse faults that formed after fore-thrusting. The Nadaleen-Anubis tear fault cuts the Dale fault.
Assuming that the Northern and Dale faults have similar histories given their similar geometry and
kinematics, the Anubis fault likely also cuts the Northern fault. Consequently, the Northern and Dale
faults formed before the Nadaleen-Anubis fault.
The Northern, Dale and Superbowl faults are severely misoriented for reverse motion during
contraction and likely steepened after their formation. These faults did not steepen much through
back-rotation on fore thrusts since this would rotate bedding and fold axial surfaces in the hanging
wall of these faults back to a shallow geometry. The faults could have back-rotated through insequence back thrusting, for instance, on the Nadaleen-Anubis fault. However, this rotation could not
have been more than ~20° to preserve the steep geometry of bedding. We suggest that the remainder
of the steepening was accommodated through flattening with a bulk north-south shortening direction.
This flattening would have steepened both the fore and back thrusts. The Nadaleen fault is also
misoriented, albeit not as severely, and thus was likely also flattened, but to a lesser degree than the
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Dale, Northern and Superbowl faults. The Anubis fault is not somewhat misoriented for a thrust fault
and may have only steepened a little since its formation.
We propose that the observed fault patterns reflect progressive steepening and flattening during
contraction against a rigid backstop (Figure 2.15). The development of in-sequence fore thrusts led to
the back-rotation of fore thrusts until they were too steep for further slip (Figure 2.15A-B). The
relatively high cohesive strength of the backstop prevented the further propagation of fore thrusts,
and the strain was instead accommodated through flattening and the formation of the Dale, Northern,
and Superbowl back thrusts, which cut the fore thrust sequence (Figure 2.15C). The NadaleenAnubis fault was the latest back thrust and may have accommodated some minor back-rotation
(Figure 2.15E). Further flattening occurred until the high cohesive strength of the backstop was
overcome, resulting in the forward propagation of the fore thrust sequence into the backstop. This
model is similar to that proposed by Butler (1987), in which fore thrusts that were impeded from
migrating towards the foreland in the European Alps flattened and developed sequential back thrusts
that steepened through back-rotation on lower back thrusts and flattening. Numerical and analogue
sandbox models further show that the hanging wall of backstop-impeded fore thrusts deform through
back thrusts, especially when the backstop contact is steep (McClay and Buchanan, 1992; Bonini et
al., 2000; Erikson et al., 2001). In the Nadaleen area, these back thrusts cut the fore thrust sequence
and steepen through back-rotation and flattening, which is something that has not been observed in
numerical and analogue models. We suggest that this cutting relationship may occur when the fore
thrust sequence is over steepened to the point that no slip occurs along the thrusts and it behaves as a
coherent body.
The latest faulting in the mapping area manifests as short (up to a few hundred meters strike), NWstriking faults that cut the Nadaleen fault (Figure 2.10). These faults represent the youngest
deformation event identified in our study and may have formed long after thrusting ceased. The
faults all have a sub-vertical dip, and nearly all of them have an apparent dextral displacement that
offsets steep bedding, suggesting that they may be dextral strike-slip faults.
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Figure 2.15. Schematic diagram of thrust evolution showing the progressive steepening of oppositely-dipping
thrusts through back-rotation and flattening. E is a schematic representation of cross-section A-A’ in Figure
2.6. New faults in each step are highlighted in bold.

2.5.2

Buckle folding prior to thrust imbricate formation

Crosscutting relationships indicate that folding pre-dates thrusting in the Nadaleen area. Thick
carbonate bodies control the wavelength of folds at the map scale and locally contain abundant
carbonate veins, particularly in fold hinges. Carbonate layers folded actively (buckled) with layerparallel extension in the outer arc resulting in abundant bedding-normal carbonate veins (Cosgrove,
2015). The bedding-parallel veins likely formed during the onset of layer-parallel shortening when
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mode I extensional fractures opened along horizontal bedding planes. Argillaceous units folded
passively, with significantly thicker hinge regions containing abundant parasitic folds between
thicker carbonate layers. Buckle folds may form at the tip of thrust ramps (thrust propagation folds)
or above decollements (detachment folds; Butler et al., 2020). There are no thrust ramps in the hinges
of buckle folds in the Nadaleen area, suggesting they formed above a decollement. The presence of
box folds (Figure 2.9D) supports this interpretation as these fold geometries generally form as
detachment folds in mechanically-anisotropic layered rocks (Mitra, 2002).
The regional WNW-striking sub-vertical pressure-solution fabric likely developed during the initial
folding event, especially in argillite units, in which this fabric is axial planar to mesoscopic folds
(Figure 2.14B). The wide spread in L0-1 plunge (Figure 2.10H) may result from cleavage
development in soft-sediment deformed rocks. Alternatively, if the cleavage continued to develop as
the folds were rotating, the cleavage could locally cut these folds where the rotated fold axial surface
is oblique to the bulk shortening direction.
2.5.3

Steeply-plunging fold formation through rotation

The fault-fold timing relationships discussed above rule out one of the models for steeply-plunging
fold formation outlined in the introduction: the folds formed before bedding was steep, indicating
that model iii (Figure 2.1C-D) was not responsible for forming the folds. We cannot rule out that
local variations in fold plunge resulted from heterogeneous strain (model ii; Figure 2.1B). However,
the lack of any stretching lineations suggests that strain gradients along fold hinge lines were
relatively minor and likely not responsible for the map-scale steeply-plunging folds in the area. Our
preferred interpretation is that the folds were rotated to their steep geometry (model i; Figure 2.1A),
which is consistent with the timing relationships discussed above. A combination of S-directed backrotation on fore thrusts and probable flattening steepened bedding by over 70 ° throughout most of
the Nadaleen area. Similar steepening of originally shallowly-plunging folds could produce the
steeply-plunging fold geometries observed in the Nadaleen area (Figure 2.16A). Similar scenarios
where shortening was accommodated first by folding and then by thrusting have been described in
other orogens, such as the Irish Variscides (Cooper et al., 1986). Back-rotation on thrusts occurs
around the strike line of the thrust towards the hinterland direction, which can be approximated as Sdirected rotation around a horizontal east-west axis for the Nadaleen area. Unrotating the modern
fold geometry around this axis suggests that the folds must have initially been W- or NW-verging
with moderately E- or SE-dipping axial surfaces and shallow fold plunges that were highly oblique to
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the strike of the thrust faults (Figure 2.16A). A possible origin for this initial fold geometry is
discussed below. Shallow plunging folds, such as those in the Hydra area, were also steepened during
thrusting. S-directed back-rotation of these folds did not change the hinge geometry because it is
approximately parallel to the strike of fore thrusts (Figure 2.16B). However, the axial surfaces of
these folds, which are sub-parallel to fore thrusts, would have steepened during back-rotation and
flattening. The degree that these folds steepened depends on their genetic relationship with the thrusts
that steepened them. The folds may have been ramped up a thrust imbricate, in which case, they
would have steepened the full 70 ° since their formation, implying that they were originally nearrecumbent folds. Alternatively, the thrusts may have formed through the limb of foreland-vergent
folds as break thrusts with a geometry sub-parallel to the folds' original axial surface. In this case, the
folds were not initially ramped up the fault and only experienced the same back-rotation and
flattening as the thrust plane, such that they remain parallel. The initial fold geometry in this latter
scenario is a shallow-plunging N-verging fold with an axial surface inclined to the south (Figure
2.16B). We consider this initial geometry much more likely than a recumbent fold, and thus, this is
our preferred interpretation.
Our model differs from the previous model for the Nadaleen area proposed by Palmer and Kuiper
(2017). They suggested that folding occurred during NE-SW-directed shortening after bedding was
previously tilted to the south. However, this is inconsistent with the fault crosscutting relationships
and the WNW-striking fabric described in this paper.
2.5.4

The Yukon Stable Block backstop and the formation of steeply plunging folds

The variation in fold geometry in the Nadaleen area requires that the orientation of folds relative to
the nascent fore thrusts upon which they eventually rotate varies from parallel to highly oblique, with
rotation of the latter resulting in steeply-plunging folds (Figure 2.16). Steeply-plunging folds are
generally limited to the Osiris panel, suggesting that the variation in initial fold geometry was not
random but rather changed in space. The apparent eastward shallowing of fold hinges and rotation of
axial surfaces in the Northern panel may represent such a change in space. We suggest that a verticalaxis rotation in the fold train resulted in folds in the east of the Nadaleen area being oblique to the
nascent thrusts while folds in the west were approximately parallel. During subsequent back-rotation
and flattening, the oblique folds adopted a steeply-plunging hinge, whereas the hinge lines in the
parallel folds remained shallow (Figure 2.16).
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Figure 2.16. Schematic diagrams showing the difference in geometry after rotation of A. W-vergent folds
rotated ~70° to the south as a mechanism for forming z-folds. B. N-vergent folds rotated ~40° to the south as a
mechanism for forming thrust-parallel upright folds, such as those at Hydra.

Vertical axis rotations often result from differential movement over a decollement, such that one part
of the structure moves further or at a faster rate than other parts (Reiter et al., 2011; Munoz et al.,
2013). This differential movement could result from variations in the shape or speed of the indentor
or rheological variations (Reiter et al., 2011; Lickorish et al., 2002; Keep, 2000). We suggest that a
promontory of the rigid Yukon Stable Block impeded the foreland translation of the decollement in
the west, whereas an embayment (possibly part of the Misty Creek Embayment) in the more eastern
parts of Yukon Stable Block enabled free and faster translation. (Figure 2.17). The resultant
differential movement of the decollement resulted in an anticlockwise vertical-axis rotation in the
decollement and genetically-related folds in its hanging wall (Figure 2.17, Figure 2.18A). There was
no vertical-axis rotation in the incipient fore thrust sequence, despite these thrusts likely forming as
fold break thrusts in folds oriented parallel to the nascent thrust surface. Instead, the thrusts decouple
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from the pre-existing fold structure to the east, where they terminate as a series of splays (Figure
2.18B). We suggest that fore thrusts in the mapping area (including the Dawson fault) only
accommodated shortening against the Yukon Stable Block. In the east, where we suggest there is an
embayment in the Yukon Stable Block, the uninhibited foreland translation of the decollement likely
resulted in much lower differential stresses that repressed the eastward propagation of the fore
thrusts.

Figure 2.17. The progressive formation of sinuous fold trains during differential shortening between a
promontory and an embayment in the Yukon Stable Block. After Munoz et al. (2013).

The Yukon Stable Block was likely also a backstop to foreland thrust propagation as a result of the
relative differences in crustal composition and thickness between the Yukon Stable Block and basinal
rocks. Such a backstop led to thrust steepening, back thrusting and flattening, as discussed above
(Figure 2.15). Additional thrusts exist north of the Nadaleen area, some of which encompass
Proterozoic sedimentary rocks that form the Yukon Stable Block basement (Blussen, 1974). These
faults suggest that eventually, the thrust sequence propagated into the Yukon Stable Block backstop.
2.5.5

The Kathleen Lakes and Dawson faults

The Dawson fault has previously been interpreted as a reactivated Paleozoic syn-sedimentary fault
based on the lack of Middle Proterozoic and younger strata in its footwall compared to its hanging
wall and the presence of Devonian Earn Group rocks on either side of the fault (Aboott, 1990). Our
mapping has shown that the Paleozoic sedimentary succession in the footwall of the Dawson fault
lies conformably over the Neoproterozoic rocks. Consequently, there is no significant facies change
across the Dawson fault in the Nadaleen area that would suggest it is a reactivated syn-sedimentary
fault. West of the Beaver River, the Dawson fault marks a significant facies change, with Yukon
Stable Block rocks to its north and basinal sedimentary rocks to its south (Figure 2.3). However, this
relationship can also arise simply from a large-displacement thrust rather than a reactivated syn45

sedimentary fault, particularly if the thrust localized over a basement normal fault (e.g., Tavernelli,
1996; Bonini et al., 2000, 2012).

Figure 2.18. A schematic kinematic model for the structural evolution of the study area. A. Variable forelandvergent folds form above a detachment. The geometry of the Yukon Stable Block (projected to surface as a
blue dashed line) causes these folds to swing north. B. Thrust faulting and back-rotation of higher thrusts on
lower thrusts. Where the folds in A are oblique to these thrusts, their hinges are rotated to steep geometries.
C. The next thrust cannot propagate through the Yukon Stable Block. This initiates flattening and back
thrusting. The red dashed line represents the nascent back thrust. D. The Nadaleen and Anubis back thrusts
(shown in orange) initiate to accommodate shortening. Note that the Northern, Dale and Superbowl back
thrusts are omitted for simplicity. E. The Nadaleen and Anubis faults combine to form a single segmented
fault. Continued flattening steepens the whole sequence. F. The same stage as E except with erosion to show
modern-day geometry and crosscutting relationships.
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The most significant facies change in the vicinity of the Nadaleen area is across the Kathleen Lakes
fault, which generally juxtaposes Yukon Stable Block rocks to its north against basinal rocks to its
south (Figure 2.3). This facies difference has also been used as evidence that the Kathleen Lakes
fault is a reactivated Paleozoic fault (Abbott, 1990b). Like the Dawson fault west of Beaver River,
this relationship can arise from a large displacement thrust with the facies-controlling basin fault in
the footwall of the thrust. Given the similarity of the Kathleen Lakes fault north of our mapping area
and the Dawson fault west of Beaver River, we follow the suggestion of Roots (1990) and propose
that they might be kinematically linked. Were the Kathleen Lakes fault to be extrapolated along
strike through the large Beaver River valley it occupies, it would meet the Dawson fault
approximately where the Dawson fault deviates to the south (Figure 2.3). Therefore, we suggest that
the Kathleen Lakes fault is the eastern continuation of the Dawson fault and that the Dawson fault as
mapped east of this confluence is a foreland thrust splay. This interpretation does not discount the
previously-proposed idea that the Kathleen Lakes fault is a strike-slip fault. The steep orientation of
the Kathleen Lakes fault is a favourable orientation for strike-slip reactivation during the Cenozoic,
where the transpressional tectonics dominated the Cordillera (Gabrielse et al., 2006; Monger and
Gibson, 2019).
2.6

Conclusions

Folds in the Nadaleen area in the northern Selwyn basin have steeply-plunging fold axes that are
atypical for thrust belts. Fold, bedding, and fault crosscutting relationships indicate that these folds
pre-dated thrusting and were likely back-rotated on structurally lower thrusts and flattened to their
steep geometry. However, some of the folds must have originally been oblique to the thrusts to
explain their post-rotation geometry. We propose a model (Figure 2.18) in which the folds bend
around a vertical axis as they interact with embayments and promontories in the Yukon Stable Block
margin. These folds were then cut and back-rotated by thrust faults, including the Dawson and
Sunrise faults.
The Yukon Stable Block acted as a backstop which impeded thrust propagation. Consequently, the
fore thrust sequence flattened and internally deformed through back thrusting. The back thrusts cut
the fore thrust sequence and also steepened through back-rotation and flattening, with the youngest
backthrust, the segmented Nadaleen-Anubis fault, the shallowest. Our model suggests that the
Kathleen Lakes fault may have initiated as a thrust fault and might be kinematically linked to the
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Dawson fault. Neither the Dawson fault nor the Kathleen Lakes fault has to be a reactivated
Paleozoic fault, as suggested by previous workers.
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Chapter 3: ‘Roll-front’ mass transfer of carbonate cations in Carlin-type gold
deposits: insights from UV-fluorescent calcite veins
3.1

Introduction

Carlin-type gold deposits (CTGDs) form when gold-bearing hydrothermal fluids flow through and
interact with carbonate rocks. This fluid-rock interaction transfers mass along the flow path, resulting
in extensive zones of decarbonatized rock and haloes of hydrothermal carbonate with δ13C and δ18O
isotopic compositions and chemistry that are distinct from rocks that were unaffected by
hydrothermal fluid flow (hereafter referred to as least-altered rocks; Barker et al., 2013; Lepore,
2013; Vaughan, 2013; Hickey et al., 2014b; Herron, 2018). Most CTGDs also contain carbonate
veins, many of which have distinctive luminescent properties, isotopic signatures, and mineralogy
that suggest they precipitated from hydrothermal ore fluids (e.g., Vaughan et al., 2016; Herron, 2018;
Zhou et al. 2019). The close juxtaposition of carbonate dissolution and precipitation zones raises the
question of how these ore-stage carbonates form and why the fluids switch between carbonatedissolving and carbonate-precipitating.
Recent studies on carbonate-hosted hydrothermal systems suggested that some ore-stage carbonate
formed through the replacement of least-altered carbonate, often as pseudomorphs (Barker et al.,
2013; Vaughan et al., 2016; Herron, 2018; Zhou et al. 2019). At temperatures <400 °C, diffusional
processes are negligible in carbonates (Bowman et al., 1994; Farver, 1994), and these replacement
reactions result from coupled dissolution-precipitation (Barker et al., 2013). Coupled dissolutionprecipitation occurs when the parent mineral is undersaturated within a fluid while the replacing
daughter mineral is super-saturated (Putnis, 2002, 2009; Putnis & Putnis, 2007; Ruiz-Agudo et al.,
2014). The physicochemical driver that causes ore-stage carbonate to replace least-altered carbonate
in this manner is not well understood.
This paper provides a model for ore-stage UV-fluorescent (UVF) calcite vein formation in the
Nadaleen trend CTGDs, Yukon, which we argue is a proxy for larger-scale mass transfer during
hydrothermal fluid flow through carbonate rocks. UVF calcite veins are readily identifiable in the
field, allowing field relationships to be assessed in a way that is not possible with other luminescence
methods. The fluorescence is a visual indicator of calcite cation chemistry, and this chemistry,
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coupled with a unique δ13C and δ18O signature of veins and field relationships, provides insights into
both the formation of the veins, and the process of mass transfer in CTGDs.
3.2
3.2.1

Background
Carlin-type gold deposits

CTGDs are epigenetic hydrothermal Au deposits named after the prominent examples in Nevada that
collectively contribute significantly to the world's Au production (Hofstra and Cline, 2000; Frimmel,
2008; Muntean, 2018). CTGDs form when reduced, acidic, hydrothermal fluids dissolve Fe-bearing
minerals in the host rocks. Liberated Fe2+ reacts with Au-bearing bi-sulfide complexes in the fluid to
form auriferous arsenian pyrite, often as thin rims on existing pyrite (Wells and Mullins, 1973; Cline
et al., 2005; Barker et al., 2009; Cline, 2018). Carbonate host rocks dissolve readily in the ore-fluids
and are the primary source of Fe2+, which substitutes for Ca2+ in the carbonate lattice (Cline et al.,
2005; Cline, 2018). Fe2+ can also derive from siliciclastic or igneous host rocks within carbonate
packages (e.g., Tucker et al., 2018). A high As content in the fluid helps the efficiency of Au
incorporation into precipitated pyrite (Kusebauch et al., 2019; Gopon et al., 2019).
Decarbonatized (carbonate-dissolved) rocks in CTGDs comprise less soluble minerals such as
sulfides, clays, and silicates and abundant porosity (Cline and Hofstra, 2000; Cline et al., 2005). The
fluids also alter feldspars in igneous rocks to clay (argillization). The cooling fluids precipitate silica,
realgar (AsS), stibnite (Sb2S3), and orpiment (As2S3) in the pore space left by carbonate dissolution
(Hofstra and Cline, 2000; Cline and Hofstra, 2000). Lithogeochemical enrichments in Sb, Hg, Tl, and
particularly As arise from the precipitation of ore-stage pyrite and alteration minerals (Cline et al.,
2005). Despite their economic significance, the source of Au and the transport regime in CTGDs are
not well understood, and consensus on a genetic model is still lacking (e.g., Ilchik and Barton, 1997;
Ressel and Henry, 2006; Muntean et al., 2011; Large et al., 2011).
Veins have been considered relatively unimportant in CTGDs because they are not known to host
any Au. Some researchers have previously suggested that some calcite veins form during Aumineralization because of realgar in veins within and around deposits (Ilchik, 1990; Hofstra et al.,
1991; Kuehn and Rose, 1995; Hofstra and Cline, 2000). Other authors identified calcite vein
generations with distinct C and O isotope compositions, cation chemistry, and REE patterns from
least-altered calcite veins that they suggest might be ore-related (Hickey et al., 2014b; Vaughan et al.,
2016; Zhou et al., 2019). Additionally, some vein-calcite contains fluid inclusions similar to those
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found in other ore-stage minerals such as quartz and realgar (Hofstra et al., 1991). Herron (2018)
recognized calcite veins in the Cortez Hills CTGD, Nevada, that fluoresced under shortwave UV
light and suggested that they are genetically associated with Au-mineralization due to their C and O
isotope compositions and the rare presence of stibnite within the veins. Vaughan et al. (2016), Zhou
et al. (2019), and Emsbo et al. (2003) identified calcite veins in CTGDs in Nevada and China with
similar C and O isotope compositions that show bright cathodoluminescence (CL) responses. The
relative concentration of Mn (a luminescence activator) and Fe (a luminescence quencher) generally
controls the intensity of luminescence (including fluorescence) in carbonates (Marfunin, 1979; Zhou
et al., 2019). Thus, these bright luminescent properties suggest that ore-stage calcite is Mn-rich and
Fe-poor. Vaughan et al. (2016) noted areas of host rock proximal to the ore-zone in the Banshee
CTGD, Nevada, where a Mn-rich calcite pseudomorph with anomalous C and O isotope
compositions had replaced least-altered limestone. They hypothesized that this replacement zone –
and other ore-stage calcite occurrences – formed as a result of downstream calcite remobilization
from upstream dissolution zones. This hypothesis formed the basis for the model of CTGD mass
transfer presented later in this paper.
3.2.2

Geological setting

The Nadaleen trend is a ~25 km, ESE–trending array of CTGDs, Au-occurrences, and anomalous As
in soil. It is located in eastern-central Yukon on the northern margin of the Selwyn basin between the
eastern termini of the basin-scale Kathleen Lakes and Dawson faults (Coulter et al., 2018; Tucker et
al., 2018). Au-mineralization occurs in two main clusters: the Anubis cluster in the west and the
Osiris cluster in the east. Most Au-mineralization in the Anubis cluster occurs in Silurian to
Devonian shales and skeletal limestones proximal to faults (Tucker et al., 2018). The Osiris cluster
comprises the Conrad, Osiris, Sunrise, and Ibis deposits, all hosted in Neoproterozoic rocks (Coulter
et al., 2018). The current inferred resource of these deposits collectively is 1,685,000 oz gold at 4.23
g/t (ATAC Resources Ltd., 2022). The Lower Carbonate Member of the Nadaleen Formation is the
main host rock to Au-mineralization in the Conrad deposit, and the limestone-dolostone Gametrail
Formation is the primary host in the Osiris, Sunrise, and Ibis deposits (Figure 3.1; Moynihan, 2016;
Moynihan et al., 2019). These units have been informally referred to as the Conrad limestone and
Osiris limestone, respectively, in past industry reports and presentations.
The Osiris and Sunrise deposits each occupy a limb of a steeply S-plunging anticline with a ~300 m
wavelength (Figure 3.1). The S-dipping limb, which hosts the Sunrise ore-zone, dips ~70°, while the
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opposite limb, which hosts the Osiris deposit, strikes northeast and is sub-vertical. The axial surface
of the fold is vertical and strikes east-northeast (Steiner et al., 2018). Folds elsewhere in the region
have an E-striking axial plane, usually with a shallow-plunging fold hinge. The dominant regional
structures are ~E-striking thrust faults and associated folds, so the geometry of folds within the study
area is anomalous (Moynihan, 2016). The steeply S-dipping Sunrise fault cuts the steeply-plunging
fold that hosts the Osiris and Sunrise deposits (Figure 3.1). This fault has in the past been interpreted
as a normal fault (Moyhinan, 2016) and a strike-slip fault (Palmer and Kuiper, 2017), but our
preferred interpretation is that it is a thrust (Steiner and Hickey, 2021). The Ibis deposit is situated in
an open to gentle warp in bedding in the hanging wall of the Sunrise (Steiner et al., 2018; Figure 3.1).
The steeply-plunging folds likely formed before thrusting and were rotated to their sub-vertical
geometry during thrusting (Steiner and Hickey, 2021).
The Conrad deposit, which is the largest in the cluster, occurs in an irregular, lensoidal-shaped
limestone body of the Lower Carbonate Member of the Nadaleen Formation. This unit has a domelike geometry, possibly owing to depositional processes rather than tectonic folding, and contains
abundant variably plunging soft-sediment folds (Steiner et al., 2018). The N-dipping Nadaleen fault,
which locally forms a cataclasite up to 60 m wide, cuts the Lower Carbonate Member and is
probably a backthrust (Steiner and Hickey, 2021).
Thrust faults and folds probably formed during Cretaceous shortening as part of the Selwyn fold-andthrust belt (Mair et al., 2006). Numerous NW-striking faults spatially associated with Aumineralization in the Conrad deposit cut both the Nadaleen fault and the Lower Carbonate Member
(Steiner et al., 2018). These faults post-date thrusting and were likely active during Aumineralization (Steiner et al., 2018).
Two mafic-to-intermediate igneous dikes intrude the Neoproterozoic rocks, and these host Aumineralization in several drill hole intercepts. One of these dikes yielded a mean U-Pb LA-ICP-MS
zircon date of 74.4 ± 1 Ma (Tucker, 2015; Tucker et al., 2018), providing an upper age constraint on
Au-mineralization and a lower age constraint on folding as the dikes are not folded or foliated.
Correlation between drillcore intersections of the northernmost dike within the Nadaleen fault zone
defines a planar feature that crosscuts the Nadaleen fault at the deposit scale, suggesting that the dike
post-dates the majority of slip on the Nadaleen fault. This same dike is locally brecciated in other
localities within the Nadaleen fault zone, but we attribute this to later faulting along NW-striking
faults that cut the Nadaleen fault and the dike.
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Figure 3.1. Location and geology of the Osiris cluster within the Nadaleen trend after Steiner and Hickey
(2021) with representative bedding measurements. Yellow stars depict the four CTGDs.

Au-mineralization occurs in decarbonatized rocks, usually with realgar, quartz, and sometimes
orpiment. Realgar mineralization infills pore space in decarbonatized rock, implying that it
precipitated after decarbonatization (Tucker et al., 2013). Intergrown quartz-realgar veins in Late
Cretaceous dikes suggest that realgar formation was concurrent with silicification. Thermal
modelling of pooled apatite fission track (AFT) ages of 47.0 +8.61 / -7.29 and 37.4 +7.41 / –8.62 Ma
for detrital apatite from two samples of Au-mineralized sandstone from the Conrad deposit suggest
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that Au-mineralized rocks have not been hotter than ~100°C since ~42 Ma (Tucker, 2015; Tucker et
al., 2018). Thus, this AFT age provides a lower age constraint on hydrothermal flow through these
samples.
3.2.3

Previous interpretations of ore-stage carbonate in the Nadaleen trend

In an earlier study of the Osiris cluster, Beaton (2015) suggested that there are five carbonate
generations (three pre-ore, one ore-stage, one post-ore) based upon CL response, chemistry, and
mineral paragenesis. He noted that the three pre-ore calcite generations had dull-red CL responses,
low Mn concentrations, and relatively high Sr concentrations. Syn- and post-ore calcite generations
had bright yellow or red CL responses, were spatially and temporally associated with realgar and
orpiment occurrences, and generally had high Mn and low Sr concentrations. Beaton (2015) found
that calcite in the deposit exhibts a range of Sr isotope compositions, with the composition of
interpreted ore-stage carbonate suggesting that the fluids had interacted with Rb-rich (likely
siliciclastic) rocks along the flow path. Some syn– and post–Au-mineralization calcite were
interpreted to have replaced earlier carbonate phases. Tucker (2015) identified four distinct calcite
vein generations in the Nadaleen trend. He interpreted the fourth vein generation as ore-stage because
the veins occurred proximal to Au-mineralization and often contained realgar. This generation was
characterized by a coarse grain size and pronounced crystal cleavage (Tucker, 2015). These previous
studies demonstrate that the physical and chemical properties of carbonate can distinguish different
carbonate generations in the Nadaleen trend. However, these previous studies did not identify any
fluorescent veins and did not present a genetic model for the formation of the ore-stage calcite.
3.3

Methods

We integrated field relationships with detailed geochemistry to identify different carbonate
generations. Field observations largely comprised on-site logging of core and provided constraints on
the distribution, geometry, and crosscutting relationships of UV-fluorescent (UVF) relative to nonUVF veins, hydrothermal alteration and Au-mineralization. Subsequent laboratory analyses of UVF
veins for geochemistry, C and O isotopes, and clumped isotope thermometry provided insights into
the processes responsible for carbonate dissolution and precipitation.
3.3.1

Core-logging and petrography

Core-logging of diamond-drill core was the primary method of assessing the spatial distribution of
UVF veins relative to structures, lithologies, and ore-stage alteration. UVF veins were identified in a
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darkened room using a SuperBright 3 UV lamp model 4254 from UV Systems Incorporated. UVfluorescence is a sub-category of luminescence whereby absorbed UV light excites electrons to a
higher-energy electron shell. The subsequent return of the electron to the ground state emits visible
light (Marfunin, 1979). The relative concentrations of activator ions and quenching ions control the
intensity of UV fluorescence. In calcite, the most effective activator and quencher are Mn and Fe,
respectively (Marfunin, 1979).
Preliminary logging of drill core from several drill holes from the Conrad, Osiris, and Sunrise
deposits, both proximal and distal to ore zones, allowed us to assess the distribution of UVF veins
relative to alteration lithogeochemistry and lithology. Detailed logs were then made through sections
of the Gametrail Formation in fifteen drillcores (nine from the Osiris deposit and six from the Sunrise
deposit) to test observed relationships in detail. Samples of both UVF and non-UVF calcite veins
were collected for isotopic analyses, petrographic evaluation, and to create micro X-ray fluorescence
(µXRF) element maps. UVF veins were photographed using a Sony α6000 mirrorless camera with
the UV lamp held ~20 cm from the vein using a 30-second exposure, a focal ratio of 10, and an
image sensor light sensitivity of ISO 160. UVF vein orientations relative to bedding were determined
by measuring their acute angle to bedding in a section normal to their intersection with the drillcore
axis for an additional drill hole from each of the Osiris, Sunrise, and Conrad deposits.
Cold-cathodoluminescence (CL) microscopy and transmitted light petrography were used to identify
the microstructural characteristics of samples using an MK4 optical CL stage (Cambridge Image
Technology Ltd.) with a current of 355 ± 10 μA and a voltage of 15-17 kV. Transmitted light
microscopy was used to assess the physical characteristics of veins at the microscopic scale and
assess the veins’ microstructural paragenesis.
3.3.2

Micro X-ray fluorescence

Micro X-ray fluorescence (µXRF) element maps were collected for fifteen sections of drill core
halved perpendicular to bedding. Samples were analyzed on a Bruker M4 Tornado instrument at
AuTec Innovative Extractive Solutions Limited, Vancouver. The element maps made are qualitative
element count maps. Quantitative maps were not obtained owing to software limitations in
calculating concentrations of both sulfides and oxides within one sample and because of the length of
time required to process such data.
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3.3.3

Major and trace element geochemistry

A range of geochemical techniques helped characterize mineral alteration zones, lithogeochemical
background levels in least-altered rock, and UVF vein chemistry. ATAC Resources Ltd. provided
whole-rock lithogeochemistry of drill core intervals. The standard sample interval was 3 m of drill
core in visually least-altered rock, but they sampled shorter intervals in visually-altered zones. Drill
core samples were sent to ALS Minerals in Whitehorse, Yukon, where they were fine crushed before
a 250 g split was pulverized so that 85% of the grains were <75 µm. Divisions of the pulverized
fraction were then dissolved using four-acid digestion at ALS Minerals in North Vancouver, British
Columbia, and analyzed using ICP-MS and atomic emission spectroscopy. Au analyses were
analyzed using atomic absorption spectroscopy after a 30 g charge fire-assay preparation
(collectively, this was ALS packages Prep 31A, Au-AA25 and ME-MS61m). A Au-bearing reference
material bracketed every 12 samples, and a blank and duplicate analysis bracketed every 24 samples.
An initial electron-microprobe (EMP) analysis on eight vein samples determined Ca, Fe, Mg, and Mn
concentrations and tested whether Mn and Fe occur within the carbonate lattice. EMP analyses (n =
281) were carried out on a Cameca SX50 Scanning Electron Microprobe with four vertical
wavelength-dispersion X-ray spectrometers and an integrated SAMx energy-dispersion X-ray
spectrometer at the University of British Columbia (UBC). One spectrometer has two-layered
dispersion elements (W/Si, Ni/C), which allow the quantitative analysis of the light elements (O and
C). Standards S217 (Dolomite), S078 (Calcite), S069 (Rhodochrosite), and S272 (Siderite) were run
before every third sample. The average Ca wt.% of all calcite EMP analyses was used as the internal
standard for subsequent laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
analysis.
LA-ICP-MS analyses were carried out on 26 samples by a 193 nm ArF excimer laser ablation system
(Resolution M-50LR, ASI Australia) connected to a Quadrupole ICP-MS (Agilent 7700x) at the
Pacific Centre for Isotopic and Geochemical Research (PCIGR) at UBC (Table 3.1). Measurements
were performed at a repetition rate of 5 Hz using an energy density of 100 J/cm2. Either 34 µm or
120 µm spot sizes were used with negligible (< 1.5% for Mn) internal precision differences between
spot sizes. The ablations were carried out under a He atmosphere. Ar served as the carrier gas and
was admixed with N2 for signal enhancement. The mass spectrometer was tuned for sensitivity;
ThO/Th <0.3% and a mass bias with 95% < 238/232 < 105%. Calibration was carried out by
standard-sample bracketing using the silicate glass SRM NIST612 as an external standard and 43Ca
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as an internal standard using the average value determined from EMP (39.44 wt.%). SRM NIST610
was used as an external standard to reduce 33S and 34S data because the accepted S range for SRM
NIST610 is significantly smaller than that for SRM NIST612. SRM NIST612, SRM NIST610,
USGS basalt reference material BCR2-G, and the USGS carbonate powder pellet MACS-3 were
cross-checked between every three spots for quality control. The data reduction was performed using
the Iolite v.3 plugin for the Igor Pro software (Paton et al., 2011). The LA-ICP-MS analyses
measured the concentrations of 41 masses in total (Table 3.1). LA-ICP-MS samples and spot
locations are shown in Appendix B.1.
Table 3.1. Instrument parameters for LA-ICP-MS analyses. Asterisks next to analytes indicate isotopes that
were not measured on some of the first analysis runs but were subsequently.
Laboratory
Laser/ mass spectrometer
Fluence (J cm2)
Repetition rate (Hz)
Spot size (μm)
Plasma forward power (W)
He, Ar, and N2 gas flows
(L/min)
Ar cool gas flow (L/min)
Ar auxiliary gas glow (L/min)
Analytes; dwell times (ms) in
brackets

Total duty cycle (ms)

3.3.4

Pacific Centre for Isotope and Geochemical Research, University of British
Columbia
Resolution M-50LR; Agilent 7700x
2
5
34 or 120
1300
He = 0.8, Ar = 0.503,
N2 = 0.002
13
0.9
7
Li (10), 11B (10), 23Na* (10), 24Mg (10), 25Mg* (10), 29Si (10), 33S* (10),
34
S* (10), 39K (10), 43Ca (10), 46Ca (10), 49Ti (10), 55Mn (20), 56Fe (20), 57Fe
(20), 75As (20), 85Rb (10), 88Sr (10), 89Y (10), 121Sb (10), 137Ba (10), 139La
(10), 140Ce (10), 141Pr (10), 146Nd (10), 147Sm (10), 153Eu (10), 157Gd (10),
159
Tb (10), 163Dy (10), 165Ho (10), 166Er (10), 169Tm (10), 172Yb (10), 175Lu
(10), 177Hf (10), 202Hg (10), 205TI (20), 208Pb (10), 232Th (10), 238U (10)
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Raman Spectroscopy

Raman spectroscopy measures the intensity and wavelength of Raman scatter, which is the light
dispersed inelastically from an incident laser upon interaction with the chemical bonds within a
substance. Peaks in the resulting spectra represent different vibrational modes between bonds in the
molecule and can be used to identify both organic and inorganic compounds. Raman spectroscopy
was used to identify specific carbonate phases and evaluate whether differences in elemental
concentrations between ore-stage and least-altered carbonate resulted from i) epitaxial overgrowths
or surface sorption or ii) chemical changes in the carbonate lattice. Chemical changes in the
carbonate lattice shift the wavelength of carbonate vibrational bond modes.
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Raman spectra were collected with a Horiba XPloRA Plus Raman Microscope system housed in the
LaserSpot Facility at the PCIGR, UBC. One spectrum was collected immediately adjacent to each
ablation LA-ICP-MS crater. Spectra were collected with Horiba LabSpec6 software using an MPlan
N 100×/0.90 objective lens with a 532 nm laser filtered to 50% energy output, which was iteratively
determined to provide the best response for carbonates. Raman responses were collected for a
spectral range of 125–1125 cm−1, as this range encompasses the primary vibrational modes for calcite
(CaCO3), dolomite (CaMg(CO3)2), rhodochrosite (MnCO3), and kutnohorite (CaMn(CO3)2). To
maximize spectral resolution within this range, we used 2400 gratings per millimeter (resulting in a
resolution of better than 1.2 cm-1), with a 200 μm split and a 300 μm hole. Each analysis is an
average of three accumulations of 20-second acquisition times.
Peaks in each Raman spectrum were iteratively fit with bigaussian functions using the Origin Pro
software (McMillan et al., 2017). This approach removes researcher bias when processing Raman
spectra, allows for rapid bulk analysis of the data and improves the resolution of analyses. The peak
center at maximum intensity (PCMI) and full width at half maximum (FWHM) of the v1-(CO3)2peak at approximately 1090 cm-1 were then investigated to identify alteration to the carbonate lattice
represented by changes in location and width of this vibrational mode.
3.3.5

δ13C and δ18O isotopes

The dissolution and precipitation of carbonate by infiltrating hydrothermal fluid results in the
exchange of C and O isotopes between the fluid and the rock (Bowman et al., 1994; Barker et al.,
2013; Barker and Dipple, 2019). Carbonate dissolution liberates C and O, which shifts the fluid’s
homogenized bulk isotopic composition towards that of the incorporated material (the fluid becomes
progressively more rock-buffered). The degree to which the isotopic composition of the fluid
becomes rock-buffered depends on the volume of material dissolved relative to the volume of fluid
(known as the water:rock ratio) and the relative concentration of C and O in the fluid and rock
(Banner and Hanson, 1990). Carbonates precipitated from a fluid record the isotopic signature of the
fluid coupled with a predictable temperature-dependent fractionation (O’Neil et al., 1969). The δ13C
and δ18O values of carbonate in veins were used to identify and assess the origins of UVF veins.
Veins that formed from ore-stage fluids should have anomalous δ13C and δ18O values relative to local
least-altered rocks, while veins formed from locally-derived fluids should have δ13C and δ18O
isotopic values that broadly match the wall-rock.
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A total of 97 vein samples were analyzed as part of our study. For every vein sample analyzed, we
also analyzed a sample of the immediately adjacent wall-rock, between 1 and 10 mm from the vein
edge, to assess the degree of interaction between vein-forming fluids and the host rock. All 184
samples were micro drilled using a Dremel® tool and diamond-tipped drill bits to obtain ~2 to 3 g of
powdered material. The isotopic composition of CO2 released upon acidification of the carbonate
powder was analyzed using a desktop-based laser spectrometer at UBC. The instrument measures the
ratio of 18O relative to 16O, expressed as δ18O relative to Vienna standard mean oceanic water
(VSMOW), and 13C relative to 12C, expressed as δ13C relative to Vienna pee dee belemnite (VPDB).
The reader is referred to Barker et al. (2011) for a detailed description of the method and instrument.
The instrument was calibrated for drift using five analyses of three carbonate standards of known
isotopic composition (Sigma-Aldrich calcium carbonate, Carara Marble, BN13) throughout each day.
A CO2 gas standard bracketed every six samples. C and O isotope samples are shown in Appendix
B.2. C and O isotope reproducibility is discussed in Appendix B.3.
3.3.6

Carbonate clumped isotope thermometry

Carbonate clumped isotope (Δ47) thermometry provides a thermodynamic basis for calculating the
precipitation temperature of carbonate minerals. It works by measuring the relative abundance of
mass-47 isotopologues (two or more variants of a molecule that differ in the isotopic identity of one
or more of their constituent atoms) within CO2 released from acidified carbonate samples. Mass-47
CO2 is mostly the “clumped” molecule containing two heavy isotopes, 13C 16O18O. The abundance of
mass-47 isotopologues is measured relative to the probability-predicted abundance based upon the
concentration of 13C and 18O in the CO2 (known as its stochastic distribution). The quantity of heavy
isotope – heavy isotope bonds is thermodynamically controlled such that the number of clumped CO2
molecules containing 13C – 18O bonds relative to the stochastic distribution decreases with increasing
temperature. Thus, the precipitation temperature of the carbonate can be calculated from the
abundance of mass-47 clumped isotopes relative to the stochastic distribution (Δ47) (Eiler, 2007).
Five carbonate samples (four vein samples and one wall-rock) for clumped isotope (Δ47) were
selected for analysis at the University of Washington IsoLab. For each analysis, between 6 and 8 mg
of carbonate powder was digested in phosphoric acid at 90 °C, and the resultant CO2 gas was purified
cryogenically and analyzed using a Thermo MAT 253 isotope ratio mass spectrometer (IRMS). A
detailed description of the sample preparation is provided by Burgener et al. (2016), and the data
processing methods are modified after Schauer et al. (2016). Additional details of the analysis and
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data processing are provided in the EarthChem database item 10.26022/IEDA/112086. A calcium
carbonate reference material bracketed every ~4 unknown samples (ETH 1-4 (Bernasconi et al.,
2018) or in-house standards, including reagent grade calcites C64 and C2 and a Porites coral). Each
sample was analyzed 3-4 times (19 total Δ47 analyses). The measured Δ47 values were normalized to
the Carbon Dioxide Equilibrium Scale (Dennis et al., 2011) using CO2 equilibrated at 4, 60 and 1000
°C, and carbonate δ13C and δ18O values were placed on the VPDB and VSMOW scales, respectively,
using intra-laboratory carbonate standards referenced to VPDB using NBS19 and LSVEC for δ13C,
and NBS19 and NBS18 for δ18O. The clumped isotope temperature (TΔ47) from the sample mean
Δ47 values were calculated using an acid fractionation factor of 0.088 and the Petersen et al. (2019)
calibration.
Bonds within the carbonate can diffusively reorder during a prolonged residence at elevated
temperatures (in excess of ~120-150 °C, for tens to hundreds of million years) after carbonate
formation (Passey and Henkes, 2012; Henkes et al., 2014; Stolper and Eiler, 2015; Huntington and
Lechler, 2015; Lloyd et al., 2017). This reordering can cause the measured TΔ47 to be different from
the original precipitation temperature (Passey and Henkes, 2012; Henkes et al., 2014; Stolper and
Eiler, 2015; Huntington and Lechler, 2015; Lloyd et al., 2017). To account for this, we modelled the
effects of diffusive bond reorder in different time-temperature histories for the samples after their
precipitation using the model of Henkes et al. (2014).
3.4
3.4.1

Results
Physical characteristics and geometry of UVF calcite veins

UVF calcite fluoresces rose-pink to salmon-pink to orange under shortwave UV light (Figure 3.2A).
Fluorescence can either be homogeneous throughout the vein (Figure 3.2A-C), patchy (Figure 3.2AC), or zoned (Figure 3.2C-D). In this paper, we refer to any vein that comprises dominantly UVF
calcite as a UVF vein. UVF calcite veins frequently occur as veinlets within existing non-UVF veins.
Most commonly, they appear along the edges or in the center of non-UVF veins (Figure 3.2E). The
wall-rock is never observed to fluoresce.
UVF calcite has a bright red CL response (Figure 3.3), and in some UVF veins, there is extensive
concentric zoning comprising sharply defined compositional boundaries parallel to the shape of the
crystal (Figure 3.3A-B). The patchy fluorescence of UVF calcite veins in hand sample is sometimes
the result of variations in this zoning (Figure 3.3B). However, most veins exhibit patchy fluorescence
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as a result of the vein comprising both luminescent and non-luminescent calcite (Figure 3.3C). The
brightest CL responses often correspond to cracks within crystals, cleavage planes, deformation
twins, and grain boundaries (Figure 3.3C). Irregular bright CL fronts that infiltrate into a dull CL
crystal from cleavage planes and grain boundaries were observed in one sample (Figure 3.3C). Some
wall-rock calcite has a bright CL response, which is interpreted to represent the same calcite
generation as UVF calcite.
In visible light, UVF calcite veins are almost indistinguishable from non-UVF calcite veins, having
the same or similar size, shape, and color. Both UVF and non-UVF calcite veins are commonly
confined within single beds, terminating against the bounding bedding plane or bedding-parallel
stylolites (Figure 3.2B). They are not sheared or folded. Vug space, bound by euhedral or subhedral
calcite crystals, is sometimes present in the center of both UVF and non-UVF calcite veins. Some
vugs are in-filled with realgar (e.g., Figure 3.2D).
UVF calcite veins are primarily oriented either parallel to, or near orthogonal to, bedding in the
Osiris and Sunrise deposits (Figure 3.2B, Figure 3.4A-B). The general dip of bedding, and
consequently bedding-parallel veins, is vertical in the Osiris deposit and ~70° to the south in the
Sunrise deposit. Two sets of bedding-normal UVF veins occur, one with a steep dip and another near
horizontal in attitude. The Conrad deposit also has abundant bedding-normal UVF calcite veins but
very few bedding-parallel ones (Figure 3.4C). These geometries relative to bedding are consistent
throughout folds such that bedding-normal veins exhibit a wide range of 3D orientations. Non-UVF
calcite veins have identical geometries – also occurring at high or low angles relative to bedding –
and exhibit the same range of dimensions and spacing as UVF veins.
Petrographically, UVF calcite is identical to non-UVF calcite. Both are commonly twinned and
generally have a blocky crystal morphology (Figure 3.5). Twins vary in thickness from grain to grain
and are rarely bent or tapered, yet never bulbous or patchy (Figure 3.5A-B). Twins are dominantly
cleavage-parallel (Figure 3.5A) but cut cleavage in some instance (Figure 3.5B). The presence of
bent, tapered, and cleavage-cutting twins in both UVF and non-UVF veins suggest that they are
deformation twins. Rarely, coarse-grained calcite contains subgrains (Figure 3.5C), and both UVF
and non-UVF calcite veins in all orientations infrequently comprise syntaxially-grown calcite (Figure
3.5C-D).
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Figure 3.2. Visual characteristics of UVF calcite veins in visible (left) and shortwave UV (right) light. A.
Orange-fluorescent calcite vein adjacent to a patchy pink-fluorescent calcite vein. B. Bedding-normal and
bedding-parallel calcite veins exhibiting homogeneous pink fluorescence. C. Zoned pink-fluorescent calcite
veins crosscutting patchy-fluorescent calcite veins. D. Zoned pink-fluorescent calcite vein with realgar
infilling pore space in the center of the vein. E. Pink-fluorescent vein containing realgar within a pre-ore,
non-UVF calcite vein. Cal = calcite; Lst = limestone; Rlg = realgar; Mst = mudstone.
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Figure 3.3. Cathodoluminescence responses of UVF calcite (right) with the same view in plane-polarized light
(left). A. Concentrically zoned calcite crystals with sharp compositional boundaries and realgar (Rlg) infilling
pore space. Some ore-stage (luminescent) calcite occurs in the wall-rock. B. A patchy fluorescent vein in hand
sample showing the most fluorescent areas have homogeneous CL responses while less fluorescent areas have
abundant concentric zoning with less luminescent compositional layers. C. UVF calcite replacing non-UVF
calcite from cleavage planes across irregular reaction fronts.

3.4.2

Relationship to Au-mineralization, alteration and deformation

Despite their similarities, UVF calcite veins differ from non-UVF veins in their spatial distribution,
with the former only occurring proximal to Carlin-type alteration. In the fifteen drillcores logged
through the Osiris and Sunrise deposits, non-UVF veins were present throughout the Gametrail
Formation host rock. This formation comprises mainly interlaminated limestone, dolostone, and
siltstone, with interspersed flat-pebble carbonate conglomerate and matrix-supported polymictic
63

carbonate breccia (Figure 3.6). There is no discernible difference in vein spacing or vein
characteristics between these units. Visible Carlin-type alteration in the form of decalcification,
silicification, realgar, or orpiment was present in each drillcore logged, often with accompanying Au
mineralization (Figure 3.6). UVF calcite veins only occur within ~10 m of this visible alteration
(Figure 3.6, Appendix B.4). In these alteration zones, both UVF and non-UVF calcite veins are
typically interspersed with one another, although the ratio of UVF to non-UVF veins greatly varies
between different parts of the deposit. UVF calcite veins also occur proximal to alteration in the
Anubis cluster and the Conrad deposit, including in siliciclastic rocks, but only within a few meters
of alteration.

Figure 3.4. Geometries of UVF veins represented in quarter rose diagrams as their angle relative to bedding
in the plane perpendicular to bedding (half core cut along the bedding-core axis intersection). A. Sunrise
deposit. n = 203. B. Osiris deposit. n = 52. C. Conrad deposit. n = 67. Note the dominant orientation of veins at
a low or high angle relative to bedding. Figure 3.2B shows a representative sample of such a configuration.
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Figure 3.5. Petrographic characteristics of UVF calcite veins. All photomicrographs are in cross-polarized
light. A. Blocky morphology of most UVF calcite crystals. B. A coarse UVF calcite grain with bent
deformation twins. C. UVF calcite vein with syntaxially-grown grains and internal sub-grains. D. Comb
texture UVF calcite vein comprising syntaxially-grown crystals.
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The overall (combined UVF and non-UVF) vein spacing does not vary appreciably between altered
and least-altered rock. For example, veins in a ~190 m interval of Lower Carbonate Member from
east of the Conrad deposit with no evidence for extensive Carlin-type alteration have the same
overall spacing, geometry, and physical characteristics as those in the core of the Osiris deposit
(Figure 3.7). However, no veins fluoresced in the least-altered Lower Carbonate Member, whereas in
one intersection through the Osiris deposit, every single vein fluoresced over an interval of 12 m
(Figure 3.7).

Figure 3.6. Spatial distribution of UVF calcite veins in the Osiris deposit. Logs display lithology (Lith.), As
grade, Au grade, and alteration. The alteration (Alt.) column depicts the presence of realgar, orpiment,
decarbonatization or silicification (orange bars) and UVF calcite veins (pink bars). The black bars on the left
of each log show the interval fluoresced under shortwave UV light.
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UVF calcite veins exhibit inconsistent paragenetic relationships with Carlin-type alteration (Figure
3.8, Figure 3.9). Extensively decarbonatized limestones generally have no calcite veins preserved
(UVF or non-UVF; Figure 3.8), yet rare UVF calcite veins that crosscut decarbonatized rock do
occur (Figure 3.9A-D). Realgar and lesser orpiment are common in UVF veins but do not show a
consistent paragenetic relationship to UVF calcite. For example, in Figure 3.9E-F, realgar is
encircled by UVF calcite, whereas, in Figure 3.2D and Figure 3.9A, realgar infills pore space within
UVF calcite veins. In the sample shown in Figure 3.9G-H, realgar also occurs as syntaxial
intergrowths with UVF calcite in a vein that is cut by later non-UVF calcite veins containing realgar.
Most UVF calcite veins contain microscopic pyrite, and, in one sample, pyrite along the edge of a
UVF calcite vein encompasses realgar.
UVF calcite veins cut fault fabrics in both the Sunrise fault (Figure 3.10A) and Nadaleen fault
(Figure 3.10B). They also cut dikes dated by Tucker et al. (2018) at ~74.4 Ma (Figure 3.10C). These
dikes cut folds, and likely the Nadaleen fault, and locally contain Au-mineralization and realgar
(Tucker et al., 2018; Steiner et al., 2018). Non-UVF calcite veins also cut the Sunrise and Nadaleen
fault, but we saw no non-UVF calcite veins cutting the dike.
3.4.3

Major, minor and trace element geochemistry of UVF calcite veins

The concentration of several common carbonate cations varies between UVF calcite veins and other
carbonate vein generations (Figure 3.11). EMP analyses show that UVF calcite has high Mn
concentrations of up to 38,480 ppm (mean = 11,650 ppm excluding analyses below detection limit of
~700 to 900 ppm; Figure 3.11A). UVF calcite generally has lower Mg and Fe relative to non-UVF
calcite, with Mg concentrations less than 2000 ppm compared to nearly 4500 ppm for non-UVF
calcite veins. Fe concentrations were nearly all below the detection level for UVF calcite veins (~700
- 900 ppm), whereas Fe concentrations of non-UVF veins are variable up to 6100 ppm. Non-UVF
calcite veins have Ca contents close to 400,000 ppm. However, Ca content decreases with increasing
Mn content. Rarely, analyses returned Mg concentrations of > 10%, which represents dolomite
phases or very Mg-rich calcite. All dolomite analyzed on the EMP was non-UVF wall-rock, with Mn
concentrations ranging from 1570 to 4850 ppm and Fe concentrations between 1050 ppm and 27,300
ppm Fe. Wall-rock calcite has variable Mn contents ranging from less than the detection limit (~650 900 ppm) to 42,580 ppm.
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Figure 3.7. Vein spacing and dimensions in the Osiris cluster. A. Non-UVF veins in drillcore (OS-12-197;
425.13 – 440.88 m) from a 190 m section of least-altered Lower Carbonate Member limestone that is >80 m
beyond the edge of the inferred resource at the Conrad deposit. None of these are UVF. B. Visible light
photograph of UVF calcite veins in the Gametrail Formation from the Osiris deposit (OS-11-086; 120.11 –
131.58m) C. Shortwave UV photo of B. All veins are UVF. Note that the patches of green fluorescence are
remnant drilling mud spots. D. Log of OS-12-197 showing lithology and As and Au concentration. The
interval marked by the black bar contained no UVF calcite veins. A representative photograph from this
interval is shown in A. E. Log of OS-11-086 showing lithology and As and Au concentration.
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Figure 3.8. A ~6 m interval of intensely decarbonatized rock with no veins. The photographed interval is OS17-259; 187.12 -195.07 m, although the upper 1.85 m of this interval contains Au-mineralized dike. The Au
grade of decarbonatized rock in this interval is 5.01 - 7.37 ppm (mean = 6.18 ppm), and the Mn content is 73 167 ppm (mean = 103.75 ppm). The core is NQ size (47.6 mm diameter).

The LA-ICP-MS data agrees well with the EMP results (Figure 3.11B-D). The Mn content of UVF
calcite ranges from 960 ppm to 56,780 ppm. UVF calcite also has lower Fe and Sr contents than nonUVF calcite, consistent with the EMP data. Typical Sr values for UVF calcite veins are less than 500
ppm, while they are up to 1200 ppm for non-UVF veins. Fe concentrations in UVF calcite veins are
generally <800 ppm compared to >1000 ppm for non-UVF veins. UVF calcite veins tend to have
somewhat lower Mg concentrations than non-UVF veins. Two veins have high Mg concentrations
that indicate they are dolomite rather than calcite. The majority of wall-rock calcite has chemistry
similar to non-UVF calcite. Locally, wall-rock samples have similar chemistry to UVF calcite veins.
This is particularly evident in the EMP data, where all wall-rock analyses from two different samples
yielded high Mn contents of 6900 to 42,600 ppm. Note that the corresponding LA-ICP-MS data from
these samples are not reported in Figure 3.11B because the wall-rock grain size was much smaller
than our chosen spot size, resulting in contamination from non-carbonate phases. There was no
significant difference in REE concentrations between UVF and non-UVF calcite (Figure 3.12).
Raman spectroscopy results (Figure 3.13) indicate that the majority of carbonate analyzed is calcite
(maximum v1-(CO3)2- peak between 1084 and 1092 cm-1), with rare dolomite (maximum v1-(CO3)2peaks in the range 1095 – 1102 cm-1). In general, increasing Mn content increases the v1-(CO3)2- peak
width (Figure 3.13).
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Figure 3.9. Temporal associations between UVF calcite and visible alteration. A. UVF calcite + realgar veins
cutting the outer edge of a dissolution front but being cut by the middle of the dissolution zone. Realgar is
infilling pore-space within the calcite vein. B. μXRF Ca-count map of A. C. μXRF Mn-count map of A. D.
μXRF As-count map of A. Brighter colors indicate higher relative concentrations. E. UVF calcite enveloping
realgar F. UV photograph of E. G. Syntaxially-grown UVF calcite and realgar in a vein cut by a non-UVF
vein with realgar. H. UV photograph of G. Cal = calcite; Lst = limestone; Rlg = realgar; Orp = orpiment; Br
= breccia.
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Figure 3.10. Field relationships between UVF calcite veins, faults, and dikes. A. UVF calcite veins crosscutting
fault fabrics (red dashed lines) of the Nadaleen fault (visible light on the left; UV-light on the right). B. A UVF
calcite vein crosscutting fault fabrics of the Osiris fault (visible light on the left; UV-light on the right). C.
UVF calcite veins crosscutting a ~74.4 Ma dike.

3.4.4

Wall-rock lithogeochemistry

Whole-rock lithogeochemical analyses provide insights into carbonate chemistry at a scale larger
than that of individual veins. Elemental concentrations in a least-altered interval of the Lower
Carbonate Member were determined from a ~190 m interval of core (OS-12-197; 404.27 - 596.79 m;
Figure 3.7D) drilled >80 m outside the Conrad deposit resource. There is no visible alteration or
anomalous As concentrations in this interval of core (As ≤ 71 ppm; mean = 22.57 ppm). The
chemistry of the least-altered Gametrail Formation was determined from a section of drillcore outside
the Ibis deposit (OS-11-067; 108.3 - 169.16 m). This core has no visible alteration or As
lithogeochemical enrichment (As ≤ 70 ppm; mean = 21.50 ppm). A section of drillcore from the
Green Siliciclastic Member (known locally as the Osiris mudstone) in the hanging wall of the Sunrise
fault (OS-14-226; 13.72 - 172.55 m; As ≤ 23.5 ppm; mean = 11.27 ppm) represents the
lithogeochemical signature of siliciclastic units in the Osiris and Sunrise deposits (Figure 3.14).
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Figure 3.11 (previous page). Geochemistry of veins. A. Box and whisker plot of EMP results. Each box
represents the interquartile range, with the median shown as the horizontal line within the box. The capped
lines (‘whiskers’) enclose all the data above the detection limit, with the number of analyses shown above each
box. The grey areas represent the detection limits ranges, and the number of analyses lower than the
detection limit is shown below this area for each box. Note that analyses below the detection limit are not
included when computing the median and interquartile range, meaning that the shown values are higher than
reality for boxes with analyses below the detection limit. For this reason, EMP data should not be compared
to LA-ICP-MS data. B-D. LA-ICP-MS results plotted as Mn vs. Fe (B), Mn vs. Sr (C), and Mn vs Mg (D; n =
324). Dolomite analyses are not shown in D so that the scale of the plot is appropriate for assessing Mg
variations in calcite analyses. Analyses returning Si content of > 1% are not shown because this indicates that
the laser has ablated a phase additional to carbonate, and our internal 43Ca standard would no longer be
valid for these analyses. Uncertainty bars show the analytical uncertainty at two standard error. UVF calcite
veins generally have high Mn contents (>1000 ppm), with lower Fe, Mg, and Sr contents than non-UVF
calcite veins and most wall-rock carbonate.

The Lower Carbonate Member (host to the Conrad deposit) has background Mn concentrations of 55
– 604 ppm with most intervals <350 ppm (mean = 164 ppm). Background Sr values in this unit range
from 830 to 2860 ppm with a mean of 2022 ppm, Fe varies between 1300 and 28,500 ppm (mean =
5200 ppm), and Mg concentrations vary between 3800 and 14,500 ppm (mean = 6900 ppm). The
Gametrail Formation (host to the Osiris, Sunrise, and Ibis deposits) has background Mn values
between 139 and 353 ppm (mean = 224 ppm), with Sr contents that vary from 327 to 1460 ppm
(mean = 624 ppm), Fe values of 7000 to 19,500 ppm (mean = 14,500 ppm), and Mg concentrations
between 20,100 and 57,100 ppm (mean = 32,900 ppm). The Green Siliciclastic Member has higher
Mn concentrations of 474 to 3690 ppm (mean = 1331 ppm). Its Sr values vary between 107 and 378
ppm (mean = 158 ppm), and its Fe and Mg range from 30,400 to 38,000 ppm (mean = 42,000 ppm)
and 8400 to 16,100 ppm (mean = 12,600 ppm, respectively; Figure 3.14).
The lithogeochemistry of an entirely decarbonatized interval (OS-17-259; 188.97 - 195.07 m)
provides insights into elements removed during the dissolution process. This interval (Figure 3.8,
Figure 3.14) has Au concentrations of 5.01 – 7.37 ppm (mean = 6.18 ppm) and Ca concentrations of
<60,000 ppm (mean = 31,500 ppm). The Mn content of this interval is 73 – 167 ppm (mean = 103.75
ppm), whereas Mg ranges from 900 to 1400 ppm (mean = 1100 ppm), Fe concentrations are between
11,800 and 13,000 ppm (Mean = 12,400 ppm), and its Sr content is 38.1 – 47.6 ppm (mean = 44.03
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ppm; Figure 3.14). μXRF element maps of a decarbonatization front in drill core illustrate that
chemical changes across it are not primary (Figure 3.15). The Ca and Mn uXRF element maps show
that Mn is depleted where decarbonatization has occurred (Ca removed).

Figure 3.12. LA-ICP-MS REE concentrations normalized to post-Archean Australian shale (PAAS;
McLennan, 1989) for UVF calcite veins (pink), non-UVF carbonate veins (blue), and wall-rock carbonate
(grey). The median value is shown by a thick line, with thin lines representing the minimum and maximum of
the range.
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Figure 3.13. Raman spectroscopy of carbonate veins plotted as the peak center at maximum intensity (PCMI)
of the primary vibrational mode (v1-(CO3)2-) and the full width at half maximum (FWHM) for the same peak
(n = 274). The dashed fields represent our interpretation of the mineralogy of the samples from comparison to
Raman data from each mineral in the RRUFF database (Lafuente et al., 2015). The inclusion of Mn into the
carbonate lattice generally increases the v1-(CO3)2- peak width.

Figure 3.14. Box and whisker plots showing Ca, Mg, Mn, Fe and Sr differences among least-altered intervals
of the Lower Carbonate Member (Conrad deposit host), Gametrail Formation (Osiris and Sunrise deposits
host), the Green Siliciclastic Member of the Nadaleen Formation, and decarbonatized Lower Carbonate
Member. The Ca content of decarbonatized rock likely represents a small volume of overprinting ore-stage
carbonate or small local zones of partial decarbonatization.
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3.4.5

Carbonate isotope geochemistry

UVF calcite veins have distinct δ13C and δ18O values compared to other calcite vein generations and
wall-rock carbonates. Figure 3.16 presents the δ13C and δ18O data in pairs, with a grey line joining
the vein data point to its paired wall-rock data point, which was drilled adjacent to the vein. The
majority of non-UVF veins and their adjacent wall-rock samples have δ13C and δ18O values similar to
those obtained in correlatable stratigraphy regionally by Moynihan et al. (2019). The background
range for least-altered Lower Carbonate Member is 4 to 10 ‰ δ13C and 17 to 27 ‰ δ18O. This range
is similar to the ~5 to 11 ‰ δ18O and ~11 to 30 ‰ δ13C values obtained by Moynihan et al. (2019).
Least-altered Gametrail Formation has δ13C values between -10 and -4 ‰ and δ18O values between
16 and 26 ‰. Again, this is in agreement with the data from Moynihan et al. (2019), which ranges
from approximately -14 to -3 ‰ δ13C and ~16 to 26 ‰ δ18O.

Figure 3.15. μXRF element count maps of a decalcification front. A. Slab scan showing decalcification (black
with realgar) of limestone (grey). B. μXRF Ca-count map of A. C. μXRF Mn-count map of A. Brighter colors
indicate higher relative concentrations. Note the relative lack of Mn and Ca in the decalcified zone. Cal =
calcite; Lst = limestone; Rlg = realgar.

The most striking observation of the data presented in Figure 3.16 is that UVF calcite veins from
both the Conrad and Osiris-Sunrise deposits have δ13C values within a restricted range of
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approximately -0.5 to -4 ‰. UVF veins within the Lower Carbonate Member (Conrad deposit) have
enriched δ13C values relative to the host stratigraphy, while those in the Gametrail Formation (Osiris
and Sunrise deposits) all have depleted δ13C values. δ18O values of UVF veins are generally lower
than the adjacent wall-rock. The degree of δ18O depletion is typically small, and the δ18O values of
UVF veins commonly overlap with the least-altered host rock. δ18O values for vein carbonate
without an accompanying wall-rock value are, therefore, difficult to interpret, as veins at the lower
end of the background range may still be depleted relative to a wall-rock with values at the upper end
of the background range.
3.4.6

Clumped isotope thermometry results

Carbonate clumped isotope (Δ47) analyses and calculated temperatures (TΔ47) are presented in
Table 3.2 and Figure 3.17. Sample CI-6 is from a grey, bedding-parallel calcite vein with fibrous
syntaxial growth and cone-in-cone textures that are interpreted to have formed early during
diagenesis (after Cobbold and Rodrigues, 2007). This sample was collected from the Lower
Carbonate Member in drillcore through the Conrad deposit. CI-6 returned a mean temperature of 194
+ 43/ -33 °C (95% confidence uncertainties) and a δ13C and δ18O of 7.18 and 22.31 ‰, respectively.
CI-7 is from a white, bedding-normal, UVF calcite vein with blocky crystals. It cuts the vein from
which sample CI-6 was sampled (Figure 3.17A). CI-7 yielded a mean temperature of 138 +28 / -23
°C, a δ13C of -1.71 ‰ and a δ18O of 16.61 ‰. Sample CI-8 is a UVF calcite vein with realgar along
its edge (Figure 3.17B). It comprised elongate syntaxial calcite crystals, some of which contain subgrains (Figure 3.5C). The vein cuts through decarbonatized wall-rock with abundant realgar. The
results indicate that this vein formed at 144 +20 /-18 °C with a δ13C of -3.14 ‰ and a δ18O of 15.8
‰. CI-9 is a sample of least-altered wall-rock from the Upper Carbonate Member of the Nadaleen
Formation (Figure 3.17C). This limestone is dominantly calcite with minor quartz, and there is no
indication that this unit has interacted with any hydrothermal fluids. This wall-rock yielded a
temperature of 156 +35 / -27 °C with a δ13C of 7.96 ‰ and a δ18O of 24.56 ‰. CI-10 is a white, nonUVF bedding-normal vein comprising blocky calcite crystals that was sampled adjacent to CI-9
(Figure 3.17C). It returned a formation temperature of 189 +15 / -13 °C, a δ13C of 6.58 ‰ and a δ18O
of 21.56 ‰. The potential effect of diffusive bond reordering on the calculated TΔ47 temperatures is
discussed below.
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Figure 3.16. C and O isotopic signature of calcite veins and wall-rock. A. δ18O and δ13C data from powdered
carbonate vein and wall-rock samples within the Lower Carbonate Member (left) and the Gametrail
Formation (right). n = 184. Thick grey lines join vein–wall-rock pairs where the wall-rock was sampled
within 10 mm of the vein. Light grey uncertainty bars are one standard deviation. UVF calcite veins (pink)
generally fall within the δ13C range of approximately -0.5 to -4 ‰. B. Box and whisker plot of the δ13C data
shown in A and C. C. Box and whisker plot of the δ18O data shown in A and B.
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3.5
3.5.1

Interpretation and Discussion
UVF calcite stoichiometry

UVF calcite veins in the Osiris cluster have Mn concentrations that are typically >1000 ppm,
whereas non-UVF calcite veins have values that are broadly <800 ppm (Figure 3.11). The increasing
width of the Raman spectra with increasing Mn content shows that increasing Mn contents cause a
shift in vibrational bond energies between ions within the lattice, implying that Mn is structurally
incorporated into the crystal lattice. The EMP data show that calcite with high Mn contents has lower
Ca contents, suggesting that Mn2+ substitutes for Ca2+ in the calcite lattice. Therefore, UVF calcite is
interpreted as part of the calcite-rhodochrosite solid-solution with the chemical formula MnxCa1xCO3,

where the mole fraction, x, of Mn ranges from approximately 0.00127 to 0.105 (using the Mn

content range in UVF veins measured by LA-ICP-MS).

Figure 3.17. Clumped isotope thermometry sampled material and calculated temperature (TΔ47). A UVF
calcite vein (CI-7) crosscutting an early bedding-parallel, fibrous vein (CI-6). B. UVF calcite vein (CI-8)
crosscutting decarbonatized wall-rock. C. Least-altered limestone of the Upper Carbonate Member of the
Nadaleen Formation (CI-9) with non-UVF bedding-normal calcite veins (CI-10). Cal = calcite; Lst =
limestone; Rlg = realgar; Decarb. = decarbonatized rock.
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3.5.2

Origin of luminescence in UVF veins

It is well established that the luminescent character of calcite is, to a large part, a function of divalent
cation chemistry, primarily Mn and Fe, with the former being a significant activator ion and the latter
a quencher (Marfunin, 1979; Machel and Burton, 1991). The high concentration of Mn relative to Fe
in the UVF veins is consistent with their enhanced luminescence. The lack of a significant difference
in Pb, REEs or other known sensitizers (Marfunin, 1979) between UVF and non-UVF veins suggests
that no other ions contribute to the fluorescence.
Table 3.2. Carbonate clumped isotope thermometry results.
Sample ID
CI-6
CI-7

CI-8
CI-9
CI-10

3.5.3

Description
Early, fibrous
beddingparallel vein
UVFluorescent
vein that cuts
CI-6
UVFluorescent
vein.
Least-altered
limestone
Non-UVF
beddingnormal vein

Number of
replicates
4

δ18Occ
δ18Occ stdev δ13Ccc δ13Ccc stdev
(VSMOW)
(σ)
(VPDB)
(σ)
22.31
0.060
7.18
0.053

Δ47

Δ47 stdev (σ)

0.433

0.0140

4

16.61

0.068

-1.71

0.044

0.485

0.0138

4

15.80

0.141

-3.14

0.042

0.478

0.0105

4

24.56

0.158

7.96

0.159

0.466

0.0148

3

21.56

0.047

6.58

0.021

0.437

0.0054

Temperature
(TΔ47)
𝟏𝟏𝟏𝟏𝟏𝟏+𝟒𝟒𝟒𝟒
−𝟑𝟑𝟑𝟑
𝟏𝟏𝟏𝟏𝟏𝟏+𝟐𝟐𝟐𝟐
−𝟐𝟐𝟐𝟐
𝟏𝟏𝟏𝟏𝟏𝟏+𝟐𝟐𝟐𝟐
−𝟏𝟏𝟏𝟏
𝟏𝟏𝟏𝟏𝟏𝟏+𝟑𝟑𝟑𝟑
−𝟐𝟐𝟐𝟐
𝟏𝟏𝟏𝟏𝟏𝟏+𝟏𝟏𝟏𝟏
−𝟏𝟏𝟏𝟏

An ore-stage timing for UVF calcite veins

The temporal and spatial relationship between UVF calcite veins and alteration implies that UVF
calcite formed in the same hydrothermal event as Au-mineralization. Realgar regularly occurs in
UVF calcite veins, and UVF calcite appears to either pre-date, post-date or occur coevally with
realgar in different samples (Figure 3.9). There are no calcite veins in most decarbonization zones,
suggesting that the ore-stage fluids dissolved the calcite vein network – both UVF and non-UVF. We
interpret that UVF calcite veins form downstream from zones of dissolution where the majority of
Au-mineralization occurs. In this sense, UVF calcite veins are the 'exhaust' to the deposit. The rare
instances where UVF calcite veins cut decarbonatized zones likely arise when the exhaust of one
flow path overprints dissolution in another path. This interpretation of coeval timing between orestage alteration and UVF calcite vein formation is strengthened by the limited distribution of UVF
calcite veins proximal to ore-stage alteration.
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3.5.4

UVF calcite vein formation through the replacement of a pre-existing fold vein network

The Osiris, Sunrise and Ibis deposits occur around steeply plunging macroscopic folds in bedding
(Figure 3.1). Calcite veins in these deposits (both UVF and non-UVF) are preferentially developed at
high and low angles to bedding, independent of the latter's orientation (Figure 3.4). The vein
geometry in these deposits is most consistent with a buckle fold fracture network (Figure 3.18). We
interpret bedding parallel veins as Mode-1 fractures formed along bedding planes during the initial
layer-parallel shortening that instigated the folding. During the subsequent folding, layer-parallel
extension resulting from tangential longitudinal strain occurs in competent carbonate units (e.g.,
Cosgrove, 2015). This layer-parallel extension created the bedding-normal veins. One possible
reason for the lack of bedding-parallel veins in the Conrad deposit is that there was little horizontal
bedding during the onset of compression owing to the abundance of soft-sediment folding (Steiner et
al., 2018).
UVF calcite veins have the same overall geometry and physical characteristics as this wider buckle
fold vein network. However, crosscutting relationships suggest that UVF calcite veins formed after
folding. UVF calcite veins cut fault fabrics in the Nadaleen and Sunrise faults (Figure 3.10), which,
in turn, cut all folds they intersect. This crosscutting relationship indicates that UVF calcite formation
post-dated the majority of displacement on these structures and folding. Additionally, UVF calcite
veins occur within dikes in the Conrad deposit, and these dikes cut across the Nadaleen fault zone
and are not folded or foliated. These veins cannot be part of the fold fracture network and must
represent some other vein-generating deformation event.
The general congruity in the geometry and physical characteristics of UVF and non-UVF veins
suggests that most UVF calcite veins formed by pseudomorphic replacement of select calcite veins
within a pre-existing fold vein network rather than as a discreet fracture set (Figure 3.18). Such
replacement occurred after folding and after significant slip on the Sunrise and Nadaleen faults. The
patchy fluorescence in some veins (Figure 3.2C) likely represents areas where the ore fluids only
partially replaced pre-existing calcite, and wavy and irregular CL boundaries (Figure 3.3C) depict
reaction fronts in which UVF calcite replaces non-UVF calcite.
The wall-rock immediately adjacent to UVF calcite veins in most samples has Mn concentrations and
δ13C and δ18O values similar to non-UVF veins, indicating that this replacement reaction generally
only occurred in the veins. It is unlikely that there are significant differences in reactivity between the
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non-UVF veins and the wall-rock, given their similar chemistry. Instead, the fluids preferentially
flowed through pre-existing veins rather than through the wall-rock, limiting fluid-rock interaction
outside the veins. UVF calcite veins often occur within non-UVF veins, particularly along the edges
and middle of the vein (e.g., Figure 3.2E), suggesting that many veins were re-fractured during the
ore-stage event. Fractures may have initiated preferentially in pre-existing veins as they have a
different tensile strength to the wall-rock, and boundaries between vein and wall-rock are planes of
weakness. The presence of realgar in-filling pore spaces (e.g., Figure 3.2D, Figure 3.9A) and bright
CL responses along cleavage planes and grain boundaries (e.g., Figure 3.3C) suggest that the veins
also had intrinsic porosity. Fluid flow between and within carbonate grains can significantly
contribute to the overall vein permeability (Jonas et al., 2014) and may have facilitated fluid egress
from fractures into the surrounding vein mass.
3.5.5

Ore-fluid temperature

The two UVF veins returned calculated clumped isotope temperature (TΔ47) of ~140 °C (115 - 166
°C with uncertainty; CI-7, CI-8 in Table 3.2). There are no petrographic textures that suggest this
temperature reflects calcite that has recrystallized since its formation. For example, primary features,
such as syntaxially grown crystals and concentric CL zoning, and deformation features, such as
subgrains and deformation twins, are preserved. However, this temperature does not account for the
effect of any diffusive bond reordering that may have occurred since calcite precipitated (Passey and
Henkes, 2012; Henkes et al., 2014; Stolper and Eiler, 2015; Huntington and Lechler, 2015; Lloyd et
al., 2017). Bond reordering is thermally activated, and the extent to which it may have occurred
depends on the time-temperature history of the analyzed samples after precipitation.
The thermal modelling of AFT age and track length data for two samples of altered rocks from the
Conrad deposit indicates that they last cooled through the AFT closure temperature at ~42 Ma
(Tucker, 2015). Cooling could reflect post-mineralization exhumation (with a closure temperature of
~95 to 115° C for erosional rates of 0.1 to 1 km/Myr; Reiners and Brandon, 2006). Alternatively,
cooling could have occurred following an episode of advective heating by hydrothermal fluid
egressing through the samples after they were exhumed below their closure temperature (Hickey et
al., 2014a; Tucker et al., 2018). In the latter case, the AFT data provides an age estimate for the orestage hydrothermal event, and a lack of subsequent exhumation would imply that significant bond
reordering did not occur. Consequently, the measured TΔ47 of ~140 °C for UVF calcite veins (CI-7
and CI-8) would represent their precipitation temperature. If the AFT data represent post82

mineralization exhumation, the same samples could have undergone diffusive bond reordering
anytime after 74 Ma (maximum Au-mineralization age) during exhumation. In such a scenario, the
measured TΔ47 temperatures of ~140 °C would represent a minimum value for the ore fluids.

Figure 3.18. A schematic 3D visualization, dissected horizontally, of the pre-existing vein fracture network
(light grey), fracture-controlled carbonate dissolution (dark grey), and UVF veins in the Osiris and Sunrise
deposit. Blue arrows indicate the flow direction, with fluid flow occurring over a lateral footprint of hundreds
of meters within the fold. Note the abundance of fractures in which carbonate was dissolved (dark grey zones)
in the lower part of the figure versus the upper part, where only some UVF veins are present. The scale of
individual veins and fractures ranges from centimeters to tens of meters. At most structural levels, UVF veins
and dissolution zones occur together. This model does not show any stratigraphy-controlled flow.

We modelled the possible effect of bond reordering on TΔ47 temperatures for slow and rapid
exhumation through 42 Ma, assuming a range of pre-exhumation vein precipitation ages and
temperatures. We used the bond reordering model of Henkes et al. (2014) and assumed calcite
precipitation ages of 74, 60, and 50 Ma and calcite precipitation temperatures of 300, 200, 180, and
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150 °C (Table 3.3). For the slow exhumation models, the samples cooled monotonically from their
precipitation to 100 °C at 42 Ma and to 10 °C at 0 Ma. The rapid exhumation models involved
holding the samples isothermally at their precipitation temperatures until 45 Ma, after which they
cooled monotonically to 100°C by 42 Ma and to 10 °C by 39 Ma. The model predicted that veins
precipitated at 150° C would have TΔ47 temperatures close to the measured values (≤ 10° C) in all
scenarios. For the rapid exhumation scenario, predicted TΔ47 temperatures are hotter than the upper
uncertainty of measured TΔ47 temperature (166 °C) for veins precipitated at temperatures ≥ 180° C
at 74, 60 or 50 Ma (Table 3.2, Table 3.3). The slow exhumation models returned a greater
correspondence of predicted and measured TΔ47 temperatures, with predicted TΔ47 values falling
within the upper uncertainty of measured TΔ47 values for temperatures ≥ 180° C for calcite
precipitated at 74 or 60 Ma. Therefore, in the case of slow exhumation since Au-mineralization
between 74 and 60 Ma, the veins may have formed at temperatures of up to 300 °C.
Table 3.3. Model-predicted TΔ47 for two different exhumation histories at precipitation temperatures of 300,
200, 180, and 150 °C for Au-mineralization ages of 74, 60 and 50 Ma (after Henkes et al. 2014). The rapid
exhumation scenario maintains the sample at the precipitation temperature and then linearly cools it to 100
°C between 45 and 42 Ma and from 100 to 10 °C between 42 and 39 Ma. The slow exhumation scenario cools
the sample linearly to 100 °C at 42 Ma, then from 100 °C to 10 °C between 42 and 0 Ma.
Model parameters
Precipitation temperature
Au-mineralization age
300 °C
74 Ma
200 °C
74 Ma
180 °C
74 Ma
150 °C
74 Ma
300 °C
60 Ma
200 °C
60 Ma
180 °C
60 Ma
150 °C
60 Ma
300 °C
50 Ma
200 °C
50 Ma
180 °C
50 Ma
150 °C
50 Ma

Predicted TΔ47
Rapid Exhumation
Slow Exhumation
183 °C
163 °C
177 °C
157 °C
173 °C
156 °C
150 °C
147 °C
183 °C
167 °C
177 °C
162 °C
173 °C
160 °C
150 °C
148 °C
183 °C
174 °C
177 °C
168 °C
173 °C
166 °C
150 °C
149 °C

The other three clumped isotope samples all represent samples unaffected by ore-stage hydrothermal
activity. The TΔ47 of 156 +35/-27 °C for an Ediacaran limestone (CI-9) likely represents a
diagenetic recrystallization temperature potentially coupled with diffusive bond reordering during
subsequent burial and exhumation. The same is probably true for CI-6 (measured TΔ47 = 194 +43/33), which is interpreted as an early diagenetic vein. These two samples presumably experienced a
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similar heating and cooling history, such that their relative temperature differences are meaningful.
Sample CI-10 is a non-UVF vein interpreted to have formed as part of the fold-fracture network
during regional deformation, likely in the Cretaceous (Mair et al. 2006). Its T-t history is unknown,
and it may have undergone heating prior to exhumation. More context is therefore needed to interpret
the measured TΔ47 (= 189 +15/-13 °C).
3.5.6

Fluid-buffered δ13C and δ18O values in UVF calcite veins

The δ13C values of UVF calcite veins generally fall between -0.5 and -4 ‰ (Figure 3.16). UVF
calcite veins within the Conrad deposit have isotopically lighter δ13C values than the adjacent wallrock, whereas UVF calcite veins from the Osiris and Sunrise deposits have higher δ13C values than
contiguous wall-rock. To our knowledge, such a discrepancy is not described from other CTGDs and
places a critical constraint on the fluid isotopic composition because it indicates that the local host
rocks did not buffer the fluids. Rather, the fluid must have been derived externally from the local host
rocks. The δ18O value of UVF veins is systematically lower than adjacent wall-rock with a range of
~12.5 to 23 ‰, although it does not fall in such a restricted range as their corresponding δ13C values.
It is rare for fluid δ13C compositions to be fluid-buffered if the δ18O is not because, in an aqueous
fluid, there is a greater proportion of O than C in the fluid (Banner and Hanson, 1990). Thus, the vein
δ18O are likely also fluid-buffered.
3.5.7

Fluid sources

Corrections for temperature-dependent kinetic fractionation during calcite precipitation for samples
CI-7 and CI-8 (the two UVF calcite veins analyzed for clumped isotopes) yield a δ18O fluid
composition of 1 to 5 ‰ (95% confidence interval) and a δ13C composition of dissolved CO2 in the
fluid of -6 to -3 ‰ (95% confidence) using the fractionation factors of O'Neil et al. (1969) and
Ohmoto and Rye (1979), respectively, at 140 °C. Using the same fractionation factors and
precipitation temperature (140 °C) to correct all δ13C and δ18O values obtained from all UVF veins
provides a broad fluid δ18O range of -2 to 12 ‰ and a dissolved CO2 δ13C composition of 0 to -8 ‰
(Figure 3.19A). These corrected δ18O and δ13C data generally have lower δ18O values and higher δ13C
values than magmatic fluids (Figure 3.19A). This signature is typical of meteoric waters in which
δ13C has entirely equilibrated with the basinal rocks and δ18O has partially equilibrated with the same
rocks (blue dashed line in Figure 3.19A). This fluid-rock interaction along the flow path likely also
caused the fluids to become reduced, enabling Mn2+ and Fe2+ to be transported in the fluid.
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Figure 3.19 (this page and previous page). The δ13C and δ18O composition of the fluids that formed UVF
calcite veins (pink circles) corrected for temperature-dependent fractionation during calcite precipitation at
140 °C (A), 200 °C (B) and 300 °C (C) after O’Neil et al. (1969) and Ohmoto and Rye (1979). δ13C and δ18O
data from different-aged basinal rocks in the Selwyn basin and Mackenzie mountains are shown for
comparison: Earn Group (maroon line; Ansdell et al., 1989), Rackla Group (blue diamonds; Moynihan et al.,
2019), Hay Creek Group (orange diamonds; Moynihan et al., 2019), Rapitan Group (yellow diamonds;
Milton, 2015), and Coates Lake Group (green diamonds; Milton, 2015). Eocene meteoric water (from Hofstra
and Cline, 2000) is denoted with a blue box. (Note that this box represents meteoric water from Nevada, and
the δ18O of meteoric water in this study is actually slightly lighter after correcting for latitude). The
interpreted δ13C and δ18O signature of ore-fluids from CTGDs in Nevada (at fluid temperatures of 200 °C) is
shown as a striped field outlined in grey (Hofstra and Cline, 2000). The igneous calcite box encompasses the
field of measured δ13C and δ18O values for carbonate precipitated from a carbonatite magma (Taylor et al.,
1967) and the measured δ18O range of intrusions proximal to skarn deposits (Bowman, 1998). The dashed
black box represents the δ18O values of the igneous calcite box corrected for precipitation from magma at 500
°C after O’Neil et al. (1969). A temperature of 500°C represents the low-temperature threshold for
carbonatite crystallization and provides an estimate for the maximum degree of temperature-dependent δ18O
fractionation. The δ13C remains equilibrated to magmatic CO2 at -5 to -8 ‰. The dashed blue and red arrows
schematically depict buffering paths drawn through the data between a meteoric (blue arrow) and magmatic
(red arrow) fluid reservoir and rocks in the basin with which they interacted.
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A correction for higher fluid temperatures is required if mineralization pre-dated exhumation and
samples CI-7 and CI-8 cooled slowly through the AFT closure temperature at 42 Ma because the
measured TΔ47 may be lower than the true calcite precipitation temperature owing to bond
reordering (see above). If the temperature of calcite precipitation was ≥ ~200 °C, the fluid δ13C and
δ18O composition could represent a magmatic fluid that had partially equilibrated with basinal rocks
that have a positive δ13C composition (red arrows in Figure 3.19B and C). A meteoric fluid source is
also possible at these temperatures if the fluids were nearly entirely rock-buffered (blue arrows in
Figure 3.19B and C). This interpretation is similar to that of C and O isotope data from the Nevada
CTGDs where most C and O isotope data there suggest a meteoric origin, but a magmatic component
is also possible in some deposits (Hofstra and Cline, 2000; Cline, 2018).
3.6

Roll-Front Model for the Formation of Ore-Stage Calcite

Any model for UVF calcite vein formation must account for their divalent cation chemistry (high
Mn, low Fe, low Sr, low Mg; Figure 3.11) and their fluid-buffered δ18O and δ13C compositions
(Figure 3.16). It should also explain how carbonate-dissolving ore-fluids can replace pre-existing
calcite veins with another calcite pseudomorph. Here we discuss how this replacement occurs and
argue that CTGDs as a whole form as a result of these same processes at a larger scale.
3.6.1

Pseudomorphic calcite replacement

The replacement of one mineral by another is the result of coupled dissolution-precipitation (Putnis,
2002, 2009; Putnis & Putnis, 2007; Ruiz-Agudo et al., 2014), particularly at low temperatures where
diffusional processes are slow (<400 °C in the carbonate system; Bowman et al., 1994; Farver, 1994;
Barker et al., 2013). Coupled dissolution-precipitation occurs when the parent mineral is
undersaturated within a fluid while the replacing daughter mineral is super-saturated. The
incremental process of parent mineral dissolution followed by the precipitation of a daughter mineral
into the immediate dissolved volume results in the daughter mineral forming as a pseudomorph of the
parent mineral, maintaining the shape and size of the parent mineral (reactions are shown in
Appendix B.5).
Mineral solubility in a solution can be expressed by the mineral's saturation index (SI), where
minerals tend to dissolve if they have a SI < 0 and precipitate if their SI > 0. In a coupled-dissolution
replacement reaction, the parent mineral has a SI < 0, while the daughter mineral has a SI > 0. The
distribution coefficient, D, of a cation is a reliable proxy for its relative solubility compared to Ca2+
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in carbonates, where more positive values indicate stronger partitioning of the cation over Ca2+ into
solid carbonate phases from a fluid. A range of physicochemical factors affects the D value of cations
in carbonate, such as temperature, precipitation rate, pH, and oxidation state. During low-temperature
calcite formation, Mn2+ preferentially partitions into precipitated calcite phases over Ca2+ under most
conditions (DMn > 1; Lorens, 1981; Mucci, 1988; Pingitore et al., 1988; Dromgoole and Walter,
1990; Böttcher, 1997). While there is no experimental data on Mn partitioning at high temperatures,
empirical data suggest that DMn increases from 10 to 50 °C (Dromgoole and Walter, 1990) and Mn
likely partitions readily into calcite at hydrothermal temperatures. Conversely, Sr2+ and Mg2+ do not
readily partition into precipitating calcite under most conditions (DSr and DMg < 1; Lorens, 1981;
Mucci, 1987; Böttcher, 1997; Gabitov and Watson, 2006).
Consequently, we propose that a Mn-rich, Sr-poor, Mg-poor calcite is less soluble (has a lower SI
relative to least-altered calcite) than least-altered calcite, thus allowing a dissolution-precipitation
replacement reaction to occur. Similar replacement reactions occur during carbonate diagenesis in
which Mn-rich, Mg-poor, Sr-poor calcite replaces Mn-poor, Mg-rich, Sr-rich calcite in a coupled
dissolution-precipitated reaction (Brand and Veizer, 1980; Banner and Hanson, 1990; Böttcher,
1997). While these D data are for calcite, differences in the same cations may also facilitate the
coupled dissolution-precipitation replacement of dolomite.
The partitioning of Fe2+ into calcite is generally higher than Ca2+ but less than Mn2+ (1 < DFe < DMn;
Dromgoole and Walter, 1990). Thus, precipitated daughter calcite is expected to have higher Fe
contents than the parent calcite. However, LA-ICP-MS data presented in Figure 3.11 shows a high
Mn and low Fe content in UVF calcite veins relative to least-altered calcite veins. The relatively low
Fe content likely reflects a high H2S content in the fluid, which reacted with the Fe2+ to form
minuscule volumes of pyrite. The presence of very fine-grained pyrite within many UVF calcite
veins supports this hypothesis.
Coupled dissolution-precipitation pseudomorphic replacement of non-UVF calcite by UVF calcite
can generally explain the similarity in physical characteristics between UVF and least-altered calcite
veins. Several UVF veins exhibit calcite crystals that are significantly coarser than their non-UVF
counterparts. Some of these crystals likely grew from the pseudomorphic replacement of multiple
grains. However, concentrically-zoned CL responses in many of these crystals suggest that some orestage calcite crystals grew directly into open space. Additionally, the occurrence of UVF calcite
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veins crosscutting dikes, which themselves post-date folding, indicates that some veins formed as
infill of new fractures.
3.6.2

Roll-front migration of calcite dissolution and manganoan calcite precipitation

The δ13C composition of UVF veins is intriguing because it is fluid-buffered relative to the local host
stratigraphy. Such a composition is unexpected because the concentration of C in dissolved carbonate
is much higher than the concentration of C in a typical aqueous fluid. Accordingly, the fluid δ13C is
expected to be dominated by C dissolved from the rock. A rock-dominated δ13C composition is even
more likely in the case of coupled dissolution-precipitation replacement of pre-existing calcite, where
much of the C derives from the immediately local fluid-mineral interface. A CO2-rich fluid may
buffer any dissolved C, but it also would increase acidity and lead to more limestone dissolution,
offsetting the buffering effect. We propose that the only way to achieve fluid-buffered δ13C
compositions in a carbonate-hosted hydrothermal system is through repeated iterations of dissolution
and precipitation in a "roll-front" model. This model uses the distribution coefficients from the
literature discussed above to explain the observed Mn, Sr, Mg, and Fe chemistry, δ13C and δ18O
composition, and pseudomorphic replacement formation mechanism of the veins. Consider ore-fluids
reacting with a least-altered calcite vein during one-dimensional flow (Figure 3.20A). The fluid will
dissolve the calcite, taking up Ca2+ and CO32- until reaching calcite saturation. It will also accrue
small amounts of Mn2+, Sr2+, and Mg2+ that were substituted for Ca2+ in the calcite lattice. Liberated
Fe2+ reacts with H2S in the fluid to form pyrite. Once the fluid approaches calcite-saturation, there is
a small window in which the fluid is undersaturated with respect to least-altered calcite, yet supersaturated with respect to lower Sr, lower Mg, and higher Mn calcite (Figure 3.20A). In this window,
ore-stage calcite replaces least-altered calcite in a coupled dissolution-precipitation reaction. This
hydrothermal calcite will derive a minute volume of C and O from the fluid, but its δ13C and δ18O
will still be nearly entirely rock-buffered. At the onset of fluid flow, the volume of dissolution (and
hence dissolved Mn content of the fluid) is so low that this process occurs at the grain scale (with
individual reactions occurring at the nano to micro scale).
Decarbonatized rock is porous (high permeability) and unreactive, so replenishing fluids from
upstream will be channeled into the decarbonatized zone and start reacting with the upstream edge of
the zone (Figure 3.20B). This edge is where previous fluids replaced least-altered calcite with orestage calcite. Thus, the replenishing fluids react with calcites that are already slightly fluid-buffered
and slightly enriched in Mn relative to least-altered calcite (Figure 3.20B). The fluids dissolve this
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Mn-enriched calcite and any additional least altered calcite until reaching saturation and inducing
another replacement reaction. The fluid Mn concentration will be slightly higher than the previous
step, and thus the SI value for calcite decreases and the window for replacement grows (Figure
3.20B). Calcite in this new replacement zone will be slightly more Mn-rich and marginally more
fluid-buffered than previously precipitated calcite. In this way, the replacement zone migrates
downstream in a roll-front controlled by the fluid Mn, Sr, and Mg content.
Over several iterations of this process, the δ13C and δ18O composition of the precipitated calcite
becomes progressively more fluid-buffered as the overall fluid:rock ratio increases. Similarly, the Mn
content of precipitated calcite increases as it migrates downstream because the cumulative Mn
accrued from all prior dissolution partitions into ore-stage calcites such that very little Mn leaves the
system (Figure 3.20C-E). The volume of the manganoan calcite halo quickly eclipses the volume that
the fluids can dissolve before reaching saturation. At this point, the fluids dissolve the upstream end
of the halo until reaching saturation with respect to manganoan calcite (Figure 3.20F-G). Then the
fluids permeate through the remainder of the halo at equilibrium. The fluids are able to move through
the pre-exisitng zone of replacement because manganoan calcite has a smaller molar volume than
calcite, so the replacement reaction generates a small volume of porosity. When the fluids reach
least-altered calcite on the downstream end of the halo, they are still reactive to it because they have
so far only achieved saturation relative to the lower SI manganoan calcite. Therefore, coupled
dissolution-precipitation replacement of calcite by manganoan calcite occurs here, and the width of
the replacement zone grows (Figure 3.20F-J). Because the manganoan calcite halo grows with
increasing upstream dissolution, the final extent of the halo scales with fluid flux through the flow
path. As such, this process operates from the grain scale upwards, with the potential to form veins
100s of meters long. When fluids are unequally partitioned into several fractures, the roll front
migrates a different distance down each path, resulting in dissolution zones and UVF veins at the
same structural level (e.g., Figure 3.18).
3.6.3

Roll-front mass transfer in Carlin-type Au deposits

We hypothesize that the model for UVF calcite vein formation presented in Figure 3.20 can be scaled
up to the deposit scale (Figure 3.21). Building on the interpretations of Vaughan et al. (2016), we
suggest that spatial variation in carbonate chemistry should occur down the flow path based on the
processes previously described (Figure 3.21). The size of these zones will depend on the total fluid
flux of the deposit and the degree to which fractures controlled fluid flow.
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The upstream part of the flow path comprises the carbonate dissolution zone (CDZ), which is
depleted in Ca, Mn, Sr, and Mg since these are all removed from the rock during dissolution (Cail
and Cline, 2001; Emsbo et al., 2003). The release of Fe from the carbonate during this dissolution
and the subsequent sulfidation reaction to form pyrite results in abundant Au deposition in the CDZ
such that it contains most of the Au in the deposit. The CDZ is a high-permeability, unreactive
volume that allows upstream fluids to reach more reactive carbonate rocks downstream and the rollfront to migrate down the flow path. In the Sunrise deposit, we estimate the CDZ to be over 100 m
long and over 200 m wide, but at Osiris, it is generally <10 m and divided among several flow paths.
Downstream from CDZ, there is a zone of carbonate replacement (CRZ) where ore-stage calcite has
replaced least-altered calcite. Calcite in the CRZ has partially fluid-buffered δ13C and δ18O
compositions depending on the fluid:rock ratio of the deposit. The extensive haloes of carbonate with
anomalous δ13C and δ18O compositions around Nevada's CTGDs are expressions of the CRZ (e.g.,
Barker et al., 2013; Lepore, 2013; Vaughan, 2013; Hickey et al., 2014b; Herron, 2018).
Subtle changes in Mn, Sr and Mg contents between the parent and daughter calcite likely facilitate
this replacement reaction, as discussed in the previous section. The preferential partitioning of Mn in
calcite means that the Mn mobilized from the CDZ will become concentrated at the tip of the CDZ in
a halo of Mn-rich calcite pseudomorphs we call the inner CRZ. Inner CRZ calcite will comprise high
Mn, low Fe, low Sr, low Mg calcite. Vaughan et al. (2016) noted an example of a CRZ in the
Banshee CTGD, where Mn-rich calcite pseudomorphically replaced oolitic limestone proximal to
decarbonatization. Further downstream, we predict that there is an outer CRZ comprising Mn-poor
calcite pseudomorphs because the majority of the Mn in the fluid has partitioned into calcite phases
within the inner CRZ. Variations in Sr and Mg between the parent and daughter calcite may drive
replacement reactions in the absence of Mn.
In the Nadaleen trend, cathodoluminescent and Mn-rich wall-rock (Figure 3.3; Figure 3.11) are
expressions of the inner CRZ. However, the lack of large lithogeochemical Mn anomalies suggests
that the inner CRZ is usually less than the sample interval (<3 m). In the Conrad deposit, Tucker
(2015) found that there were very few sample intervals with altered δ13C and δ18O compositions
beyond Au-mineralization, suggesting that the outer CRZ only locally extends beyond the 3 m
sample interval. However, δ13C- and δ18O-altered haloes around CTGDs in Nevada are often several
kilometers (Barker et al., 2013; Hickey et al., 2014b; Lepore, 2013; Vaughan, 2013), suggesting that
the CRZ can extend much further under different hydrogeological conditions.
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Figure 3.20 (previous page). A one-dimensional conceptual model for the “roll-front” formation of UVF
calcite veins. This model is qualitative but is geometrically consistent (the slopes of straight lines are
consistent throughout). For each step, the vein depicts the alteration created by the previous step, while the
arrows represent how the fluids will react with the vein. Below each vein, there are graphs of how the
saturation index (SI) and Mn concentration of the fluid will change during this interaction. The saturation
states of calcite and Mn-rich, Sr-poor, Mg-poor calcite (denoted as just Mn-rich calcite) are denoted on these
graphs by horizontal dashed lines. Coupled dissolution-precipitation (CDP) replacement occurs when the
fluid is supersaturated with respect to Mn-rich calcite (above the Mn-rich calcite line) but undersaturated
with respect to least-altered calcite (below the calcite line). With increasing Mn content in the fluid, the Mnrich calcite saturation line decreases. The Roman numerals I-IV represent the boundaries of alteration zones
in the vein. I marks the downstream edge of the decarbonatization zone and the upstream edge of the
manganoan calcite halo, created during the previous step. II denotes the downstream edge of the manganoan
calcite halo created during the previous step. III symbolizes where manganoan calcite becomes saturated. IV
marks where least-altered calcite becomes saturated. A-E represents the initiation of the roll front, likely at
the grain scale. F-J represents the migration of the roll front and growth of the Mn-rich calcite halo at scales
greater than the grain scale. The eventual length of the Mn-rich vein scales with the total fluid flux through
the vein.

Superimposed on top of the CRZ is the carbonate vein halo (CVH), where UVF calcite veins occur.
The outermost zone of the CVH may also contain Mn-poor calcite veins with lower Sr and Mg
concentrations than least-altered veins (Figure 3.21). The presence of some non-UVF calcite veins
with similar isotopic signatures to UVF calcite veins at Nadaleen (Figure 3.16) suggests that Mnpoor ore-stage calcite veins do exist. Some of these veins have lower Sr contents than least-altered
calcite veins, and some contain realgar. The CVH probably extends beyond the CRZ because refractured pre-ore veins are more permeable than the host rock. Therefore, the physicochemical
evolution of the fluid occurs over a larger spatial extent, and we predict that the CVH is the most
downstream visual indicator of hydrothermal fluid flow in a CTGD. In the Nadaleen trend, the vein
halo extends likely a few tens of meters beyond the CDZ. The use of a UV lamp to assess the
luminescence of calcite veins may be an effective field-based exploration tool and warrants further
investigation.
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Figure 3.21 (previous page). Conceptual model of carbonate geochemical variations along the flow path for
deposit-scale fluid flow. The shown flow path is vertical, but the same zonations are also predicted for
shallow-dipping flow paths. We show the approximate scale of each alteration zone in the Nadaleen trend but
emphasize that the size of these zones will vary with fluid flux along the flow path. CDZ = carbonate
dissolution zone, where the majority of Au is deposited. CRZ = carbonate replacement zone with δ13C- and
δ18O-altered, low Sr, low Mg and low Fe calcite. The inner CRZ is Mn-rich, whereas the outer CRZ is Mnpoor. CVH = Carbonate vein halo comprising δ13C- and δ18O-altered, Sr-, Mg, and Fe-poor calcite veins. Pink
veins represent Mn-rich UVF calcite veins, blue veins represent Mn-poor non-UVF calcite veins, and white
veins represent least-altered non-UVF calcite veins. The large arrow represents fluid flow, and the colors
represent the fluid’s evolution from a carbonate-undersaturated (purple) to a carbonate-saturated fluid
(white). Cation movements between the aqueous and solid phase are denoted with arrows.

There are indications from several other carbonate-hosted hydrothermal systems to suggest that
similar processes occur in other deposit types. For example, Wilkinson et al. (2011) found that
carbonate-hosted Irish-type Pb-Zn deposits have a downstream Mn lithogeochemical halo and Mn,
Sr, Mg, and Ca depleted ore-zones. They also noted a distal Cu halo and Na depletion in the orezone, which likely formed through the same process (as Ca2+-substituting cations). Skarn deposits
commonly have UVF calcite veins, such as the Cantung deposit in the Northwest Territories, Canada,
and the Antamina skarn in Peru (Escalante, 2008). Carbonate veins in and distal to skarns are often
enriched in Mn, with concentrations > 16 wt.% in some cases (Megaw et al., 1988; Meinert et al.,
2005; Canet et al., 2009). Carbonate replacement deposits (CRDs) frequently have Mn enrichments
around the deposit and UVF veins (e.g., Megaw et al., 1988; Beinlich et al., 2019; Siron et al., 2019;
Cantor, 2020). With improved methods for rapidly analyzing carbonate cation chemistry, an
enhanced understanding of how these cation enrichments and depletions arise in carbonates will
enable the identification of and vectoring along cryptic hydrothermal flow paths in carbonate rocks.
3.7

Conclusions

UVF calcite veins in the Nadaleen trend Carlin-type Au deposits are identified as ore-stage through
their close spatial distribution relative to ore-stage alteration and their mineralogical association with
realgar. They have distinct fluid-buffered δ13C and δ18O compositions and geochemistry (high Mn,
low Sr, low Fe, low Mg) relative to other calcite generations. Their physical characteristics,
distribution, and orientation are almost identical to the wider vein network that formed during
folding. However, field crosscutting relationships indicate they post-date folding, and we suggest that
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they selectively replaced pre-existing calcite veins, which acted as high-permeability conduits for ore
fluids.
Carbonate clumped isotope thermometry results indicate that the veins formed at ~140°, but may
have been up to 300 °C, depending on the post-mineralization exhumation history. The fluid δ13C
and δ18O composition was calculated using these temperature constraints to correct for temperaturedependent kinetic fractionation during UVF calcite precipitation. These corrected δ13C and δ18O
values suggest that the ore-fluids were likely extensively exchanged meteoric waters but may have
had a magmatic component if the fluids were hotter than ~200 °C. Resolving if there was a magmatic
component or not from this data requires better age constraints on Au-mineralization and
exhumation.
The replacement of pre-existing calcite veins by UVF calcite veins occurs through coupled
dissolution-precipitation driven by subtle differences in solubility between least-altered calcite and
Mn-rich, Sr-poor, Mg-poor calcite. This replacement occurs downstream along the flow path from
carbonate dissolution such that UVF calcite veins can be considered the exhaust of the deposit. The
fluid-dominated δ13C and δ18O values of UVF veins suggests that they formed from several
continuous episodes of dissolution and precipitation as this replacement zone migrated downstream
in a roll-front. This roll-front migration likely also occurred at the deposit scale creating spatial
variations in carbonate chemistry (Figure 3.21). Critical questions that future work might address
include how these different zones vary in scale between deposits with differing fluid fluxes and
differing flow regimes and how well-defined each zone is. With thermodynamic data for the Mn1Ca1xCO3

solid solution at hydrothermal conditions in a sulfidating fluid, the fluid flux required to create

CDZs and CRZs of different sizes could potentially be modelled.
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Chapter 4: Fluid partitioning between fractures and the host rocks in Carlintype Au deposits: a significant control on fluid-rock interaction and Au
endowment
4.1

Introduction

Fluid-rock interaction is a critical control on metal precipitation in many sedimentary rock-hosted
hydrothermal systems, such as Carlin-type Au, carbonate replacement, skarn, and sediment-hosted
base metal deposits (e.g., Hofstra et al., 1991; Meinert et al., 2005; Hitzman et al., 2005). The
hydrothermal fluid's ability to react with large rock volumes is a critical control on size and grade in
these deposits. In most sedimentary rock-hosted hydrothermal systems, fluids exploited fracturecontrolled permeability (faults, veins and fracture networks) and intergranular permeability within
sedimentary layers (e.g., Hickey et al., 2014b; Rhys et al., 2015; Milton et al., 2017; Rodríguez et al.,
2021). However, the degree to which fluids can interact with the rock during flow through fractures
and intergranular flow through sedimentary layers has not been studied systematically in
hydrothermal deposits. If there is a significant difference in fluid-rock interaction between fluids
flowing through fractures and sedimentary layers, then the ability of the fluids to partition between
fractures and the rock mass is a critical control on the total fluid-rock interaction and hence metal
endowment in many deposits. Numerical models of fluid partitioning between fractures and the
permeable rock mass indicate that the permeability ratio of the fracture network (kf) to the
intergranular permeability of the rock mass (km) controls how much of the total fluid flow is
accommodated in fractures and how much flows through the rock matrix (Taylor et al., 1999;
Matthai and Belayneh, 2004). This study investigates the nature of this partitioning in the Osiris
cluster of Carlin-type Au deposits (CTGDs; Figure 4.1) in eastern central Yukon. In particular, it
assesses whether there is a significant difference in fluid-rock interaction and Au content between
flow through fractures or veins and intergranular flow through sedimentary layers.
CTGDs are carbonate-hosted hydrothermal deposits best known from the world-class deposits in
northern Nevada (e.g., northern Carlin trend, Cortez Hills, Turquoise Ridge; Hofstra and Cline, 2000;
Cline et al., 2005; Muntean, 2020). In Nevada's CTGDs, the fluids are interpreted to have flowed
through fractures and faults (e.g., Muntean et al., 2007; Lepore, 2013; Hickey et al., 2014a,b; Rhys et
al., 2015) and particular sedimentary layers, which many interpret to be more permeable than
adjacent sedimentary rocks (e.g., Cline et al., 2005; Cook, 2015). Flow paths in the Osiris cluster are
not yet as well-defined. Previous workers in the area mainly focused on describing and classifying
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the deposits and comparing them to the CTGDs in Nevada (Arehart et al., 2013; Tucker et al., 2018;
Pinet et al., 2022a). These studies postulated several possible structures that could control fluid flow,
mainly based upon observations of samples from drill core. These structures include dolomitization fronts
and contacts between carbonate and siliciclastic rocks (Tucker, 2015; Tucker et al., 2018; Beaton, 2015;
Pinet et al., 2020, 2022a), fold hinges (Tucker, 2015; Tucker et al., 2018; Pinet et al., 2020, 2022a), fault
zones, (Tucker, 2015; Tucker et al., 2018; Steiner et al., 2018; Pinet et al., 2020, 2022a), impermeable
reverse faults (Palmer and Kuiper, 2017; Pinet et al., 2020, 2022a), and particular sedimentary units such
as laminated limestone and carbonate debris flow breccias (Pinet et al., 2020, 2022a). However, none of
these interpretations have been tested at the deposit scale, and their relative importance as flow paths
remains unknown.
Pre-existing carbonate veins were also significant flow paths in the deposit. Steiner and Hickey (2019)
and Steiner et al. (2022) described ore-stage, UV-fluorescent (UVF) calcite ± realgar veins, which
generally occur within ~10 m of Carlin-type alteration. They have markedly high Mn, low Sr, low Fe and
low Mg contents and distinct fluid-buffered δ13C and δ18O compositions relative to other carbonate vein
generations and adjacent wall-rock carbonate (Figure 4.2). The disparity between the fluid-buffered δ13C
and δ18O compositions in veins and the mostly rock-buffered δ13C and δ18O values of wall-rock general
indicate that fluid flow was strongly partitioned into veins. Steiner et al. (2022) described how the veins
formed downstream from carbonate dissolution and Au deposition, where they mainly occur as
pseudomorphic replacements of pre-existing carbonate veins. The UVF vein network occurs within a
wider vein network of non-UVF veins with identical vein spacing, geometry and physical properties in
visible light. The dominant bedding-parallel or near bedding-normal geometry of veins in this network is
typical of a buckle fold network, leading Steiner et al. (2022) to propose that the fluids exploited parts of
the pre-existing vein network, particularly where it is closely spaced, such as in fold hinges. Pinet et al.
(2020; 2022a) also proposed that fluids exploited pre-existing veins, although they presented no data in
support of the posit. They also suggested that the hydrothermal fluids preferentially dissolved pre-existing
veins because they were more reactive to the fluids. Given that pure calcite veins would neutralize
reactive fluids over a shorter flow path than less-reactive mixed carbonate siliciclastic wall-rock, such a
hypothesis warrants additional investigation.
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Figure 4.1. Geology map of the Osiris cluster with cross-section lines for the sections shown in Figure 4.10,
Figure 4.12 and Figure 4.13, and the drill holes used to inform those cross-sections in the Sunrise and Osiris
deposits. The gold shells represent surface projection of the modelled resource (ATAC Resources website)
and enclose gold concentrations of 4.21 ppm at Osiris, 5.07 ppm at Sunrise, 4.15 ppm at Conrad, and 4.33
ppm at Ibis. The inset map shows the location of the Osiris cluster on a terrane map of Yukon after Colpron
and Nelson, 2011.

Here, we build on the previous work of Steiner et al. (2022) to establish patterns of fluid flow, especially
between intergranular flow within sedimentary layers and flow along fractures and pre-existing veins.
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Fluid flow paths at various scales are identified using a combination of mineralogical alteration, Au, As,
Mn and Sr lithogeochemistry, and δ13C and δ18O isotope datasets. We then assess how Au content varies
between fracture-controlled flow and intergranular flow through sedimentary rocks and argue that local
changes in time-integrated fluid flux and the fracture network's bulk permeability are perhaps more
significant than host rock permeability for controlling partitioning between the two regimes. Finally, the
processes and geological features that control fluid flow in the Osiris cluster are compared to those
thought to have been active in the giant CTGDs in Nevada.

Figure 4.2. Chemical characteristics of ore-stage carbonates and least-altered Gametrail Formation and
Lower Carbonate Member host rocks, after Steiner et al. (2022). Black arrows show schematic progressive
carbonate alteration pathways. A. Approximate Mn and Sr content. B. δ13C and δ18O composition.

4.2

Geological setting of CTGDs in the Osiris cluster, Yukon

The Osiris cluster is a collection of four CTGDs that define the eastern end of a ~25 km array of Au
showings and anomalously high As in soil known as the Nadaleen trend (Figure 4.1; Tucker et al.,
2018; Coulter et al., 2018; Steiner et al., 2022). The deposits are located approximately at the eastern
termini of the Dawson fault and Kathleen Lakes fault on the northern margin of the Selwyn basin
(Tucker et al., 2018; Steiner et al., 2022). The host rocks are predominantly Neoproterozoic slopefacies limestone with minor mineralization occurring in dolostone, siliciclastic rocks and two mafic
dikes (Tucker et al., 2013; Steiner et al., 2018; Coulter et al., 2018). The rocks were deformed during
Cretaceous shortening (Mair et al., 2006), which created a series of steeply-plunging folds that host
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the deposits and a series of steep thrusts that cut these folds (Figure 4.1; Steiner and Hickey, 2021).
This deformation also formed a sub-vertical, axial-planar pressure-solution cleavage and near-upright
folds that are regional features within the wider fold-and-thrust belt (Moynihan, 2016; Steiner and
Hickey, 2021).
Conrad is the largest of the four GTGDs in the Osiris cluster and is hosted in an ovoid-shaped
Ediacaran limestone body correlated with the Lower Carbonate Member of the Nadaleen Formation
and locally within the adjacent Heterolithic Member, which contains variable proportions of
siliciclastic mudstone, siltstone, sandstone, conglomerate, and limestone. The ovoid shape of the
Lower Carbonate Member has been interpreted as a tight doubly-plunging anticline (Palmer and
Kuiper, 2017; Pinet et al., 2022b). However, the geometry is anomalously tight for folds in the area,
and there are no underlying sedimentary units in the core of the 'fold' as would be expected in an
anticline. Internal folds within the unit truncate against one another and exhibit a range of anomalous
geometries indicative of soft-sediment slump folds (Steiner et al., 2018). These slump folds and the
lack of older rocks in the 'fold' core led Steiner et al. (2018) to interpret the lenticular shape of the
Lower Carbonate Member as depositional in origin rather than a tectonic fold. The geometry of
bedding at Conrad varies markedly over short distances, and there are no good marker units, making
it difficult to determine the internal 3D geometry of the Lower Carbonate Member. The Sunrise,
Osiris, and Ibis deposits occur within the Ediacaran Gametrail Formation, which overlies the
Nadaleen Formation. The Sunrise deposit is located in a ~70° S-dipping limb within a ~300 m
wavelength steeply-plunging anticline. The Osiris deposit occurs in the sub-vertical, NNE-striking
limb of the same fold and continues to the north across an open synclinal hinge (Figure 4.1; Steiner et
al., 2018; Steiner and Hickey, 2021). A steeply S-dipping thrust fault called the Sunrise fault cuts
these folds just to the south of the Sunrise deposit. The Ibis deposit occurs in an anticlinal warp in the
hanging wall of the Sunrise fault (Figure 4.1; Steiner and Hickey, 2021).
Two Cretaceous dikes in the Conrad deposit host localized Au-mineralization. Tucker et al. (2018)
provided a preliminary U-Pb zircon age of 74.4 Ma for these dikes, and this is the current upper age
constraint on Au mineralization. Modelling of pooled apatite fission track (AFT) ages from detrital
apatite in two intervals of Au-mineralized sandstone from the Conrad deposit indicates that these
rocks cooled below ~100 °C at 47.0 +8.61 / -7.29 and 37.4 +7.41 / –8.62 Ma (Tucker, 2015; Tucker
et al., 2018). These AFT ages provide a preliminary lower age constraint of ~42 Ma for Au
mineralization in those samples. Recent U-Pb carbonate geochronology indicates that at least some
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ore-stage carbonate veins formed approximately coevally with dike emplacement at ~74 Ma (see
Chapter 5; Pinet et al., 2022b).
Like the CTGDs in Nevada, Au mineralization in the Nadaleen trend occurs as sub-micron-sized
particles within As-rich pyrite, often as rims on pre-existing pyrite (Tucker et al., 2018). This As-rich
pyrite, and consequently the Au, precipitates when Fe dissolved from the host rocks reacts with
Au(HS)2- in the fluid to form pyrite (Wells and Mullins, 1973; Hofstra et al., 1991; Tucker et al.,
2018). This sulfidation model for Au deposition requires fluid-rock interaction to dissolve host
minerals and liberate Fe2+, and the Au endowment in any given ore system should therefore scale to
some degree with the amount of fluid-rock interaction. In addition to As, the ore-stage pyrite also
contains elevated concentrations of Hg, Tl, and Sb (Hofstra and Cline, 2000; Barker et al., 2009).
The Au occurs in decarbonatized rock (where carbonate has been dissolved), which does not react
readily with dilute HCl and is generally darker colored and more porous than limestone not obviously
affected by the hydrothermal fluids (hereafter called 'least-altered' limestone). In intensely
decarbonatized rock, primary sedimentary structures such as laminae are disrupted. Quartz and
realgar (AsS), with rarer orpiment (As2S3), generally infill pore space in decarbonatized rock (Tucker
et al., 2018). Realgar and orpiment are also present in calcite veins, many of which fluoresce under
UV light. These UV-fluorescent (UVF) veins have high Mn and low Sr, Fe, and Mg relative to other
vein generations and a distinct δ13C and δ18O composition (Steiner and Hickey, 2019; Steiner et al.,
2022). They are interpreted to be syn-mineralization veins that formed through the pseudomorphic
replacement of a pre-existing calcite vein network (Steiner and Hickey, 2019; Steiner et al., 2022).
Tucker (2015) found that pulped drill core samples and vein rock chips with high As and Au contents
generally had lower δ13C and δ18O compositions relative to the Lower Carbonate Member host rocks
at Conrad. However, several high-As and high-Au samples also fell within or close to background
δ13C and δ18O values. The similarity in mineralogy and lithogeochemical signature between CTGDs
in the Nadaleen trend and Nevada suggest that the ore fluids were likely similar. The fluids in the
Nevada deposits were reduced, relatively cool (~180 - 240 °C), and only mildly saline (~2 – 3 wt %
NaCl equivalent; Cline and Hofstra, 2000; Hofstra and Cline, 2000; Cline et al., 2005).
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4.3
4.3.1

Methods
Lithogeochemistry and δ13C and δ18O isotopes

Whole-rock lithogeochemistry and carbonate δ13C and δ18O compositions were used to assess
evidence for fluid-rock interaction in carbonate rocks in the Osiris cluster (e.g., Barker et al., 2013;
Hickey et al., 2014a) and to evaluate the general scale of hydrothermal fluid flow. Arsenic was used
as the main tracer of fluid flow because it is ubiquitously high where there is alteration, whereas
other classic Carlin pathfinder metals (Sb, Tl, Hg) are locally absent in altered zones. We also use
two novel lithogeochemical elements in Mn and Sr to assess the relative proportion of ore-stage
carbonate in a sample interval and infer whether flow paths are larger or smaller than the
lithogeochemical sample interval. Following the model of Steiner et al. (2022), the upstream part of a
flow path will be dominated by decarbonatized rock that is enriched in Au and depleted in Mn and Sr
relative to background values, whereas the downstream part of the flow path comprises ore-stage
carbonates with low Au and Sr, but high Mn contents. Consider a conceptual CTGD comprising a
single flow path ~10 m wide, intersected by four drill holes from which the drill core has been
divided into 3 m intervals, which each represent a single lithogeochemistry sample (Figure 4.3A).
The flow path is much larger than the sample interval and, consequently, the chemistry of several of
the 3 m intervals has a distinctly high Au and low Mn content typical of the decarbonatized zone,
whereas other intervals have high Mn contents with low Au, resulting in a rough negative correlation
between Au and Mn at the deposit scale (Figure 4.3B). In contrast, a system containing several flow
paths much smaller than the sample interval intersected by the same four drill holes and sampled in
the exact same manner (Figure 4.3C) would contain abundant intervals with both high Mn
(representing the downstream part of some flow paths) and high Au (representing the upstream part
of some flow paths), leading to an approximate positive correlation (Figure 4.3D). The same
principle also works for Sr, except low Sr contents are expected in both the upstream and
downstream parts of the flow path. While Fe and Mg are distinctly low in ore-stage carbonates, the
concentration of these elements in whole-rock analyses is sensitive to changes in the abundance of
dolomite, pyrite and other minerals that are not necessarily related to the hydrothermal event, making
these elements poor lithogeochemical tracers of fluid flow. The above approach assumes that there is
little overprinting of decarbonatized rock by ore-stage carbonates, which from our analyses over the
course of this study, seems to be the case, and that the passive enrichment of Mn- and Sr-rich noncarbonate minerals in the rock as a result of volume loss during decarbonatization (the effects of the
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‘constant sum’ or ‘closure’ problem with geochemical data) is not significant. Whole-rock
lithogeochemical analyses of decarbonatized rock logged in core suggest that there is no significant
passive enrichment of Mn or Sr in decarbonatized zones (Steiner et al., 2022).

Figure 4.3. Schematic cartoon showing how Mn and Sr whole-rock lithogeochemical analysis of pulped drill
core intervals can provide insights into the scale of flow paths in the deposit. A. A single flow path system ~10
m wide comprising an upper Au-rich, Mn-poor decarbonatized ore zone and a downstream Au-poor, Mnrich ore-stage carbonate halo. This deposit is intersected by four drill holes with 3 m lithogeochemical sample
intervals. B. Schematic plot of expected Au and Mn values of the lithogeochemical samples in A. C. A deposit
comprising multiple smaller flow paths over the same approximate volume as A. The four drill holes
intersecting the deposit and the lithogeochemical sample spacing is the same as A. D. Schematic plot of
expected Au and Mn values of the lithogeochemical samples in C.
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ATAC Resources Ltd. provided whole-rock lithogeochemical analyses of pulped drill core. Most
sample intervals were 3 m long. However, sample intervals were shorter (down to ~0.5 m) at
lithology changes or in extensively altered rock. ALS Minerals in Whitehorse, Yukon, crushed half
the core, cut perpendicular to bedding, and ground a 250 g sub-sample so that 85% of the grains were
< 75 µm. The pulps were then sent to ALS Minerals in North Vancouver, British Columbia, where
the sub-samples underwent four-acid digestion followed by ICP-MS and atomic emission
spectroscopy analysis. Gold concentrations were determined using atomic absorption spectroscopy
after a 30 g charge fire-assay preparation.
The δ13C and δ18O composition of homogenized pulp from halved drill core from holes OS-17-236
(entirely within the Lower Carbonate Member; Conrad deposit) and OS-18-279 (Gametrail
Formation; Osiris deposit) were used to assess the degree of cryptic hydrothermal alteration in the
cluster. The pulp samples were the same as those used for lithogeochemical analyses. The δ13C and
δ18O composition of carbonate veins relative to the wall-rock within 10 mm of the vein was used to
test the degree to which fluids preferentially partitioned into veins over wall-rock. A laser-based
spectrometer at the University of British Columbia recorded the isotopic composition of CO2
released upon the acidification of a sub-sample of each pulp by phosphoric acid (see Barker et al.,
2011 for a detailed description of the instrument and method). Five daily analyses of three carbonate
reference materials of known isotopic composition (Sigma-Aldrich calcium carbonate, Carara
Marble, BN13) constrained instrumental drift. Additionally, a 'blank' CO2 gas standard bracketed
every six samples, and 11 duplicate pulps ensured that the results were repeatable. Nearly all drill
holes in the deposit had an incomplete pulp record, rendering them unsuitable for this study.
Consequently, this sub-study was smaller in scope than initially planned, with a total of 105 samples
from Conrad and 75 samples from Osiris (not including duplicates). Duplicate analyses overlapped
within 2 standard deviations with an average reproducibility of <4.4 % for δ13C and <4.0 % for δ18O.
(Note that one duplicate set had δ13C values with a large reproducibility of ~75 %. However, this
discrepancy is primarily an artifact resulting from the proximity of the recorded values to zero, and
we did not include this duplicate in the reproducibility calculation above. Both recorded values
within this duplicate set overlapped within 2 standard deviations.)
4.3.2

Micro X-ray fluorescence

We analyzed fifteen ~10-15 cm intervals of core using micro X-ray fluorescence (µXRF) to map the
spatial distribution of Ca, Mn, and As at the hand sample scale. Analyses were undertaken using a
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Bruker M4 Tornado instrument at AuTec Innovative Extractive Solutions Limited, Vancouver.
Quantitative element maps were unobtainable owing to limitations in the software that prevented us
from calculating both sulfides and oxides in the same sample and because of the excessive processing
time required. Nevertheless, maps of element counts effectively illustrate the relative differences in
element concentrations and the spatial distribution of alteration.
4.4
4.4.1

Results
Background values

Background lithogeochemical values for the Lower Carbonate Member of the Nadaleen Formation
(host rock to the Conrad deposit) were defined using lithogeochemical assays from a ~190 m interval
of core drilled over 80 m outside the current Conrad deposit Resource (OS-12-197; 404.27 - 596.79
m) which represents the least-altered Lower Carbonate Member rocks. This interval has As
concentrations of ≤ 71 ppm with a mean of 22.57 ppm, Au concentrations of less than 0.03 ppm, and
no visible alteration. Background lithogeochemistry for Gametrail Formation limestone was assessed
from a ~60 m interval outside the Ibis deposit (OS-11-067; 108.3 - 169.16 m). Arsenic
concentrations in this core were less than 70 ppm with a mean of 21.5 ppm, Au contents were less
than 0.01 ppm, and there was no visible alteration of the core. These holes were the same as used to
define background values in Steiner et al. (2022). We define background ranges for Mn and Sr
contents in the Lower Carbonate Member as <600 ppm and >830 ppm, respectively, as these are the
extreme values within the drill core. For the Gametrail Formation limestone, background Mn and Sr
concentrations are defined as <350 ppm and >330 ppm, respectively. We define an As background
threshold of 130 ppm, as this value approximately marks a break in slope in a probability plot of all
As assays from drill core, and a background Au threshold of 0.03 ppm based on the maximum Au
content of the core intervals described above. These Au and As background values apply to both the
Lower Carbonate Member and the Gametrail Formation.
Background ranges for C and O isotopes are defined using the δ13C and δ18O composition of nonUVF pre-mineralization calcite veins and host rocks from zones without any visible alteration. These
isotope data are presented and discussed below. The Lower Carbonate Member has background δ13C
values of 3.6 to 10 ‰ and δ18O compositions of 17 to 27 ‰. Background in the Gametrail Formation
limestone is defined as -10 to -4 ‰ δ13C and 16 to 26 ‰ δ18O. These background ranges agree with
δ13C and δ18O compositions from the same units used for regional chemostratigraphy (Moynihan et
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al., 2019) and the δ13C and δ18O values of rock chips and crushed drill core from the Conrad deposit
presented by Tucker (2015). The background ranges are the same as in Steiner et al. (2022), apart
from the lower δ13C boundary for the Lower Carbonate Member, which is more precisely constrained
to 3.6 ‰ by the data presented in this paper, whereas Steiner et al. (2022) used a value of 4 ‰. As
mentioned by Steiner et al. (2022), the wide range of background δ18O compositions in both the
Lower Carbonate Member and the Gametrail Formation makes it difficult to distinguish whether
samples with δ18O compositions towards the lower end of this background range represent leastaltered samples or altered samples in which the sample has had its δ18O compositions lowered from
an initial composition at the top of the background range. Consequently, we generally discuss δ18O
variations relative to our dataset instead of this background range.
4.4.2

Fluid flow at the sub-meter scale

At the sub-meter, hand-specimen to microscopic scale, hydrothermal alteration in the Osiris cluster
of CTGDs manifests as both veins and disseminations. Ore-stage veins, comprising either entirely
realgar or orpiment (Figure 4.4A-E), realgar and calcite (Figure 4.4B, F) or calcite veins that
fluoresce pink-orange under UV light (Figure 4.4B, F) occur in all subunits of the Gametrail
Formation and Lower Carbonate Member. Realgar and orpiment veinlets are generally only a few
millimeters wide and lack a systematic orientation. They locally link to form crackle breccia-type
vein networks (Figure 4.4A, C). UV-fluorescent (UVF) calcite veins also have a range of geometries,
but they exhibit a systematic angular relationship to bedding, with most veins occurring either at high
angles or near parallel to, as is discussed in detail by Steiner et al. (2022). In most instances, there is
no wall-rock alteration envelope around veins (Figure 4.4A, C). Locally, disseminated alteration,
consisting of decarbonatized rock with or without silicification, and realgar or orpiment infilling pore
space, occurs adjacent to ore-stage veins (Figure 4.4D-F). This disseminated alteration generally
follows bedding away from the vein, commonly exploiting select beds (e.g., Figure 4.4E-F). The
distance this alteration penetrates into the rock varies between beds but typically does not extend
more than ~15 cm. Veins with similar widths and orientations within the same lithological units had
variable development of wall-rock alteration. For example, in Figure 4.4F, the UVF calcite vein on
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the right of the figure has a realgar envelope, whereas the UVF calcite vein on the left of the figure
has no significant envelope, despite its near-identical geometry.
Disseminated alteration with no ore-stage veins also occurs throughout the Osiris cluster and was
logged in every carbonate lithological unit of the host rocks, including interlaminated limestonedolostone-siltstone (Figure 4.5A), matrix-supported polymict carbonate breccia (Figure 4.5B),
intraclast flat pebble carbonate conglomerate (Fig. 5C), interbedded micrite and mudstone (Figure
4.5D), calcarenite (Figure 4.5E), and intraclast carbonate debris flows with soft-sediment
deformation (Figure 4.5F). Within the Gametrail Formation, the most frequently altered unit was the
interlaminated limestone-dolostone-siltstone, which constitutes most of the formation. Matrixsupported polymict breccias were the next most frequently altered unit, with approximately half of its
logged occurrences containing disseminated alteration. Fine-grained dolostone and entirely
dolomitized conglomerates and breccias with no preserved internal laminae or bedding (collectively
termed massive dolostones) had only one instance of disseminated alteration throughout all core
logged.
There is a clear correlation between lithogeochemical As enrichments and the presence of realgar or
orpiment in the core. This correlation is most evident in μXRF images, which generally show no
elevated As contents beyond the limits of realgar and orpiment precipitation (Figure 4.6A-B). There
are rare instances where high As concentrations occur in decarbonatized rock with no realgar or
orpiment (Figure 4.6C). In such cases, the As enrichment likely corresponds to As-rich pyrite in the
decarbonatized rock. Nevertheless, in every case, elevated lithogeochemical As corresponds to at
least some mineralogical changes that can be logged in the core. Locally, decarbonatized rock has no
direct corresponding As enrichment (e.g., Figure 4.6D). However, these instances are rare and
generally contain realgar and As enrichments locally within the decarbonatized area (Figure 4.6D).
Consequently, alteration logged in the core can be related to deposit-scale As lithogeochemistry to
assess flow paths at a larger scale (see below).
The magnitude of lithogeochemical As and Au enrichments varies between different rock types and
different alteration styles. There are abundant realgar and orpiment veinlets in dolostone units, but
little disseminated alteration, and generally, dolostones do not host appreciable Au, with
concentrations typically <0.1 ppm (Figure 4.7). However, As contents in these units are similar to
limestone intervals with abundant ore-stage veins, with concentrations at the 1000 ppm level.
Limestones with ore-stage veins and little disseminated alteration have Au contents between 0.1 and
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2 ppm. Disseminated alteration has significantly higher Au and As values of ~0.3 to 30 ppm and
~1000 to 200,000 ppm, respectively (Figure 4.7).

Figure 4.4. Examples of ore-stage veins in the Osiris and Sunrise deposits. A. Realgar veinlets overprinting
pre-existing calcite veins in limestone. B. Realgar + UV-fluorescent (UVF) calcite veins in siltstone. C.
Abundant realgar veinlets in a massive dolomitized flat pebble conglomerate. D. Realgar vein (far right of
photograph) with 10 mm of disseminated realgar in the wall-rock around it. E. Realgar vein with
disseminated realgar in select beds up to 10 cm away from the vein.

4.4.3

Fluid flow at the meter scale

The scale of fluid flow at approximately the meter scale can be inferred from As, Au, Mn and Sr
lithogeochemistry and the δ13C and δ18O composition of crushed drill hole intervals.
Lithogeochemical Mn enrichments and Sr depletions within carbonate units generally occur within or
proximal to Au mineralization and alteration (Appendix B.7). However, assessing the significance of
individual Sr and Mn anomalies using lithogeochemistry alone is challenging because background Sr
and Mn values vary drastically within units (e.g., see variations in Mn between sedimentary layers in
Figure 4.6A). For example, it is difficult to distinguish a Mn-rich carbonate unit from a least-altered
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carbonate unit interbedded with higher Mn mudstone just using Mn lithogeochemistry. Instead, we
present lithogeochemical relationships between Au, Sr, and Mn, which we use to infer gross patterns
of fluid flow at the metre scale.

Figure 4.5. Disseminated alteration in the Osiris and Sunrise deposits. A. Realgar infilling decarbonatized
interlaminated limestone, siltstone (generally the darker layers) and dolostone. B. Realgar in decarbonatized
clasts and matrix of a matrix-supported polymict carbonate breccia. C. Realgar in decarbonatized flat-pebble
carbonate conglomerate. D. Realgar and orpiment in decarbonatized lime micrite and mudstone. E. Realgar
infilling pore space in partially-decarbonatized calcarenite. F. Realgar in limestone with convoluted bedding
and intraclasts.
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Figure 4.6 (previous page). Micro XRF (μXRF) images showing the relative distribution of Ca, As, and Mn in
select samples. A. Network of bedding-parallel and bedding-normal calcite ± realgar veins. Wall-rock
alteration is restricted to thin zones of decarbonatization immediately adjacent to some veins (thin back areas
in Ca map), minor realgar dissemintations out into the wall-rock (upper side of bedding-normal vein in
center of image), and Mn enrichment of wall-rock calcite on upper side of bedding normal vein in center of
image. B. Disseminated realgar restricted to specific decarbonatized bedding horizons that extend out from a
steep realgar vein in centre-right of image. Note how As enrichments correlate to the presence of realgar. C.
A decarbonatization front adjacent to a calcite + realgar vein. Thin veins enriched in Mn cut the larger
calcite vein and are then in-turn cut by realgar veins. Arsenic enrichments in this sample extend far beyond
the extend of realgar and marks the approximate boundary of decarbonatized rock. D. A decarbonatization
front without realgar enrichment cut by realgar veins with minor disseminated realgar along some beds. Note
that the fracture in the right of the image also has a decarbonatization envelope. In this sample, the
decarbonatization front does not correlate with any As enrichments. This sample may represent dissolution
short-circuiting (see discussion) where dissolution envelopes link fractures, enabling fluids to divert into the
porous decarbonatized rock mass.

Figure 4.7. Variations in Au and As content between vein-dominated intervals and disseminated alteration in
limestones and dolostones of the Gametrail Formation in the nine holes logged in detail from the Osiris and
Sunrise deposits. Dolostones generally have low Au contents. Disseminated alteration usually has significantly
higher Au contents than intervals dominated by ore-stage veins.
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In general, there is a strong positive correlation between Au and Mn (Figure 4.8). However, there is a
cluster of samples with high Au and low Mn where this correlation does not hold true (green data
points in Figure 4.8). These high-Au, low-Mn samples are significantly more abundant in the Lower
Carbonate Member than in the Gametrail Formation limestone. A visual inspection of these intervals
confirmed that they were extensively decarbonatized. There is a weak negative correlation between
Sr and Au, which is more clearly defined in the Gametrail Formation rocks than in the Lower
Carbonate Member (Figure 4.8). The high-Au, low-Mn samples (green-colored) generally have low
Sr values that are significantly below background levels. Mn and Sr exhibit a negative correlation
which is relatively strong in the Gametrail Formation and weak in the Lower Carbonate Member.
The weak correlation in the Lower Carbonate Member is largely a result of a cluster of data points
with low Sr and low Mn values. These low-Mn, low-Sr samples are also present in the Gametrail
Formation but in a significantly smaller quantity. The group of low-Mn, low-Sr samples mostly
correlates with the green-colored group of high-Au, low-Mn samples (green coloring was removed
from the Mn versus Sr plot to exhibit the Au content of these samples).
All lithogeochemical pulps (n = 105) from drill hole OS-17-236 through the Conrad deposit have
δ18O values that fall within the background range of 17 to 24 ‰ (Figure 4.9A). However, 23 intervals
had δ13C compositions less than the background threshold of 3.6 ‰, extending as low as -0.4 ‰.
Sixteen of these samples had light δ18O values of 18.1 – 20.8 ‰ in comparison to the remainder of
the data (Figure 4.9A). Six intervals of entirely decarbonatized rock with abundant realgar and Au
grades of 1.3 to 24.3 ppm did not yield sufficient carbonate for isotopic analysis. In general, high
δ13C values tend to correlate with high δ18O values, and low δ13C values tend to have low δ18O
compositions (Figure 4.9A). Most pulps with high δ13C and δ18O compositions have low As, but
there are some high δ13C, high δ18O intervals that contain several thousand ppm As (Figure 4.9B).
Low δ13C compositions correlate well with high As concentrations, but not all low δ18O samples have
high As. All but two intervals with low δ13C have elevated Au grades of >1 ppm. However, high Au
grades also occur in several high δ13C intervals, and, in general, high Au contents occur in low δ18O
intervals (Figure 4.9B). Samples that have both δ13C and δ18O depletions have higher Mn and lower
Sr than background values (Figure 4.9B).
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Figure 4.8. Scatter plots of Au, Mn and Sr for the Lower Carbonate Member (Conrad deposit) and limestone
intervals from the Gametrail Formation (Osiris, Sunrise and Ibis deposits). Grey boxes indicate background
ranges. The green data points represent core intervals with Au:Mn ratios of > 0.01 that all exhibited extensive
decarbonatization. See text for more details and interpretation.
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Figure 4.9 (previous page). A. δ13C and δ18O from hole OS-17-236 (Conrad deposit; Lower Carbonate
Member) and limestone intervals from OS-18-279 (Osiris deposit; Gametrail Formation) relative to
background values (see Figure 4.2) colored by δ18O. The color thresholds were chosen using natural breaks in
a probability plot of the data from each hole, and are, therefore, different for each hole B. As, Au, Sr, and Mn
variations with δ13C colored by δ18O from each hole. Analyses with thick black outlines have Au:Mn ratios
>0.01 (see Figure 4.8). With increasing fluid-rock interaction, δ13C equilibrates towards the -0.5 to -4 ‰ range
defined by Steiner et al. (2022), corresponding to a decrease relative to the Lower Carbonate Member and an
increase relative to the Gametrail Formation. Grey boxes represent background values.

Hole OS-18-279 contained both dolostone and limestone intervals. Dolostone intervals have similar
δ18O values to limestone intervals but distinctly lighter δ13C compositions. However, whether this
δ13C difference is the result of hydrothermal alteration or lithological differences is unknown as we
do not have well-characterized background δ18O and δ13C ranges for Gametrail dolostones. As a
result, only δ13C and δ18O variations in limestone intervals are discussed here. Two samples from
drill hole OS-18-279 through the Osiris deposit (n = 47) have heavy δ13C values of -3.4 and -5.2 ‰.
The heaviest sample has a distinctly low δ18O composition of 16.3 ‰ (Figure 4.9A). The two heavier
δ13C intervals have anomalously high As, Au, Mn, and significantly lower Sr than background ranges
(Figure 4.9B). There is no apparent correlation between δ18O and either Au or As, and there are
several high-As and high-Au samples that have background δ13C compositions.
4.4.4

Fluid flow at the deposit scale

Looking at the distribution of Au and As in the Osiris cluster as a whole can provide some insights
into the larger-scale fluid flow paths at the time the deposits formed. Gold mineralization is generally
restricted to the Gametrail Formation (Osiris, Sunrise, Ibis) and the Lower Carbonate Member of the
Nadaleen Formation (Conrad). There is no evidence for any significant fluid flow (no
lithogeochemical or isotope anomalies, UVF veins, or mineralogical alteration) in the Upper
Carbonate Member of the Nadaleen Formation or the Blueflower Formation, despite these being
other thick carbonate units close to the deposits within the cluster (Figure 4.1). In contrast, there is
abundant realgar and orpiment veining and high lithogeochemical As in the Algae Formation in the
west of the Osiris cluster. The Algae Formation is a thick, massive, dolostone two formations above
the Gametrail Formation (Figure 4.1). This unit is sub-vertical, and there is anomalously high As in
soil above it extending west from the Osiris cluster (ATAC Resources Ltd., 2022). Like the massive
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dolostones in the Gametrail Formation, the Algae Formation has abundant pre-existing veinlets, often
forming a crackle breccia appearance. Despite its high As contents and abundant realgar, the Algae
Formation has little Au.
The mainly siliciclastic Heterolithic Member of the Nadaleen Formation locally contains Au
mineralization and alteration in the Conrad deposit, particularly where the rocks have a carbonate
matrix. Au mineralization in this unit is spatially associated with a series of ~100s m strike length,
NW-striking faults that offset lithological units (Figure 4.1). Where the faults intersect the Lower
Carbonate Member, the core is highly fractured and locally contains sheared clasts and realgar
slickenlines and slickenfibres. These deformed rocks are generally associated with high Au grades
and abundant alteration. Core from holes drilled between the NW-striking faults is locally highly
fractured, suggesting that other small or discontinuous faults may also cut the deposit, although the
complex internal geometry and lack of marker units within the Lower Carbonate Member make it
challenging to identify discreet faults. At the largest scale, the western side of the Conrad deposit is
developed within the core of a steeply plunging macroscopic z-fold that is truncated by the Nadaleen
fault (Figure 4.1).
Gold mineralization within the Conrad deposit occurs as discontinuous patches in the Lower
Carbonate member with significant volumes of rock with no Au or As between mineralization
(Figure 4.10). However, the spacing of Au-mineralized zones is significantly closer in the apex of the
deposit and along the upper contact between the Lower Carbonate Member and the Heterolithic
Member (Figure 4.10). In the latter case, the gold is primarily within the Lower Carbonate Member,
although limited Au also occurs in the Heterolithic Member within 10s of meters of the contact.
Mineralization along the upper contact of the Lower Carbonate Member also occurs to the east and
west of the section shown in Figure 4.10. There is no evidence for significant fluid flow along the
north-dipping Nadaleen fault. Gold mineralization and alteration in its footwall are sporadic and
surrounded by least-altered rock, suggesting that fluids were not flowing up along it in the adjacent
rocks. The Nadaleen fault zone is only locally altered and mineralized, and in all cases, this occurs as
crosscutting ore-stage veins or is located in the vicinity of the NW-striking faults described above.
The Osiris, Sunrise and Ibis deposits do not contain any significant faults that control alteration or
mineralization. Rather, these deposits are developed in the hinges of steeply plunging macroscopic
folds that have wavelengths of several hundred meters or in a steeply-plunging anticlinal warp in the
case of Ibis. The Sunrise deposit occupies the S-dipping limb between a close anticlinal hinge and its
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syncline counterpart (Figure 4.1). The Osiris deposit extends from this anticlinal hinge to the north
following the NE-striking, sub-vertical limb of the anticline through an open synclinal hinge. It then
dissipates to the northwest in the generally homoclinal long limb of the syncline (Figure 4.1). Like
the Nadaleen fault, there is no indication that there is a significant flow path along the Sunrise fault,
which bounds the Sunrise deposit to the south. Gold mineralization and alteration are generally
absent from its damage zone and adjacent rocks, with the rare exception of some crosscutting orestage veins.
4.5
4.5.1

Interpretation
Scale of fluid-rock interaction and fluid flow

The δ13C and δ18O composition of pulps and Mn-Sr-Au lithogeochemistry can help indicate the
degree to which fluids interacted with a lithogeochemical interval (~3 m) and if there is more than
one flow path or not within the interval. The trends in the δ13C and δ18O data are consistent with
similar data from ore-stage carbonate veins, which indicate that interactions with ore-fluids results in
the δ18O composition of the rock being shifted to lower values, and the δ13C composition tending
towards a fluid-buffered composition between -0.5 and -4 ‰, corresponding to a decrease in the
Lower Carbonate Member and an increase in the Gametrail Formation (Figure 4.2, Figure 4.9;
Steiner and Hickey, 2019; Steiner et al., 2022). Isotopically-altered intervals generally have lower
than background Sr and higher than background Mn, suggesting that Mn and Sr are both useful
lithogeochemical tracers for fluid-rock interaction (Figure 4.9B). The δ13C and δ18O data from Osiris
and Conrad deposits can be divided into four different sample groups.
(1) Samples with background δ13C, δ18O, As, Au, Mn, and Sr. These intervals have not experienced
any significant fluid flow. These samples sit within the background boxes and have light fill colors in
Figure 4.9B.
(2) Samples with background δ13C, Mn and Sr but relatively low δ18O compositions. The δ18O of the
rock generally changes at lower fluid:rock ratios than δ13C composition or Mn and Sr content during
fluid-rock interaction (Banner and Hanson, 1990). Consequently, these intervals may have
experienced limited fluid-rock interaction at low fluid:rock ratios. These samples sit within the
background boxes and have moderately dark fill colors in Figure 4.9B.
(3) Samples with background δ13C, δ18O, Mn, and Sr but elevated As and Au. These samples have
light-colored fills and sit above the As and Au background box in Figure 4.9B. There are flow paths
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within these samples, as evidenced by the high Au and As contents. However, background δ13C,
δ18O, Mn, and Sr values indicate that the interval comprises least-altered carbonate and very little, if
any, ore-stage carbonate in the sample. Consequently, the flow paths within these samples are
smaller than the sample interval, such that fluid has only interacted with part of the interval.
(4) Samples that have seen extensive fluid-rock interaction, as indicated by their altered δ13C and
δ18O compositions, high Mn and low Sr content. These samples have dark fill colors and sit above
and to the left of the background boxes for the Lower Carbonate Member and above and to the right
of the background boxes for the Gametrail Formation in Figure 4.9B. Also included in this category
are the six intervals from the Conrad deposit that were entirely decarbonatized and had insufficient
carbonate for δ13C and δ18O analysis.
Most data falls into one of the first three groups, particularly in Osiris. In each of these groups, fluidrock interaction was limited within the sample, and any flow paths within the sample were smaller
than the sample interval. Even where δ13C, δ18O, Mn, and Sr composition of the rock is altered, the
Mn content and δ13C composition of the pulps are not as extreme as in ore-stage carbonate veins
(where Mn contents reach over 50,000 ppm and δ13C values are between -0.5 and 4‰; Figure 4.2;
Steiner et al., 2022). This discrepancy implies that the fluid:rock ratio was significantly higher
through the veins than through the sample intervals as a whole.
The general correlation of Mn with Au within carbonate units also suggests that fluid flow was
controlled by conduits smaller than the lithogeochemical sample interval. Mn enrichments occur in
ore-stage carbonates (e.g., Figure 4.9B), which form downstream along the flow path from carbonate
dissolution and thus most Au deposition (Steiner et al., 2022). In contrast, high Au contents arise
from dissolution and sulfidation. Consequently, high-Mn, high-Au lithogeochemical samples feature
both decarbonatization zones and ore-stage carbonate within the same lithogeochemical sample
interval (typically 3 m). There is little overprinting of decarbonatized rock by ore-stage carbonates,
and observing the transition along a single flow path from dissolution to ore-stage carbonate is
extremely rare. Therefore, we interpret that these high-Mn, high-Au samples represent regions with
multiple flow paths within the same lithogeochemical sample interval: some flow paths where
carbonate is being dissolved and Au is being deposited, and some flow paths where ore-stage
carbonate is being precipitated (Figure 4.3C). These high-Mn, high-Au intervals, in tandem with low-
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Mn, low-Au intervals that have not interacted with the ore fluids, form a general positive correlation
between Au and Mn (Figure 4.3C, Figure 4.8).

Figure 4.10. Representative cross-section through the Conrad deposit with Au and As chemistry of drill holes
drilled within the plane of the section shown. Mn and Sr geochemistry for this section is shown in Appendix
B.7. Section line and geology legend shown in Figure 4.1. The orange outline encloses a Au resource with Au
grades >4.15 ppm. Notice how Au is concentrated along the upper (southern) contact between the Lower
Carbonate and Heterolithic members and in the apex of the deposit. Throughout the remainder of the
deposit, Au is scattered with significant intervening zones having no appreciable Au or As.

Decarbonatized samples with low-Mn, high-Au (with Au:Mn ratios of >0.01) represent areas where
the extent of decarbonatization is larger than the sample interval (green dots in Figure 4.8; Figure
4.3A). Given an approximate minimum sample interval of 0.5 m and the lack of ore-stage veins
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wider than a few centimeters, these zones are interpreted as being the product of pervasive
intergranular flow through the porous rock media at a scale of ≥ 0.5 m. These intervals represent 3.1
% of all data at Conrad and 1.4 % of the data from Osiris, Sunrise and Ibis collectively. Such small
percentages demonstrate the prevalence of small fluid conduits over larger pervasive flow conduits in
the Osiris Cluster.
Interpreting the Sr data in the same manner is more challenging because Sr depletions occur both
where ore-stage carbonates are precipitated (downstream along the flow path) and where
decarbonatization and Au deposition occur (upstream along the flow path). Consequently, low-Sr,
high-Au samples could represent either extensive decarbonatization or an interval with multiple flow
paths, some of which comprise decarbonatization and others which comprise ore-stage carbonate.
However, the Mn versus Sr plots reveal that the majority of low-Sr, high-Au samples have high Mn
contents, particularly in the Gametrail Formation, meaning that these samples are unlikely to
represent extensively decarbonatized samples and instead are interpreted to contain multiple flow
paths. In the Lower Carbonate Member, there is a much broader range of Mn values for low-Sr, highAu samples. The higher-Mn samples in this group likely also represent samples with multiple flow
paths. The lower Mn samples represent single large flow paths with extensive decarbonatization, as
discussed above.
4.5.2

Flow paths at the Osiris and Sunrise deposits

We have reconstructed potential flow paths through the Osiris and Sunrise deposits by plotting the
distribution of alteration and As and Au lithogeochemistry in drill core from nine drill holes across
three vertical drill fans in the Sunrise deposit and six holes across three vertical drill fanes at Osiris
(see section lines in Figure 4.1). In each deposit, the drill fans are offset horizontally by ~30 m, with
each hole in the fan penetrating to different depths at varying angles. We looked at the distribution of
As in whole-rock lithogeochemistry as a geochemical indicator of alteration. Each high-As interval
was designated as either disseminated alteration or vein-dominated based on the prevailing alteration
style within that interval Figure 4.11A-B). We were able to make this link between lithogeochemical
As enrichments and loggable alteration because the μXRF analyses showed a clear correspondence
between high As zones and the presence of visible alteration such as realgar or decarbonatized rock
(Figure 4.6). There are no δ13C or δ18O data available from these drill cores. However, our δ13C and
δ18O data from different drill holes through Osiris and Conrad, combined with an earlier study by
Tucker (2015), indicated that there is no significant δ13C or δ18O alteration where there is low As
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(Figure 4.9). For space reasons, we have omitted Mn and Sr concentrations, but versions of the logs
using Mn and Sr can be found in Appendix B.7. To construct the geological sections for each drill
fan, lithological units were extrapolated between holes using surface bedding measurements and the
distribution of formation contacts where intersected by drill holes (Figure 4.11C). Although the
bedding angle to the core axis varied (because the rocks are folded), the dominant angle between
bedding and the core axis was consistent with surface bedding measurements. Lithological units that
did not intersect a similar unit approximately along these extrapolations were assumed to have lensed
out. Disseminated alteration was also extrapolated between holes in the same manner. Where
disseminated alteration does not correlate between holes, we assume that the fluids crossed bedding
using fractures or veins and connect it to alteration at higher elevations (Figure 4.11C). Fluid flow
could also have been lateral (in or out of the page in Figure 4.11C), although alteration does not
readily correlate laterally between drill fans (~30 m along strike), suggesting that lateral flow did not
occur on any significant scale. Several additional assumptions have been made when reconstructing
potential flow paths: (1) The fluids were supersaturated with respect to realgar or orpiment along the
entire flow path, such that rocks that have interacted with any significant fluid flow should contain
realgar or orpiment. Realgar and orpiment have prograde solubilities and should continue to
precipitate in a cooling fluid so that some As enrichment downstream along the flow path is
expected. (2) The deposit geometry during fluid flow was the same as its modern-day geometry. The
modern-day sub-vertical orientation of axial planar cleavage, fold axial surfaces and dikes (Steiner et
al., 2018; Steiner and Hickey, 2021) that formed before Au mineralization suggest that there has been
no tilting of the deposit since Au deposition. (3) The interpreted flow paths assume that the fluids
travelled upwards wherever possible in response to lithostatic fluid pressure gradients or thermally
induced density gradients.
In the Osiris deposit, vein-dominated zones are much more widespread than zones with disseminated
alteration (Figure 4.12A). Where present, disseminated alteration generally does not correlate
between holes in any direction (Figure 4.12A). This lack of correlation implies that fluids did not
travel along lithological layering between drill holes and, consequently, layer-parallel flow only
occurred at scales of < ~60 to 70 m. In one instance, disseminated alteration occurs ~70 m beneath
the surface in OS-11-086 with no corresponding disseminated alteration in drill core from the
underlying hole (OS-11-089). This alteration pattern requires that the fluids travelled across ~60 m
(true thickness) of sedimentary layering (Figure 4.13A). Given the prevalence of ore-stage veins
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without significant disseminated alteration and a lack of significant faults logged in the core, we
interpret that a series of small-scale fractures or veins accommodated this cross-layering flow. Such
cross-layer flow through fractures explains the general lack of correlation between disseminated
alteration: the fluid preferentially partitions into fractures or veins rather than staying within the same
sedimentary layer.
At Sunrise, zones with disseminated alteration are more common than vein-dominated zones (Figure
4.12B). Approximately half of the disseminated alteration correlates between holes, with one flow
path in section W-W' traceable at the same stratigraphic level for over 120 m (Figure 4.13B). This
same flow path is also evident in the two adjacent sections (~30 m apart), albeit with a shorter
vertical length extent. In section W-W', there is another instance of isolated disseminated alteration
(in OS-17-251) with no corresponding disseminated alteration in the core from the underlying hole
(OS-17-224), implying that, like Osiris, fluids are being readily diverted across layering by fractures
or veins.
The δ13C and δ18O data from Osiris further indicate the prevalence of multiple, small-scale fluid
conduits. Only one interval from our study hole exhibited the distinctive fluid buffered, high δ13C,
low δ18O, high Mn, and low Sr composition of altered carbonate, indicating that the vast majority of
fluids did not interact extensively with the rock (Figure 4.9). Similarly, only 1.4 % of the combined
lithogeochemical data from Osiris, Sunrise and Ibis had Au:Mn ratios indicative of decarbonatization
zones greater than the sample interval (Figure 4.8). Overall, this data, coupled with the distribution of
alteration and lithogeochemical As, illustrate the bulk fracture- or vein-controlled nature of fluid flow
at Sunrise and, particularly at Osiris.
4.5.3

Flow paths at the Conrad deposit

Interpreting flow paths based on the spatial distribution of alteration in the manner we did for Osiris
and Sunrise is not possible at Conrad because the variable bedding of the Lower Carbonate Member
prohibits correlation of stratigraphy and disseminated alteration between holes (Steiner et al., 2018).
However, based on the δ13C, δ18O, Mn, and Sr data discussed above, some broad statements about
fluid flow pathways can be made. There is a higher proportion of sample intervals with high Au:Mn
ratios and anomalous δ13C, δ18O, Mn, and Sr at Conrad than in Osiris and Sunrise, implying that
there are more geochemical intervals where the fluids interacted extensively with the rocks. Intervals
with high Au:Mn ratios are distributed throughout the Conrad deposit and do not link together to
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define single planar flow paths. Consequently, we interpret that, as is the case for the Osiris deposit,
fluids are generally only flowing through sedimentary layers for 10s of meters. The δ13C, δ18O, and
Mn and Sr versus Au data (Figure 4.8, Figure 4.9) indicate that most intervals experienced limited
fluid-rock interaction within the sample interval and that fluid flow was, therefore, dominantly
accommodated through small-scale conduits.
The patchy distribution of higher gold grades at Conrad (Figure 4.10) suggests cross-layering flow
through fractures or veins, which is consistent with the δ13C, δ18O, and Mn and Sr versus Au data
(Figure 4.8, Figure 4.9). The upper contact between the Lower Carbonate and Heterolithic Members
experienced a higher fluid flux than other parts of the Conrad deposit, as evidenced by the higher Au
endowment along this contact (Figure 4.10). However, the localized distribution of Au mineralization
and alteration within this contact zone indicates that fluids did not travel along the contact as a single
flow conduit. Instead, fluid flow was accommodated through several small structures like elsewhere
in the deposit. The high concentration of gold in the contact zone may occur because the Lower
Carbonate Member has a higher bulk permeability or reactivity relative to the Heterolithic Member,
which we discuss further below. A lack of deep drilling prohibits the definition of flow paths into the
contact zone: the fluids may have travelled up the contact or may have travelled laterally along it (in
and out of the page in Figure 4.10). However, the Lower Carbonate Member and Au extent pinch out
to the east and west, so lateral fluid flow was not likely. There is no significant alteration in the
footwall of the Nadaleen fault, suggesting that it was not a major fluid pathway, although it may have
acted as a baffle to fluids where it intersects the apex of the deposit (Figure 4.10).
4.5.4

Fluid flow paths in Algae Formation dolostone

The massive dolostone of Algae Formation contains numerous realgar and orpiment veinlets (Figure
4.4C), with concomitant As lithogeochemical enrichments, indicating that it was also a significant
flow path. An abundance of ore-stage veins and lack of disseminated alteration, coupled with the
absence of alteration in adjacent stratigraphic units, suggests that the Algae Formation had a
significantly higher fracture or vein permeability than the surrounding rock units. Fluids probably
travelled vertically up this fracture or vein network because of its steep geometry. Although certain
parts of the formation have a significantly higher concentration of alteration than others, the presence
of high As in soil above this unit throughout the Nadaleen trend suggests that fluids were exploiting
it along its strike to the west of the Osiris cluster, and it should, thus, be considered a significant flow
path.
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Figure 4.11 (previous page). Strategy for the reconstruction of fluid flow paths in the Osiris and Sunrise
deposits. A. Sketched example of an interval with anomalous lithogeochemical As designated as disseminated
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alteration because of the prevalence of disseminated alteration within that interval. B. Sketched example of
an interval with anomalous lithogeochemical As designated as vein-dominated alteration. C. Reconstruction
of flow paths in section D-D’ in Figure 4.1. Surface measurements and the drill core intersects were used to
infer bedding construction lines (1). Stratigraphic units that correlated along these lines between holes were
joined (2), and units that didn’t were pinched out (3). Disseminated alteration was always assumed to
represent bedding-parallel flow (4) and was joined to other disseminated alteration along bedding-parallel
flow paths (5). Intervals dominated by ore-stage veins were assumed to be on a flow path that travelled
upwards in any direction. However, if vein-hosted alteration lined up along bedding construction lines, then
the flow path was assumed to be bedding-parallel (6). Flow paths that do not align along bedding construction
lines were assumed to have travelled upwards across layering to join another flow path (7).

4.6
4.6.1

Discussion
Structures that control fluid flow

The dominance of ore-stage veins without significant disseminated alteration in the Osiris cluster
implies that fluids were exploiting fracture permeability preferentially over the intergranular
permeability of the host rocks. Some of these fractures undoubtedly formed during the Au
mineralization event, as evidenced by the presence of ore-stage veins cutting dikes and healed fault
zones (Steiner et al., 2022). However, several lines of evidence suggest that most UVF calcite veins
(and likely other ore-stage veins) formed through the replacement of pre-existing calcite veins
(Steiner and Hickey, 2019; Steiner et al., 2022): (i) the general similarity in physical dimensions,
spacing and orientation between UVF and non-UVF veins, (ii) the lack of an increase in vein
frequency where UVF veins are present, indicating that UVF veins did not form as a discreet fracture
network, and (iii) partial replacement of some non-UVF calcite by UVF calcite (Steiner et al., 2022).
The majority of veins in the pre-existing vein network are oriented at high angles to bedding or are
bedding-parallel, and UVF veins also generally have this same attitude. This geometry is typical of
buckle fold fracture networks, where bedding-parallel veins formed as mode-I fractures during early
shortening when bedding was near horizontal and veins at high angles to bedding formed during
subsequent buckling owing to layer-parallel extension in the outer arcs of layers (Cosgrove, 2015;
Steiner et al., 2022). All deposits in the Osiris cluster and the Algae Formation flow path occur in
thick, rigid carbonate units, generally in steeply-plunging fold hinges (Figure 4.1). We suggest that
the ore fluids preferentially exploited these zones because they developed a closely-spaced fracture
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network during buckle folding and thus had a high frequency of veins during hydrothermal fluid flow
(Figure 4.14; Steiner et al., 2022). Adjacent stratigraphic units, such as the Blueflower Formation (at
Osiris and Ibis) and the Heterolithic Member of the Nadaleen Formation (at Conrad), lack evidence
of having been major fluids conduits (Figure 4.15), possibly because they folded in a more passive,
less competent, manner and did not develop a dense vein network. Consequently, flow into these
units only occurs where the fluids were locally introduced from adjacent units with dense vein
networks. In this sense, the rheology of lithological units was a principal control on the distribution
of fluid flow pathways and deposits in the Osiris cluster (Figure 4.15). The bulk permeability contrast
between the Lower Carbonate Member and the Heterolithic Member at Conrad discussed above
likely exists because the Lower Carbonate Member has a denser pre-existing vein network. Thus, this
contact acted as a general baffle to to flow across the unit, resulting in a coalescence of flow paths
along this contact (Figure 4.15). Similarly, the relatively high Au endowment in the Conrad deposit
apex likely occurs because fracture flow paths coalesce towards this pinch-out (Figure 4.15). The
steeply-plunging fold geometry in units of contrasting rheology created a geological environment
that promoted vertical fluid flow and inhibited lateral flow across units and, to any extensive degree,
out along planar fold limbs (Figure 4.15).
Faults are important fluid conduits within the Conrad deposit, as evidenced by the spatial correlation
between Au and steep, short strike-length, NW-striking faults, particularly in the Heterolithic
Member, which are otherwise not typically good fluid conduits (see above). The Osiris, Sunrise and
Ibis deposits have no significant fault conduits. However, the Conrad deposit is significantly larger
than the other deposits, suggesting that perhaps faults are required to facilitate larger time-integrated
fluid fluxes into the deposit. The lack of alteration adjacent to the Nadaleen and Sunrise faults at
depth signifies that they are not significant fluid conduits.
Intergranular flow parallel to bedding generally only occurred at the centimeter to meter scale around
fracture or vein conduits, and there was little wholesale stratigraphic flow through select stratigraphic
units. In the Sunrise deposit, fluid did appear to have travelled through a single stratigraphic layer for
over 100 m. However, this was the only instance where any significant fluid flow was accommodated
within select lithological units.
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Figure 4.12. Correlation of stratigraphy and alteration in the Osiris deposit (A) and Sunrise deposit (B).
Corresponding section lines are shown in Figure 4.1. Mn and Sr contents for these sections are shown in
Appendix B.7. Note the general lack of correlation between both stratigraphy and alteration.
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Figure 4.13. Interpreted flow paths based on the flow path construction strategy outlined in Figure 4.11 for
the cross-sections shown in Figure 4.12. Note the prevalence of cross-layer flow. Legend as in Figure 4.12. A.
Osiris deposit. B. Sunrise deposit.

4.6.2

Comparison to previous interpretations

Previous studies in the Osiris cluster have speculated deposit-scale controls on fluid flow largely
based on observations at the hand sample or thin-section scale. Our study has shown that fluid flow
patterns are generally more complex than previous interpretations. Tucker (2015) and Tucker et al.
(2018) noted that realgar locally occurs within stylolites, fractures/veins, fold hinges and fault zones
in samples of drill core and proposed that these features helped control fluid flow. This study
corroborates the interpretation that fractures, veins, and fold hinges were significant structures for
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controlling fluid flow, not just at the hand sample scale but also at the deposit scale. Faults are only
important fluid conduits in the Conrad deposit, and flow paths along faults are absent at Osiris,
Sunrise, and Ibis (Figure 4.15). We found no evidence that stylolites were preferential fluid pathways
and prefer Tucker's (2015) alternative interpretation that any spatial association they have with Au is
likely because they are Fe-rich reactive traps rather than permeable pathways. On a larger scale,
Tucker (2015) and Tucker et al. (2018) suggested that the contacts between the Heterolithic Member
and the Lower Carbonate Member and the contacts between dolostone and limestone in the
Gametrail Formation were preferential fluid flow paths. In this study, we also noted the relatively
high Au endowment along the Heterolithic to Lower Carbonate Member contact, but we note that
even in this zone, fluid flow was controlled by small-scale structures rather than the sedimentary
rocks exerting a strong intergranular permeability control. We found no evidence that gold was
localized along dolostone-limestone contacts within the Gametrail Formation. Beaton (2015)
proposed that fluids travelled laterally out of steep faults into high-permeability dolostones with
abundant stylolites. Here, we showed that fluid flow was dominantly vertical, not lateral, and that
very little intergranular fluid flow through dolostone units occurred. Palmer and Kuiper (2017)
ventured that the Nadaleen reverse fault and the Dawson fault acted as impermeable barriers that
channelled fluids into the deposit. However, we found no evidence for significant fluid flow along
any thrust or reverse faults, including the Nadaleen fault and Sunrise fault.
Pinet et al. (2020; 2022a) also proposed that the Nadaleen fault was an aquitard based on the lack of
veining in its hanging wall. They suggested that this fault forms an impermeable 'trap' with the
Heterolithic Member of the Nadaleen Formation, which they also interpret as an aquitard. In contrast,
we do not envisage the Heterolithic Member as impermeable, based on the fact it is locally wellmineralized and contains lithologies generally thought of as permeable such as sandstones and
conglomerates. Instead, we suggest that the Lower Carbonate Member had a denser pre-existing vein
network than the Heterolithic Member and that this network converges at the Lower Carbonate
Member apex to explain the distribution of Au and alteration at Conrad. Pinet et al. (2020; 2022a)
also proposed that the main fluid control in the Sunrise deposit was sedimentary, with flat-pebble
conglomerates and the Green Siliciclastic Member of the Nadaleen Formation acting as aquitards, in
tandem with the Sunrise fault. However, we found disseminated alteration in flat-pebble
conglomerates (Figure 4.5C), suggesting they are permeable in some cases. While the Green
Silicicalstic Member and the Sunrise fault may well be aquitards, we instead attribute the distribution
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of mineralization at Osiris, Sunrise and Ibis to the closely-spaced pre-mineralization vein network
that exists in the Gametrail Formation. Pinet et al. (2020; 2022a) did interpret that pre-existing veins
were important fluid-controlling structures based on the visual inspection of drill core but did not
comment on how they arrived at that interpretation. They also proposed that carbonate breccia bodies
were significant controls on fluid flow based on the presence of realgar, orpiment and fluorite in
matrices of these rock types. However, we find that fluids did not exploit stratigraphic horizons for
more than a few meters or tens of meters, indicating that intergranular permeability differences in
sedimentary rocks did not exert a significant control on fluid flow. The one exception is in the
Sunrise deposit, where we did manage to trace a flow path over at least 100 m at approximately the
same stratigraphic level. This flow path was within interlaminated limestone-dolostone-siltstone
(Figure 4.12, Figure 4.13).

Figure 4.14. Schematic cartoon of fluid flow through pre-existing vein networks formed during folding.
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Figure 4.15. Schematic section showing the main flow paths in the Osiris cluster. Almost all flow is in rigid
units that formed closely-spaced vein networks when they buckled during pre-mineralization folding. Flow
paths follow sites where veins are closely spaced. However, where vein spacing increases/connectivity
decreases, the fluids flow through the sedimentary rocks until they intersect more closely-spaced veins, at
which point they fracture short-circuit across layering. There is a higher Au concentration in flow paths
through sedimentary layering compared to flow paths through veins. In general, there was no layer-parallel
flow through sedimentary layering over distances of more than a few 10s of metres, except at Sunrise, where
fluids flowed through the same stratigraphic horizon for over 100 m. There is no continuous flow along the
upper contact of the Lower Carbonate Member or at the apex of the Conrad deposit. However, these are sites
where several flow paths coalesce and, therefore, they have a higher gold endowment than other parts of the
Conrad deposit. The Algae formation is a significant flow path because it has a closely-spaced pre-existing
vein network, but there is essentially no fluid flow through sedimentary layering in the unit, resulting in a low
Au endowment. Note the lack of fault flow paths, except locally at Conrad, and how fluid flow was verticallyfocused.

4.6.3

Permeability control on fluid-rock interaction: partitioning between intergranular

porosity and fractures or veins
In the Osiris cluster, disseminated alteration consistently has higher Au grades than vein-dominated
zones, implying that fluid-rock interaction is greater during intergranular fluid flow through layers
than fracture- or vein-controlled fluid flow (Figure 4.7). This higher fluid-rock interaction is likely a
result of the fluids encountering a higher reactive surface area during intergranular flow through a
sedimentary layer than in a fracture, where the fluid:rock interaction is more limited to the edge of
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the fracture. The processes that control how fluids partition between fractures and sedimentary layers
may, therefore, play a fundamental role in controlling the potential Au grade of a deposit.
The partitioning of fluids between fractures and a permeable matrix is governed by the fracture
network's bulk permeability, kf, relative to the rock matrix's permeability, km (Matthai and Belayneh,
2004; Taylor et al., 1999). Factors such as fracture aperture, connectivity and spacing determine kf
(Singhal and Gupta, 2010), whereas the connected porosity of the rock matrix has the most
significant influence on km. In the numerical simulations of Taylor et al. (1999) and Matthai and
Belayneh (2004), fluid flow was entirely limited to fractures at kf/km values of greater than 105 – 106.5
for their specified conditions. This ratio is approximately equivalent to the permeability difference
between a limestone and a shale (Brace, 1980). As kf/km values decrease, a larger proportion of the
time-integrated fluid flux is accommodated through intergranular flow in the rock matrix and at very
low kf/km values, fractures have no control on the flow regime (Matthai and Belayneh, 2004; Taylor
et al., 1999). Consequently, localized decreases in kf/km are required to promote fluid-rock interaction
through fluid egress from fractures into the host rocks. Such local reductions in kf/km may arise when
a structure with a relatively constant permeability intersects a particularly permeable layer, as
proposed in several CTGDs in the past (e.g., Rhys et al., 2015; Pinet et al., 2022a). This model may
explain why alteration extends further into select beds in hand samples (e.g., Figure 4.4E). However,
if km were the most significant control on km/kf, then fluid flow along very permeable layers should
have been extensive, which is not what was observed in this study. Moreover, every carbonate subunit within the Gametrail Formation, except massive dolostone, exhibited examples of disseminated
alteration, indicating that every non-dolomitic sub-unit was permeable to some degree, and
disseminated alteration haloes vary drastically between similar veins within the same lithological unit
(e.g., Figure 4.4F). These observations can be explained if localized variations in kf/km were
controlled by changes in kf, such as fracture spacing, aperture or connectivity, more so than changes
in km. In this case, relatively low permeability units can accommodate fluid flow where kf is locally
low, and two veins within the same bed may exhibit different degrees of disseminated alteration
depending on the kf of each vein. In massive dolostone units, such as the Algae Formation, the
almost complete lack of disseminated alteration and the abundance of realgar veinlets indicates that
the kf/km of these dolostones was very high such that fluids were almost entirely partitioned into
fractures or pre-existing veins.
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The above principles are equally applicable to fluid partitioning between pre-existing veins and the
host rocks. Following the suggestion that hydrothermal fluid flow in the Osiris cluster of deposits
was to a large part focused along pre-existing veins (Steiner and Hickey, 2019; Steiner et al., 2022),
Pinet et al. (2022a) proposed that the fluids exploited the pre-existing veins because they were more
reactive than the wall-rock. However, the similarity in chemistry between non-UVF calcite veins and
least-altered wall-rock carbonate (Steiner et al., 2022) suggests that the pre-existing veins and wallrock had a similar bulk solubility. The higher buffering potential of carbonate veins relative to mixed
carbonate and siliciclastic wall-rock should have enabled alteration fronts to propagate further in the
wall-rock than veins if reactivity were the only control on alteration distribution. Instead, the
dominance of veining over disseminated alteration in the Osiris cluster indicates that the permeability
of pre-existing veins was significantly higher than that of the surrounding rock mass during
hydrothermal fluid flow. This high permeability was possibly, at least in part, the result of
refracturing of the vein network during fluid flow. Steeply- and moderately-dipping veins could be
refractured readily in a strike-slip or extensional environment. However, shallow-dipping veins
would require high intrinsic permeability to facilitate fluid flow as they would not fracture readily in
such a stress regime. For the fluids to exploit these shallow-dipping veins requires that the veins have
an intrinsic intergranular permeability. The fluid's preferential exploitation of crystal cleavage planes
and the extensive presence of porosity in the centre of veins, often infilled with realgar, demonstrate
that such permeability exists locally. The coarse grain size of the veins compared to the wall-rock
may also contribute to their higher intrinsic permeability. This high permeability relative to the wallrock may have enabled fluids to egress from steep refractured veins into adjoined shallow veins
preferentially rather than the rock matrix. Thus, refracturing of at least some veins in a closelyspaced vein network may have resulted in a well-connected fluid conduit, despite not all veins being
refractured.
Differences in the bulk permeability of the vein network and the sedimentary host rocks may explain
why ore-stage veins are so prevalent in the Osiris cluster. Flow along layers is essential limited by
the vein spacing because once a flow path along a sedimentary layer intersects the permeable vein
network, the higher relative permeability of the veins results in the bulk of the fluid being partitioned
into them. We refer to this process as 'fracture short-circuiting' and propose that this is the main
reason why disseminated alteration does not correlate well between drill intercepts.
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4.6.4

Time-integrated fluid flux control on fluid-rock interaction

Significant differences in the time-integrated fluid flux (TIFF) along flow paths may also explain the
distribution of alteration in the Osiris cluster. All other things being equal, veins that experienced a
higher TIFF will have reaction fronts that extend further out into the wall-rock, leading to more
extensive haloes of disseminated alteration/mineralization. Differences in TIFF likely reflect
differences in permeability along the flow path. Variability in permeability will, in part, reflect
intrinsic differences between rock units and between different vein/fracture networks. It is also likely
to have been partially dynamic in nature, reflecting the evolution of fluid:rock interaction along the
flow path. The latter situation is particularly significant in carbonate rocks, which are easily and
rapidly dissolved. In high-TIFF flow paths through a vein/fracture-dominated network, a growing
dissolution halo may eventually intersect another fracture. The reduced porosity in the
decarbonatized rock could form a new high-permeability flow path segment that would divert a
portion of the fluid flux from the initial flow path through the decarbonatized wall-rock and into a
previously inaccessible permeable geological feature (Figure 4.16). In this scenario, the key
geological component is the wall-rock's progressive dissolution to create a high-permeability
connector pathway. Thus, we refer to this process as 'dissolution short-circuiting.' The TIFF needed
to instigate a dissolution short-circuiting will vary with rock type depending on mineral solubility in
the fluid. For example, dolomite generally has a lower solubility than calcite, meaning that a higher
TIFF is required to dissolve an equal volume of dolomite than calcite. The lower solubility of
dolomite may be an additional contributing factor as to why the Algae Formation exhibits little
disseminated alteration.
Hydrothermal fluid can also reduce permeability by precipitating minerals in pore space, particularly
during intergranular fluid flow within lithological layers. Unlike fracture-controlled flow, where
ongoing deformation can create new pore space, intergranular porosity is largely created or destroyed
by mineral dissolution and precipitation, respectively. Flow path segments might become abandoned
as intergranular porosity is occluded by the precipitation of minerals such as quartz, realgar, or
orpiment. The resulting reduction in permeability might divert replenishing fluids along a different
flow path segment. Consequently, during a hydrothermal event, the geometry, path length,
permeability, and flux along a flow path are likely changing continuously as segments are abandoned
or diverted in response to progressive dissolution short-circuiting, fracture short-circuiting, and
intergranular porosity occlusion.
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Figure 4.16. Schematic illustration of the development of a dissolution short-circuit. A. Fluid flow along a
fracture results in fluid-rock interaction along the edges of the fracture. B-C. Sustained fluid flow enables
further dissolution. Reaction fronts extend further into the rock in more permeable horizons than less
permeable ones. However, the bulk permeability of the fracture is much higher than the layering, and the
majority of fluid flow is siphoned through the fracture. D. Continued dissolution connects to another
fracture. The bulk permeability of this connected permeability through the decarbonatized layer is now high
enough to divert a significant proportion of fluids through the new flow path. This rapid change in
permeability leads to the abandonment of other flow paths.

4.6.5

Comparison to Carlin-type Au deposits in Nevada

Patterns of fluid flow in the Osiris cluster are markedly different from those interpreted from the
Nevada CTGDs. Essentially all fluid flow into Nevada's CTGDs is interpreted to have been
accommodated through a small number of large structures, mainly steep- or shallow-dipping faults
(e.g., Hickey et al. 2014a, b; Rhys et al., 2015; Muntean, 2020; Figure 4.17), and more rarely boudin
necks (Lepore, 2013), localized steep fracture networks (Hickey et al., 2014b; Muntean et al., 2007;
Figure 4.17C) and dikes (Muntean et al., 2007; Figure 4.17E). In contrast, fluid flow in the Osiris
cluster is accommodated by numerous small-scale structures, notably pre-existing veins. Faults did
not act as feeder conduits into the Osiris, Sunrise or Ibis deposits, and the fault conduits in the
Conrad deposit are small rather than the km-scale structures identified in Nevada CTGDs. More
highly permeable stratigraphic horizons are also interpreted to be critical fluid-controlling features in
Nevada's CTGDs, with fluids thought to have flowed out from primary feeder structures for tens to
hundreds of meters along these units (Cline et al., 2005; Rhys et al., 2015; Cook, 2015; Figure 4.17).
In the Osiris cluster, it is the bulk permeability of pre-existing vein networks rather than the intrinsic
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permeability of the host rocks that focused the upwelling of hydrothermal fluids. There is generally
only minor fluid flow within sedimentary layers over distances greater than a few tens of meters.
Hydrothermal fluid flow in Nevada's CTGDs comprises both steep flow through faults and
extensional fractures (Muntean et al., 2007; Hickey et al., 2014a; Rhys et al., 2015) and extensive
lateral flow on a kilometer-scale through shallow-dipping faults, boudin necks, and shallow-dipping
sedimentary layers (Lepore, 2013; Hickey et al., 2014b; Maroun et al., 2017; Herron, 2018; Figure
4.17). This lateral fluid flow is enabled by the general shallow geometry of structures in Nevada,
including bedding, fold hinges and many faults. In the Osiris cluster, the geometry of faults, folds
and lithological units are all steep, limiting lateral fluid flow and promoting a vertically-focused fluid
flow regime.
Pre-existing calcite veins have generally not been considered as significant fluid pathways for the
CTGDs in Nevada. However, we suggest that they may be more important than previously thought.
Ore-stage calcite veins have now been recognized in several CTGDs in Nevada, including Meikel
(Emsbo et al., 2003), Banshee (Vaughan et al., 2016), Cortez Hills (Herron, 2018), Turquoise Ridge,
and Twin Creeks (authors' observations). Herron (2018) interpreted that UVF veins at Cortez Hills
formed through the preferential replacement of pre-existing shallow-angle calcite veins, and it is
possible that ore-stage calcite veins in other Nevada CTGDs formed in similar ways. Many CTGDs
in Nevada are hosted in shallow-angle folds (Rhys et al., 2015; Herron, 2018) or boudin necks
(Lepore, 2013), and the host rocks are carbonate units that likely fractured extensively during folding
(Figure 4.17). These are sites where closely spaced pre-existing vein networks are expected to be
present, and it is possible that the rheology of the rock during folding prior to fluid flow is a critical
control on where deposits are located, as it is in the Osiris cluster. The apparent preferential
partitioning of fluids into these select carbonate horizons (e.g., Cook, 2015; Rhys et al., 2015) may
be because they have closer-spaced fracture networks rather than inherently high intergranular
permeability. Introducing a high TIFF through the fracture networks in these layers may result in
abundant dissolution short-circuiting, producing disseminated alteration that might appear very
similar to pervasive flow through the layer. Preferential exploitation of pre-existing fracture networks
may also help explain the paradoxical observation that both high- and low-angle faults seemed to
control fluid flow in several Nevada CTGDs, with the latter significantly misoriented with respect to
the extensional stress regime thought to have been active at the time of fluid flow (Hickey et al.,
2014b). Consequently, these low-angle faults were likely inactive during fluid flow. In some
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deposits, these low-angle fault feeders appear to be cut by dikes that pre-date mineralization (e.g., at
Cortez Hills; Muntean, 2020), further suggesting that inactive faults were fluid conduits. Like fold
hinges, healed inactive fault zones generally contain closely-spaced vein networks, and therefore,
healed fault zones may make good fluid conduits.
The Osiris cluster deposits, as currently explored, have well over an order of magnitude smaller Au
endowment than most CTGDs in Nevada. However, Au grades are generally similar, suggesting that
the Au content of the fluid and the efficiency of the gold deposition processes were broadly similar
between deposits. The apparent discrepancy in endowment might be because the fluids in Nevada
interacted with a significantly larger volume of rock than in the Osiris cluster. Based on the results of
this paper, this difference in fluid-rock interaction could be a result of a lower kf/km or a higher fluid
flux in the Nevada CTGDs relative to the Osiris cluster.
4.7

Conclusions

Fluid flow in the Osiris cluster of CTGDs was largely accommodated through numerous small-scale
fractures and pre-existing veins (Figure 4.15). The fluids did not flow pervasively through beds for
distances of more than a few tens of meters, except in rare instances in the Sunrise deposit. The lack
of intergranular fluid flow along sedimentary layers is largely attributed to 'fracture short-circuiting,'
where the bulk permeability of the pre-existing vein network is much higher than the wall-rock
permeability, causing rerouting of the fluids through fracture and veins. Such high vein
permeabilities likely arise from a combination of refracturing of steep veins and high intrinsic
permeability of veins relative to wall-rock. Despite the prevalence of small-scale fluid conduits, fluid
flow was nearly all within three main stratigraphic units: the Gametrail Formation (in the Osiris,
Sunrise and Ibis deposits), the Lower Carbonate Member of the Nadaleen Formation (Conrad
deposit) and the Algae Formation, particularly in fold hinges. These units are thick carbonates with a
dense pre-existing vein network that formed during folding. We suggest that the fluids exploited
these thick carbonate units because they have a denser vein network than surrounding units,
particularly in fold hinges (Figure 4.15). Short strike-length, NW-striking faults accommodated some
fluid flow in the Conrad deposit, but in the Sunrise, Osiris, and Ibis deposits, faults were not
significant fluid conduits.
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Figure 4.17. Interpretations of flow paths involving intergranular and fracture-controlled flow in Carlin-type
Au deposits in Nevada. A. Schematic section of the northern Carlin trend after Rhys et al. (2015). Fluids
travel along steep normal faults before travelling laterally along specific stratigraphic horizons with minor
steep flow along pre-existing dikes. The gold shell is the approximate extent of economic-grade Au. B. Cortez
Hills, Battle Mountain-Eureka trend. Fluids travelled laterally along the Ponderosa fault before ascending
steeply-dipping faults. After Herron (2018) and Maroun et al. (2017). The gold shell encloses 6.8 ppm Au
(Muntean, 2020). C. Pipeline deposit, Battle Mountain-Eureka trend. Fluids travelled laterally along the
shallow dipping Abyss fault before egressing into the above sedimentary units and exploiting other high- and
low-angle structures in the hanging wall of the Abyss fault. Steep fractures are shown with a small normal
offset. The gold shell encloses Au grades >0.3 ppm. After Hickey et al. (2014b). D. Genesis deposit, Carlin
trend. Fluids travelled along shallow-dipping faults and up the steeply-dipping Post-Gen fault. After Rhys et
al. (2015). Gold shell shown encloses gold grades >0.94 ppm. E. Turquoise Ridge deposit, Getchell trend.
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Fluids travelled up the moderately-dipping Getchell fault and the shallow- to moderate-dipping Main dike
before egressing into steep fractures. These fractures are shown in this figure as faults with small normal
displacements. The gold shell represents the extend of <3.4 ppm gold grades. After Muntean (2020),
Cassinero and Muntean (2010), and Muntean et al. (2007).

Intergranular fluid flow through the host rocks is essential for enabling fluid-rock interaction and Au
deposition. The relative permeability of the bulk fracture network and the host rocks determine the
degree to which fluids partition between fractures and the host rocks. Intergranular flow into the host
rocks can occur in high permeability layers or where the bulk permeability of the vein network is
lower, for example, where the veins are spaced further apart or are less connected. The lack of
extensive fluid flow through particular layers in the Osiris cluster suggests that differences in the
bulk permeability of the vein network were perhaps more significant than variations in host rock
permeability for encouraging fluid egress into the host rocks. The degree of fluid-rock interaction
during fracture-controlled flow is also proportional to the time-integrated fluid flux (TIFF) through
the fracture. Differences in TIFF can arise as fluids dynamically partition between conduits owing to
mineral precipitation (occluding porosity) and dissolution (creating porosity). This latter case is
particularly significant when decarbonatized rock links two high-permeability features such as
fractures, creating a 'dissolution short circuit' for fluid flow.
Overall, the Osiris cluster of CTGDs has a markedly different hydrogeological architecture to those
described in Nevada. Fluid flow is accommodated through small-scale features with little lateral or
stratigraphic flow, whereas the opposite is true in Nevada. However, we propose that fluid flow in
Nevada might also have been at least partially controlled by the presence of pre-existing veins, and
that unit rheology during folding might be equally or more important than intrinsic intergranular
permeability for controlling fluid flow in these deposits.
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Chapter 5: Episodic fluid flow in Carlin-type Au deposits? Insights from laser
ablation U-Pb geochronology of ore-stage calcite veins
5.1

Introduction

Carlin-type Au deposits (CTGDs) are epigenetic hydrothermal deposits in which the ore fluids
dissolve and sulfidate Fe-bearing carbonate rocks, depositing Au within As-rich pyrite (Wells and
Mullins, 1971; Hofstra et al., 1991; Cline et al., 2005). The timing of CTGD formation has always
been of significant interest because models for their formation are often strongly dependent on
spatial-temporal correlations with magmatism (e.g., Ressel and Henry, 2006) and/or deformation
(Hickey et al., 2014a; Rhys et al., 2015). Accurately dating CTGD formation is challenging because
there is a general lack of easily identifiable ore-stage minerals that incorporate radioactive isotopes
suitable for geochronology. The rare mineral galkhaite is the only such mineral dated (Rb-Sr; Tretbar
et al., 2000; Arehart et al., 2003), but it is not present in many CTGDs. Crosscutting dike
relationships constrain most genetic timing estimates (e.g., Ressel and Henry, 2006). However, this
method is only reliable where several dikes of various ages occur throughout the deposit, which often
is not the case, and assumes that mineralization is a relatively short-lived event relative to the time
over which the dikes were emplaced. Other workers modelled the age of detrital apatite fission tracks
around the deposits, which were interpreted to be reset by conductive heating by the hydrothermal
fluids (e.g., Hickey et al., 2014a). However, this method cannot distinguish short-lived steady-state
events (<100 kyr) from even shorter-lived episodic events over a longer time scale (Hickey et al.,
2014a).
The largest concentration and most extensively studied group of CTGDs occur in northern Nevada
(Arehart, 1996; Hofstra and Cline, 2000; Cline et al., 2005). Collectively, the combination of apatite
fission-track (AFT) thermochronology, dating of crosscutting igneous dikes, and the direct dating of
ore-stage galkhaite suggest that most CTGDs in Nevada formed in a single short-lived hydrothermal
event in the Eocene (Ressel and Henry, 2006; Cline et al., 2005; Hickey et al., 2014a). However,
there are still no age constraints on many CTGDs in Nevada, and some features of CTGDs are
difficult to explain with a single Eocene fluid flow event. These features include the apparent
exploitation by ore fluids of both high- and low-angle faults that were unlikely to have been active in
the same stress regime (Hickey et al., 2014b), abundant post-Eocene hydrothermal calcite (Emsbo et
al., 2003), and Mesozoic sericite ages in many deposits (Arehart et al., 2003). The possibility of
multiple hydrothermal flow events (whether they are auriferous or not) highlights the need to date
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more hydrothermal minerals in more deposits to resolve the hydrothermal history of CTGDs and test
genetic models.
This paper aims to resolve the age of hydrothermal fluid flow and Au-mineralization in the Nadaleen
trend CTGDs, Yukon, Canada. These deposits offer an opportunity to test whether the spatialtemporal relationships that helped inform genetic models for the Nevada CTGDs are ubiquitous in
CTGDs in other geological settings. Recently, Steiner et al. (2022) described how the distribution,
chemistry and mineralogy of UV-fluorescent (UVF) calcite veins suggest that they formed during the
ore-stage hydrothermal event. Here, we use laser ablation (LA)-ICP-MS U-Pb geochronology to date
the formation age of these veins in the Sunrise and Osiris CTGDs. This method has been used
extensively to date calcite veins as a means to date brittle deformation events (Roberts and Walker,
2016; Parrish et al., 2018; Roberts et al., 2022) and recently was used to constrain the age of Aumineralization in CTGDs in China (Jin et al., 2021). Pinet et al. (2022) published a LA U-Pb
geochronology study of carbonate veins in the Osiris cluster that was undertaken concurrently with
this study. They analyzed nine carbonate vein samples from Au-mineralized zones and reported ~74
Ma ages from three calcite veins from the Conrad deposit. This age is approximately coeval with
dike emplacement in the deposit, and they proposed a tenuous genetic connection between Aumineralization in the deposit and magmatic-hydrothermal systems hundreds of kilometers away.
They dismissed younger ages in the calcite as a product of open system behaviour or as distinct
younger vein generations. In contrast to the Pinet et al. (2022) study, we focused on dating carbonate
veins that have been shown to have a genetic association with Au mineralization by Steiner et al.
(2022). Our geochronology suggests that ore-stage carbonate veins formed in at least three distinct
fluid flow events, and we propose that this might represent episodic fluid flow events in the deposit
as part of a long-lived convection system. The regional tectonic setting during each of these events
places constraints on possible fluid flow drivers and metal and fluid sources.
5.2
5.2.1

Geological setting
Regional setting

The Osiris and Sunrise deposits form part of the Nadaleen trend of CTGDs, located in eastern central
Yukon, Canada, on the northern margin of the Selwyn basin (Figure 5.1; Tucker et al., 2018; Steiner
et al., 2022). The trend is underlain by Cryogenian to Permian slope- and basinal-facies sedimentary
rocks, which were deformed during the Mesozoic Cordilleran orogeny and from part of the Selwyn
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fold-and-thrust belt (Steiner and Hickey, 2021; Mair et al., 2006). Folding and thrusting ceased
sometime during the middle Cretaceous. The Big Timber Formation, which contains Early
Cretaceous palynomorphs (Gordey, 2013) and the undeformed South Fork volcanic rocks, which are
interpreted to have formed at 102 ± 4 Ma based on hornblende K-Ar geochronology (Wood and
Anderson, 1982; Gordey, 2013), constrain the end of shortening in the southwestern Selwyn basin.
Shortening in the northeastern Selwyn basin (including in the Nadaleen area) may have ceased at
slightly younger ages (Hayward, 2019). Ductile deformation as part of the Cordilleran shortening
event is thought to have largely ceased by ~100 Ma based on K-Ar geochronology of metamorphic
muscovite from the Robert Service Thrust (Mair et al., 2006). This shortening resulted in crustal
thickening in the southern part of the orogen (Gibson et al., 2008; Monger and Gibson, 2019), and
such a thickened crust may be extensive across the Cordillera. Shortening was followed by a period
of regional transpression, which initiated at 115 to 110 Ma (Gabrielse et al., 2006) and is still
ongoing today (Hyndman et al., 2005a; Monger and Gibson, 2019).
Regional magmatism in the Selwyn basin initiated toward the end of Cordilleran shortening with the
formation of the Tungsten, Mayo and Tombstone suites between 99 and 89 Ma (Rasmussen, 2013;
Hart et al., 2004; Murphy, 1997). There was no widespread magmatism during the Paleocene in the
Selwyn basin, save for the 67 – 64 Ma McQuestern suite intrusions (Murphy, 1997) in the
northwestern Selwyn basin and the Rackla Pluton at 62 – 59 Ma (Figure 5.1; Kingston et al., 2009).
Eocene igneous rocks are restricted to a single occurrence of ~42 – 38 Ma lamprophyre dikes at
Macmillan pass (Godwin et al., 1979) and small ~55 – 53 Ma porphyries in the southwestern Sewlyn
basin (Pigage, 2004). Metamorphic assemblages in the contact aureoles of the Tungsten suite suggest
that they formed at 9-11 km depth (Moynihan, 2013), indicating ~10 km of exhumation since ~90
Ma along the southeastern margin of the Selwyn basin. However, exhumation in the western Selwyn
basin likely occurred during the Late Cretaceous, as indicated by thermochronology (Pryer, 2017)
and the Late Cretaceous South Fork volcanic rocks (Gordey, 2013). A thermochronology study from
the Mackenzie Mountains to the east of the Selwyn basin suggests that exhumation there was
ongoing from the Late Cretaceous to the Eocene (Powel et al., 2016).
The modern northern Cordillera is still tectonically active (in transpression; Hyndman et al., 2005a).
Seismic transects indicate that there is currently no lithospheric root beneath the Cordillera, with
crustal thicknesses of ~30-35 km and lithospheric thicknesses of ~60 km (Cook et al., 2004;
Hyndman and Currie, 2011). The modern high elevation of the Cordillera is sustained by high upper
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mantle heat flow at the base of the lithosphere (Hyndman and Currie, 2011). This high heat flow is
likely the cause of elevated geothermal gradients (~30 °C/km) in the modern northern Cordillera (59
– 64 ° latitude; Lewis et al., 2003), and back-arc asthenospheric convection has been proposed as a
cause (Hyndman et al., 2005b). High Cordilleran heat flow may have commenced at the onset of
subduction in the Mesozoic. However, if the crust was significantly thickened during Cretaceous
shortening, then high heat flow likely initiated after delamination of the lithospheric root at some
time since the Cretaceous. In this latter scenario, the onset of high heat flow was likely broadly
synchronous with exhumation as high heat flow results in increased elevations (Hyndman and Currie,
2011).

Figure 5.1. Location of the Osiris cluster within the Selwyn basin. Faults are shown in black, with major
faults shown with thicker lines and labelled. Igneous bodies of different magmatic suites are shown in
different colors and labelled.
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5.2.2

CTGDs of the Nadaleen trend

The Nadaleen trend of CTGDs is defined by an array of anomalous Au and As values in surface
samples and soil that are concentrated in two main clusters. In the west, the Anubis cluster comprises
Au-mineralization in faulted Silurian to Devonian shales and limestones (Tucker et al., 2018). In the
east, the Osiris cluster comprises four deposits hosted in Ediacaran limestones and rarely adjacent
siliciclastic rocks (Coulter et al., 2018; Steiner et al., 2022). These deposits are called, from largest to
smallest, Conrad, Sunrise, Ibis, and Osiris. The Osiris and Sunrise deposits both occur in steeply
plunging fold hinges formed during fold-and-thrust deformation, likely during the Cretaceous
Cordilleran orogeny (Steiner and Hickey, 2021; Moynihan, 2016).
Gold occurs in As-rich pyrite, deposited by the ore fluids when they dissolved and sulfidated Febearing carbonate rocks (Tucker et al., 2018). The pore space left by dissolution is commonly infilled
with hydrothermal quartz and realgar (AsS) or orpiment (As2S3; Tucker et al., 2018). Consequently,
Au-mineralization is almost always accompanied by realgar or orpiment. The timing of Aumineralization in the Conrad deposit is constrained by a 74.4 ± 1 Ma mean U-Pb date on a Aumineralized mafic dike and thermal modelling of two pooled AFT ages from Au-mineralized
sandstones of 47.0 +8.61 / -7.29 and 37.4 +7.41 / –8.62 Ma that suggest they have not been hotter
than ~100 °C since ~42 Ma (Tucker, 2015; Tucker et al., 2018). These AFT ages are also a lower
constraint on the timing of exhumation in the deposit.
5.2.3

UV-fluorescent syn-mineralization veins

At the Conrad, Sunrise, Ibis and Osiris deposits, ore-stage carbonate veins occur in the vicinity of
alteration and Au-mineralization and have distinct luminescent and chemical properties from other
calcite vein generations (Figure 5.2; Steiner and Hickey, 2019; Steiner et al., 2022). They generally
have Mn concentrations of >1000 ppm, Sr contents of <400 ppm, Fe contents of <1000 ppm, δ13C
compositions between -0.5 and -4 ‰, and δ18O compositions that are significantly lower than other
vein generations and the wall-rock (Steiner et al., 2022). Their high Mn and low Fe chemistry cause
them to fluoresce pink or orange under shortwave UV light and have bright red cathodoluminescent
responses. Steiner et al. (2022) interpreted that the veins formed through pseudomorphic replacement
of a pre-existing calcite vein network. The high Mn content and the fluid-buffered δ13C and δ18O
composition of the veins require that they formed at high fluid:rock ratios, likely by concentrating
Mn in front of carbonate dissolution zones in a rolling reaction front (Steiner et al., 2022).
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Figure 5.2. Spatial distribution of UVF calcite veins in the Osiris deposit. Logs display lithology, As grade, Au
grade, and alteration. The alteration (Alt.) column depicts the presence of realgar, orpiment,
decarbonatization or silicification (orange bars) and UVF calcite veins (pink bars). The black bars on the left
of each log show the interval fluoresced under shortwave UV light.

Clumped isotope measurements from two UV-fluorescent (UVF) calcite veins yielded formation
temperatures of ~140 °C (Steiner et al., 2022). However, the bonds in the sample may have
diffusively reordered since crystallization depending on the time-temperature history of the deposit,
such that the measured ~140 °C temperature is cooler than the true formation temperature (Passey
and Henkes, 2012; Henkes et al., 2014). Steiner et al. (2022) modelled that such a scenario is
possible in the case that the veins formed between 74 and 60 Ma and were subsequently slowly
exhumed. In this slow-exhumation scenario, the veins could have formed from fluids up to 300 °C.
The δ13C and δ18O composition of the two veins reflects the δ13C and δ18O of the vein-forming fluid
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and temperature-dependent kinetic fractionation during carbonate precipitation (e.g., O’Neil et al.,
1969). Steiner et al. (2022) interpreted that δ13C and δ18O composition of the vein-forming fluids,
corrected for kinetic fractionation at 140 °C, likely represented a partially rock-buffered meteoric
fluid. However, the δ13C and δ18O composition of vein-forming fluids corrected for kinetic
fractionation at temperatures >200 °C are heavier and may have had a magmatic component (Steiner
et al., 2022).
5.3

Methods

An original set of eleven samples with UVF carbonate veins, three samples with non-UVF carbonate
veins and eleven samples with both UVF and non-UVF carbonate veins were chosen from drill core
from the Sunrise, Osiris and Conrad deposits to obtain ages of both non-UVF veins that pre-date Aumineralization and syn-mineralization UVF veins. Five of these original 25 samples had a
sufficiently large spread in 238U/206Pb to yield meaningful age information, and we concentrated our
efforts on dating these samples. These samples were all UVF carbonate veins, two of which also had
non-UVF carbonate in them. Four of the samples were from the Sunrise deposit, and the other one
was from the Osiris deposit (Figure 5.3). We report the method and results of the best (lowest
uncertainty on the final resolved date) five analyses in this paper. A description of the method
development can be found in Appendix C.1. The chemistry reported for these veins is from Steiner et
al. (2022).
5.3.1

Sample imaging

LA-ICP-MS images were made for each sample using an Agilent 7700x Quadropole ICP-MS
attached to 193 nm ArF excimer laser ablation system (Resolution M-50LR, Applied Spectra, USA)
at the PCIGR at UBC. The samples were ablated in a He atmosphere and Ar, admixed with N2 for
signal enhancement, carried the ablated aerosol to the ICP-MS. Every ~25 lines were bracketed by
SRMs NIST612, NIST614, and USGS basalt reference material BCR-2G, as well as the 254.4 ± 6.4
Ma WC-1 carbonate reference material (Roberts et al., 2017) and the 15.46 ± 0.1 Ma Barstow Tufa
(Date determined from 2 aliquots of in-house ID-TIMS and in agreement with geochronology by
Cole et al., 2005). Elemental concentrations were determined by normalizing to NIST612 using an
internal standard of Ca = 40 wt. % using the Trace Element data reduction scheme (DRS) in Iolite 4
(Paton et al., 2011). NIST614 was used to correct 207Pb/206Pb and 238U/206Pb using an exponential
downhole fraction model in the U-Pb Geochronology DRS in Iolite 4 (Paton et al., 2010). The
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outputted data were not treated quantitatively because elemental concentrations did not agree with
more precise LA-ICP-MS analyses reported by Steiner et al. (2022). However, the images were very
effective at recording relative differences in elemental concentrations.

Figure 5.3. Location of samples within the Sunrise and Osiris deposit. The cross-sections are simplified
versions of the same sections shown in Chapter 5.
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5.3.2

U-Pb geochronology

Following LA-ICP-MS imaging, the samples were re-analyzed by spot analysis using the images to
guide spot placement. Areas of high U and Mn content, low Rb content (indicating a low probability
of a silicic wall-rock inclusion), and high 238U/206Pb were targeted for spot analysis using the same
laser ablation system attached to a Nu AttoM high-resolution ICP-MS (Appendix C.2). Rock billets
were leached for 24 hours in ~30 ml of Milli-Q water to remove surface contaminants. A laser
fluence of 7 Jcm-2 with a repetition rate of 5 Hz was used. This fluence is significantly higher than
laser energy densities reported for other LA-ICP-MS U-Pb geochronology methodologies in the
literature. However, after re-analyzing the same sample with varying fluences, we found this high
fluence enhanced the sensitivity of the instrument. Areas of exceptionally high 238U/206Pb were
avoided as this suggests that additional U may have been added to the sample since its formation
(discussed below). NIST614 and WC-1 bracketed every 5 unknowns, NIST612 and the Barstow Tufa
bracketed every 10 unknowns, and BCR-2G and KL2-G bracketed every 20 unknowns. For each
sample, we analyzed 100 spots. Each sample was run in a single session.
5.3.3

Data reduction

The data were reduced following the method of Roberts et al. (2017). The data were first reduced in
Iolite 4 using the U-Pb Geochronology DRS with NIST 614 as the primary reference material. This
DRS subtracts baseline (laser-off) counts from the analyses, calculates raw isotopic ratios, models the
downhole fraction of the reference material and applies the same model to the unknowns, and
normalizes the outputted ratios to the reference material values to correct for instrumental drift
(Paton et al., 2010). We applied this DRS to both our samples and the carbonate reference materials
WC-1 and the Barstow Tufa, so that the variable 207Pb/206Pb of these reference materials is corrected
for instrumental drift. The outputted uncertainty on the measurements includes the propagated excess
variance of NIST614 over the session.
The final 238U/206Pb and 207Pb/206Pb and propagated uncertainties were then copied into an in-house
Excel template that corrected the 238U/206Pb of the samples to the WC-1 reference material. WC-1 has
a heterogeneous 238U/206Pb composition and, therefore, normalizing 238U/206Pb in the samples to a
single 238U/206Pb value for WC-1 would not be representative. Instead, the age of the WC-1 is
calculated by fitting the spread of data with a regression line on a Tera-Wasserburg (T-W) plot using
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Isoplot v. 4.15 (Ludwig, 2003). The deviation from the true age (determined by Roberts et al., 2017)
is used to correct the samples. This normalization factor is easily calculated by dividing the xintercepts of the regression line through the measured WC-1 data and the regression line determined
by Roberts et al. (2017). These regression lines are anchored at a y-intercept value of 0.85 ± 0.04,
which represents the common Pb composition of WC-1 according to the Stacey-Kramers Pb
evolution model (Stacey and Kramers, 1975). The procedure for the treatment of uncertainties during
this 238U/206Pb correction is currently not well-defined. The community-agreed uncertainty
propagation protocol defined by Horstwood et al. (2016) suggests that the excess variance of primary
standards is propagated before fitting any regression lines. Therefore, we quadratically propagated
the excess variance on the regression through the 238U/206Pb-normalized WC-1 data into the
238

U/206Pb uncertainty for all samples and the Barstow Tufa. The age of the 238U/206Pb-normalized

Barstow Tufa data is then calculated using a non-anchored regression on a T-W plot to check that the
normalization procedure has yielded the accepted age.
5.3.4

Data screening and final age calculation

Dating hydrothermal carbonate is challenging because it generally has heterogeneous and generally
low U concentrations (leading to low radiogenic Pb contents) and often exhibits 'open system'
behaviour (Roberts et al., 2020). The low counts of radiogenic Pb result in high uncertainties in
isotopic ratios (particularly 207Pb/206Pb), which often makes the data unsuitable for fitting regression
lines or can mask open system behaviour or multiple generations of carbonate in the data set (Roberts
et al., 2020). To remove the high uncertainty data points associated with low radiogenic Pb counts,
we removed all data with uncertainties >30 % (Figure 5.4A).
Open system behaviour refers to the presence of spots with anomalous 238U/206Pb values given their
207

Pb/206Pb values, which is generally thought to have occurred when young, relatively U-rich

oxidized fluids locally recrystallize tiny parts of carbonate grains (Roberts et al., 2020). Spots that
ablate grains with open system domains return 238U/206Pb and 207Pb/206Pb values that are seemingly
random and do not form a regression line. All our samples had some degree of open system
behaviour, and we screened this data visually. Firstly, we assume that the majority of the sample
behaved as a closed system and looked for clusters of data that form along a best-fit line. If the best
fit line represents the oldest possible fit through the data, then we assumed that any open system
behaviour increased 238U/206Pb (as is usually the case; Roberts et al., 2020; Figure 5.4B). Therefore,
we assumed that the regression line through the left-most extent of the data on a Tera-Wasserburg
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(T-W) plot (representing the oldest possible age) was the true age, and that points that plot to the
right of that line had experienced open system behaviour (Figure 5.4C). In the case where several
best fit lines exist, it is possible that multiple carbonate generations exist in the sample, and
distinguishing these generations from open system spots is challenging. We visually removed
anomalous 238U/206Pb outlier spots using a residual plot relative to a preliminary regression line
through the data. After removing outliers, the final regression line and age were calculated using
Isoplot. The uncertainty of WC-1 (as reported by Roberts et al., 2017), decay constants, and the longterm excess variance of the Barstow Tufa were quadratically added to the uncertainty on the
regression line to calculate the final uncertainty on the age.

Figure 5.4. Processes for data screening showing the change in regression (and hence calculated age) upon
removal of high uncertainty (B) and open system (C) spots from sample AS18-24. See text for details.

5.4

Results

We present sample photographs, spot locations and T-W plots for each sample in Figure 5.5, Figure
5.6, Figure 5.7, Figure 5.8 and Figure 5.9. BSE images of each sample and plots of sample chemistry
are presented in Figure 5.10 and Figure 5.11, respectively. A summary of the chemistry and
calculated dates for each sample is presented in Table 5.1. Descriptions for each individual sample
are provided below.
5.4.1

AS18-2

AS18-2 is a ~3 mm wide UVF calcite and realgar vein that is at a high angle to bedding and has
patchy fluorescence at the hand sample scale (Figure 5.5). It comes from a 3.5 m interval in the
Osiris deposit that has 2.57 ppm Au (OS-11-080; 40.9 m; Figure 5.3). Calcite grains are blocky and
are up to 3 mm wide, with cleavage-parallel twins, some of which taper or are discontinuous. Realgar
comprises about 15% of the vein and is present as a mass up to 4 mm in length along the centre of
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the vein. Some finer-grained realgar is scattered through the remainder of the vein, but there is no
realgar within the vein near its edge. The calcite exhibits no undulose extinction or sub-grains. CL
imaging reveals that approximately half the vein calcite comprises concentrically-zoned calcite with
zones varying in luminescence intensity, corresponding to less fluorescent areas at the hand sample
scale. The other half of the vein consists of homogeneously bright-luminescent calcite. Backscatter
electron (BSE) imaging of AS18-2 reveals that calcite in the vein is generally homogenous (Figure
5.10A). Mn concentrations in the vein vary between 1431 and 5740 ppm, and Fe and Sr
concentrations vary between 45 and 370 ppm and 77 and 188 ppm, respectively. Sr/Y ratios for this
calcite range from 4 to 49. Calcite in the vein has a bulk δ13C of -4.13 ± 0.46 ‰ (2s) and a δ18O
composition of 21.24 ± 0.68 ‰ (Figure 5.11).
AS18-2 returned an age of 66.3 ± 1.9 / ± 3.9 Ma (± without/ ± with systematic uncertainty; MSWD =
2.7; Figure 5.5). The regression line was formed from 53 spots and had a common Pb value of 0.69.
Of the remaining 47 spots, 34 spots were removed as they had uncertainties greater than 30 %, and
13 spots exhibited open system behaviour.
5.4.2

AS18-7

AS18-7 is a 17 mm wide vein comprising syntaxially-intergrown realgar, non-UVF dolomite, and
UVF calcite (Figure 5.6). The vein is from a 2.66 m interval in the Sunrise zone that has 3.76 ppm
Au (OS-17-254; 305.4 m; Figure 5.3). Realgar comprises ~80 % of the vein, dolomite ~17 %, calcite
~3 %, and there is also trace orpiment and a single grain of fluorite. Grain boundaries are difficult to
discern in the dolomite. However, it exhibits undulose extinction that is developed over an area up to
4 mm at its greatest dimension, implying a coarse grain size. Poorly defined sub-grains can be
identified by distinct differences in the angle of extinction. Calcite, up to 1 mm wide with no
undulose extinction, is generally enclosed by realgar and looks like it may have locally infilled vug
space after realgar. This calcite has rare thick deformation twins. The vein is at a high angle to
bedding, and there is locally disseminated realgar in the wall-rock. BSE images of AS18-7 show that
the dolomite has abundant micron-sized inclusions of lighter colored carbonate generations (Figure
5.100B). Calcite in the vein appears far more homogenous (Figure 5.10B). The non-UVF dolomite
has Mn concentrations between 514 and 4690 ppm, a Sr content of 880 and 1546 ppm, and Fe
concentrations of greater than 9.6 wt. % (Figure 5.11). Sr/Y ratios for the dolomite vary between 84
and 180. This dolomite is not cathodoluminescent. UVF calcite grains are cathodoluminescent, with
more intense luminescent around the edges of calcite grains than the centre. Dremel-drilled powders
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comprising both dolomite and calcite in the vein have a δ13C and δ18O of -6.20 ± 0.42 ‰ and 24.95 ±
0.62 ‰, respectively (Figure 5.11). Despite VSP11 having different chemistry from other ore-stage
veins (potentially reflecting its high dolomite content), we consider it ore-stage because of its
syntaxially-intergrown realgar and carbonate.
Non-UVF dolomite from AS18-7 returned an age of 43.2 ± 2.3 / ± 3.2 (MSWD = 2.7; Figure 5.6)
from a regression with 48 spots and a common Pb of 0.59. This regression also defines the oldest
possible regression through the sample, and open system behaviour was assumed to have only
resulted in shifts to higher 238U/206Pb ratios. Twelve spots were removed because they had
uncertainties greater than 30 %, and 40 spots were removed because they exhibited open system
behaviour. No resolvable age was obtained for the UVF calcite as it contained abundant open system
spots with no clear linear regressions. The oldest possible best-fit line through the data (assuming
common Pb <0.85) intersects the Concordia curve at ~45 Ma, suggesting that this calcite is either
coeval with the dolomite or younger.
5.4.3

AS18-8

AS18-8 is a 20 mm wide anastomosing UVF calcite vein at a high angle to bedding with abundant
realgar along one edge of the vein (Figure 5.7). AS18-8 is from deeper in the same hole as AS18-7 in
a 3.04 m interval that has 2.57 ppm Au (OS-17-254; 373.75 m; Figure 5.3). The vein comprises
blocky calcite up to 4 mm in size with cleavage-parallel twins, some of which taper or are
discontinuous. There is no undulose extinction in these crystals. The realgar along one side of the
vein makes up about 30% of the vein and exhibits no obvious crosscutting relationships with calcite.
BSE images of the vein show that the calcite is a mix of two generations with very similar BSE
responses (Figure 5.10C). The calcite mostly has homogenous, bright cathodoluminescence with
some variation from vein to vein. Calcite is slightly more luminescent along its edges where it is
adjacent to realgar. Differences in fluorescence intensity reflect variations in Mn concentration of
2440 ppm to nearly 4 wt. %. Fe concentrations are generally between 18 and 440 ppm, with one
outlier spot recording a 4000 ppm Fe content. The calcite's Sr content is between 58 and 261 ppm,
and its Sr/Y ratio varies between 1 and 247. The bulk δ13C and δ18O composition of calcite are -3.87
± 0.56 and 19.23 ± 0.74 ‰, respectively (Figure 5.11).
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Figure 5.5. Results for AS18-2. A. Hand sample photograph in visible and shortwave UV light. B. Location of
spot analyses (red dots) on rock billet. C. Location of spots on semi-quantitative element images of U, Mn, Rb
and 238U/206Pb. D. T-W plots showing all the spots and the spots used to define the final age of the sample.
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Figure 5.6. Results for AS18-7. A. Hand sample photograph in visible and shortwave UV light. B. Location of
spot analyses (red dots) on rock billet. C. Location of spots on semi-quantitative element images of U, Mn, Rb
and 238U/206Pb. D. T-W plots showing all the spots and the spots used to define the final age of the sample.
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Figure 5.7 (previous page). Results for AS18-8. A. Location of spot analyses (red dots) on rock billet in visible
and shortwave UV light. B. Location of spots on semi-quantitative element images of U, Mn, Rb and
238

U/206Pb. D. T-W plots showing all the spots and regression lines through possible older and younger calcite

generations.

Figure 5.8. Results for AS18-24. A. Hand sample photograph in visible and shortwave UV light. B. Location
of spot analyses on rock billet. C. Location of spots on semi-quantitative element images of U, Mn, Rb and
238

U/206Pb. D. T-W plots showing all the spots and the spots used to define the final age of the sample.

158

159

Figure 5.9 (previous page). Results for VSP11. A. Location of spot analyses on rock billet in visible and
shortwave UV light. B. Location of spots on semi-quantitative element images of U, Mn, Rb and 238U/206Pb. D.
T-W plots showing all the spots and regression lines through possible older and younger calcite generations.

Figure 5.10. Backscatter electron (BSE) images of each sample. A. Generally homogeneous calcite in AS18-2.
B. Dolomite with micron-scale inclusions of lighter colored carbonate and generally homogenous calcite in
AS18-7 (saturation enhanced). C. Sub-mm-scale inclusions of lighter colored in vein calcite from AS18-8
(saturation enhanced). D. Calcite with micron-scale inclusions of lighter colored calcite from AS18-24
(saturation enhanced). E. Calcite with micron-scale inclusions of lighter colored calcite from VSP11
(saturation enhanced).
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Figure 5.11. A. Mn, Sr, Fe and Sr/Y chemistry of samples from LA-ICP-MS measurements (after Steiner et
al., 2022). Spots from samples used in this study are outlined in thick lines. B. Average Mn, Fe, and Sr content
of vein carbonate from each sample measured using laser imaging. This data should be treated semiquantitatively because of the fast scan speed used. C. δ13C and δ18O of veins and wall-rock from the Sunrise
and Osiris deposits, with samples in this study outlined with thick lines. The grey tie lines join vein samples to
wall-rock samples within 10 mm of the vein. After Steiner et al. (2022).
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Table 5.1. Summary of LA U-Pb carbonate geochronology sample chemistry and calculated ages.
Sample
ID

Average composition of dated
area from laser images (ppm)2

Average composition from
LA-ICP-MS spots (ppm)

δ13C
(‰VPDB)

δ18O
(‰VSMOW)
± 2s

Age (Ma)
± total
uncertainty

Mn

Fe

Sr

Mn

Fe

Sr

± 2s

AS18-2

8110

12,300

163

3781

137

148

-4.13 ± 0.46

21.24 ± 0.68

66.3 ± 3.9

AS18-71

7340

101,000

1130

1552

109,300

1244

-6.20 ± 0.42

24.95 ± 0.62

43.2 ± 3.2

AS18-8

27,500

22,100

123

21,295

399

113

-3.87 ± 0.56

19.23 ± 0.74

No final age3

AS18-24

10,600

8130

176

14,325

236

152

3.2 ± 0.52

21.03 ± 0.56

65.8 ± 3.5

VSP11

49,800

21.500

165

---------- No data -----------

-3.14 ± 0.084

15.80 ± 0.141

No final age4

1Chemical

data is for dolomite, which is the dominant carbonate phase in AS18-7 and the phase that was dated.

2The

fast scan times used to create these images mean that this data should not be treated quantitatively. However, it does show
relative differences.

3The

majority of data for this sample plots along a regression line with an age of 46.7 ± 5.8 Ma.

4The

majority of data for this sample plots along a regression line with an age of 15.8 ± 1.6 Ma.

Half the data from AS18-8 falls on a regression line with an age of 46.7 ± 5.3 Ma / ± 5.8 Ma (MSWD
= 13; Figure 5.7). Samples that plot to the right of this line do not define a single best-fit line and are
thus interpreted to have experience open system behaviour. Five data points plot to the left of the
46.7 Ma regression and formed an approximate regression with an age of 85 ± 20 Ma / ± 20 Ma
(MSWD = 17). These older spots may be open system spots that have shifted to lower 238U/206Pb
values since formation, or they may represent an older calcite generation. The significant variations
in 207Pb/206Pb at low 238U/206Pb values suggest that there are either two distinct carbonate generations
in the vein, each with a different common Pb composition, or that open-system behaviour has locally
altered 207Pb/206Pb. Given the abundance of open system behaviour in this sample, we cannot say for
sure how many calcite generations are present or what the age of each one is. However, the fact that
the majority of data from the sample plots along a best-fit line with an age of 46.7 Ma suggests that
the vein is predominantly composed of calcite this age.
5.4.4

AS18-24

AS18-24 is a rock billet comprising a 2 mm wide UVF calcite vein with varying fluorescence
intensity (Figure 5.8). It is from the 2.67 m interval of core that has 15.5 ppm Au (OS-17-254; 374.6
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m; Figure 5.3) and was collected immediately beneath the interval containing sample AS18-8. There
are specks of orpiment in the wall-rock, and an orpiment veinlet crosscuts other UVF veins in the
same sample. The vein comprises blocky calcite up to 2 mm in size with cleavage-parallel
deformation twins that rarely taper. The vein has no realgar, and its angle relative to bedding is not
clear. Calcite in the vein has both bright and dull cathodoluminescence, with the most intense
luminescence along grain boundaries. BSE imaging shows that locally, this vein has two mixed
calcite generations with similar BSE responses (Figure 5.10D). The vein has Mn concentrations
between 2540 ppm and 3.7 wt. %, an Fe content of 143 – 1710 ppm and Sr concentrations between
13 and 117 ppm. Sr/Y values are between 1 and 73. The δ13C and δ18O composition of calcite from
the vein are 3.2 ± 0.52 and 21.03 ± 0.56 ‰, respectively (Figure 5.11).
AS18-24 yielded an age of 65.8 ± 1 / ± 3.5 Ma (MSWD = 4.2; Figure 5.8). It had abundant open
system spots (47 spots). However, there is a clear cluster of data that defines the oldest possible
regression through the data (47 spots; common Pb = 0.62). Consequently, we took this as the age of
the sample and assumed that all open system behaviour resulted in increased 238U/206Pb ratios. Six
spots were removed for having uncertainties greater than 30 %.
5.4.5

VSP11

VSP11 is a 12 mm wide UVF vein with up to 5 mm elongate blocky calcite grains tapering inwards
perpendicular to the wall-rock suggesting syntaxial growth (Figure 5.9). It comes from a 2.88 m
interval of core that has 26 ppm Au from the Sunrise deposit (OS-13-214; 176.15 m; Figure 5.3).
Deformation twins and undulose extinction are abundant, and some crystals have subgrains. The
middle of the vein has finer calcite (typically 1 mm wide), which is sometimes elongate but usually
blocky. Realgar and orpiment occur as a selvage to the vein, and locally fine-grained realgar occurs
within the vein near the edges. It is unclear whether this realgar and orpiment formed with the vein or
whether the vein cut orpiment and realgar in the wall-rock and small pieces were entrained into the
vein during formation. Calcite in the vein has streaky cathodoluminescence with streaks mimicking
the elongate form of the grains. Grain boundaries are more luminescent. Pyrite encloses some of the
realgar in the selvage. The wall-rock is extensively decarbonatized with abundant realgar and pyrite.
BSE imaging of VSP11 shows abundant sub-micron-sized bright inclusions within the calcite (Figure
5.10E). We do not have quantitative chemistry data from this sample. However, the Mn, Sr, and Fe
counts from the laser imaging indicate that it has higher Mn than all other samples and comparable
Fe and Sr values to other UVF calcite samples (Figure 5.11). Steiner et al. (2022) presented clumped
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isotope thermometry on this vein, obtaining a δ13C of -3.14 ± 0.084 ‰, a δ18O of and 15.80 ± 0.141
‰, and a measured temperature of 144 +22/-18 °C.
No final resolvable age was obtained for VSP11; however, nearly all the carbonate in the vein
formed <30 Ma (Figure 5.9). There are eleven spots with small 238U/206Pb ratios, which anchor any
regressions at a common Pb value of ~0.75. The majority of the data (71 spots) plot along a
regression line of 15.8 ± 1.4/ ± 1.6 Ma (MSWD = 3.2), providing one possible age interpretation.
However, there are several spots with 238U/206Pb ratios that fall significantly below this line. These
spots define a regression line with an age of 29.6 ± 2.7/ ± 3.1 (MSWD = 3.8; 25 spots). Three spots
have even lower

238

U/206Pb ratios that form a regression line with an age of 71 ± 13 Ma / ± 14

(MSWD = 1.2; 14 spots). Nine high uncertainty spots and eleven open system spots with
unrealistically high 238U/206Pb ratios were not used in any regression. The different regressions may
represent different carbonate generations or may be the result of open-system behaviour, and
consequently, we cannot confidently ascertain the age of the sample. The spots that form the different
regressions occur throughout the samples and do not correlate to specific locations on the sample.
With the exception of the three 'oldest' spots, all the calcite in this vein is 30 Ma or younger.
5.5
5.5.1

Discussion
Limitations of dating hydrothermal carbonate veins using U-Pb: open system

behaviour
The biggest limitation to dating hydrothermal carbonate veins using LA U-Pb geochronology in this
study was the prevalence of 'open system' behaviour, where some spots have a seemingly random
238

U/206Pb (and possibly 207Pb/206Pb) ratio such that they do not define a regression line. These spots

generally seem to have higher 238U/206Pb than closed system spots, implying that the carbonate in
most open system spots has had U added or Pb lost, with the inverse being much less common. The
selective targeting of high U and high 238U/206Pb areas of the samples resulted in a relative increase in
the abundance of open system spots relative to previous samples that were analyzed without laser
image targeting, suggesting that the open system spots are more prevalent in high U and high
238

U/206Pb areas. However, these high U, high 238U/206Pb zones also contain closed system spots that

are essential for constraining regression lines at higher 238U/206Pb ratios. Open system spots do not
have higher or lower concentrations of any of the elements analyzed while making the laser images
relative to 'closed system' spots and do not correlate with any textural feature or spatial domain in the
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samples. Consequently, they are currently impossible to identify other than obvious outliers to robust
regression lines. Without the ability to remove open system spots by some other criteria, obtaining
absolute dates for samples with abundant open system spots is challenging, and only broad
statements about its age can be made (such as for samples AS18-8 and VSP11).
The Milli-Q leach did not negate the open-system behaviour, suggesting that the cause of the open
system behaviour results from something in the carbonate lattice rather than on the surface. U or Pb
additions and losses likely occur through coupled dissolution-precipitation reactions, likely with
oxidized groundwater in which U is mobile (Roberts et al., 2020). BSE imaging of the vein samples
in this study revealed that the analyzed carbonate was generally heterogeneous, with AS18-7, AS188, AS18-24, and VSP11 all containing multiple randomly-distributed generations (Figure 5.10). The
one sample that exhibited very little open system behaviour (AS18-2) contained generally
homogenous calcite. The relatively low spatial resolution of the BSE imaging, coupled with the large
laser spot size, made avoiding these inclusions of other carbonate generations impossible. If some of
the inclusions comprise calcite recrystallized by young oxidized fluids, as described above, then they
could result in apparent open system behaviour. The magnitude of the 238U/206Pb shift would be
proportional to the ratio of inclusions to surrounding closed system calcite within the spot. The
ability to obtain overly high spatial-resolution BSE images with micron-scale accuracy when setting
spots and using a smaller spot size may decrease the chance of ablating these inclusions. However,
smaller spot sizes generally result in lowered analytical sensitivity, and there is no way of avoiding
inclusions below the sample surface.
5.5.2

Interpretation of vein ages

Our results indicate that carbonate in ore-stage carbonate veins formed during at least three different
events at ~65 Ma (AS18-2 and AS18-24), ~43 Ma (AS18-7), and either ~30 Ma or ~16 Ma (VSP11)
or both. There may also be veins of other ages (including older veins) in the deposit that were not
sampled. These ages represent the last time that carbonate crystallized, which may have been during
initial fracture infill or during subsequent recrystallization. Even in veins with syntaxial growth
textures, such as VSP11, we cannot tell whether the calcite in the vein was the original fracture infill
or younger carbonate pseudomorphs. There are no stylolitic seems or truncated crystal grains in the
veins, suggesting there was no pressure-solution recrystallization. The presence of undulose
extinction, deformation twins and rare sub-grains suggests that carbonate deformation in the veins
was accommodated through intracrystalline deformation and recovery, with no evidence for
165

deformation-induced dynamic recrystallization (Passchier and Trowe, 2005). Consequently, any
recrystallization of vein carbonate is interpreted to have occurred through fluid-mediated coupled
dissolution-precipitation. Since such dissolution-precipitation requires significant fluid:rock
interaction, we interpret that each of our LA-ICP-MS U-Pb carbonate ages represents a fluid flow
event within the deposit. All veins have variable cathodoluminescence responses to some degree,
although these variations are generally subtle. These differences in cathodoluminescence may reflect
different vein generations or local chemical variations within the same carbonate generation. The
lack of spatial domaining of different-aged carbonate within veins suggests that if there are multiple
carbonate generations within some veins, they likely formed from localized coupled dissolutionprecipitation rather than bulk dissolution and reprecipitation of the vein.
Deciphering whether each fluid flow event represents an ore-stage event or not is challenging
because calcite likely recrystallized more readily than other minerals in the vein. For example,
realgar is present in both older and younger veins. However, the timing of this realgar formation is
not tied to the age of the adjacent carbonate. It may have formed at the same time as the vein calcite,
or it could have formed earlier with subsequent fluid flow recrystallizing surrounding calcite in the
vein. Bulk fluid-mediated recrystallization changes the δ13C and δ18O composition of the carbonate
such that it partially reflects the isotopic composition and temperature of the fluid (in particular, δ18O
becomes fluid-buffered at very low fluid:rock ratios; Banner and Hanson, 1990). Thus, the lack of
any shift in δ13C and δ18O between veins of different ages suggests that the fluid temperature and
δ13C and δ18O composition of the fluid were broadly similar during each fluid flow event (Figure
5.11), regardless of whether the vein carbonate was recrystallized or not. Steiner et al. (2022)
presented a clumped isotope temperature of ~140 °C for vein calcite from sample VSP11. The vein
calcite from VSP11 formed at ~30 Ma or ~16 Ma after exhumation to <~100 °C, which is
constrained in the study area to ~42 Ma or older by AFT data (Tucker, 2015; Tucker et al., 2018). As
a result, the sample would have experienced little or no diffusive bond reordering after
crystallization, and the ~140 °C clumped isotope measurement is interpreted to reflect the fluid
temperature at the time of carbonate precipitation. The δ13C and δ18O composition of the fluid,
corrected for temperature-dependent fractionation during carbonate precipitation at 140 °C, is most
representative of a meteoric fluid that had partially equilibrated with sedimentary rocks (Steiner et
al., 2022). Thus, the similarity in δ13C and δ18O composition among different aged veins suggests
that relatively hot (on the order of ~140 °C) exchanged meteoric waters were circulating through the
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deposit in at least three distinct flow events and that similar-characteristic fluids were responsible for
realgar precipitation.
The veins all have a similar high Mn, low Fe, low Sr, and low Mg contents (except AS18-7, which
has different chemistry because it is mainly dolomite). This similarity may imply that the
concentration of these elements in the fluid was also similar during each fluid flow event. The
comparable fluid chemistry is significant because the veins’ low Fe content is attributed to the
sulfidation of Fe to form pyrite (Steiner et al., 2022), which is the critical Au deposition mechanism
in CTGDs (Wells and Mullins, 1971; Hofstra et al., 1991). Consequently, the fluids in each fluid
flow event may be interpreted as H2S-rich fluids capable of depositing pyrite (auriferous pyrite if Au
was carried in the fluid). An alternative interpretation is that the veins were recrystallized after the
ore-stage event at low fluid:rock ratios such that chemical exchange between the fluid and carbonate
was of a magnitude much smaller than the total range in elemental content among the veins (e.g., a
10 or 100 ppm change in Fe would be difficult to spot because the range in Fe content in the veins is
~1000 ppm). If this latter interpretation is correct, LA U-Pb carbonate geochronology data may be
entirely decoupled from the elemental chemistry of the dated carbonate, making it near-impossible to
establish genetic links between carbonate ages and geological processes. In the context of this study,
this could mean that the younger carbonate may have been recrystallized by fluids with entirely
different elemental chemistry from the ones that originally formed the veins.
5.5.3

Episodic fluid flow model

Our preferred interpretation is that the fluid temperature and chemical composition was similar
across multiple flow events affecting approximately the same rock mass over a period of at least 35
Myr. This fluid was an upwelling exchanged meteoric water derived externally from the local rocks,
as indicated by the veins’ distinct δ13C and δ18O composition relative to the host rocks (Steiner and
Hickey, 2019; Steiner et al., 2022), and had a fluid temperature of around 140 °C as discussed above.
Each fluid flow event had a relatively high As and S concentration, enabling the precipitation of
realgar. Steiner et al. (2022) proposed that the veins have low Fe contents because dissolved Fe
reacts with the fluid to form pyrite and that the veins’ high Mn content derives primarily from
carbonate dissolution upstream along the flow path. According to this model, the fluid in each flow
event was capable of dissolving carbonate and sulfidating Fe to form pyrite. Here we discuss how
recurring hydrothermal events may occur in the same body of rock over a period of at least 35 Myr.
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The convection of large volumes of meteoric waters to depths where they can be heated to
temperatures greater than 140 °C and exchange C and O with Selwyn basin rocks requires a thermal
energy source such as a nearby cooling intrusion or an enhanced geothermal gradient (Cathles,
1997). Our results indicate that the veins formed at and after ~65 Ma, which is generally a period of
magmatic quiescence. The 74.4 ± 1 Ma dikes in the Conrad deposit (Tucker, 2015; Tucker et al.,
2018) and the 99 to 89 Ma Tombstone and Mayo suite intrusions to the south of the Nadaleen area
are all older than the oldest veins (Rasmussen, 2013; Hart et al., 2004; Murphy, 1997; Figure 5.12).
Cooling of the 67 – 64 Ma McQuestern suite intrusions (Murphy, 1997) and the 62 – 59 Ma Rackla
pluton (Kingston et al., 2009) may have overlapped with the formation of the oldest veins (Figure
5.12). The closest known McQuestern suite rocks are over 200 km to the west-southwest, and the
Rackla pluton is ~100 km to the west of the Osiris cluster (Figure 5.1). A buried or otherwise
undiscovered intrusion proximal to the Osiris cluster of similar age to the McQuestern or Rackla
intrusions may have driven fluid flow at ~65 Ma. However, the fluid flow events that formed the
younger veins were unlikely to have been driven by magmatism, as there is generally no extensive
magmatism after ~59 Ma (Figure 5.12). Instead, the thermal driver for these younger flow events was
likely an enhanced thermal gradient (e.g., Cathles, 1997). The modern northern Cordillera (59 to 64°)
has a hot upper mantle and a thin lithosphere, resulting in high heat flow of ~105 W/m2 and an
anomalously high geothermal gradient relative to cratons of ~30 °C/km (Lewis et al., 2003). The
high heat flow is thought to be a result of remnant asthenospheric convection behind an eastward
subducting slab (Hyndman and Currie, 2011; Hyndman et al., 2005b). Therefore, the northern
Cordillera is expected to have been as hot, if not hotter, throughout the Cenozoic so long as the
lithosphere was thin, possibly as far back as the Mesozoic (Hyndman and Currie, 2011; Hyndman et
al., 2005b). Consequently, the veins all formed during a period in which the geothermal gradient was
likely relatively high (≥ 30 °C/km), and this geothermal gradient may have driven free convection of
meteoric fluids (Cathles, 1997).
In addition to a high geothermal gradient, the upper crust needs to have a high connected
permeability to depth to form vigorous free convection regimes (Cathles, 1997; Simms and Garven,
2004; McLellan et al., 2010). Such connected permeability requires the continual reopening of
critically-oriented faults and fractures to provide connected high permeability fluid conduits
(Townend and Zoback, 2000). Although the vein ages presented here post-date Cordilleran folding
and thrusting (Mair et al., 2006), the Cordillera was in a state of transpression during all vein forming
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events (Figure 5.12; Gabrielse et al., 2006; Monger and Gibson, 2019). A transpressive stress regime
would create and/or reactivate steeply-dipping fractures or faults, such as those used by the ore fluids
(Steiner et al., 2022), providing connected permeability pathways to depths and enhancing the
possibility of vigorous free convection. We suggest that the enhanced geothermal gradient at the time
of vein formation was relatively stable and sufficiently high that any increase in bulk permeability
through faulting could have initiated free convection. The episodicity of fluid flow could reflect
subtle changes in the stress regime that induce different cycles of faulting (e.g., Louis et al., 2019).

Figure 5.12. Time context for our LA U-Pb carbonate geochronology dates relative to other geochronology
and thermochronology data from the Osiris cluster and tectonic events and magmatism in the Selwyn basin
east of the Tintina fault. The colors used to denote magmatic events correspond to the colors used in Figure
5.1.
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Figure 5.13. Schematic diagrams of models for initiation of fluid flow in the Osiris cluster. Geothermal
gradient represented by yellow (cooler) and orange (hotter) colors. All faults shown are active. A-B. Faults
were sporadically active before and during fluid flow. The onset of an enhanced geothermal gradient induced
fluid flow. C-D. The geothermal gradient was high before and after fluid flow. Fluid flow initiated upon the
creation of fault permeability. E-F. Fluid convection occurred before and during Au-mineralization but was
restricted to relatively shallow depths. Fluid flow through the rock mass in the Osiris cluster occurred when
the deposit was exhumed into the convection cells.
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The free convection cells initiated at or before ~65 Ma, as constrained by our oldest vein samples.
However, the exact age that convection started is unknown because there may be veins in the deposit
that are older than the ones we managed to date. Without robust temporal constraints, it is
challenging to assess tectonic conditions prior to and at the onset of convection. All we can say is
that convection initiated in response to either an enhanced thermal flux, a significant increase in
permeability, or both (Cathles, 1997). Such a thermal flux may represent the onset of a high
geothermal gradient (Figure 5.13A-B), perhaps in response to conductive heating of the base of the
crust following the mechanical thinning of the lithospheric mantle (e.g., Jaupart and Mareschal,
2011). Alternatively, the thermal flux may have remained fairly constant, and recurring fault
reactivation in the region created the connected permeability required to commence convection (e.g.,
Louis et al., 2019; Figure 5.13C-D). A final consideration is that convection was much longer-lived
but only occurred at shallow crustal depths, where crustal rocks tend to be more permeable (Manning
and Ingebretsen, 1999; Ingebresten and Manning, 2010). Perhaps the oldest veins in the deposit
represent the age at which the nascent deposit was exhumed to a crustal level where it intersected
these shallower convection cells (Figure 5.13E-F).
An episodic fluid flow model could help explain the wide range of modelled AFT cooling ages (~77
– 19 Ma) from non-altered rocks in and around the Osiris cluster (Colpron et al., 2014). These AFT
cooling ages generally overlap well with our U-Pb dates and can be explained if there was episodic
fluid flow over several tens of millions of years throughout the region. Local resetting of AFT ages
would occur where hydrothermal fluids heated the rocks at one or more times after they had been
exhumed into or through the partial annealing zone (e.g., Hickey et al., 2014a). Consequently,
different fluid fluxes through different parts of the deposits over a prolonged period of time could
result in a wide array of AFT ages. In this case, the ~42 Ma AFT ages obtained by Tucker (2015)
from Au-mineralized rocks in the Conrad deposit could represent a distinct Au-mineralization event.
Our 43.2 ± 3.2 Ma U-Pb age for sample AS18-7 supports hydrothermal activity at this time.
5.5.4

Implications for Carlin-type Au mineralization

Episodic hydrothermal fluid flow in CTGDs means that there were possibly multiple Aumineralization events. As discussed above, the similar chemistry and the presence of realgar in veins
of different ages suggest that the fluids had near-identical chemistry in each event, including high As
and high S, and that carbonate dissolution and Fe sulfidation occurred during each event (following
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the model of Steiner et al., 2022). Thus, the fluid chemistry in each flow event was such that Au was
likely deposited if it was present in the fluid. At this stage, we cannot say whether each event was
auriferous or not. However, we consider it unlikely that a single flow event leached Au from a crustal
source or mixed with other Au-bearing fluids without the fluid acquiring other notable changes in the
remainder of its chemical composition. In order for veins of vastly different ages to have a similar
chemical composition requires that the source of the dissolved species in the fluid was stable over
tens of millions of years. One possibility is that As, S, Au, and other chemical species in the fluid
were leached from crustal rocks, as has been proposed previously for CTGDs in Nevada (Ilchik and
Barton, 1997). Carbonaceous sedimentary rocks, in particular, have high Au, As, and Au contents
that can be leached by mildly acidic exchanged meteoric fluids (Large et al., 2011). Such
carbonaceous source rocks may be older rocks at depth beneath the basal thrust from which the
thrusts in the deposit propagated. Alternatively, the Au may have been sourced from one of the
numerous black shales or carbonaceous units within the known Cryogenian to Permian stratigraphy
of the area (Steiner and Hickey, 2021). It seems less likely that chemical components were derived
from transient sources and, as a consequence, we do not invoke magmas as a source of auriferous
hydrothermal fluids for the Osiris cluster of deposits.
A significant implication of episodic fluid flow in CTGDs is that it would be very challenging to
interpret paragenetic relationships in CTGDs if Au, realgar, and other ore-stage minerals were
deposited in multiple flow events because numerous fluid episodes can form various overprinting
relationships. For example, the youngest vein we dated, VSP11, cuts decarbonatized wall-rock and
pyrite along its selvage encircles realgar. One interpretation of this paragenetic relationship is that
pyrite formed after realgar during the ore stage. However, an alternative explanation is that the pyrite
precipitated around the realgar as part of a later hydrothermal event. Another important consideration
is that crosscutting relationships may not provide accurate constraints on the age of Aumineralization. For example, if dike emplacement occurred between two Au-mineralization events,
such that only Au-mineralization from the second event occurs within the dike, then the age of that
dike may seem like an upper age constraint on Au-mineralization, when in fact there might have been
significant Au-mineralization before it was emplaced.
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5.5.5

Comparison with single-event fluid flow models for the Osiris cluster

A separate LA U-Pb geochronology study undertaken by Pinet et al. (2022) interpreted Aumineralization to have occurred in a single flow event at ~74 Ma, which is approximately coeval with
the emplacement of the Conrad dikes. This interpretation was based on three dates from veins in the
Conrad deposit of 75.1 ± 2.5 Ma, 72.7 ± 6.2 Ma, and 71.2 ± 4.3 Ma. The younger two dates overlap
within uncertainty with our two older dates presented in this study. Collectively, these five dates
support the interpretation that there was a significant flow event at ~75 – 65 Ma. However, the 75.1 ±
2.5 Ma date obtained by Pinet et al. (2022) is older than the oldest age reported in this study. It may
be that fluid flow in the Conrad deposit occurred slightly earlier than at the Osiris and Sunrise deposit
(where all our samples are from). Alternatively, there may be ~74 Ma-aged (or even older) veins in
the Osiris and Sunrise deposits that we did not sample.
Pinet et al. (2022) also acquired younger dates during their study but dismissed these younger dates
as either samples that had experienced open system behaviour or distinctly younger calcite
generations based on their Sr/Y composition. While it is possible that the Conrad deposit was the
product of a single fluid flow event and the Osiris and Sunrise deposits formed from several episodic
hydrothermal events, it is also possible that some of the younger ages reported by Pinet et al. (2022)
may represent additional fluid flow events in the Conrad deposit. In contrast to this study, Pinet et al.
(2022) did not undertake a detailed chemical characterization of carbonate vein generations in the
Osiris cluster prior to undertaking geochronology, thus making it difficult to make a paragenetic
interpretation of what was dated in their study. Pinet et al. (2022) used Sr/Y ratios of their dated
samples to distinguish vein generations. However, Steiner et al. (2022) showed that Mn, Fe, Sr, δ13C
or δ18O were much more appropriate chemical indicators of ore-stage carbonate and that Sr/Y values
are not useful for identifying carbonate generations (Figure 5.11). Some of the younger calcite veins
dated by Pinet et al. (2022) have low Sr contents and contain realgar, and it is possible that these
younger dates also represent ore-stage events. However, the relatively low number of spots per
sample used by Pinet et al. (2022) and the lack of any goodness-of-fit statistics make it very difficult
to evaluate the degree to which open system behaviour affected these samples.
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5.5.6

Episodic fluid flow in the Nevada CTGDs?

While there was undoubtedly substantial fluid flow and Au-mineralization in Nevada's CTGDs
during the Eocene, current timing constraints do not negate the possibility that at least some deposits
there formed from episodic fluid flow. There are insufficient galkhaite ages (there are only two;
Tretbar et al., 2000; Arehart et al., 2003) to fairly represent entire deposits and dike crosscutting
relationships may also not be representative if fluid flow were localized within the deposit during
different hydrothermal events, as discussed above. Several small fluid flow events over tens of
millions of years could also produce the same AFT thermal signature as a single Eocene event
(Hickey et al., 2014a). Extensive, coarse hydrothermal calcite in the northern Carlin trend with
similar chemical compositions to ore-stage calcite dated by U-Th-Pb at ~2 Ma (Emsbo et al., 2003),
and a range of Mesozoic sericite K-Ar ages (Arehart et al., 2003) suggest that significant non-Eocene
hydrothermal events (whether auriferous or not) occurred in several deposits. Like Yukon, northern
Nevada has also had high heat flow and elevated geothermal gradients (the modern geotherm
approaches ~40 °C/km; Goes and van der Lee, 2002), likely since at least the Eocene, when there
was extension and magmatism (Henry, 2008). Therefore, free convection was likely abundant and
ongoing during the period that CTGDs were forming. There are several genetic models for Nevada's
CTGDs advocating for amagmatic free convection that demonstrate that such hydrothermal systems
can readily form in such conditions (e.g., Ilchik and Barton, 1997; Person et al., 2008). Numerous
modern geothermal systems exist in Nevada today as a result of free convection (Coolbaugh et al.,
2002; Wisian and Blackwell, 2004), and several authors have argued that such geothermal systems
may be modern analogues of CTGDs in Nevada (Person et al., 2008; Hickey et al., 2014a). There are
also fossil geothermal systems in the Great Basin that formed through the episodic flow of both
magmatic and amagmatic hydrothermal fluids. For example, the Stibnite district, Idaho, which shares
many similar characteristics with CTGDs, formed over several hydrothermal episodes between the
Late Cretaceous and the latest Eocene (Gillerman et al., 2019). We suggest that future research on
CTGDs should consider the possibility of long-lived or episodic fluid flow through the deposits.
5.6

Conclusions

LA-ICP-MS U-Pb geochronology of ore-stage UVF carbonate veins from the Osiris and Sunrise
CTGDs, Yukon, yielded two dates of ~65 Ma and one date of ~43 Ma. Another vein had U-Pb ratios
indicative of a formation age of approximately either of these dates, whereas a further vein had
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'younger' U-Pb ratios suggesting that it formed at ~30 or ~ 16 Ma. The similar chemistry and
mineralogy of these veins suggest that these veins each formed from As-rich, S-rich fluids which
were capable of dissolving and sulfidating carbonate. Therefore, each of these hydrothermal events
was a potential Au-mineralization event. Our dates constrain the ore-fluid temperature of the
youngest vein to be ~140 °C, and older veins likely formed from similar-temperature fluids as
suggested by the similar δ13C and δ18O compositions of the veins. We propose that a stable high
geothermal gradient was the thermal driver for fluid flow, with episodic fault ruptures enhancing
permeability enough to generate free convection of meteoric waters. There was no known
magmatism at the time of fluid flow, and dissolved species in the fluids likely came from crustal
sources rather than magmatism. We suggest that an episodic fluid flow genetic model might be worth
considering for some CTGDs in Nevada. U-Pb carbonate geochronology has the potential to
illuminate fluid flow histories in CTGDs and other hydrothermal ore deposits that contain ore-stage
carbonate veins. However, our current lack of understanding of how and why open system behaviour
occurs and how to recognize it greatly hinders the method (Roberts et al., 2020).
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Chapter 6: Conclusion
6.1

Summary of findings

This dissertation attempted to answer the following research question: What geological features and
hydrothermal processes controlled the size and grade of the Osiris cluster CTGDs? Answering this
question involved three separate steps, and these are discussed below.
1. Characterize the geometry and structure of the deposit at the time of Au-mineralization and assess
how this geometry and structure formed.
The Osiris cluster is located within the Selwyn fold and thrust belt, which formed during Cordilleran
Cretaceous shortening (Mair et al., 2006; Gordey, 2013). This regional shortening event was the most
significant control on the geometry of the deposit at the time auriferous fluid flow occurred, creating
the steep faults, folds, and bedding that still characterizes the modern architecture of the Nadaleen
region. Folds formed during the earliest stages of shortening were locally oblique to the shortening
direction, perhaps because of differential shortening around uneven edges of the Yukon Stable Block
margin. These folds were then cut by in-sequence fore thrusts, which back-rotated the folds and
higher thrust sheets to steep geometries. Continued shortening against the rigid Yukon Stable Block
resulted in oversteepening of the thrusts, and subsequent shortening was accommodated through the
formation of back thrusts, which cut the fore thrust sequence, and flattening, which steepened both
foreland- and hinterland-dipping thrusts. The modern sub-vertical geometry of the pressure-solution
cleavage, fold axial surfaces, and post-folding dikes indicate that there has been no significant
rotation or folding after Cretaceous shortening. Buckle folding of rigid carbonate layers during
regional shortening resulted in extensive fracturing of the rock and the formation of a vein network,
which was particularly closely-spaced in fold hinges. Less competent mudstone layers deformed
passively and did not adopt a significant vein network.
UV-fluorescent (UVF) ore-stage carbonate veins cut fault fabrics of the Sunrise fore thrust and the
Nadaleen reverse fault, which in turn cut folds, indicating a post-shortening relative timing for Aumineralization. UVF carbonate veins also cut 74.4 ± 1 Ma dikes in the Conrad deposit (Tucker,
2015). These dikes are not folded or foliated, supporting a post-shortening timing for Aumineralization. Laser-ablation (LA)-ICP-MS U-Pb geochronology of carbonate from ore-stage veins
indicates that they formed at ~65 Ma, ~43 Ma, and ~30 Ma or ~16 Ma. These dates further support
an interpretation that fluid flow post-dated Cretaceous Cordilleran shortening.
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There are several small, steep NW-striking faults in the study area, and the distribution of Au in the
Conrad deposit suggests that these faults were active and partially controlled fluid flow during
hydrothermal flow. The presence of veins cutting dikes and ore-stage calcite or realgar veins cutting
other veins further indicates that the Nadaleen region was undergoing some level of brittle
deformation at the time of fluid flow. The northern Cordillera was in a transpressive stress regime at
the time of fluid flow, and this deformation was likely a manifestation of this regime.
2. Assess which geological features controlled fluid flow in the deposit and how these features
promoted or hindered fluid-rock interaction
Several lines of evidence suggest that the ore fluids generally exploited small-scale structures such as
fractures or pre-existing veins. There is an abundance of ore-stage, UVF carbonate veins generally
within ~10 m of mineralization and alteration (realgar, orpiment, decarbonatization and
silicification). These veins have orientations, structural distributions and physical properties identical
to the wider fold vein network, suggesting that the fluids exploited the pre-existing vein network. The
veins have a distinct fluid-buffered δ13C and δ18O composition and high Mn, low Sr, low Fe, and low
Mg contents that they obtain through the coupled dissolution-precipitation replacement of preexisting carbonate ahead of the downstream edge of a rolling dissolution front. These isotopic and
chemical characteristics can be used to assess the scale at which fluid flow occurred and the degree to
which fluids partitioned between geological features. For example, wall-rock adjacent to UVF veins
typically has at least partially rock-buffered δ13C and δ18O compositions, suggesting that fluid flow
was strongly partitioned into these pre-existing veins. This strong partitioning of fluids into veins and
other small geological features is also reflected in the bulk δ13C and δ18O composition and Mn, Sr,
As, and Au lithogeochemical signature of ~3 m drill core intervals. The δ13C and δ18O composition
and Mn and Sr contents of these intervals are mostly derived from the relative proportion of ore-stage
carbonate within the interval. The majority of intervals have a mixed signature that indicates the
presence of both ore-stage and least-altered carbonate within the same interval, suggesting that the
flow paths were generally smaller than the 3 m sample interval. The majority of mineralogical
alteration in core is vein-hosted, and most disseminated alteration does not correlate along bedding
between holes, suggesting that, in general, fluid flow along bedding only occurred at the decimeter to
meter scale with significant flow across layers occurring along fractures or pre-existing veins.
The selective replacement of the pre-existing fold vein network by ore-stage carbonate indicates that
this fracture network was a critical fluid-controlling feature. The Conrad, Osiris and Sunrise deposits
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all occur within fold closures where the pre-existing vein networks are densest. The Ibis deposit
occurs within an anticlinal warp that also has a high fracture frequency. All the deposits occur in
rigid carbonate bodies, which are the layers most likely to have buckled during deformation and,
consequently, contain more veins than surrounding lithologies. Thus, the spacing of pre-existing
veins is a critical control on the distribution of Au and alteration in the Osiris cluster. This
interpretation is exemplified by the Aglae Formation, an extensively veined dolostone unit that acts
as a major fluid conduit. These units are all steeply dipping, and there is no evidence for any lateral
flow between them, suggesting that fluid flow was dominantly vertical. In the Conrad deposit, the
spatial correlation between Au and steep, NW-striking faults implies that ore fluids exploited these
faults. However, the distribution of Au and the bulk δ13C and δ13C and lithogeochemistry data
indicate that much of the flow at Conrad was through small-scale fractures and pre-existing veins.
Fracture-controlled fluid flow limits fluid-rock interaction to the edge of the fracture, resulting in low
Au grades. High Au grades are only possible where fluids egress out of fractures into the rock, where
they interact with a much larger surface area and deposit more Au. Partitioning between fractures and
wall-rock is dependent on the bulk permeability of the fracture network relative to the sedimentary
strata. Therefore, permeable host rocks or less permeable fracture networks promote increased fluidrock interaction and more Au deposition (Figure 6.1A-C). High fluid fluxes also increase the
likelihood of depositing Au because more carbonate is able to be dissolved along the edges of
fractures or veins (Figure 6.1D). As minerals dissolve and precipitate, flow paths open, close and
divert with time. This temporal evolution can promote or cut-off fluid flow into different parts of the
deposit, resulting in zones of higher or lower time-integrated fluid flux.
3. Appraise possible thermal drivers of fluid flow
Carbonated clumped isotope thermometry was explored as a way of obtaining thermal gradients
within the deposit. An initial five-sample study provided some insights into the temperature of ore
fluids. However, the predicted cost, scale and feasibility of the study required to map thermal
gradients within the deposit prevented any follow-up work (a more in-depth discussion on the use of
clumped isotopes in hydrothermal mineral deposit research is presented below). Consequently,
thermal gradients within the deposit remain unknown.
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Figure 6.1 (previous page). Schematic diagram of the most significant controls on fluid-rock interaction in the
Osiris cluster CTGDs. A-B. The effect of host rock permeability. More permeable host rocks encourage
intergranular fluids flow, which increases fluid-rock interaction. C. The effect of structure permeability. The
host rocks have the same permeability as in A, yet there is less fluid-rock interaction because fluids are
channelled into the high permeability structure. D. The effect of time-integrated fluid flux. Host rock and
structure permeability are identical to A but with a lower time-integrated fluid flux, resulting in lower fluidrock interaction overall. E. The effect of structural orientation. Host rock and structure permeability and
time-integrated fluid flux are identical to A. However, the vertical permeability structure creates a tall,
narrow deposit in contrast to the more laterally-extensive deposit shown in A. The total fluid-rock interaction
is similar to A, but the proportion of the flow path at shallow accessible depths is much less. Consequently,
the Au endowment at shallow depths is much less than in A.

The steep geometry of all structures at the time of fluid flow limits the usefulness of fluid flow
patterns in determining thermal drivers. The overall vertically-focused flow regime in the Osiris
cluster is a result of the overall steep permeability structure at the time of fluid flow rather than an
especially high buoyancy force.
LA-ICP-MS U-Pb geochronology of ore-stage carbonate indicates that two veins formed at ~65 Ma,
one at ~43 Ma, and one formed at either ~30 Ma or ~16 Ma. The carbonate in these veins
precipitated in distinct fluid flow events where the fluid chemistry and temperature in each event
were very similar. Au-mineralization may have occurred in several of these events. A high
geothermal gradient that remained relatively stable over tens of millions of years may have been
sufficient to induce convective flow of meteoric waters whenever fault ruptures increase the
connected permeability to depth. During each flow event, the fluids scavenged metals from crustal
rocks, leading to similar-chemistry veins in each event. Episodic fluid flow has generally not been
considered for CTGDs. However, the thermal and permeability conditions in the upper crust in both
Yukon and Nevada are similar enough that a similar model for episodic flow could be used as part of
a genetic model for some CTGDs in Nevada.
6.2

Comparison to CTGDs in Nevada

The Au endowment of the Osiris cluster is approximately an order of magnitude smaller than large
CTGDs in Nevada (albeit the Osiris cluster is in the early stages of exploration, and future work may
find significantly more Au; ATAC Resourced Ltd., 2022; Frimmel, 2008). The Au grade of rocks is
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approximately comparable between CTGDs in Nevada and the Osiris cluster, suggesting that the Au
content of the fluid and the efficiency of Au deposition were similar between the deposits. Thus, the
apparent difference in Au endowment exists because the fluids that formed the large CTGDs in
Nevada reacted with a larger volume of rock than the fluid that formed the Osiris cluster CTGDs.
The findings of this dissertation present three possible reasons for this difference in fluid-rock
interaction.
(1) The fracture/vein network permeability to the host rock permeability ratio (kf / km) may differ
between CTGDs in Nevada and the Osiris cluster. The highly-channelized fluid flow regime in the
Osiris cluster deposits suggests that either km was relatively low or kf was relatively high in the
deposits. This high kf / km generally prohibited fluids from percolating through the host rocks,
preventing them from reacting with the wider rock mass. In the Nevada CTGDs, the wide
distribution of Au grades and decarbonatized rock (Rhys et al., 2015) suggest that fluids regularly
flowed through the rock mass over at least several tens of meters and likely hundreds of meters. This
intergranular fluid flow allowed the fluids to react with more of the rock mass.
(2) There was a lower time-integrated fluid flux (TIFF) through the Osiris cluster deposits than in
Nevada. The TIFF experienced by a deposit depends on the volume of the fluid reservoir, the fluid
flux and the duration of hydrothermal flow. The fluid reservoir in CTGDs is dominantly meteoric
water, which can be assumed to have infinite volume in non-arid environments. The fluid flux and
the duration of flow vary between fluid flow regimes with different drivers. As discussed in Chapter
5, the thermal conditions at the time of fluid flow are similar in both Nevada and Yukon, and both
could be a result of magmatic forced convection or amagmatic free convection. Forced convection is
more vigorous (Cahtles, 1997), and thus a magmatic driver for fluid flow in Nevada and an
amagmatic driver in Yukon may result in a lower TIFF in the Yukon deposits and smaller deposits.
The vigour of free convection cells varies with the geologic conditions at the time of flow, such that
high geothermal gradients, high permeability structures and deeper connected permeable pathways
induce more vigorous flow (Cathles, 1997). Therefore, it is also possible that both the Nevada and
Yukon deposits formed from free convection, but convection was more vigorous in Nevada. Active
extension at the time of fluid flow (providing deep permeable pathways) and a higher geothermal
gradient are two factors that may have promoted more vigorous free convection in Nevada than in
Yukon.
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(3) Differences in the permeability structure at the time of fluid flow. This permeability structure is
ubiquitously steep in the Osiris cluster: all faults, bedding, and folds have a steep orientation. Steep
permeability pathways limit the opportunity for any lateral flow (Figure 6.1E). In vertically-focused
systems, the extent of the flow path accessible to exploration geologists is limited by the modern
erosion surface and the logistical and financial restrictions of deep exploration and mining (Figure
6.1E). In comparison, lateral flow systems offer access to a substantially larger proportion of the flow
path, assuming it is shallow enough to access. This effect is particularly influential when the feeder
structures (such as faults) are at a low angle to layering (Figure 6.1E). In this sense, the total Au
endowment of a larger volume of rock is strongly dependent on the bulk geometry of the flow path
within the volume, even though the total Au endowment along the flow path does not vary
substantially between vertical and lateral flow systems (e.g., Figure 6.1A versus Figure 6.1E). The
general shallow orientation of bedding, fold hinges, and many faults in Nevada’s CTGDs at the time
of fluid flow promoted extensive lateral flow, creating somewhat elongate deposits sub-parallel to the
modern erosion surface. Thus, extensive parts of the flow path are accessible to explorers and miners.
In contrast, bedding, faults, and folds in the Osiris cluster all had a steep orientation at the time of
fluid flow and have not since been rotated. Consequently, flow paths in the Osiris cluster are elongate
in a direction perpendicular to the Earth’s surface, such that much less of the flow path is accessible
to explorers. It could be that there is significantly more fluid-rock interaction upstream along the
flow path (deeper relative to the Earth’s surface) in the Osiris cluster that is too deep to access. The
equivalent parts of flow paths in the Nevada CTGDs could be much closer to the Earth’s since flow
paths have a shallow orientation.
6.3

Strengths and limitations of methods utilized in this dissertation

The research in this dissertation used several methods to characterize the hydrothermal regime that
formed the Osiris cluster CTGDs. Some of these methods, such as C and O isotopes, have been used
extensively in previous studies on CTGDs or similar systems. However, some methods were either
developed as part of this dissertation, such as using Mn and Sr lithogeochemistry to assess the scale
of flow paths, or were applied for the first time to CTGDs in this dissertation, such as clumped
isotope thermometry and LA-ICP-MS U-Pb carbonate geochronology. These new and untested
methods had several positive aspects and limitations of which future researchers should be aware.
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6.3.1

Using UVF veins to track flow paths

Using UVF carbonate veins to track fluid flow pathways and assess mass transfer processes in the
Osiris cluster CTGDs was very successful. The ability to easily identify ore-stage carbonate using a
UV light allows for the quick and cheap screening of potentially hundreds of meters of drill core or
outcrop that can delineate structures used by the fluids. A critical component of this work is the need
to assess the ‘background’ fluorescence of rocks. If rocks that have not interacted with hydrothermal
fluids have a high Mn:Fe ratio, veins unrelated to mineralization may fluoresce, causing a false
positive. Similarly, the lack of UVF veins may not be indicative of no fluid flow through a structure:
in low Mn carbonates, UVF veins are expected to be much harder to form and may not be present at
all.
Care also has to be taken not to assume that the veins all formed as part of the same hydrothermal
event. The results of Chapter 5 indicate that at least some of the UVF veins in the Osiris cluster
formed at different times. As discussed in Chapter 3, the veins likely form through the roll front mass
transfer of Mn to the tip of the dissolution zone, sustained by the high permeability of the
decarbonatized rock upstream. So long as this decarbonatized rock remains highly permeable, future
hydrothermal events could utilize the same permeability network and continue the remobilization of
carbonate cations downstream, forming much younger UVF carbonate veins. However, the chemistry
of such younger veins should partially reflect the chemistry of the younger fluid.
The ability to quickly and easily identify ore-stage carbonate opens up the possibility of using a
range of carbonate analytical methods that can provide additional constraints on the nature of the ore
fluids. These methods include C and O isotopes, clumped isotopes, U-Pb geochronology, and Sr and
Nd isotopes.
6.3.2

Mn and Sr lithogeochemistry

The carbonate mass transfer processes that form UVF veins cause distinct zonation of Mn, Fe, Sr,
and Mg along the flow path. Ore-stage carbonate is enriched in Mn and depleted in Sr, Fe, and Mg
compared to least-altered carbonate. Therefore, variations in the distribution of these elements may
indicate the distribution of ore-stage carbonates and therefore, flow paths. Moreover, the distribution
of Mn is expected to vary along the flow path because its high partition coefficient concentrates it in
the upstream part of any ore-stage carbonate halo (see Chapter 3). Thus, fluid flow direction vectors
can potentially be mapped using the distribution of Mn. In most hydrothermal deposits, significant
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flow paths are several hundred or thousands of meters long, such that assessing spatial distributions
in carbonate cations along these flow paths requires bulk analytical methods such as whole-rock
lithogeochemistry. A major limitation of using Mn, Sr, Fe, and Mg in this way is that in a whole-rock
geochemical analysis, it is currently impossible to tell whether variations in these cations arise from
changes in carbonate chemistry or some other mineral in the rock. For example, Mg content varies
with dolomite content, and Fe content varies with pyrite content, making it challenging to map
distributions of these elements in carbonate using whole-rock lithogeochemical data. The use of
partial leaches capable of dissolving only the carbonate components of the rock would greatly
increase the potential of this method and allow flow paths to be rapidly mapped in a range of
carbonate-hosted hydrothermal deposits.
As demonstrated in Chapter 4, the bulk bivariant relationship between carbonate cation minerals (that
suggest the presence of ore-stage carbonate) and Au (suggesting the presence of decarbonatized rock)
can indicate the scale of flow paths relative to the sample interval. If the lithogeochemical sample
interval has chemistry indicative of decarbonatization (low carbonate cation concentrations, high
Au), then that geochemical sample interval must sit within a larger flow path. If the lithogeochemical
sample interval has chemistry indicative of ore-stage carbonate (high Mn, low Fe, low Sr, low Mg),
then the flow path must also be larger than the sample interval. However, if the chemistry of the
interval indicates the presence of decarbonatized rock and ore-stage carbonate, or either with leastaltered rock, it suggests that the flow path in that interval is less than the sample interval (assuming
no or little overprinting of decarbonatized rock by ore-stage carbonate). This method has the
potential to enable exploration geologists to quickly and easily assess the scale of flow paths in the
deposit during drilling, which may help them appraise the probable size of the deposit.
Using Mn and Sr lithogeochemistry to assess the scale of flow paths relative to the sample interval
has the potential to become more powerful with carbonate-dissolving partial leaches, as discussed
above, and using more accurate proxies for decarbonatized rock. For example, a plot of Mn in
carbonate minerals versus the proportion of each interval logged as decarbonization will likely be
more accurate than the proxies used in this study. There is also the potential to ratio the two variables
to assess the distribution of different-sized flow paths throughout the deposit.
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6.3.3

Clumped isotope thermometry

Clumped isotope thermometry provides the temperature at which carbonate precipitated and can
therefore be used as a proxy for the fluid temperature when analyzing veins. Mering et al. (2018)
demonstrated that clumped isotope thermometry is useful for mapping the thermal structure of
hydrothermal ore deposits and demonstrated that calculated clumped isotope temperatures closely
match measured water temperatures in modern geothermal systems. However, the high cost
(typically ~USD$500 per sample) and uncertainty of analyses at hydrothermal conditions (typically
10 to 20 %) are two factors that make the method less appealing, especially for large-scale (hundreds
of samples) studies. Mering et al. (2018) provided a discussion on future directions that would lower
the cost and improve the precision on clumped isotope analyses to which the reader is referred.
Mering et al. (2018) also highlighted that the calculated clumped isotope temperature at
hydrothermal conditions varies by over 100 °C depending on the calibration used. Since the Mering
et al. (2018) paper, the clumped isotope community has moved to a ‘universal’ calibration designed
to minimize inter-laboratory biases (Peterson et al., 2019). For the data presented in this dissertation,
the change in calibration from the Kluge et al. (2015) calibration (used by Mering et al., 2018) to the
Peterson et al. (2019) calibration resulted in a ~10 °C decrease in calculated temperature and an
increase in uncertainty from 3-11 % to 13 to 20 % for the two UVF vein samples. While the move to
a universal calibration is a positive move for comparing results from different laboratories, the new
calibration needs to be thoroughly tested against independent temperature data, such as fluid
inclusions or temperature readings from modern geothermal systems, in order to obtain high
precision temperature measurements. Such a comparison was not undertaken during this research due
to the small scope of the clumped isotope study (only five samples). However, larger studies should
validate clumped isotope temperatures with fluid inclusions temperature data collected from the same
samples.
The small clumped isotope study presented in Chapter 2 yielded formation temperatures of ~140 °C
for ore-stage carbonate veins, which is within the range of homogenization temperatures determined
from fluid inclusions within interpreted ore-stage carbonate from the Nevada CTGDs (Cline and
Hofstra, 2000). On a larger scale, this method might be able to map temperature gradients within
flow paths, providing critical constraints on possible thermal drivers. However, using clumped
isotopes in this manner requires that (i) the time-temperature history of the deposit since vein
formation is well-known, (ii) single flow paths can be traced throughout the deposit, and (iii) the
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veins have not been recrystallized by younger fluids. These latter two points, in particular, are very
difficult to prove in CTGDs.
6.3.4

LA-ICP-MS U-Pb carbonate geochronology

Carbonate veins are common in most hydrothermal mineral deposits, and the ability to date the
formation of veins offers incredible opportunities to assess the timing of fluid flow and
mineralization in these deposits. Such absolute timing constraints can drastically improve genetic
models for hydrothermal mineral deposits, as it provides insights into the number of hydrothermal
events and the tectonic context at the time of fluid flow. LA-ICP-MS U-Pb carbonate geochronology
has a lot of potential for dating fluid flow or mineralization in hydrothermal mineral deposits,
particularly where there are not many other dateable ore-stage minerals. However, there are still
several limitations of the method, and the reader is referred to Roberts et al. (2020) for a more
thorough discussion.
Firstly, there is no method to know whether the U and Pb composition of the sample is appropriate
for U-Pb geochronology without costly chemical analyses. Carbonates amenable to U-Pb
geochronology must have relatively low concentrations of common Pb and high U concentrations
(typically a few ppm or higher). In practice, this means looking for samples with a high U content
(usually of greater than 1 ppm) with a spread of 238U/206Pb data capable of defining a regression line.
Of the 22 samples analyzed as part of this research, only five had enough of a 238U/206Pb spread to
yield U-Pb dates (= approximately 1 in 4 samples). Rasbury et al. (2021) discuss several methods for
characterizing the U and Pb composition of hand samples prior to analysis, such as fission track
mapping, autoradiography, synchrotron analysis and XRF. However, most of these methods are
costly and time-consuming to the extent that the most time- and cost-effective strategy for
characterizing the U and Pb characteristics of the sample in the laboratory is using LA-ICP-MS
imaging (as in Chapter 5). Probably the most promising sample pre-screening method is using a
portable XRF device in the field. This method will only detect U in veins with high U contents
(likely >10 ppm). However, if there are hundreds or thousands of veins to choose from, several may
have such high U contents. This U may be heterogeneously distirubted within the sample and
subsequent detailed characterization (e.g., using laser imaging) is still required.
A second limitation is that there is currently no consensus on what causes open system behaviour in
carbonates or how to recognize it. All the samples analyzed as part of this research had some open
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system behaviour, suggesting that it is common within hydrothermal carbonate veins. With no
chemical or statistical method currently to distinguish these points, they are currently arbitrarily
removed from final regression lines. However, this introduces a human bias to the age calculation
and makes it impossible to distinguish different carbonate generations that may be masked by the
data.
Two current workarounds for these limitations are to (i) increase the number of analyses, providing
more ages that can be used to help constrain interpretations of other samples, and (ii) use a higher
precision instrument, such as a multi-collector ICP-MS, which provides a greater distinction between
open and closed system spots or different calcite generations owing to the lower uncertainty on
analyses. However, collecting more samples and using higher precision instruments vastly increases
the cost of such a study.
6.4

Implications for exploring for Carlin-type Au deposits and other resources formed

during deep fluid convection
Exploration programs for metals deposited by deep convection cells (CTGDs, epithermal deposits,
sediment-hosted base metal deposits) should focus on areas with faults, folds and fractured boudin
necks. These are sites of high fracture permeability, either because they were actively deforming
during fluid flow, or they were sites of high pre-existing vein density. Structures that were inactive
during fluid flow have typically not been considered high priority exploration targets in the past.
However, the research in this dissertation suggests that the fold-fracture networks were exploited by
fluids long after the folds formed as a result of refracturing of veins within the folds and a high
intrinsic vein permeability relative to the wall-rock. In folded rocks, rigid units such as carbonates or
sandstones buckle and fracture more readily than mudstone or siltstone layers and are prospective
host units because of their higher fracture or vein density.
While fracture-permeability is important for creating fluid flow pathways, the fluid-rock interaction
that deposits Au in CTGDs requires intergranular fluid flow. Achieving considerable intergranular
fluid flow in a fractured rock mass requires a relatively low permeability contrast between the
sedimentary rock units and the fracture network. Thus, high permeability host rocks are an important
trap mechanism in CTGDs. In low permeability host rocks, a high fracture permeability may be
detrimental for forming large deposits as the high permeability contrast may inhibit fluids from
egressing into the surrounding rock mass. In this case, the fracture permeability is good for
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transporting fluids but not for depositing gold. In convective systems where fluid-rock interaction is
not the key driver of metal deposition, such as epithermal deposits, the relative permeability of host
rocks and structures is not expected to be a significant control on deposit endowment.
Another critical consideration when exploring for deposits is the geometry of the permeability
structure at the time of fluid flow. Shallow-dipping bedding cut by steep fluid conduits creates a
mixture of vertical and lateral flow paths, giving the deposit and expansive geometry in three
dimensions. In contrast, an entirely vertically-focused deposit is generally limited to two dimensions.
Lateral flow also increases the likelihood that the modern geometry of the deposit will be shallowdipping (assuming little deformation since fluid flow), making much more of the flow path accessible
for exploration and mining. In contrast, steep deposit geometries are less prospective because their
accessibility is limited by the erosion surface and the logistical and financial difficulties of deep
mining.
Mass remobilization of carbonate down the flow path likely occurs in several other carbonate-hosted
hydrothermal deposits, such as skarns, Irish-type Pb-Zn deposits, and carbonate-replacement
deposits. Therefore, these deposits are expected to also contain abundant UVF carbonate veins. In
addition to mapping flow paths, UVF veins may be used to vector towards ore, provided that their
distribution is understood. In the Osiris cluster, UVF veins usually occur within about 10 m of
alteration, meaning that logging the fluorescence response of veins is a useful tool for determining
near misses. The distribution (or lack thereof) of UVF veins was used on-site to assess whether to
finish drilling a hole and to appraise surface samples. In 2018, a new Au zone was discovered after
drilling under a UVF carbonate vein found at the surface. In other deposits, where the halo is much
greater than the mineralized zone, the distribution of UVF veins may indicate the ‘exhaust’ of the
system, and explorers should look further upstream along the flow path. It may also indicate the size
of the deposit: bigger systems with more dissolution are expected to have bigger vein haloes. The
presence of UVF veins in a carbonate-hosted deposit suggests that Mn is being concentrated in
carbonates, and explorers should look for deposit-scale lithogeochemical Mn anomalies to identify
and assess the scale of flow paths as discussed above. When developing exploration targets,
explorers should consider using Mn and Sr lithogeochemistry (as in Chapter 4) to assess the potential
scale of fluid flow paths as an early-stage indicator of the degree of channelization in the deposit. An
early understanding of how channelized fluid flow was can provide early indications of the potential
Au endowment of the deposit and help inform future exploration strategies.
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6.5

Future research directions

The ultimate goal of research into convective hydrothermal regimes is to determine why fluids in
these systems take one flow path over another. This knowledge is essential for predicting the location
and geometry of hydrothermal ore deposits and geothermal energy reservoirs. The most significant
barrier to overcome in any research program investigating deep hydrothermal regimes is that we can
only ever observe a tiny fraction of the overall system and must infer interpretations about the rest of
the convection cell from this small number of observations. A useful tool for making these inferences
is numerical modelling, as some researchers have demonstrated using modern geothermal systems
(e.g., Banerjee et al., 2011; McLellan et al., 2009). Numerical modelling can be a powerful method
for addressing some of the biggest knowledge gaps in CTGD research. However, there are still
several significant geological parameters that need to be defined better before Carlin-type
hydrothermal regimes can be modelled numerically. Firstly, flow paths in the Nevada CTGDs need
to be more comprehensively mapped, incorporating deposit scale C and O isotope studies and
analyzing the distribution of carbonate cations and UVF veins to constrain cryptic flow paths. In
particular, these methods need to be used to assess potential deep feeder structures into deposits that
apparently follow shallow-dipping sedimentary layers. It is also imperative to assess the degree to
which small-scale structures control fluid flow in the Nevada CTGDs. For example, in high timeintegrated fluid flux deposits, abundant dissolution short-circuiting can mask a fracture-controlled
flow regime by making it appear like intergranular flow through layering (Chapter 4). Secondly, we
need to understand the thermal structure of CTGDs. Clumped isotope thermometry is likely the most
promising method for mapping isotherms within deposits, and a deposit-scale clumped isotope
thermometry study of a CTGD should be a research priority in the future. A third geological
parameter that would help constrain numerical models is TIFF. This parameter can be calculated
through reactive transport modelling of mobilized elements and shifts in the isotopic composition of
minerals. The mass transfer of Mn and Sr within carbonate and concomitant shifts in isotopic
composition (Chapter 3) provide a means to estimate TIFF for individual flow paths and whole
deposits using reactive transport modelling. However, such reactive transport modelling requires
thermodynamic data for the involved minerals, which is currently lacking for Mn-rich, Sr-poor
carbonates under the hydrothermal conditions that CTGDs form. An experimental setup in which the
change in solubility of calcite with increasing and decreasing Mn and Sr content, respectively, is
measured in a H2S-rich fluid at 120 – 220 °C could provide such insights. Comparing TIFFs between
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deposits is critical for assessing the role of fluid flux and fluid Au content in controlling the Au
endowment of deposits.
Research into CTGDs has to be undertaken without pre-conceived notions derived from other
CTGDs. For example, it is unwise to assume that paragenetic relationships are ubiquitous across
CTGDs because the fluid and rock chemistry in each deposit will not be identical. Similarly, based
on the results of this dissertation, it cannot be assumed that Au-mineralization was the result of a
single fluid flow event. Consequently, researchers should be wary of using a small number of
samples to characterize entire deposits and districts. Perhaps most critically, future research into
CTGDs must not assume a genetic link to magmatism based on spatial-temporal relationships alone.
While these relationships are undoubtedly important considerations in any genetic model,
correlations do not equate to causations without further evidence. For example, magmatism and
amagmatic free convection can both occur as a result of extension, rather than magmatism being the
cause of CTGD formation.
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Appendix A
Supplementary materials for Chapter 2
A1: High-resolution image of the geological map that accompanies Chapter 2.
A copy of all structural measurements with coordinates and which measurements were used in maps
and stereonets can be found in Supplementary Materials A on cIRcle (https://circle.ubc.ca/).
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A.1

High-resolution image of the geological map that accompanies Chapter 2.
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This map is available for download from https://data.geology.gov.yk.ca/Reference/95902

209

Appendix B
Supplementary materials for Chapters 3 and 4
B1: Vein samples and analysis locations
B2: C and O isotope sample locations
B3: C and O isotope reproducibility
B4: Spatial distribution of UV-fluorescent calcite veins
B5: Coupled dissolution-precipitation reactions during UVF carbonate veins Formation
B6: μXRF images
B7: Cross-sections with Mn and Sr data
A database containing all LA-ICP-MS, Raman, EMP, vein and downhole C and O isotope, UVF vein
geometry, lithogeochemistry, and clumped isotope data, and database-format alteration and lithology
logs for the holes logged in detail in Chapter 4 can be found in Supplementary Materials B on cIRcle
(https://circle.ubc.ca/).
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B.1

Vein samples and analysis locations
AS18-1

Thin-section outline
Hole

OS-17-254

Zone

Sunrise

From

352.65 m

To

352.68 m
Description

Concentrically zoned
UVF calcite vein with
pore space along the
middle partially infilled
with realgar.
True Vein Orientation
Not determinable

211

LA-ICP-MS and Raman Spot locations (note: No spots A or E, all spot sizes exaggerated)

1
2 I
13
2 H
3
1
2 B
3
1
2
3 D

1
2 C
3

2
3

2

3
G

1

1 F

EMP locations (multiple analyses within each area):

7
6
5
4
3
2
1

11
10
9
8

16
15
14
13
12

17
18
19
20
21
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AS18-2

Hole

Zone

From

OS-11080

Osiris 40.85 m

To

Description

True Vein Orientation

40.95 m

Bedding-normal UVF calcite
veins with black selvage and
realgar. Crystals are
concentrically zoned, with
less intense zones
corresponding to less
fluorescent patches.

Two measurable vein
orientations:
259/32 N and 207/45
NW based on surface
bedding measurements.

LA-ICP-MS and Raman Spot locations (note: No spots A or B; all spot sizes exaggerated)
1
2 C
3
21 D
3
1
2 E
3
1
2 F
3

1

2

3
G
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AS18-3

Hole

OS-17-234

Zone

Conrad

From

78.5 m

To

78.5 m
Description

UVF calcite vein against a stylolite within an earlier
non-UVF calcite vein
True Vein Orientation
Not determinable

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)

E
3
2
1
3
C
2
1
3
2
B
1
3
A
2
1

D

1
3

1
2
3

2
F
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AS18-4

Hole

Zone

From

OS-12-116

Conrad 95.5 m

To

Description

True Vein Orientation

95.6 m

Non-UVF calcite vein and
non-UVF calcite clasts in
the Nadaleen Fault Zone

Not determinable

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)

1

2
3 A

2
1

3
B

3

2
C
1

215

AS18-5

Hole

Zone

From

OS-12-197

Conrad 403.3 m

To

Description

True Vein Orientation

403.4. m

Non UVF calcite distal to
the deposit with realgar

Not determinable

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)

3

B
1

2

2
1

3
2

A
1

D
3

2

C

1

3

216

AS18-6

Hole

Zone

From

OS-17234

Conrad 89.2 m

To

Description

True Vein
Orientation

89.39 m

Non UVF calcite
vein within
another non
UVF calcite vein
and a cone-incone against a
stylolite

Not
determinable

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)
3

D
1

2

1E
1
2

B
3

3

2
3

A

1

2

1
3

C
2

217

EMP locations (multiple analyses within each area):

5
4

6
9

8

7

3
2

1

218

AS18-7

1c

Hole

Zone

From

OS-17-254

Sunrise 305.33 m

To

Description

True Vein Orientation

305.47
m

Syntaxial realgar growth
with UVF calcite and
non-UVF dolomite

Not determinable

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated
1 3
2 A

32 1
F
1

2
C

3

1
3
2 B
2 3
D 1

E 1
2 3
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AS18-8

Hole

Zone

From

OS-17-254

Sunrise 373.75 m

To

Description

True Vein Orientation

373.75
m

UVF calcite and realgar
vein in Au-mineralized
interval

Not determinable

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)
B 23
1

3
2
1
3 21
A
I

1

31 2
G1 D
2
3

2
1
3
E
1
2
F 3

2
3
C1

2 3
H
J
1

3

2

220

AS18-9

Hole

Zone

From

OS-12-116

Conrad 102.2 m

To

Description

True Vein Orientation

102.25
m

UVF vein crosscutting
fault fabrics of the
Nadaleen fault

Not determinable

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)

C
3
1 2

2
1 3
D

2
B
1 3

1

3
A
2

221

AS18-10

Hole

Zone

From

OS-17-234

Conrad 79 m

To

Description

True Vein Orientation

79 m

Bright UVF patches and
non-UVF patches within
the same vein

Not determinable

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)

D
1 2 3
A
1 2 3

B
1 2 3

C
1 2 3

222

AS18-11

Hole

Zone

From

OS-17-249

Sunrise 314.86 m

To

Description

True Vein Orientation

314.96
m

Pink non-UV calcite
vein

Not determinable

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)

1C
2

3

2 A
3
1
1 B
3
2

223

AS18-12

Hole

Zone

From

OS-17-234

Conrad 85.3 m

To

Description

True Vein Orientation

85.42 m

Brightest UVF calcite
plus some less
fluorescent veins

Not determinable

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)

2
1
D 3

2
3
1G

2
1 C
3
2 E
1

1

3
1I 2

3
3

2
1B

1

2
A

2
3H
1

3
2
F
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EMP locations (multiple analyses within each area):

7

6

3
5

4

2

1

8

225

AS18-13

Hole

Zone

From

OS-17-254

Sunrise 355.22 m

To

Description

True Vein Orientation

355.37
m

Zoned, bright UVF veins

178/75 W based on
oriented core bedding
measurements

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)

1
A 2
3
1
B 2
3
3
2D
1
1
2
3 C

3
F
1 2

2
E
1
3

226

AS18-14

Hole

Zone

From

OS-12-173

Sunrise 12.7 m

To

Description

True Vein Orientation

12.8 m

UVF calcite vein
through Sunrise Fault
fabric

Not determinable

227

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)

1
3 B2

3
2 1A

3C
2 1

D

2

1
3

EMP location (Multiple analyses within each area):

5

1 2 3
4

6

11
7 8 9 10

228

AS18-15

Hole

Zone

From

OS-13-216

Sunrise 217.82 m

To

Description

True Vein Orientation

217.92
m

Patchy UVF with realgar

Not determinable

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)

1 2
E
3

D2 1
3
A2
3
1
C 2
3
1

B
3
2 1
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EMP locations (multiple analyses within each area):

3
2

4

8

5

9

6
1

7

10

11

12

230

AS18-16

Hole

Zone

From

OS-13-214

Sunrise 179 m

To

Description

True Vein Orientation

179.15
m

Bright, BD parallel and
orthogonal UVF veins
that crosscut

Not determinable

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)
3
F
2 1
1
2C
3

2
A 3
1
B
3 21

3

D
213

2
1E

231

AS18-17

Hole

Zone

From

To

Description

True Vein Orientation

BDO-18008

Anubis

350.6 m

350.7 m

UVF veinlets within
non-UVF veins with a
subtle green color.

Not determinable

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)
2 3
C 1
2
3
G 1

2
1 3B

2

1

3
2

F

1

3
2E

1
H
3

3
1
A 2

D

3
2
1

232

AS18-18

Hole

Zone

From

OS-17-254

Sunrise 372.4 m

To

Description

True Vein Orientation

372.4 m

UVF veins of different
intensities crosscutting
with non-UVF veins

Not determinable
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LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)

2
1 3
H

G
3

1
2C

2
3
1

3
1 D
2

2
A3 1
E 1
2 3
F

2

B 3
1
2

3
1

EMP locations (multiple analyses within each area):

4
5
1

6
2

7

8

10

9

3

234

AS18-19

Hole

Zone

From

To

Description

True Vein Orientation

OS-17-260

Osiris

135.2 m

135.25
m

Blue-white UVF veins

Not determinable

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)

B1
3
2

2
A
3
C2
3

1

1

D
3 1
2

235

AS18-20

Hole

Zone

From

To

Description

True Vein Orientation

OS-11-080

Osiris

202.35 m

202.5 m

Blue-white UVF vein
with black median line

Not determinable

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)
3D
2 1
3
1B2

C
3 2
1 A

3
1 2

236

AS18-21

Hole

Zone

From

OS-17-259

Conrad 338.25 m

To

Description

True Vein Orientation

338.33
m

UVF vein within another
vein

Not determinable

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)

3
1
2A

2
2
13
1 1 3 1 3
32
1 3 2D E
F
B2 C

237

EMP locations (multiple analyses within each area):

8
9

7 6
11

10

5

4

2

3

12 13

1

17 18 19 20

21

22

23

14
15
16
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AS18-22

Hole

Zone

From

OS-17-234

Conrad 83.7 m

To

Description

True Vein Orientation

83.8 m

Milky amorphous
interpreted diagenetic
vein

Not determinable

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)

3

A2
1
B
1

2

3

239

EMP locations (multiple analyses within each area):

6
5
4
3
2
1

240

AS18-23

Hole

Zone

From

OS-17-254

Sunrise 373.95 m

To

Description

True Vein Orientation

374.03
m

UVF bedding-normal
veins crosscutting nonUVF veins

145/51 SW and 125/66
SW based on oriented
core bedding
measurements

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)

3 21
D
C

3
2

1

3
12
A

B 3
2
1
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AS18-24

Hole

Zone

From

OS-17-254

Sunrise 374.6 m

To

Description

True Vein Orientation

374.6 m

Vuggy moderately UVF
vein with two thinner
UVF veins crosscutting
non-UVF veins

007/78 E and 290/08
N based on oriented
core bedding
measurements

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)
1
E

1
3
2 D

3
2

B3
C
12 3
F

3
2
1
G

2
3 1

1
2

2 3
A1

242

AS18-25

Hole

Zone

From

OS-17-234

Conrad 74 m

To

Description

True Vein Orientation

74 m

Patchy UVF veins
against a stylolite and a
UVF vein crosscutting
non-UVF veins.

Not determinable

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)
2
B1
3

I 2
1 3

F
3

2
1

A 3
2 1

3 D1
2

3

1 G
2

E32
1

3H

1

1

2 C
3

2
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AS18-26

Thin section made from cross-section cut along red dashed line above.
Hole

Zone

From

OS-17-233

Conrad 352.17 m

To

Description

True Vein Orientation

352.27
m

UVF vein with realgar in
Au-mineralized interval.
Host rock is Conrad
(Nadaleen Fm)
siliciclastic

Not determinable

LA-ICP-MS and Raman Spot locations (all spot sizes exaggerated)

3
1
2
1

2

B

3
A
D
1

G
3
1 2

3
2

E 3
2
1

3
I

2

1
1

2 H3

244

B.2

C and O isotope sample locations
REALGAR
IN OR
AROUND
VEIN?

DEPTH
(M)

VUGGY?

SAMPLE

HOLE

ZONE

V001

OS-17-256

O

123.52

N

N

V002

OS-17-256

O

125.53

N

N

OPAQUE/
TRANSLUCI
D

TIME
ANALYSE
D

COLOR

UVF?

Translucid

Light grey, pale
yellow
weathering

N

19-Jan

Translucid

White

N

19-Jan

NOTES

V002

V001

V003

OS-17-256

O

128.66

N

N

Translucid

White

N

19-Jan

V004

OS-17-256

O

131.45

N

N

Opaque

White

N

19-Jan
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V003

V004

V005

OS-17-256

O

138.67

Y

N

Translucid

Light grey

N

19-Jan

V006

OS-17-256

O

148.27

N

Y

Opaque

White

N

19-Jan

cut by realgar vein

V006

V005
V007

OS-17-256

O

155.3

Y

N

Translucid

White with
black seams
and realgar

Y

19-Jan

V008

OS-17-256

O

161.58

Y

N

Opaque

White

Y

19-Jan

black seems veins parallel

246

V007

V008

V009

OS-17-256

O

169.23

N

Y

Opaque

White

Y

19-Jan

V010

OS-17-256

O

184.85

N

N

Opaque

White

N

19-Jan

V010

V009
V011

OS-17-256

O

189.17

N

N

Opaque

White

N

19-Jan

V012

OS-17-240

O

222.67

Y

N

Opaque

White

N

19-Jan

247

V011

V012
V013

OS-17-240

O

227.67

N

N

Opaque

White

N

19-Jan

V014

OS-17-240

O

230.59

Y

N

Opaque

White

N

19-Jan

Opaque

White

N

19-Jan

Truncated by black bed/stylolite?

V013

V014
V015

OS-17-240

O

234.78

Y

N

248

V016

OS-17-240

O

241.68

N

N

Opaque

White

N

V015

19-Jan

V016

V017

OS-17-240

O

241.75

N

Y

Opaque

White

N

19-Jan

V018

OS-17-240

O

242.3

N

N

Opaque

White

Weakly

19-Jan

V017

Orpiment on adjacent fracture
surface

V018

V019

OS-17-240

O

243.63

Y

Y

Opaque

White

Weakly

19-Jan

V020

OS-17-240

O

249.83

Y

N

Opaque

White

N

19-Jan

Relagar may be later, cutting the
vein

249

V020

V019
V021

OS-18-267

C

507.59

N

N

Opaque

White

Y

19-Jan

V022

OS-18-267

C

507.85

Y

N

Opaque

White

Y

19-Jan

V021

V022

V023

OS-17-245

C

275.84

N

N

Opaque

Grey

N

19-Jan

V024

OS-17-245

C

279.2

N

Y

Opaque

White

N

19-Jan

G1 firbour vein

250

V023
V024

V025

OS-17-245

C

281.94

N

Y

Opaque

White

Weakly

19-Jan

V026

OS-17-245

C

287.5

N

N

Opaque

White

N

19-Jan

mutual crosscutting with stylolites

251

V026

V025

V027

OS-17-245

C

289.59

N

N

Opaque

White

Y

19-Jan

V028

OS-17-245

C

291.39

Y

N

Opaque

White

N

19-Jan

V028

V027
252

V029

OS-17-245

C

291.79

Y

N

Opaque

White

Y

19-Jan

V030

OS-17-245

C

294.79

N

N

Opaque

White

Y

19-Jan

V030

V029
V031

OS-17-249

S

316.25

N

N

Translucid

Pink

N

19-Jan

V032

OS-17-249

S

325.88

N

N

Opaque

Pink

N

19-Jan

Amorphous

V031

V032
V033

OS-17-249

S

331.3

N

N

Opaque

White

N

19-Jan

V034

OS-17-249

S

336.3

N

N

Opaque

White

Weakly

19-Jan

253

V034

V033

V035

OS-17-249

S

362.52

N

N

Opaque

White

N

19-Jan

sinous dolomite vein

V036

BDO-18-014

A

19.28

N

N

Opaque

White

Weakly

19-Jan

Cut by later black veins. Zoned UVF.
Purple in photo is carbonate
staining.

V035

V036

V037

BDO-18-014

A

66.41

N

N

Opaque

White grey

Y

19-Jan

V038

BDO-18-014

A

76.64

N

N

Opaque

White with
black stringers

Weakly

19-Jan

Cut by later black (dolomite?)
veinlets

254

V038
V037

V039

BDO-18-014

A

95.1

Y

N

Opaque

White

N

19-Jan

V040

OS-17-254

S

239.07

N

N

Opaque

White and pink

N

19-Jan

255

V040

V039
V041

OS-17-254

S

300.97

N

N

Opaque

White and pink

N

19-Jan

V042

OS-17-254

S

303.08

N

Y

Opaque

White

Y

19-Jan

V042

V041
V043

OS-17-254

S

303.37

Y

Y

Opaque

White

Y

19-Jan

Minor realgar at edges and in vugs

V044

OS-17-254

S

307.07

N

N

Opaque

White

Y

19-Jan

Possible realgar deeper in vein color change when drilled
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V043

V044
V045

OS-17-254

S

307.74

Y

Y

Opaque

White

Y

19-Jan

V046

OS-17-254

S

321.63

N

N

Opaque

White

Weakly

19-Jan

V045

Zoned calcite

V046

V047

OS-17-259

C

196.21

Y

N

Opaque

White

Y

19-Jan

V048

OS-17-259

C

196.31

Y

N

Opaque

White

Y

19-Jan

Mineralized, realgar all around but
not in vein

257

V047

V048

V049

OS-17-259

C

198

Y

N

Translucid

White

Y

19-Jan

Amorphous shape, cut down vein
plane

V050

OS-17-259

C

198.6

N

N

Opaque

White

N

19-Jan

Cut by later grey veinlet network

V049

V050

V051

OS-17-259

C

199.04

N

N

Opaque

White

Y

19-Jan

Rhombehedral

V052

OS-17-259

C

217.49

N

N

Opaque

White

N

19-Jan

Truncated by bedding-parallel
stylolites

258

V051
V052

V053

OS-17-259

C

219.85

Y

N

Opaque

White

Y

19-Jan

V054

OS-17-259

C

226.25

N

N

Opaque

White

Y

19-Jan

V053

Rhombehedral

V054

259

V055

OS-17-259

C

226.3

Y

N

Opaque

White and pink

Y

19-Jan

V056

AN-16-011

A

196.12

N

N

Opaque

White

Weakly

19-Jan

Amoprhous

V056

V055

V057

AN-16-011

A

162.76

N

N

Opaque

White, buff

N

19-Jan

Flouresces 3 along vein but too small
to drill

V058

AN-16-011

A

167

N

N

Opaque

White, maroon
streaks

N

19-Jan

Cut by Fe-oxide (?) streaks
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V057

V058

V059

AN-16-011

A

191.26

N

N

Translucid

White, grey

N

19-Jan

V060

OS-14-230

C

803.5

N

N

Opaque

White

N

19-Jan

Opaque

White

N

19-Jan

V059

V061

OS-14-230

Dolomite (?) stringers in wall-rock

V060

C

811

N

Y

261

V062

OS-17-236

C

253.5

N

Y

Opaque

V061

White

Y

19-Jan

Rhombehedral calcite, inbetween
realgar zones

V062

V063

BDO-18-008

A

350

N

N

Opaque

White

Weakly

19-Jan

V064

BDO-18-008

A

350.3

N

N

Opaque

Beigish White

Y

19-Jan

V063

V064

262

V065

BDO-18-008

A

353.8

N

N

Opaque

White

Weakly

19-Jan

AS1

OS-17-254

S

352.65

Y

Y

Translucid

White

Y

19-Jul

Concentrically zoned

1cm

V065
AS1

Notes:
•

The samples were analyzed in three separate batches; one in September 2018, one in January 2019, one in July 2019. The January
2019 samples labelled AS1 – AS26 are from the cut-off billets of the same thin-sections on which we undertook LA-ICP-MS trace
element analyses. These LA-ICP-MS samples are labelled the same.

•

Samples from July 2019 have a v or w after the sample name to distinguish vein (v) from wall-rock (w) samples. These letters help
distinguish these samples from the September 2018 batch.
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•

The zones are abbreviated as C (Conrad), S (Sunrise), O (Osiris), A (Anubis).
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B.3

C and O isotope reproducibility

C and O isotope analyses of veins and adjacent wall-rock were undertaken in three separate sessions
in September 2018, January 2019, and July 2019. In July 2019, we included four duplicate analyses
and re-ran four analyses from each of the previous sessions to assess the reproducibility data of the C
and O isotope analyses. The results from this session are plotted below with 3 standard deviation
error bars. This standard deviation is based on repeated analysis of in-house calcite standards on the
day of analysis.
In this plot, two points of the same color represent two duplicates. The one outlined in pink is the
original analysis, with the duplicate run having no outline. The September 2018 analyses are
represented by brown-orange squares, the January 2019 analyses by green diamonds, and the July
2019 analyses by blue circles.

Every duplicate analysis plots within 3 standard deviations of the original δ13C or have uncertainties
that overlap with this range (99% confidence interval), while most overlap in δ18O space. There are
four duplicate analyses that do not plot within the error range of the original δ18O or have
overlapping uncertainties. However, the magnitude of these analyses is not wildly different from the
original analysis. For example, consider the two samples with light δ18O values; while the errors do
265

not overlap, the duplicate analyses still returned light δ18O values. The duplicate analyses are not
consistently higher or lower than the original analyses. Three of the four analyses that did not plot
within the 3 standard deviation range of the originals were from January 2019. However, the fourth
analysis run in January 2019 matched its duplicate very well. Possibly, the uncertainty on the
instrument may increase at very light δ18O values, but we did not collect enough samples with this
composition to test this.
We interpret the variability to represent isotopic heterogeneity in the carbonate powder. This
heterogeneity is most likely geological and is a result of unknowingly drilling two isotopically
distinct features (for example, two visually identical calcite vein generations within the same vein).
Overall, given the number of samples analyzed (n = 184) and the consistency of the results
(especially the δ13C composition of UVF veins), we consider the δ13C values that we report very
robust. 9/10 of our duplicates fell within the uncertainty of or had overlapping uncertainties with the
original analysis in δ18O in the 10 – 30 ‰ range in which nearly all our data lies. Thus, we consider
our δ18O data to be precise, especially when considering its consistency over numerous analyses.
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B.4

Spatial distribution of UV-fluorescent calcite veins

Sunrise

OS 14 226

267

268

Osiris

The legend for these figures are as in Figure 3.6 in the main manuscript. The black bars on the left of
each log represent the area fluoresced with a shortwave UV light.
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B.5

Coupled dissolution-precipitation reactions during UVF carbonate veins formation

The replacement of one mineral by another is the result of coupled dissolution-precipitation (Putnis,
2002, 2009; Putnis & Putnis, 2007; Ruiz-Agudo et al., 2014), particularly at low temperatures where
diffusional processes are slow (<400 °C in the carbonate system; Bowman et al., 1994; Farver, 1994;
Barker et al., 2013). Coupled dissolution-precipitation occurs when the parent mineral is
undersaturated within a fluid while the replacing daughter mineral is super-saturated. This solubility
difference can be expressed in terms of each mineral’s saturation index (SI), where minerals tend to
dissolve if they have a SI of < 0 and tend to precipitate if they have a SI > 0. Thus, in a coupleddissolution replacement reaction, the parent mineral has a SI < 0, while the daughter mineral has a SI
> 0. During the dissolution process, the chemistry and structure of the immediately adjacent mineral
order the adjacent aqueous molecules, forming an interfacial film (Wang et al., 2006). The adjacent
aqueous molecules comprise those that were just dissolved, such that the film is enriched in the
chemical components of the parent mineral just dissolved. Consequently, the interfacial film has a
different chemical composition to the bulk fluid. The daughter mineral is often super-saturated in the
film, even if it is not supersaturated within the bulk fluid (Kasioptas et al., 2008; Ruiz-Agudo et al.,
2014;). The incremental process of parent mineral dissolution followed by the precipitation of a
daughter mineral into the immediate dissolved volume results in the daughter mineral forming as a
pseudomorph of the parent mineral, maintaining the shape and size of the parent mineral.
The SI of a mineral within an aqueous solution is related to K, the equilibrium constant for the
reaction that precipitates that mineral, by:
𝑆𝑆𝑆𝑆 = log(

𝐼𝐼𝐼𝐼𝐼𝐼
𝐾𝐾

)

(1)

where IAP is the ion activity product, which is equal to the product of all ionic species’ activities
within the solution. Therefore, for UVF calcite to replace pre-existing calcite requires that the
reaction for the precipitation of UVF calcite has a lower K value than the equivalent reaction for the
precipitation of the parent calcite. We propose that the K value for the formation of a calcite
decreases with increasing Mn2+ content in the calcite product, at least up to 10.5 mol% Mn2+, thereby
allowing this replacement to occur. Although there is a paucity of reliable thermodynamic data from
which to compute K as a function of mol% Mn, the distribution coefficient, D, of Mn relative to Ca2+
is a dependable proxy for K. In carbonates, D is measured as a ratio of the metal of interest relative to
Ca2+ at equilibrium:
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�

(2)

where Me is the metal of interest, and aMe is the activity of the metal in solution. Ultimately, this
ratio is a measure of the relative solubility of a species in comparison to Ca2+ between a solution and
a solid phase, where the more positive the value, the stronger the partitioning of the metal over Ca2+.
A range of physicochemical factors affect the D value of metals in carbonate, such as temperature,
precipitation rate, pH, and oxidation state. During low-temperature calcite formation, Mn2+
preferentially partitions into precipitated calcite phases over Ca2+ under most conditions (DMn > 1;
Lorens, 1981; Mucci, 1988; Pingitore et al., 1988; Dromgoole and Walter, 1990; Böttcher, 1997).
While there is no experimental data on Mn partitioning at high temperatures, empirical data suggest
that DMn increases from 10 to 50 °C (Dromgoole and Walter, 1990) and is likely an effective process
during UVF calcite formation at hydrothermal temperatures. Conversely, Sr2+ and Mg2+ do not
readily partition into precipitating calcite under most (DSr and DMg < 1; Lorens, 1981; Mucci, 1987;
Böttcher, 1997; Gabitov and Watson, 2006). Consequently, a Mn-rich fluid super-saturated with
respect to calcite will precipitate Mn-rich, Sr-poor, Mg-poor calcites. This prediction adequately
explains why UVF calcite veins have relatively low Sr, low Mg, and high Mn. Similar replacement
reactions are readily observed during carbonate diagenesis in which Mn-rich, Mg-poor, Sr-poor
calcite replaces Mn-poor, Mg-rich, Sr-rich calcite in a coupled dissolution-precipitated reaction
(Brand and Veizer, 1980; Banner and Hanson, 1990; Böttcher, 1997).
The partitioning of Fe2+ into calcite is generally higher than Ca2+ but less than Mn2+ (1 < DFe < DMn;
Dromgoole and Walter, 1990). Thus, precipitated daughter calcite is expected to have higher Fe
concentrations than the parent calcite. However, UVF calcite veins have a low Fe content relative to
least-altered calcite veins. The relatively low Fe content likely reflects a high H2S content in the fluid
when the veins formed such that sulfidation removes Fe2+ from the film at the fluid-mineral interface
to form minuscule volumes of pyrite. The presence of very fine-grained pyrite within many UVF
calcite veins supports such a proposal.
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A general model for the replacement of pre-ore calcite with manganoan calcite in a high-Mn fluid is
as follows. The acidic ore-fluids start with a 𝑆𝑆𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 < 0, which results in the dissolution of least-

altered calcite by the following reaction,

Ca0.984Mg0.012Mn0.001Fe0.002Sr0.001CO3 (s) +
H2CO3 (aq) + 0.049Mn2+(aq)

=

0.984Ca2+(aq) + 0.012Mg2+(aq) + 0.05Mn2+(aq) +

(3)

0.002Fe2+ (aq) + 0.001Sr2+(aq) + 2HCO3-(aq)

where the mole fractions for least altered calcite equate to 39.45 wt.% Ca, 2920 ppm Mg, 550 ppm
Mn, 1120 ppm Fe, and 870 ppm Sr. This is typical for least-altered calcite based upon LA-ICP-MS
analyses of least-altered calcite veins. As the ore-fluids dissolve least-altered vein calcite, 𝑆𝑆𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3

increases until it reaches zero, at which point the fluid is incapable of dissolving any more calcite.
This increase is highest at the fluid-mineral interface, where the dissolved constituent components of
the parent calcite are concentrated. The liberated Fe2+ from Reaction 1 immediately reacts with H2S
in the fluid to form a miniscule volume of pyrite (~1.3 cm3 of pyrite for every litre of calcite
dissolved):
0.004H2S(aq) + 0.002Fe2+(aq) + 0.001O2 (aq)

=

0.002FeS2 (s) + 0.004H+(aq) + 0.002H2O (aq)

(4)

However, the high Mn content of the fluid means that it can precipitate a Mn-rich calcite because
increasing Mn content decreases the K value for the precipitation of calcite. As a result, the addition
of Mn2+(aq) to the fluid in Reaction 1, 𝑆𝑆𝐼𝐼𝑀𝑀𝑀𝑀𝑥𝑥𝐶𝐶𝐶𝐶𝑥𝑥−1𝐶𝐶𝐶𝐶3 increaseses above zero, and a manganoan calcite

precipitates. This reaction is expressed by:

0.984Ca2+(aq) + 0.012Mg2+(aq) + 0.05Mn2+(aq)
+ 0.001Sr2+(aq) + 2HCO3-(aq)

=

Ca0.94Mg0.01Mn0.05CO3 (s) + H2CO3 (aq) +

(5)

0.001Sr2+(aq) + 0.044Ca2+(aq) + 0.002Mg2+(aq)

where the mole fractions for manganoan calcite represent 39.37 wt.% Ca, 2430 ppm Mg, 2.75 wt.%
Mn, >280 ppm Fe, and >465 ppm Sr. Fe does not appear in Reaction 3 because it has been consumed
in Reaction 2, leaving only a trace concentration. Sr does not partition readily into the precipitated
calcite, so it remains in solution. Combining Reactions 1-3 gives:
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Ca0.984Mg0.012Mn0.001Fe0.002Sr0.001CO3 (s) +
2+

H2CO3 (aq) + 0.049Mn

(aq) +

0.001O2 (aq)

0.004H2S(aq) +

Ca0.94Mg0.01Mn0.05CO3 (s) + H2CO3 (aq) +
= 0.001Sr2+(aq) + 0.044Ca2+(aq) + 0.002Mg2+(aq) +
+

0.004H

(aq)

(6)

+ 0.002H2O (aq) + 0.002FeS2 (s)

This equation represents the coupled dissolution-precipitation replacement of least-altered calcite by
Mn-rich calcite. Manganoan calcite can precipitate from a fluid with a 𝑆𝑆𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 < 0 if the Mn content

of the fluid is high, but requires 𝑆𝑆𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3 to be zero or very close to zero for low Mn fluids. The
specific manganoan calcite mineral precipitated is mostly a function of the parent mineralogy

because many of the species required to form manganoan calcite are derived locally from the parent
mineral at the fluid-mineral interface. For example, the dissolution of dolomite liberates Mg2+ at the
fluid-mineral interface, which can then be used to precipitate a daughter manganoan dolomite.
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B.6

μXRF images

The following μXRF images all show relative element counts. The assigned colors are random.
Sample AS1: Hole ID OS-17-236; 196.95 – 197.15 m
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Sample AS2: Hole ID OS-17-236; 200.9 – 201.05 m

276

Sample AS3: Hole ID OS-17-236; 199.64 – 199.7 m
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Sample AS4: Hole ID OS-17-236; 199.5 – 199.6 m
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Sample AS5: Hole ID OS-17-240; 232.44 – 2332.56 m
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Sample AS6: Hole ID OS-17-244; 126 – 126.16 m
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Sample AS7: Hole ID OS-17-244; 171 – 171.22 m
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Sample AS8: Hole ID OS-17-244; 123.5 – 123.6 m
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Sample AS9: Hole ID OS-17-254; 306.71 – 306.82 m
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Sample AS10: Hole ID OS-17-254; 302.75 – 302.85 m
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Sample AS11: Hole ID OS-11-082; 157.87 – 158 m
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Sample AS12: Hole ID OS-17-245; 240.59 – 240.66 m
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Sample AS13: Hole ID OS-17-256; 230.9 – 231 m
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Sample AS14: Hole ID OS-17-249; 332.69 – 332.82 m
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Sample AS15: Hole ID OS-17-258; 279.31 – 279.44 m
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B.7

Cross-sections with Mn and Sr data

Cross-sections through the Osiris (A) and Sunrise (B) deposits with Au, As, Mn and Sr assays.
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Representative cross-section through the Conrad deposits with Au, As, Mn and Sr assays. Legend as
in Figure 4.1.

291

Appendix C
Supplementary materials for Chapter 5
C1: Development of laser-ablation U-Pb carbonate geochronology at PCIGR
C2: LA U-Pb carbonate geochronology metadata
A database containing all raw instrument data and Iolite-processed data for the five samples
discussed in Chapter 5 can be found in Supplementary Materials C on cIRcle (https://circle.ubc.ca/).
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C.1

Development of laser-ablation U-Pb carbonate geochronology at PCIGR

Initial trials at Stony Brook University
I was first introduced to the concept of U-Pb carbonate dating by Justin Strauss, an assistant
professor at Dartmouth University who was passing through the Nadaleen camp on his return from
the field, after showing him some UV-fluorescent calcite and realgar veins. At this time, laserablation (LA) LA-ICP-MS U-Pb carbonate geochronology was in its infancy. Only a handful of
papers reported LA U-Pb dates from carbonate veins, the earliest of which was published only two
years prior, in 2016 (Roberts and Walker, 2016). There was so little information on the method that it
was difficult to know who was best to contact about the possibility of collaborating to date the veins.
Justin recommended Troy Rasbury at Stony Brook University, who had extensive experience in UPb carbonate dating through isotope dilution (rather than LA).
Troy agreed to collaborate but cautioned that typically less than one in ten veins have U-Pb
systematics appropriate for U-Pb dating. She also suggested broadening the sample scope to include
ore-stage fluorite, which can sometimes have appropriate U-Pb systematics for dating, too. Seven
samples were initially sent to Stony Brook as a trial, five of which were UV-fluorescent (UVF)
carbonate veins (including samples AS18-7 and VSP11), two of which were fluorite samples. (Note
that in the sample list sent to Stony Brook, AS18-7 was called AS-1). Troy and the laboratory
manager, Katie Wooton, analyzed the samples and obtained a preliminary date of 40 ± 5 Ma for
AS18-7. This date correlated well with the ~42 Ma fission track modelling from detrital apatite in
Au-mineralized sandstones obtained by Tucker (2015), and we considered this preliminary result
exciting enough to send more samples.
I sent a larger sample suite of 20 samples to Troy and Katie and visited Stony Brook in April 2019 to
learn about the process as they analyzed the samples. The instrument and analytical parameters used
at Stony Brook are described in Table C.1.1. Ten lots of three spots (30 total) per sample were
analyzed bracketed by 17 WC-1 and 18 NIST-612 analyses. The data were reduced using the
software Iolite v. 3 (Paton et al., 2011) using WC-1 as the primary reference material and the U-Pb
Geochronology data reduction scheme (Paton et al., 2010). Most researchers consider this approach
problematic because WC-1 has a range of discordant 238U/206Pb and 207Pb/206Pb values, rather than a
single concordant value like most zircon reference materials have. Instead, most researchers use the
data reduction method described by Roberts et al. (2017). High uncertainty data (with different cut293

off thresholds for each sample) and spots exhibiting obviously ‘open system’ behaviour were
removed before dates were calculated using a Tera-Wasserburg plot in the program Isoplot (Ludwig,
2003). The 207Pb/206Pb values used to construct these Tera-Wasserburg plots were corrected for
downhole fractionation but not instrument drift because Troy and Katie felt that the instrumental drift
correction in the data reduction scheme was incorrect based on previous experiments.
Table C.1.1. Instrument parameters for LA U-Pb carbonate geochronology at Stony Brook University.

Laboratory
Laser/ mass spectrometer
Fluence (J cm2)
Repetition rate (Hz)
Spot size (μm)
Plasma forward power
(W)
He, Ar, and N2 gas flows
(L/min)
Ar cool gas flow (L/min)
Ar auxiliary gas glow
(L/min)
Analytes; dwell times (ms)
in brackets
Total duty cycle (ms)

U-Pb carbonate geochronology
Facility for Isotope Research and Student Training (FIRST), Stony
Brook University
NWR UP-213; Agilent 7500cx
1.1
20
80
1250
He = 1.21, Ar = 0.85
15
0.9
55

Mn (30), 206Pb (100), 207Pb (100), 208Pb (100), 238U (100), 232Th
(100).
540.2

From the 25 carbonate vein samples, the following final results were obtained. AS18-2 yielded a date
of 46.5 +/- 6.2 Ma (Figure C.1.1A), AS18-7 returned a final date of 42.0 +/- 5.1 Ma (Figure. C.1.1B),
AS18-24 came out at 44 +/- 18 Ma (Figure C.1.1C), and VSP11 returned a date of 47 +/- 25 Ma
(Figure C.1.1D). An additional date was obtained from accidentally ablating the Ediacaran Gametrail
Formation wall-rock next to a UVF vein in sample AS18-13. This wall-rock returned a robust
regression with an age of 297 +/- 26 Ma (Figure C.1.1E), which likely represents the latest
recrystallization during diagenesis.
Stony Brook also undertook isotope dilution (ID) U-Pb geochronology on AS18-7, VSP11, AS18-2,
and AS18-24. Five aliquots of each sample were micro-drilled, spiked with a mixed 236U-205Pb spike
and dissolved in nitric acid. The samples were then sealed, heated overnight and dried for column
chemistry. The Pb and U cuts were analyzed using a multi-collector (MC) ICP-MS at Stony Brook
University with reference materials SRM 981 and NBL CRM-112-a. The data were reduced using
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PBDAT (Ludwig, 1993) and plotted on Tera-Wasserburg plots using Isoplot (Ludwig, 2003). AS187 returned a date of 36.6 +/- 1.7 Ma (Figure. C.1.2A), and VSP11 returned a date of 26.3 +/- 3.9 Ma
(Figure C.1.2B). Although we did not know how to interpret them at the time, these young dates are
similar to the final dates obtained using LA-ICP-MS for these samples.

Figure C.1.1. Results from LA-ICP-MS analyses at Stony Brook University
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Figure C.1.2. Results from ID MC-ICP-MS analyses at Stony Brook University

Method development at PCIGR
The results from Stony Brook were positive and encouraged us to attempt to date more veins by
developing the method at PCIGR at UBC. In collaboration with Dominique Weis and Marg Amini,
who helped me tirelessly on this project, we set about trying to replicate the 46.5 +/- 6.2 age obtained
for AS18-2 at Stony Brook as this sample consistently had a good spread of 238U/206Pb values and
little ‘open system’ behaviour. Troy sent us a piece of WC-1 (Roberts et al., 2017) for use as a
primary reference material and a piece of the Barstow Tufa (Cole et al., 2005), which we used as a
secondary reference material. Initially, we used the Agilent 7700x quadrupole (Q) ICP-MS.
However, the Pb sensitivity on the instrument was not high enough, resulting in unusable high
uncertainties on 207Pb/206Pb measurements. The Nu AttoM high-resolution (HR) ICP-MS provided
much better sensitivity. Over five runs, we iteratively optimized the laser and instrument settings for
maximum sensitivity and obtained a preliminary date of 72.9 ± 5.6 Ma for AS18-2 using the Q-ICPMS. However, this preliminary date was drastically different from the 46.5 +/- 6.2 Ma date obtained
at Stony Brook (Figure C.1.1B). This date is geologically very reasonable because it is close to the
74.4 ± 1 Ma date that Tucker (2015) obtained from a Au-mineralized dike, providing a weak
temporal link to magmatism. After a several-month delay caused by the COVID-19 pandemic, we
repeated the experiment several times and obtained similar dates between ~73 and 65 Ma. I wanted
to be sure that this Cretaceous date was real and not an artifact of some data reduction error, so I
contacted David Chew (Trinity College Dublin) and Randy Parrish (University of Portsmouth) to
confirm that I was reducing the data properly. They were both exceptionally helpful, and their advice
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allowed me to streamline the data reduction process. I also contacted Matt Horstwood and Nick
Roberts (both British Geological Survey), who were equally supportive in providing advice on best
practices for uncertainty propagation during this data reduction.
During these initial trials, I experimented with an alternative method for calculating the sample age
using 208Pb/206Pb, corrected for 208Pb derived from 232Th decay, following the method of Parrish et al.
(2018). The main advantage of this method is that instrument sensitivity for 208Pb is usually much
higher than 207Pb, so the uncertainty on 208Pb/206Pbcom is generally lower than 207Pb/206Pb. The process
requires an assumed age and subsequent iteration such that the calculated age approximately matches
the assumed age. First, common 208Pbcom is calculated from the 232Th counts by
208

𝑃𝑃𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐 =

208

𝑃𝑃𝑃𝑃 − � 232𝑇𝑇ℎ ∗ 𝑒𝑒 𝜆𝜆232𝑡𝑡 − 1�

where t is an assumed sample age in years, and λ232 is the decay constant for 232Th (4.948 x 10-11 y-1).
The eλt – 1 part of the equation can be simplified to a numerical value, C, depending on the predicted
age of the sample, such that 208Pbcom = 208Pb – C232Th. The calculator tool in Iolite can compute this
using the syntax: Pb208c=Pb208_CPS-(C*Th232_CPS). This will create an output channel for
208

Pbcom/206Pb. It is important to do this step in Iolite because Iolite calculates mean ratios by

calculating the ratio at every time step and then averaging over the time integration period with
outliers removed. Averaging single ratios results in a much smaller uncertainty than dividing two
time-integrated averages (i.e., dividing the final 208Pb channel by the final 206Pb channel). The Ioliteexported data can now be plotted in a Tera-Wasserburg diagram using Isoplot with the 208Pbcom/206Pb
data on the y-axis and the 238U/206Pb data on the x-axis (note that Isoplot will still label the y-axis as
207

Pb/206Pb). The x-intercept on this plot (where the common Pb = 0) provides the radiogenic

238

U/206Pb ratio. The inverse of this (1/x-intercept = 206Pb/238U) can be inputed into the equation:
𝐴𝐴𝐴𝐴𝐴𝐴 (𝑦𝑦𝑦𝑦𝑦𝑦) =

1

× ln(1 +
𝜆𝜆238

206

𝑃𝑃𝑃𝑃
)
238𝑈𝑈

where λ238 is the decay constant for 238U, which equals 1.551 x 10-10. For AS18-2, WC-1 and the
Barstow Tufa, the outputted age (referred to as an 86T-W age) generally overlapped within
uncertainty with the age calculated from a conventional Tera-Wasserburg plot (called a 76T-W age).
However, the precision on individual 208Pb/206Pbcom spots was not significantly different from
207

Pb/206Pb spots, and the 86T-W age was not more precise than the 76T-W age. More critically,
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calculating a 86T-W does not help with identifying and removing open system spots, which ended up
being the largest hurdle in the dating process (discussed below). Consequently, 86T-W ages were not
used to calculate final ages for the dissertation.
AS18-2 was analyzed using ID TIMS in an attempt to confirm our LA result, along with Bartstow
Tufa to obtain a more precise secondary reference material age. The analyses were carried out by
Rich Friedman at PCIGR, and he provided the following method summary. Marg Amini and Taylor
Ockerman carried out sample processing, and Hai Lin assisted with mass spectrometry.
Approximately 5 mg aliquots from AS18-2 and the Barstow Tufa were dissolved with sub-boiled 6.2
N HCl in Savillex PFA screwtop beakers for at least 12 hours. This solution was dried down and
redissolved in 3.1 N HCl in the presence of Earthtime ET535, a mixed 233-235U-205Pb isotopic tracer,
for at least 24 hours at ~130°C. Purification of Pb and U employed ion-exchange column techniques
modified slightly from those described by Parrish et al. (1987). Pb was eluted into 7 mL screwtop
PFA beakers and U into a second set of beakers and further purified by passing through columns a
second time. U was then eluted into the same beakers containing Pb. Elutants were dried on a
hotplate at ~120°C in the presence of 2 μL of ultrapure 0.2 N phosphoric acid (H3PO4). Samples
were then loaded on single, degassed zone refined Re filaments in 2 μL of a silicic acid activator
similar to that described in Gerstenberger and Haase (1997). Isotopic ratios were measured using a
single collector VG 354S thermal ionization mass spectrometer equipped with analogue Daly
photomultiplier. All measurements were done in peak-switching mode. Analytical blanks were 19.7
pg for U and 11.6 pg for Pb. U fractionation was determined directly on individual runs using the
233-235U tracer, and Pb isotopic ratios were corrected for fractionation of 0.13% ± 0.04%/amu,
based on replicate analyses of the NBS-982 Pb reference material and the values recommended by
Thirlwall (2000). Reported precisions for U/Pb and Pb/Pb data were determined numerically by
propagating all analytical uncertainties, using the technique of Schmitz and Schoene (2007). Isochron
diagrams were constructed, and regression intercepts were calculated with Isoplot 3 (Ludwig, 2003).
The aliquots were run in two batches: the first contained five aliquots from AS18-2 and one from the
Barstow Tufa, the second contained five aliquots from AS18-2 and one from the Barstow Tufa
(Table C.1.2 and Table C.1.3). One of the AS18-2 and one of the tufa aliquots yielded insufficient or
unstable U signal intensities, and it was not possible to acquire data for them. The two Barstow Tufa
aliquots fell on a regression line with an age of 15.461 ± 0.098 Ma (Figure C.1.3A), which is
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equivalent to ages determined from the tufa by Cole et al. (2005). The aliquots from AS18-2 did not
define a single regression line, and no two points define a regression close to the ~65 Ma final date
for this sample obtained from LA-ICP-MS (Figure C.1.3B). The TIMS data indicate that there is
more than one age component in AS18-2. With petrography, cathodoluminescence and numerous
LA-ICP-MS analyses failing to recognize a second distinct carbonate generation, these additional age
components are tenuously attributed to open system behaviour. However, it is not known why open
system behaviour appears more prevalent in the TIMS aliquots than in the LA-ICP-MS spots.

Figure C.1.3. Results from ID TIMS at PCIGR. The scatter of aliquots from AS18-2 prevents a single
regression from being calculated. 73.8 and 26.6 Ma regression lines are shown for reference.

I reached out to Troy and Katie at Stony Brook to discuss the discrepancy between the date obtained
at Stony Brook (46.5 +/- 6.2 Ma) and the date obtained at PCIGR (72.9 ± 5.6 Ma). The PCIGR data
included more spots (26 versus 19 at Stony Brook after high uncertainty spots were removed) and
had lower uncertainties, and therefore, it was concluded that the vein was Cretaceous. The Stony
Brook data set likely did not have any closed system spots with low uncertainties at high 238U/206Pb
values, resulting in a regression line being constructed through open system points. These points
were not recognized as open system because there were two few spots and the data had large
uncertainties.
With confidence in the method restored, we set about trying to date six other veins that the Stony
Brook analyses suggested had a large enough spread in 238U/206Pb to be good geochronology
candidates. A split stream method was used whereby half the ablated aerosol was sent to the Q-ICP299

MS for trace element analysis while the other half was sent to the HR-ICP-MS for U and Pb isotope
analysis. The data from both instruments revealed that two samples had negligible U contents and
were unlikely to yield meaningful ages. The other four samples had promising 238U/206Pb ranges, but
too few high 238U/206Pb to anchor regression lines through the data to obtain precise and robust ages.
Table C.1.2. U-Pb isotopic data: Batch 1
Sample (Radiogenic + Initial Pb) Isotope Ratios
Sample
(a)

mass

U

(mg)

ppm
(b)

Pb
ppm

Pbc
(ng)

(b)

(c)

U
Pb

238
204

(d)

Pb
Pb

206

% err

204

% err

(e)

(d)

(e)

corr. coef.
8/4-6/4

Vein carbonate (AS-1 - AS-5) and reference material (AS-T)
AS-1

5

2.0

1.1

4.91

130.479

0.678

23.203

0.503

0.711

AS-2

5

0.8

0.1

0.53

470.875

1.305

24.612

0.416

0.774

AS-3

5

0.9

0.2

0.79

386.587

1.413

24.925

0.309

0.459

AS-5

5

0.9

1.1

5.32

52.509

0.544

22.306

0.182

0.226

(a) Powders microdrilled from distinct zones in carbonate veins. Approximately 5 mg mass for each aliquot.
(b) Total Pb, and U concentrations have an estimated uncertainty of up to 25%.
(c) Pbc represents common Pb.
(d) Measured ratios, acquired with VG 354S in Daly collector mode. Corrected for ET535 spike and fractionation of 0.13% +/- 0.04 %/a.m.u.,
based on analysis of NBS-982,
and blank Pb and U. U: 19.7 pg ± 25%, 238U/235U=137.88; Pb: 11.6 pg ± 25%, 206Pb/204Pb=17.59 ± 1%, 1-sigma errors.
(e) 2-sigma errors, propagated using the algorithms of Schmitz and Schoene (2007).

Table C.1.3. U-Pb isotopic data: Batch 2

Sample
(a)

mass

U

(mg)

ppm
(b)

Pb
ppm

Pbc
(pg)

(b)

(c)

U
Pb

238
204

(d)

Sample (Radiogenic + Initial Pb) Isotope Ratios
% err
% err
206
Pb
204
(2-sigma)
Pb
(2-sigma)
(e)

(d)

(e)

corr. coef.
8/4-6/4

Vein carbonate (AS-1 - AS-5) and reference material (AS-T)
AS-1 p

0.091

0.55

0.5

0.04

79.539

5.173

22.113

0.931

0.931

AS-1 s

0.100

1.63

1.8

0.17

60.784

1.221

21.986

0.270

0.775

AS-3 p

0.108

0.72

1.8

0.18

28.401

1.206

22.968

0.311

0.809

AS-5 p

0.107

0.94

2.3

0.23

28.655

0.950

22.846

0.283

0.737

AS-5 s

0.100

0.91

2.3

0.21

27.544

1.056

22.432

0.363

0.674

AS-T p

0.051

51.81

34.4

1.71

98.305

0.159

19.517

0.165

0.575

AS-T s

0.100

84

1.7

0.15

3662.529

1.428

28.076

0.522

0.957

(a) Powders microdrilled from similar zones as batch 1 aliquots. p-samples weighed directly from powder with Sartorious
SE2 ultramicrobalance; s-sample aliquots taken from solution used in Batch 1 with masses estimated.
(b) Total Pb, and U concentrations have an estimated uncertainty of up to 25%.
(c) Pbc represents common Pb.
(d) Measured ratios, acquired with VG 54R in Daly collector mode. Corrected for ET535 spike and fractionation of 0.40% +/- 0.04 %/a.m.u.,
based on analysis of NBS-982,
and blank Pb and U. U: 0.2 pg ± 25%, 238U/235U=137.88; Pb: 4.0 pg ± 25%, 206Pb/204Pb=18.55 ± 1%, 1-sigma errors.
(e) 2-sigma errors, propagated using the algorithms of Schmitz and Schoene (2007).
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Laser imaging
Laser imaging was implemented as a method for visualizing areas of the sample with high U and
high 238U/206Pb so that we could subsequently target those areas with the hope of obtaining more high
238

U/206Pb spots with which to define the regression. The laser images were created using adjacent

laser line scans over an area of interest. A scan speed of 40 μm/s was initially chosen as this was the
scan speed used in a similar study by Drost et al. (2018) and to ablate the sample surface as little as
possible. Test runs at lower scan speeds of as little as 10 μm/s produced almost equivalent results, so
that the image quality was not impaired by selecting high scan speeds. The data in the images are not
treated quantatively because of the high scan speed, and hence low poor counting statistics of data
collection. However, the images reveal relative differences in elements and 238U/206Pb, and the
general chemical composition of the sample can be obtained (e.g., one can easily distinguish between
vein and wall-rock and tell if the vein generally has high or low Mn, Sr, or Fe. Direct age dating from
these images was attempted using the method of Drost et al. (2018). In this method, the laser image is
converted to data ‘pixels’ in Iolite. The pixels to be dated are defined by some chemical criteria such
as low Rb, high Mn and high U, with any pixels that do not meet the criteria discarded. The
remaining pixels are then ordered in a probability plot (an empirical cumulative density function) and
pooled into a specified number of ‘pseudo’ analyses. These pseudo analyses can be used to constrain
regression lines and calculate an age for the sample. This method was not successful in dating any of
the samples. The spread in 238U/206Pb in the pseudo analyses was too small in each sample (generally
<5). This small spread is likely caused by generally low U content with only localized high
238

U/206Pb areas.

‘Open system’ behaviour experiments
The ability to target high U areas successfully helped to increase the spread in 238U/206Pb values.
However, it also resulted in an increased number of ‘open system’ spots in each sample. Dominique
Weis, Marg Amini, Corey Wall, and I convened to discuss possible solutions for identifying or
avoiding open system behaviour. We discussed three methods: (i) finding chemical or textural
proxies for open system behaviour and avoiding those areas when dating, (ii) increasing instrument
sensitivity, thereby reducing the uncertainty, to distinguish points that fall far from regression lines
better and allowing greater likelihood of direct image-based dating as discussed above, and (iii)
leaching the samples prior to analysis in case the open system spots represent a surface or adsorbed
phases which can be easily dissolved and removed.
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We searched for a chemical proxy that we could use to identify open system behaviour. Following
the theory presented by Roberts et al. (2020) that open system likely occurred from interactions with
U-rich oxidized fluids, we looked for possible redox proxies, such as redox-dependent U isotope
ratios and U/Th ratios. However, these ratios are difficult to measure precisely using an LA setup
with our instruments, and none had the required sensitivity to be useful. Mapping spatial variations in
δ18O and δ13C using an SEM was also considered (as suggested by Greg Dipple), but the resolution
required made this method cost-prohibitive.
A secondary pump was installed for the Agilent 7700x to increase the interface vacuum and improve
sensitivity. The new pump increased the sensitivity of U by a factor of almost 1.5 in dry plasma
mode (laser) and improved the quality and precision of laser images produced on the quad. Previous
laser images sometimes contained gaps where the signal dropped below detection limits. However,
there were no gaps on any laser image made after the new pump was installed. Direct image-based
dating was still not possible despite the increased sensitivity, likely because the samples have too
small amounts of U.
Before subsequent runs, the sample rock billets were leached using Milli-Q water to remove potential
surface contaminants that might be causing open system behaviour.. The Milli-Q water was analyzed
for U, Pb and Th, while residual material from the samples suspended in the Milli-Q water after
leaching was run for major elments such as Ca, Mg, Mn, Fe, and Sr to identify the kind of material
being leached. The billets were weighed, rinsed in Milli-Q water, then weighed again. They were left
submerged in ~30 ml Milli-Q water for 24 hours before the samples were dried and analyzed on the
laser. The remaining Milli-Q water was weighed again, transferred to pre-washed Falcon tube, and
centrifuged. The Milli-Q water was decanted and split into separate Falcon tubes for the decant and
residue. Both decant and residue were then transferred to Savillex beakers for dry down. The decant
Falcon tube was rinsed with 2% HNO3, and the residue Falcon tube with concentrated HNO3. The
decant was refluxed in ~7 ml concentrated HNO3 overnight and dried down again. The residue was
digested with ~7 ml HNO3 and 2 ml HF over a weekend and dried down again. The residue was
taken up with ~7 ml 6N HCl, refluxed overnight and then dried down again. Both were then taken up
with ~10 ml 10 ppb In in 2% HNO3 solution and refluxed overnight at 70 °C. The solutions were
then run for Mg, Ca, Mn, Fe, Sr, Pb, Th and U on the Agilent 7700x Q-ICP-MS.
The decant results show that leaching removed negligible amounts of U, Th or Pb from every sample
except AS18-7 (Fig. 4; Table 4). Thus, in AS18-7, some material that could have influenced the
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subsequent U-Pb analyses was removed during the leaching. The Fe and Mg content of the residue is
generally much higher than the Ca content, suggesting that some non-carbonate phases were leached
or that there was some incongruent dissolution of the sample. In the subsequent analyses, there was
no significant difference in the degree of open system behaviour between leached and non-leached
samples, including AS18-7. The Milli-Q water was expected to remove or dissolve any surface or
loosely bound U on the sample. However, the low concentration of U in most samples (except AS187) and the negligible difference in open system behaviour between leached and non-leached samples
imply that open-system spots result from lattice-bound inclusions rather than surface phases. It is
unclear why the Milli-Q water from AS18-7 has such high U, Pb and Th content, whereas the other
did not.

Milli-Q water chemistry after leaching
AS 18-24 residue
AS 18-8 residue
AS 18-7 residue
AS 18-2 residue
VSP11 residue
AS 18-24 decant
AS 18-8 decant
AS 18-7 decant
AS18-2 decant
VSP11 decant
0

10000

20000

30000

40000

50000

60000

70000

Concentration (ppb)
238 U [ no gas ]

232 Th [ no gas ]

208 Pb [ no gas ]

88 Sr [ He ]

57 Fe [ He ]

55 Mn [ He ]

43 Ca [ He ]

25 Mg [ He ]

Figure C.1.4. U, Pb and Th content of Milli-Q water after leaching samples for 24 hours and major element
composition of residual material from the samples.

The most promising tool for detecting open system behaviour is backscatter electron (BSE) imaging
to identify more and less homogeneous areas of carbonate prior to analysis. There is no petrographic
indication for where open system spots might exist, including in cathodoluminescence response.
However, the BSE images show that all the veins generally have micron-sized carbonate inclusions
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with a slightly lighter BSE response, and these may be responsible for the open system behaviour.
Even with the ability to identify heterogeneous carbonate using BSE, avoiding the inclusions is still
exceptionally challenging for four reasons. Firstly, the BSE images are compiled in a mosaic form
where overlapping segments do not always line up exactly, indicating that there is uncertainty in the
spatial accuracy of the image. Secondly, the BSE images are uploaded to the laser software using a
three-point transformation georeference method which adds another uncertainty. Thirdly, the large
spot size required for optimum sensitivity is significantly larger than the size of the inclusions in
most instances. Finally, inclusions or different calcite generations beneath the surface of the sample
cannot be seen in BSE images.
Table C.1.4. Milli-Q water leaching results. D = Decant, R = Residue, RSD = relative standard deviation.

Sample
Name

25 Mg [ He ]
ppb

RSD

Bulk D

43 Ca [ He ]
ppb

RSD

0.0

5.5

55 Mn [ He ]
ppb

RSD

57 Fe [ He ]
ppb

RSD

ppb

RSD

ppb

RSD

2.2
1.3

0.0

8.5

2.8

0.8

AS18-2 D

1.5

0.1

0.1

0.5

0.3

0.3

AS 18-7 D

63430.4

8443.9

1638.1

47285.7

43553.5

6755.1

AS 18-8 D

2.3

1.5

0.6

5.4

3.9

0.8

AS 18-24 D

2.3

1.9

0.5

2.9

8.9

1.6

1097.9

2.9

7.0

ppb

238 U [ no
gas ]

5.1

3651.3

0.0

RSD

232 Th [ no
gas ]

0.0

14.7

4.9

ppb

208 Pb [ no
gas ]

VSP11 D

Bulk R

0.0

RSD

88 Sr [ He ]

7.8

5653.1

0.1

5249.7

0.2

33989.8

31.0

88.3

181.0

93.7

20.7

2.2

253.4

14.8

82.8

2190.9

232.5

7.3

491.8

9.3

178.8

0.3

2414.4

2.1

304.0

34.1

26796.4

15.2

949.6

34.1

126.2

49.3

7.5

34.1

61.7

34.1

47.3

50618.6

25.8

327.0

30.1

36.4

51.6

21.5

81.8

21.5

68.9

19.8

12839.1

18.2

177.1

21.5

17.2

23.1

5.3

9.9

18.7

16.5

VSP11 R

4152.8

93.1

7195.9

243.1

8698.5

51.7

AS 18-2 R

2743.1

169.9

593.5

1886.8

199.2

286.1

AS 18-7 R

17685.8

56.9

6710.1

64.5

5829.7

AS 18-8 R

24604.3

43.0

15221.5

86.1

12379.1

AS 18-24 R

7972.6

21.5

5621.8

56.1

2819.2

6965.6

Future recommendations
As with any geochronology study, proper mineral paragenesis should be undertaken before analyzing
the samples. Petrographic observations and cathodoluminescence analysis must be used to identify if
there are different carbonate generations before the samples are sent to PCIGR. BSE images of all
samples should also be made before analyzing the samples. These BSE images should be studied to
find areas of the sample where the carbonate is most homogenous. If the carbonate is visually
heterogeneous, the sample might not be a good candidate for LA U-Pb geochronology.
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A limited range of methods can map U content in the samples prior to analysis, as discussed in depth
by Rasbury et al. (2021). These screening methods are generally expensive and time-consuming. I
think these methods could be used in large, non-time-sensitive studies prior to analyses. However,
laser images offer the best value for time and money for most purposes. With the new pump, quality
laser images can be made rapidly at a low cost. In high U samples, these images alone might be able
to provide a preliminary date for the sample using the method of Drost et al. (2017). Subsequent spot
analyses should use the AttoM HR-ICP-MS as this instrument has the highest sensitivity. The spots
should generally target areas of high U and high 238U/206Pb from the laser images. However, zones of
high 238U/206Pb are also the most likely to have open system inclusions. Therefore, I suggest
reserving a significant proportion (maybe 30-40 %) of the spots for areas with moderate U content
and 238U/206Pb ratios. The number of spots is up to the discretion of the researcher. In high U samples
(as determined from the laser images) with heterogeneous carbonate (and thus a lower chance of
open system behaviour), ~30 spots should be sufficient. In low U samples with open system
behaviour, I recommend at least 100. The uncertainty on most LA U-Pb carbonate geochronology
analyses is typically >5 %. If higher precision is required, a MC-ICP-MS may be used.
The Barstow Tufa has not been used as a secondary reference material in any other published LA UPb carbonate study. Additional aliquots of the Barstow Tufa should be analyzed by TIMS or MCICP-MS to further constrain the age of this sample such that it can be repeatedly used as a secondary
reference material. Alternatively, PCIGR might consider obtaining a more widely-used secondary
reference material, such as the ASH-15D sample (e.g., Nuriel et al., 2021).
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C.2

LA U-Pb carbonate geochronology U-Pb metadata

Laboratory &
Sample
Preparation
Laboratory name

Pacific Centre for Isotope & Geochemistry Research, Department
of Earth, Ocean and Atmospheric Sciences, University of British
Columbia, Vancouver, Canada.
Thin-sections or rock billets with calcite and dolomite veins
Leached for 24 hours in Milli-Q water.
Cathodoluminescence, BSE and LA-ICP-MS images

Sample type/mineral
Sample preparation
Imaging
Laser ablation
system
Make, Model & type ArF excimer laser ablation system (Resolution M-50LR, ASI
Australia)
Ablation cell &
Laurin Technic S155 two-volume laser ablation cell
volume
Laser wavelength
193 nm
(nm)
Pulse width (ns)
20 ns
-2
Fluence (J.cm )
7 J.cm-2
Repetition rate (Hz) 5 Hz
Ablation duration
13 secs
(secs)
Spot diameter (µm) 89 µm / 89 µm
nominal/actual
Sampling mode /
Static spot ablation
pattern
Carrier gas
He admixed with Ar and traces of N2
Cell carrier gas flow 0.9 l/min
(l/min)
ICP-MS
Instrument
Make, Model & type Nu Instruments AttoM SC-SF-ICP-MS
Sample introduction Laser
RF power (W)
1300 W
Make-up gas flow
~0.5 l/m Ar admixed with 0.8 l/min He from the cell and ~0.004
(l/min)
l/min N2
Detection system
Discrete dynode electron multiplier
202
Masses measured
Hg, 204Pb, 206Pb, 207Pb, 208Pb, 232Th, 235U, and 238U
Integration time per 202Hg (200), 204Pb (200), 206Pb (200), 207Pb (200), 208Pb (200),
232
peak/dwell times
Th (200), 235U (200), and 238U (200)
(ms); quadrupole
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settling time
between mass jumps
Total integration
time per output
datapoint (secs)
‘Sensitivity’ as
useful yield (%,
element)
IC Dead time (ns)
Data Processing
Gas blank
Calibration strategy
Reference Material
info
Data processing
package used /
Correction for LIEF
Mass discrimination

1.6 secs
(N.B. this should represent the time resolution of the data)
0.19% U
14 ns
~5 second laser off time between pre-ablation and analysis
WC-1 used as primary reference material for 238U/206Pb, NIST614
used as primary reference material for 207Pb/206Pb. Barstow Tufa
used as secondary reference material for 238U/206Pb.
WC-1 : age = 254.4 ± 6.4 Ma (2s ; Roberts et al., 2017)
Barstow Tufa : age = 15.54 ± 0.1 Ma (2s; in house ID-TIMS)
(Cole et al., 2005)
Data processed using Iolite v. 4 (Paton et al., 2011) U-Pb
geochronology DRS (Paton et al., 2010). Exponential LIEF fit.
WC-1 and Barstow Tufa were treated as unknowns and 207Pb/206Pb
corrected for drift and LIEF using NIST614.
A global 238U/206Pb correction was applied in Excel following the
method of Roberts et al. 2017.

Common-Pb
correction,
composition and
uncertainty
Uncertainty level &
propagation

Quality control /
Validation

No common-Pb correction applied to the data.

Ages are quoted at 2s absolute; propagation is by quadratic
addition. Excess variance of NIST 614 added to each 207Pb/206Pb
internal 2s. Excess variance of NIST 614 and WC-1 added to each
238 206
U/ Pb internal 2s. Systematic uncertainties added to
uncertainty on calculated age.
WC-1 T-W age = 254.4 ± 6.4 Ma (2s, MSWD = 1069, n= 10)
BT T-W age = 15.461 ± 0.098 Ma (2s, n= 2)
Systematic uncertainty for propagation is 5 % (2s).
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