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Abstract
Structurally controlled dolomitization typically involves the interaction of high-
pressure (P), high-temperature (T) fluids with the surrounding host rock. Such 
reactions are often accompanied by cementation and recrystallization, with the 
resulting hydrothermal dolomite (HTD) bodies including several ‘diagnostic’ 
rock textures. Zebra textures, associated with boxwork textures and dolomite 
breccias, are widely considered to reflect these elevated P/T conditions. Although 
a range of conceptual models have been proposed to explain the genesis of these 
rock textures, the processes that control their spatial and temporal evolution are 
still poorly understood. Through the detailed petrographical and geochemical 
analysis of HTD bodies, hosted in the Middle Cambrian strata in the Western 
Canadian Sedimentary Basin, this study demonstrates that a single genetic model 
cannot be applied to all the characteristics of these rock textures. Instead, a wide 
array of sedimentological, tectonic and metasomatic processes contribute to their 
formation; each of which is spatially and temporally variable at the basin scale. 
Distal to the fluid source, dolomitization is largely stratabound, comprising re-
placement dolomite, bedding-parallel zebra textures and rare dolomite breccias 
(non-stratabound, located only proximal to faults). Dolomitization is increas-
ingly non-stratabound with proximity to the fluid source, comprising bedding-
inclined zebra textures, boxwork textures and dolomite breccias that have been 
affected by recrystallization. Petrographical and geochemical evidence suggests 
that these rock textures were initiated due to dilatational fracturing, brecciation 
and precipitation of saddle dolomite as a cement, but significant recrystalliza-
tion occurred during the later stages of dolomitization. These rock textures are 
closely associated with faults and carbonate-hosted ore deposits (e.g. magnesite, 
rare earth element and Mississippi Valley–type mineralization), thus providing 
invaluable information regarding fluid flux and carbonate metasomatism under 
elevated P/T conditions.
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1   |   INTRODUCTION

Dolomitization refers to the replacement (crystal scale 
dissolution-precipitation sensu Putnis, 2002) of CaCO3 by 
CaMg(CO3)2, expressed as:

Dolomite cementation is different from dolomitization and 
refers to the precipitation of CaMg(CO3)2 directly from an 
aqueous solution (sensu Machel, 2004):

Dolomite recrystallization is a broad term that includes 
both low temperature diagenetic recrystallization (replace-
ment of pre-existing crystals by new, thermodynamically 
stable, crystals of the same mineralogy sensu Machel, 1997) 
and high temperature dynamic recrystallization (by grain 
boundary migration sensu Newman & Mitra, 1994).

Fault-controlled, hydrothermal dolomitization is an 
important metasomatic reaction in the Earth's upper crust 
that involves the replacement of CaCO3 by CaMg(CO3)2, 
mediated by an aqueous solution that is of higher tempera-
ture than the ambient host rock (Davies & Smith, 2006; 
Machel & Lonnee,  2002). The resulting hydrothermal 
dolomite (HTD) bodies are economically significant be-
cause they can form reservoirs for energy exploitation 
and carbon storage, and they commonly host Mississippi 
Valley–type mineralization (Duggan et al., 2001; Paradis & 
Simandl, 2017; Vandeginste et al., 2007). Fault-controlled 
dolomitization is accompanied by multiple phases of ce-
mentation and recrystallization that fingerprint the evolv-
ing fluid composition of a sedimentary basin, alongside 
the timing, depth and temperature that contributed to 
these reactions (Koeshidayatullah et al., 2020; Lonnee & 
Machel,  2006; Martín-Martín et al.,  2015). Certain rock 
textures (e.g. zebra textures, boxwork textures and dolo-
mite breccias) are common in fault-controlled dolomite 
bodies and are often considered to be diagnostic of HTD 
because their presence has been interpreted to be evidence 
of elevated P/T conditions (Boni et al.,  2000; Breislin 
et al.,  2022; Centrella et al.,  2022; Iannace et al.,  2012; 
Kareem et al.,  2019; Nielsen et al.,  1998; Vandeginste 
et al.,  2005). Nevertheless, HTD can form without these 
rock textures (Hendry et al.,  2015; Hirani et al.,  2018; 
Hollis et al., 2017; Rustichelli et al., 2017), and there is still 

controversy regarding the mechanism(s) by which they 
form (Wallace & Hood, 2018, and references therein).

Zebra textures comprise alternating, mm- to cm-scale, 
bands of replacement dolomite (RD) and saddle dolo-
mite (SD) that form symmetrical RD-SD-SD-RD patterns. 
These rock textures are closely associated with boxwork 
textures that are similarly banded but with highly irreg-
ular orientations, as well as dolomite breccias that in-
clude floating clasts of RD that are fully surrounded and 
supported by SD. Earlier works suggested that zebra tex-
tures form through the preferential dissolution of car-
bonate or evaporitic sedimentary rocks, where the dark, 
finely crystalline bands form through replacement of the 
carbonate host rock and the light, coarsely crystalline 
bands are cement-filled cavities (Beales & Hardy,  1980; 
Fontboté & Gorzawski,  1990; Krebs & Macqueen,  1984; 
Morrow,  2014). More recent studies, however, have sug-
gested that fracturing is the dominant process by which 
these cavities are generated (Hiemstra & Goldstein, 2015; 
López-Horgue et al., 2009; Nielsen et al., 1998; Swennen 
et al., 2003; Wallace et al., 1994; Wallace & Hood, 2018), 
with zebra textures reported in a wide range of compres-
sional (Gabellone et al.,  2014; Gasparrini et al.,  2006; 
Iannace et al., 2012; Kareem et al., 2019; Sharp et al., 2010; 
Vandeginste et al.,  2014), strike-slip (Dewit et al.,  2014; 
López-Horgue et al., 2010; Swennen et al., 2012) and ex-
tensional (Boni et al.,  2000; Shelton et al.,  2019; Stacey 
et al., 2021) tectonic settings. A smaller number of studies 
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Highlights

•	 The basin scale distribution and characteristics 
of zebra textures are controlled by sedimento-
logical, tectonic and metasomatic processes.

•	 The product(s) of these mechanisms are spa-
tially and temporally variable based on their 
proximity to the source of the dolomitizing 
fluid.

•	 Zebra textures are initiated as fractures, with 
clear evidence of dilatation and cementation.

•	 These fractures can be reactivated to facilitate 
successive pulses of the dolomitizing fluid.

•	 Successive fluid pulses also contribute to recrys-
tallization, forming increasingly complex rock 
textures.
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have also recognized the importance of recrystallization 
on the formation of these rock textures, at P/T condi-
tions approaching low-grade metamorphism (Centrella 
et al., 2022; Kelka et al., 2015, 2017). The wide range of 
models that have been proposed to explain the genesis 
of zebra textures can be grouped into (i) sedimentologi-
cal models (i.e. influenced by precursor sedimentolog-
ical characteristics), (ii) tectonic models (i.e. formed by 
fracturing) and (iii) metasomatic models (i.e. formed by 
replacement and/or recrystallization). Given the wide dis-
parities between these interpretations, it is unclear what 
exactly these rock textures are ‘diagnostic’ of. In particu-
lar, many of the observations that are used to support a 
given model do not refute the others, which highlights the 
possibility that zebra textures, boxwork textures and do-
lomite breccias may form due to a combination of several 
processes.

The vertically and laterally extensive exposures of 
HTD bodies in the southern Rocky Mountains, hosted 
in the Cathedral Formation and the Eldon Formation 
(Middle Cambrian; Miaolingian Epoch; 509 to 497 Ma) in 
the Western Canadian Sedimentary Basin (WCSB), offer 
an unparalleled natural laboratory to unravel the controls 
on basin scale (tens to hundreds of kilometres in extent), 
fault-controlled fluid flow and the resulting dolomitiza-
tion patterns. Such a basin scale approach is rarely pos-
sible, with many studies focusing on individual outcrops 
and a small number of samples, but with rigorous detail 
at the microscopic scale. By integrating a suite of field, 
petrographical and geochemical data across a carbonate 
platform that was hundreds of kilometres wide, this study 
aims to elucidate the genesis of zebra textures, boxwork 
textures and dolomite breccias in the WCSB. We evaluate 
the sedimentological, tectonic and metasomatic models 
that have been proposed to explain the genesis of these 
rock textures (at the micrometre to centimetre scale), 
while highlighting their spatial and temporal evolution 
relative to the source of the dolomitizing fluid (at the 
meter to kilometre scale).

2   |   GEOLOGICAL SETTING

2.1  |  Tectonic setting

The WCSB includes a southwest-thickening wedge of 
sedimentary rocks, up to ca. 18 km thick, that extend 
from the southwest corner of the Northwest Territories 
to the north-central United States (Figure  1a,b). In 
the southern Rocky Mountains, the WCSB includes 
four unconformity-bounded packages of strata that 
are informally divided based on their tectonic settings. 
The Purcell Supergroup (Mesoproterozoic) records 

deposition in an intracratonic basin, whereas the 
Windermere Supergroup (Neoproterozoic) records the 
rifting of Laurentia. Lower Cambrian (Terreneuvian 
Epoch to Series 2; 541 to 509 Ma) to Triassic strata were 
deposited on what was considered a passive margin 
(Aitken, 1989; Bond & Kominz, 1984; Slind et al., 1994), 
although tectonic activity and heat flow likely remained 
high during the Cambrian (Bond et al., 1985; Johnston 
et al., 2009; Powell et al., 2006). Jurassic to Palaeocene 
strata record the transition to a foreland basin during 
the Columbian and Laramide orogenies.

The modern structure of the southern Rocky 
Mountains is dominated by E-NE verging thrust faults 
that formed during the Antler, Columbian and Laramide 
orogenies (McMechan,  2022; Price,  1981; Root,  2001). 
However, there are several pre-orogenic structural el-
ements in the southern Rocky Mountains, including 
NE–SW trending normal and transtensional faults that 
intersect Middle Cambrian strata (Davies & Smith, 2006; 
Stacey et al.,  2021). The most prominent of these early 
structural features is the Kicking Horse Rim (oriented N-
NW), an elevated paleotopographic feature that formed 
due to the syn-depositional reactivation of deep-rooted 
basement faults and influenced the position of the carbon-
ate platform margin during the Cambrian and Ordovician 
(Aitken, 1971, 1989, 1997; Collom et al., 2009).

2.2  |  Stratigraphy

Middle Cambrian strata in the southern Rocky Mountains 
record a series of northeast-transgressing carbonate-
mudrock cycles that comprise regionally extensive fa-
cies belts (Figure  1c; Aitken,  1989, 1997). These cycles 
include a central carbonate platform-shoal complex 
that grades laterally into proximal slope facies to the 
southwest and intrashelf basin facies to the northeast 
(Figure 1d; Aitken, 1989, 1997; Pratt, 2002). Throughout 
the Middle Cambrian, each of the carbonate platform-
shoal complexes were paleogeographically confined by 
the tectonically active Kicking Horse Rim (Aitken, 1971), 
and the development of each platform terminated due to 
the collapse of its basinward margin, platform drowning 
and burial by siliciclastic sediment (Aitken, 1989; Collom 
et al., 2009; Johnston et al., 2009). Consequently, the fa-
cies at the Kicking Horse Rim locality (51°26′11.5″N, 
116°22′48.5″W) represent a platform margin environ-
ment, whereas those at the Whirlpool Point locality 
(52°00′07.5″N, 116°28′13.5″W) represent a platform inte-
rior environment (Aitken, 1989; Pratt, 2002).

The Cathedral Formation (limestone, stratabound and 
non-stratabound dolomite) overlies the Mount Whyte 
Formation (argillaceous limestone, shale, dolomite) 
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at Whirlpool Point, whereas it overlies the Gog Group 
(quartzite, shale) at the Kicking Horse Rim (Aitken, 1997; 
Koeshidayatullah et al., 2020). The Cathedral Formation is 
up to 610 m thick at its platform margin on Mount Stephen, 
thinning to the northeast (Aitken,  1997). The Cathedral 
Formation is overlain by the Stephen Formation (shale, 
argillaceous limestone), which is 103 m thick at its type 
section on Mount Bosworth (Aitken, 1997). The Stephen 
Formation is overlain by the Eldon Formation (limestone, 
stratabound and non-stratabound dolomite), which is up 
to 488 m thick at its platform margin (Aitken, 1997), and 
the Eldon Formation is overlain by the Pika Formation 
(argillaceous limestone, shale, dolomite). The Cathedral 

Formation outcrops at Whirlpool Point in the Bourgeau 
Thrust and at the Kicking Horse Rim in the Simpson Pass. 
The Eldon Formation outcrops at the Mistaya Canyon 
(51°55′09.5″N, 116°43′23.5″W) and the Num Ti Jah 
(51°39′13.0″N, 116°29′59.0″W) localities in the Pipestone 
Pass (Figure 1b,c).

2.3  |  Spatial and temporal evolution of 
hydrothermal dolomite bodies

Over the past several years, considerable progress has 
been made in the understanding of the spatial and 

F I G U R E  1   (a) Location of the study area in the southern Rocky Mountains (WCSB) showing the major thrust faults and the Cambrian 
platform margin (modified from Stacey et al., 2021; based on Wheeler et al., 1996). (b) Geological map of the study area (modified 
from Stacey et al., 2021; based on the Alberta Geological Survey Interactive Minerals Map: https://ags.aer.ca/publi​catio​n/iam-001). 
(c) Stratigraphy of the southern Rocky Mountains (based on Aitken, 1997). (d) Schematic cross-section of the Middle Cambrian strata in the 
southern Rocky Mountains (modified from Collom et al., 2009).
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temporal evolution of HTD bodies (Benjakul et al., 2020; 
Centrella et al.,  2021; Humphrey et al.,  2022; 
Koeshidayatullah et al., 2021; Yao et al., 2020). Of par-
ticular relevance to the Middle Cambrian strata in the 
WCSB is the recognition that dolomitization is self-
limiting due to the (i) abrupt reduction of the Mg/Ca 
ratio at the dolomitization front and (ii) decreased per-
meability proximal to the source of the dolomitizing 
fluid (Koeshidayatullah et al.,  2020). Dolomitization 
of the Middle Cambrian strata in the WCSB has been 
shown to be hydrothermal in origin; forming in a shal-
low to intermediate burial environment at tempera-
tures that are >150°C (Koeshidayatullah et al.,  2020; 
Stacey et al., 2021). In these systems, the dolomitization 
front ‘retreats’ over time due to the recrystallization of 
earlier paragenetic stages as each successive fluid pulse 
enters the strata. Such recrystallization occludes po-
rosity and results in the core of the HTD body being 
younger than its margins. This phenomenon can be rec-
ognized by the spatial distribution of each paragenetic 
stage in the strata (McCormick et al., 2021), alongside 
a systematic increase in the dolomitization tempera-
ture and δ18Ofluid values towards the core of the HTD 
body (Koeshidayatullah et al., 2020). Recrystallization 
coincides with the shift from zoned, planar-e dolo-
mite (distal to the fluid source) to unzoned, planar-s 
to nonplanar dolomite (proximal to the fluid source). 
Such relationships have been established at the outcrop 
scale (Koeshidayatullah et al., 2020; Koeshidayatullah 
et al., 2021; McCormick et al., 2021; Stacey et al., 2021), 
but whether they hold true at the basin scale is equivo-
cal. Likewise, the relationship between these dolomiti-
zation patterns and the formation of zebra textures, 
boxwork textures and dolomite breccias has not been 
investigated.

3   |   METHODS

Ninety-two representative samples were collected from 
Whirlpool Point (n = 35), Mistaya Canyon (n = 30), 
Num Ti Jah (n = 9) and the Kicking Horse Rim (n = 18). 
Transmitted-light petrography was established on pol-
ished sections that were prepared from samples impreg-
nated with blue-stained epoxy resin. These 30-μm-thick 
sections were stained with alizarin red S and potassium 
ferricyanide (Dickson, 1966), then examined under plane-
polarized light and between crossed-polars using a Nikon 
Eclipse LV100N POL microscope. These sections were 
analysed using a CITL Mk5 cold cathodoluminescence 
(CL) system that is mounted on the microscope (operating 
conditions = 15 to 20 kV, 350 to 450 μA). Dolomite crystal 

textures were described according to the nomenclature of 
Sibley and Gregg (1987).

Five polished sections that include each of the para-
genetic stages were analysed for their major and trace 
element compositions by electron probe micro-analysis 
(EPMA) using a Cameca SX100. To obtain an overview 
of each sample, an initial 2 × 10 mm map was created at a 
stepping-interval of 10 μm. Based on these low-resolution 
elemental maps, 1.536 × 1.536 mm areas of interest were 
mapped at a stepping interval of 3 μm. Ca (Kα; PET) and 
Mg (Kα; TAP) were analysed at 15 kV, 10 nA and a dwell 
time of 100 ms using calcite and magnesite as standards. 
Si (Kα; TAP), Fe (Kα; LLIF) and Mn (Kα; LLIF) were an-
alysed at 15 kV, 200 nA, and a dwell time of 200 ms using 
spessartine, fayalite and tephroite as standards.

These sections were analysed for their rare earth el-
ement (REE) concentrations using a Teledyne Photon 
Machines Analyte Excite+193 nm ArF Excimer laser ab-
lation (LA) system with a HelEx II active 2-volume abla-
tion cell, linked to an Agilent 8900 inductively coupled 
plasma mass spectrometer (ICP-MS). Ablation of NIST 
612 was used to tune the instrument, optimize signal 
intensities and maintain low levels of oxide formation 
(232ThO/232Th <0.25%) and a U/Th ratio that is close to 
unity. NIST 612 was used as the primary reference mate-
rial, whereas the JCp-1 NP reference carbonate (Jochum 
et al., 2019) was treated as a secondary reference. The ac-
curacy of REE measurements on the secondary standard 
was typically within ±20% of the recommended values 
for JCp1-NP. Discrepancy was higher for Eu (ca. 40%), 
which is attributed to uncertainties on reference [Eu] at 
low abundances (ca. 5 ng g−1). Sample analyses were con-
ducted with a spot diameter of 50 μm, fluence of 3 J cm−2 
and repetition rate of 5 Hz. Each analysis lasted 40 s and 
was preceded by 20 s counting time of a gas blank, used 
to correct signal intensities for background contributions. 
Data reduction was conducted using the known [Ca] of 
the reference materials (Jochum et al., 2011, 2019) and the 
samples (measured by EPMA) in Iolite4 (Paton et al., 2011; 
Woodhead et al., 2007). Results are reported with their two 
standard error and detection limit calculated according to 
Howell et al. (2013).

The δ13C and δ18O stable isotopic composition of do-
lomite (n = 101) was analysed at the Scottish Universities 
Environmental Research Centre (SUERC) using an 
Analytical Precision AP2003 mass spectrometer that is 
equipped with a separate acid injector system. To isolate 
each paragenetic stage, samples were micro-drilled (50 μm 
diameter bit) under a binocular microscope. These ca. 
5 mg powders were digested in 105% H3PO4 under a he-
lium atmosphere at 70°C. Measured δ13C and δ18O values 
are reported relative to Vienna PeeDee Belemnite (VPDB) 
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using conventional delta (δ) notation. Analytical repro-
ducibility, based on replicates of the internal standard 
MAB-2, is ±0.2‰ for δ13C and δ18O. MAB-2 has the same 
δ13C and δ18O values as the IAEA-CO-1 international 
standard (−2.5 and 2.4‰ VPDB, respectively).

Carbonate clumped isotope (Δ47) measurements were 
performed at SUERC using a manual extraction line and a 
Thermo Fisher 253 mass spectrometer. Samples were di-
gested for 30 min in >103% H3PO4 at 90°C in an acid bath. 
The produced CO2 was cleaned of contaminants by gas chro-
matography and the intensities of m/z 44 to 48 were recorded 
on the mass spectrometer. The signal at m/z 48 was used to 
screen for contamination following the method described by 
Davies and John  (2017). Data reduction was conducted in 
Easotope (John & Bowen, 2016), using the IUPAC parame-
ters (Brand et al., 2010; Petersen et al., 2019) and the 18O acid 
fractionation of Rosenbaum and Sheppard (1986). The values 
from Bernasconi et al. (2021) for the ETH1 to ETH4 carbon-
ate standards were used to define the empirical transfer func-
tion from the measured Δ47 to the absolute reference frame. 
Analytical uncertainties on Δ47 were calculated as the larger 
of the standard error of sample replicates or the standard 
error of the ETH standards. Crystallization temperatures 
were calculated from Δ47 based on Anderson et al. (2021) and 
used to calculate δ18Ofluid according to Horita (2014).

An additional eight polished sections were prepared 
using super glue so that the samples were not heated 
during their preparation. Following the criteria described 
by Goldstein and Reynolds (1994), petrographical analyses 
were conducted to identify primary fluid inclusion assem-
blages in each paragenetic stage. Fluid inclusion micro-
thermometry was conducted using a Linkam THMS600 
heating and freezing stage that is mounted on an Olympus 
BX53 microscope. The stage temperature was calibrated 
using synthetic fluid inclusions, according to the triple 
points of CO2 (−56.6°C) and H2O (0°C), and the criti-
cal point of H2O (373.9°C). Measurement accuracy and 
precision are ±0.5°C at temperatures >100°C. For the 
smallest inclusions, where phase changes were difficult 
to observe, the homogenization temperature was brack-
eted using the temperature cycling approach of Goldstein 
and Reynolds  (1994). The microthermometric data were 
interpreted quantitatively based on Steele-MacInnis 
et al. (2012).

4   |   FIELD AND PETROGRAPHICAL  
OBSERVATIONS

4.1  |  Field observations

At Whirlpool Point (Figure  2a–c), the lower part of the 
Cathedral Formation includes (i) thinly bedded (2 to 

12 cm), microbial-peloid boundstone and (ii) bioturbated, 
ooid-peloid mudstone and wackestone (Figure 2d,e). The 
outcrop is intersected by a fault with a normal offset of 
30 cm (Figure  2b). The HTD body is stratabound at its 
margins (distal to the fault) and non-stratabound at its 
core (proximal to the fault). The HTD body extends lat-
erally for 85 m in the hangingwall, where it has a sharp, 
bedding-parallel contact with limestone. The HTD 
body extends for >140 m in the footwall. Zebra textures 
(Figure 2f,g) are present up to 70 m from the fault in the 
hangingwall and up to 120 m in the footwall. Zebra tex-
tures are bedding-parallel in the microbial boundstone 
facies and bedding-inclined in the bioturbated mudstone 
facies. There is a marked shift whereby the angle of the 
zebra textures (relative to bedding) increases towards 
the fault. Dolomite breccias (Figure 2h,i) are present up 
to 25 m from the fault in the hangingwall and up to 5 m 
in the footwall. These breccias comprise floating clasts of 
RD, with highly irregular margins, that are surrounded 
and apparently suspended in SD. The RD clasts in these 
breccias include numerous dilatational fractures that are 
occluded by SD. Based on visual estimates, SD comprises 
10% to 30% of the rock volume in zebra textures, whereas 
it can be up to 60% in dolomite breccias (Figure 2a–c). The 
bedding-surfaces immediately overlying and adjacent to 
these rock textures are highly deformed (Figure 2c,h).

At Mistaya Canyon and Num Ti Jah (Figure  3a–d), 
the Eldon Formation comprises bioturbated ooid-peloid 
mudstone. Horizontal burrows are common, but the bio-
turbation intensity of each unit varies significantly. At 
Mistaya Canyon, a fracture corridor (8 to 12 m wide) in-
tersects the outcrop to the southwest of the road, where 
the strata are highly eroded. The HTD body is stratabound 
distal to the fracture corridor and non-stratabound proxi-
mal to the fracture corridor. To the northeast of the road, 
the HTD body is >10 m thick and extends for >300 m as 
the contacts with limestone are inaccessible. The strata 
comprise alternating units of RD and SD that either lack 
zebra textures, or include numerous bedding-inclined 
zebra textures, respectively (Figure 3a,b). Individual zebra 
textures have a strikingly constant inclination, but their 
angles range from 5° to 35° (relative to bedding) within a 
given locality. At the north end of the outcrop, the strata 
comprise RD with rare occurrences of SD that are local-
ized in burrows (Figure 3e,f). A striking feature at Mistaya 
Canyon is the development of two scales of periodicity, 
namely the centimetre-scale zebra textures and the deci-
metre- to meter-scale stratabound alternation of clusters 
of zebra textures (Figure 3b,g). Boxwork textures, with ir-
regular orientations, are located only proximal to the frac-
ture corridor (Figure 3h). At Num Ti Jah, there is no clear 
evidence of faults that intersect the strata, but there are 
numerous fractures and zebra textures. Boxwork textures 
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are located proximal to the contact between the Eldon 
Formation and the overlying Pika Formation. The quan-
tity of SD also increases towards the contact with the Pika 
Formation, locally exceeding 60% of the rock volume, yet 
there is minimal evidence of dilatation of the overlying 
strata (Figure 3c,d).

At the Kicking Horse Rim (Figure 4a), the upper parts 
of the Cathedral Formation include (ii) bioturbated, ooid-
peloid mudstone and wackestone and (iii) thickly bedded 
(>10 cm), ooid-pisoid-intraclast wackestone and float-
stone. There are several faults, 6 to 8 m in length, with 
normal offsets of 20 to 80 cm, and numerous fractures dis-
tributed throughout the outcrop (Figure 4a). The faults do 

not propagate through the shale that is interbedded with 
limestone in the upper 28 m of the Cathedral Formation. 
Below this shale and limestone, the strata comprise beige, 
non-stratabound dolomite bodies (sub-vertical to bedding) 
and grey stratabound dolomite that is present throughout 
the remainder of the succession. The grey dolomite is sim-
ilar to the strata described within the platform interior, 
comprising alternating units of RD and SD with zebra tex-
tures that are poorly developed (Figure  4b,c). The beige 
dolomite comprises units of structureless SD with regions 
that include numerous bedding-inclined zebra textures 
(Figure 4d,e). These zebra textures include a faint relict of 
the original RD, which has highly irregular margins. The 

F I G U R E  2   Field photographs of the HTD at Whirlpool Point showing the (a) footwall that includes bedding-parallel zebra textures, 
(b) fault with a normal offset and associated negative flower structure and (c) hangingwall that includes dolomite breccias and bedding-
inclined zebra textures. Photographs showing the precursor lithologies, including (d) microbial boundstone and (e) bioturbated peloidal 
mudstone. Photographs showing the rock textures, including (f,g) Bedding-parallel zebra textures and (h,i) dolomite breccias. RD, 
replacement dolomite; SD, saddle dolomite.
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zebra textures at the Kicking Horse Rim also include two 
scales of periodicity, similar to that described at Mistaya 
Canyon and Num Ti Jah, but there is only a faint relict of 
the bedding planes that constrain the zebra textures into 
stratabound sets (Figure 4d). The most striking feature of 
the succession at the Kicking Horse Rim is that SD com-
monly exceeds 80% of the rock volume, yet the bedding-
surfaces are largely undisturbed and there is minimal 
evidence of dilatation of the strata (Figure 4a).

4.2  |  Petrographical observations

At Whirlpool Point, dolomite breccias are located only 
proximal to faults, transitioning laterally into zebra 

textures (Table 1). Zebra textures comprise a series of rock 
discontinuities, where the grey RD is separated by sym-
metrical bands of white SD. Adjacent RD bands are nega-
tive images of one another and would fit together if the SD 
bands were removed (Figure 5a,b). These zebra textures 
are also associated with smaller, mm-scale, en-echelon 
fractures that are present throughout the RD matrix 
(Figure 5a). SD crystals are elongate, oriented perpendic-
ular to the zebra textures and meet at a central junction 
with well-preserved crystal terminations into open pore 
space. At Whirlpool Point, the zebra textures are typically 
bedding-parallel, whereas they are bedding-inclined at 
Mistaya Canyon and Num Ti Jah (Figure 5c,d). Proximal 
to the contact between the Eldon Formation and the Pika 
Formation, the RD bands have a beige discoloration, 

F I G U R E  3   (a,b) Field photograph of the HTD at Mistaya Canyon showing the progressive shift from (c) precursor bioturbated mudstone, to 
(d) nascent zebra textures, to (e) bedding-inclined zebra textures, to (f) boxwork textures. Note that the zebra textures are (i) inclined to bedding, 
and they (ii) comprise stratabound sets that are constrained to individual beds. (iii) Large vugs, >1.0 cm in diameter, are present throughout the 
most highly altered units in the exposure. (g,h) Field photograph of the HTD at Num Ti Jah. Note the increase in the abundance of SD proximal 
to the contact between the Eldon Formation and the Pika Formation. RD, replacement dolomite; SD, saddle dolomite.
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and they would not fit together if the SD bands were re-
moved (Figure  5e). This discoloration is widespread at 
the Kicking Horse Rim, where the zebra textures are not 
aligned with bedding (Figure 5f–i). At the Kicking Horse 
Rim, the contacts between RD and SD are less distinct, 
interfingering at the mm-scale, and there is no porosity 
present between adjacent SD bands (Figure 5g,h).

At Whirlpool Point, the strata include limestone, 
two phases of RD and three phases of SD (Table  1). 
RD1 comprises finely crystalline (20 to 150 μm) pla-
nar-e dolomite with dull-purple luminescent cores and 
dull-red luminescent rims, whereas RD2 comprises 
medium-crystalline (100 to 400 μm) planar-s dolomite 
with dull-red luminescent cores and dull- to medium-
red luminescent rims (Figure  6a). RD1 includes clay 
minerals, detrital quartz and organic matter that are rare 

in RD2. RD2 is unzoned proximal to the fault. SD1 (250 
to 4500 μm) comprises unzoned, dull- to medium-red 
luminescent, non-planar dolomite that form a syntaxial 
layer nucleated on RD2. The crystals in SD1 gradually 
becoming coarser towards the center of the zebra texture 
(Figure 6b). SD2 comprises nonplanar dolomite, with a 
characteristic dull- to bright- red and orange oscillatory 
zonation, that form rims (250 to 1250 μm thick) nucle-
ated on SD1 crystals (Figure 6c). There are no clay min-
erals or quartz in SD1 or SD2.

At Mistaya Canyon and Num Ti Jah, the petro-
graphical phases are analogous to those described at 
Whirlpool Point, but limestone is absent (Table  1). 
Stylolites are common and, in many cases, form the 
boundary between RD1 and RD2. Microfractures, with 
apertures that are <100 μm, are oriented perpendicular 

F I G U R E  4   (a) Field photograph of the HTD at the Kicking Horse Rim, where zebra textures are present in both the light grey and tan 
regions of the exposure. (b,c) Nascent zebra textures showing their nucleation and progressive shift into (d,e) highly recrystallized zebra 
textures and structureless SD. Note that these rock textures are (i) inclined to bedding, and they (ii) comprise stratabound sets that are 
constrained to individual beds. (iii) Small vugs, <1.0 cm in diameter, are present throughout the most highly altered units in the exposure. 
RD, replacement dolomite; SD, saddle dolomite.
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F I G U R E  5   Hand sample photographs showing the petrographical characteristics of the zebra textures in (a,b) the Cathedral Formation 
at Whirlpool Point, (c–e) the Eldon Formation at Mistaya Canyon and Num Ti Jah and (f–i) the Cathedral Formation at the Kicking Horse 
Rim. Note that the zebra textures are symmetrical, with opposing walls that are negative images of one another at Whirlpool Point (platform 
interior), whereas the zebra textures have irregular margins, interfingering at the mm-scale, at the Kicking Horse Rim (platform margin). 
RD, replacement dolomite; SD, saddle dolomite.
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to these stylolites (Figure 6d). The CL characteristics of 
RD2 and SD1 are homogenous, but these phases can be 
differentiated in transmitted light due to the contrast 
in the abundance of clay minerals and detrital quartz 
across this contact (Figure 6e). Relative to the Cathedral 
Formation, SD2 is less abundant in the Eldon Formation 
and has notably duller CL characteristics (Figure  6f). 
At the Kicking Horse Rim, RD1 is not present and RD2 
comprises medium-crystalline, nonplanar dolomite 
with a dull- to moderate-red luminescence (Table  1; 
Figure  6g). Proximal to the zebra textures, RD2 has a 
bright-red luminescence, with highly irregular margins 
and local crystal size reduction along the contact be-
tween RD2 and SD1 (Figure 6h). At the Kicking Horse 
Rim, RD2 has textural characteristics (unzoned, irregu-
lar margins) that are similar to RD2 in locations that are 
proximal to faults at Whirlpool Point. SD2 is also signifi-
cantly more abundant at the Kicking Horse Rim than at 

Whirlpool Point, and its CL characteristics are notably 
brighter (Figure 6i).

5   |   GEOCHEMICAL RESULTS

5.1  |  Major and trace element analyses

Selected results from EPMA are summarized in Table 2. 
RD1, RD2 and SD1 comprise near-stoichiometric dolo-
mite, with %Ca (molar Ca/[Ca + Mg]) values that range 
from 47.8% to 51.4%. %Ca values in SD2 (47.2% to 51.6%) 
have a wider range than these earlier paragenetic stages. 
In the platform interior, %Ca values are relatively con-
stant at Whirlpool Point (49.8% to 50.5%), Mistaya Canyon 
(50.9% to 51.6%) and Num Ti Jah (49.6% to 50.1%) but then 
significantly decrease towards the platform margin at the 
Kicking Horse Rim (47.2% to 48.2%). Due to the presence 

F I G U R E  6   Cathodoluminescence (CL; left) and transmitted light (TL; right) photomicrographs showing the different phases of 
dolomite that are present in (a–c) the Cathedral Formation at Whirlpool Point, (d–f) the Eldon Formation at Mistaya Canyon and Num 
Ti Jah and (g–i) the Cathedral Formation at the Kicking Horse Rim. Note that RD1 is not present at the Kicking Horse Rim and that SD2 
increases in abundance from Whirlpool Point to the Kicking Horse Rim. RD, replacement dolomite; SD, saddle dolomite.
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of detrital quartz between the dolomite crystals, [Si] is 
markedly higher in the RD relative to the SD, but the [Si] 
within the dolomite crystals is typically <100 ppm and, 
thus, below the resolution required to systematically in-
vestigate these trends (Table 2).

Visualization of μm-scale geochemical variations is fa-
cilitated by high [Fe], which covaries linearly with [Mn] 
(correlation coefficient >.95; Table  2). The [Fe] and [Mn] 
are notably higher in the Cathedral Formation (Figure 7a,d) 
relative to the Eldon Formation (Figure 7b,c), and there is 
an increasing trend from Whirlpool Point ([Fe] = 2407 to 
12,130 ppm, [Mn] = 183 to 1190 ppm) to the Kicking Horse 
Rim ([Fe] = 6890 to 14,300 ppm, [Mn] = 1140 to 2180 ppm). 
In the platform interior, these trace element concentrations 
are highly differentiated and SD2 has a marked enrichment 
of Fe and Mn relative to RD1, RD2 and SD1 (Figure 7a–c). 
In contrast, Fe and Mn are much more homogenous at the 
platform margin (Figure 7d). Based on its CL characteris-
tics (oscillatory zoned, dull- to bright- red), the final parage-
netic stage at the Kicking Horse Rim was assigned to SD2, 
but this phase has an enigmatic decrease in [Fe] and [Mn] 
that it is accompanied by an increase in [Mg] (Table  2). 
Therefore, it should be noted that magnesite has been re-
ported in the vicinity of the Kicking Horse Rim (Paradis & 
Simandl, 2017; Powell et al., 2006; Vandeginste et al., 2007).

5.2  |  Rare earth element analyses

Rare earth element and yttrium (REE + Y) concentrations 
are shown in Figure  8, with the light (∑LREE), middle 
(∑MREE) and heavy (∑HREE) REE values summarized 
in Table  2. At Whirlpool Point, limestone has consistent 
∑LREE (0.063 ppm), ∑MREE (0.076 ppm) and ∑HREE 
(0.069 ppm). RD1 has a similar REE profile as limestone, 
but with enriched ∑LREE (0.11 ppm), ∑MREE (0.19 ppm) 
and ∑HREE (0.11 ppm). RD2 and SD1 have different REE 
profiles than limestone, with characteristic ∑MREE en-
richment relative to their ∑LREE. This shift is distinct in 
SD2, which has enriched ∑MREE (0.46 ppm) and ∑HREE 
(0.23 ppm) relative to its ∑LREE (0.049 ppm). Such depleted 
∑LREE are also characteristic of SD2 at Mistaya Canyon, 
Num Ti Jah and the Kicking Horse Rim. Overall, the [REE] 
are higher in the Cathedral Formation relative to the Eldon 
Formation. RD1, RD2 and SD1 are also less differentiated 
at Mistaya Canyon and Num Ti Jah, plotting in a tight clus-
ter (Figure 8b,c). At the Kicking Horse Rim, RD2 and SD2 
have similar [REE] as their respective paragenetic stages 
at Whirlpool Point. Conversely, SD2 is markedly enriched 
in ∑LREE (0.17 ppm), ∑MREE (0.91 ppm) and ∑HREE 
(0.35 ppm) at the Kicking Horse Rim (Figure 8d).

Calculated Ce anomalies (Ce/Ce* = [Ce]/[0.5La + 0.5Pr]),  
Pr anomalies (Pr/Pr* = [Pr]/[0.5Ce + 0.5Nd]) and Eu anomalies  

(Eu/Eu* = Eu/[0.67Sm + 0.33Tb]) are shown in Table  2. 
Values >1.0 are deemed positive, whereas values <1.0 are 
considered negative anomalies. At Whirlpool Point, lime-
stone has a prominent negative Ce/Ce* (0.80) and a positive 
Pr/Pr* (1.1). With each later paragenetic stage (e.g. RD1, 
RD2, SD1), the Ce/Ce* systematically increases and the Pr/
Pr* decreases (Figure 8e; Table 2). At Mistaya Canyon and 
Num Ti Jah, the Ce/Ce* and the Pr/Pr* of RD1, RD2 and 
SD1 plot in a narrow range that is close to 1.0 (Figure 8e; 
Table  2). Conversely, RD2 and SD1 have positive Ce/Ce* 
(1.1) and negative Pr/Pr* (0.95) at the Kicking Horse Rim 
(Figure 8e). At each locality, SD2 plots separately from these 
earlier paragenetic stages, with negative Ce/Ce* and Pr/
Pr* (Figure 8e; Table 2). Such a relationship is also evident 
when the Eu/Eu* is plotted against ΣMREE/ΣLREE, where 
the values for SD2 are markedly higher than RD1, RD2 and 
SD1 (Figure 8f; Table 2).

5.3  |  Stable and clumped isotope analyses

Mean carbon and oxygen stable isotope ratios (δ13CVPDB, 
δ18OVPBD) and their standard deviations are plotted in 
Figure  9a, with values shown in Table  2. At Whirlpool 
Point, mean δ13C and δ18O in limestone are −0.7‰ 
and − 11.5‰, respectively. Relative to limestone, each 
of the later paragenetic stages at Whirlpool Point are in-
creasingly more depleted in δ13C and δ18O (RD1 = −0.6‰, 
−11.7‰; RD2 = −0.7‰, −12.5‰; SD1 = −0.7‰, −13.1‰; 
SD2 = –0.8‰, −14.1‰). Relative to Whirlpool Point, the 
mean δ13C and δ18O of the dolomite at Mistaya Canyon 
and Num Ti Jah are more depleted (−0.9 to −1.1‰, −14.2 
to −15.8‰), and this trend continues towards the Kicking 
Horse Rim, where the mean δ13C and δ18O of the dolomite 
are the most depleted in the study area (−1.0 to −1.3‰, 
−17.0 to −19.8‰).

Clumped isotope (Δ47) values are shown in Table  2, 
with their respective crystallization temperatures 
(TΔ47; calculated from Anderson et al.,  2021) plotted in 
Figure 9b. At Whirlpool Point, Δ47 values range from 0.362 
to 0.371‰, which corresponds to TΔ47 of 150 to 159°C. At 
each locality, paragenetic variations are typically within 
the error margin of each adjacent phase (Figure 9b). Δ47 
values decrease at Mistaya Canyon and Num Ti Jah (0.322 
to 0.343‰), which corresponds to TΔ47 of 180 to 207°C. 
This trend continues towards the Kicking Horse Rim, 
where the Δ47 values are 0.258 to 0.274‰ and the TΔ47 are 
294 to 336°C. Based on these δ18O and TΔ47 values, δ18O-
fluid was calculated according to Horita (2014) and shown 
in Table 2 (reported in SMOW). δ18Ofluid values increase 
from Whirlpool Point (2.8 to 4.6‰), to Mistaya Canyon 
and Num Ti Jah (2.9 to 5.4‰), to the Kicking Horse Rim 
(4.5 to 7.0‰).
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5.4  |  Fluid inclusion analyses

Fluid inclusions in RD1 and RD2 are sparse, diminu-
tive (2 to 6 μm in diameter), and assemblages were not 
observed. Thus, several isolated inclusions hosted in the 
same crystal were analysed to test for consistency. The 
inclusions in SD1 and SD2 are 4 to 12 μm in diameter and 
form primary assemblages within individual crystal-
lographic growth zones. The inclusions analysed were 
two-phase, liquid+vapour inclusions (ca. 80% liquid, ca. 
20% vapour by volume). RD1, RD2 and SD1 also host 

numerous dark inclusions that appear to contain only 
a single-phase fluid at room temperature. Conversely, 
SD2 is limpid and lacks single-phase inclusions. Fluid 
inclusion homogenization temperatures (Th) are plot-
ted in Figure 9c, with the values shown in Table 2. Th 
values range from 138 to 151°C at Whirlpool Point, 164 
to 179°C at Mistaya Canyon and Num Ti Jah, and 182 
to 192°C at the Kicking Horse Rim. Melting tempera-
ture (Tm) measurements of the fluid inclusions were at-
tempted, but the inclusions could not be frozen during 
these analyses, even after cooling down to −175°C.

T A B L E  2   Selected major, trace and rare earth element concentrations, as well as the results from stable and clumped isotope, and fluid  
inclusion analyses on the Cathedral Formation and the Eldon Formation (Middle Cambrian, WCSB).

Locality Phase
Ca  
(wt%)

Mg 
(wt%)

Si 
(wt%)

Fe 
(ppm)

Mn 
(ppm)

∑LREE 
(ppm)

∑MREE  
(ppm)

∑HREE  
(ppm) Ce/Ce* Pr/Pr* Eu/Eu*

δ13C  
(‰, VPDB)

δ18O  
(‰, VPDB)

Δ47  
(‰; CDES)

TΔ47  
(°C)

δ18Ofluid  
(‰, SMOW)

Th  
(°C)

Whirlpool Point 
(Cathedral 
Formation)

Lst. Mean – – – – – 0.063 0.076 0.069 0.796 1.111 1.165 −0.68 −11.48 – – – –
Std. dev. – – – – – 0.006 0.007 0.010 0.015 0.020 0.034 0.03 0.49 – – – –

RD1 Mean 20.82 12.52 1.62a 2407 183 0.111 0.186 0.109 0.852 1.070 1.223 −0.59 −11.73 0.3711 150 4.6 138
Std. dev. 2.23 1.78 5.01a 2098 213 0.045 0.175 0.051 0.099 0.068 0.073 0.15 0.47 0.0101 10.2 – 5.6

RD2 Mean 21.10 12.91 0.94a 4907 340 0.122 0.294 0.132 0.885 1.033 1.271 −0.70 −12.49 0.3628 158 4.5 139
Std. dev. 2.20 1.74 3.65a 3650 218 0.059 0.144 0.078 0.127 0.045 0.492 0.19 0.96 0.0023 12.3 – 5.0

SD1 Mean 21.13 12.92 0.01 2740 335 0.055 0.137 0.090 0.995 1.013 1.285 −0.73 −13.14 0.3619 159 3.9 141
Std. dev. 2.21 1.75 0.49 1505 160 0.038 0.152 0.059 0.062 0.060 0.216 0.11 0.44 0.0160 10.0 – 5.7

SD2 Mean 20.45 12.14 0.02 12,130 1190 0.049 0.462 0.232 0.818 0.916 1.547 −0.78 −14.12 0.3638 157 2.8 151
Std. dev. 2.26 1.82 0.09 2030 660 0.034 0.183 0.111 0.131 0.073 0.469 0.05 0.86 0.0174 13.1 – 4.8

Mistaya Canyon 
(Eldon 
Formation)

RD1 Mean 22.21 12.75 0.22a 1010 164 0.057 0.088 0.047 0.984 1.040 1.250 −0.91 −14.25 0.3434 180 4.3 167
Std. dev. 2.21 1.36 1.31a 701 112 0.004 0.008 0.002 0.048 0.047 0.174 0.24 1.12 0.0233 16.9 – 4.2

RD2 Mean 22.13 12.85 0.13a 1290 215 0.066 0.103 0.055 0.994 1.051 1.203 −1.03 −15.13 0.3242 204 4.9 176
Std. dev. 2.33 1.44 1.19a 740 229 0.007 0.012 0.003 0.063 0.061 0.226 0.20 0.92 0.0306 26.7 – 5.4

SD1 Mean 22.15 12.94 0.01 1190 198 0.031 0.047 0.025 0.955 1.001 1.496 −1.03 −15.51 0.3359 189 3.6 164
Std. dev. 2.08 1.32 0.11 850 213 0.008 0.016 0.006 0.066 0.042 0.248 0.28 1.13 0.0222 17.1 – 6.0

SD2 Mean 20.91 11.90 0.01 8880 1135 0.066 0.490 0.129 0.908 0.861 1.645 −1.06 −15.84 0.3402 183 2.9 175
Std. dev. 3.89 2.36 0.19 2280 510 0.021 0.202 0.058 0.548 0.104 0.566 0.12 1.44 0.0086 10.2 – 6.3

Num Ti Jah  
(Eldon 
Formation)

RD1 Mean 22.68 13.71 0.15a 984 176 0.019 0.036 0.031 0.931 0.958 1.241 −0.93 −14.82 0.3225 207 5.4 179
Std. dev. 2.33 1.63 1.02a 721 156 0.002 0.005 0.005 0.030 0.092 0.303 0.07 0.48 0.0234 20.3 – 4.9

RD2 Mean 22.49 13.79 0.10a 1280 213 0.021 0.038 0.033 0.928 0.945 1.246 −0.97 −15.36 0.3283 199 4.4 177
Std. dev. 2.29 1.41 0.98a 1180 197 0.003 0.007 0.007 0.042 0.113 0.430 0.07 0.57 0.0139 11.6 – 4.5

SD1 Mean 22.61 13.93 0.01 1030 172 0.017 0.032 0.028 0.969 0.981 1.176 −0.99 −15.45 0.3346 190 3.8 164
Std. dev. 2.87 1.92 0.12 910 168 0.002 0.008 0.007 0.077 0.105 0.460 0.10 0.72 0.0131 11.0 – 6.1

SD2 Mean 21.69 13.20 0.01 5525 789 0.028 0.169 0.098 0.883 0.919 1.592 −0.95 −15.53 0.3382 186 3.4 177
Std. dev. 4.28 2.89 0.14 3205 355 0.011 0.091 0.060 0.102 0.109 0.741 0.10 0.99 0.0095 10.6 – 5.4

Kicking Horse Rim  
(Cathedral 
Formation)

RD2 Mean 21.50 13.99 0.46a 11,875 1935 0.112 0.177 0.128 1.066 0.935 1.193 −0.97 −17.05 0.2742 294 7.0 182
Std. dev. 2.58 1.35 2.31a 5735 885 0.036 0.085 0.060 0.045 0.038 0.179 0.31 1.64 0.0163 27.6 – 4.7

SD1 Mean 21.66 14.37 0.01 14,300 2180 0.065 0.109 0.082 1.063 0.947 1.146 −1.08 −19.17 0.2582 336 6.2 186
Std. dev. 2.31 1.74 0.13 3900 810 0.018 0.045 0.027 0.047 0.060 0.244 0.30 0.82 0.0106 25.5 – 6.8

SD2 Mean 21.69 14.69 0.01 6890 1140 0.171 0.905 0.347 0.879 0.954 1.626 −1.26 −19.83 0.2714 301 4.5 192
Std. dev. 2.39 1.81 0.16 2580 450 0.120 0.899 0.324 0.138 0.179 0.718 0.05 0.32 0.0078 26.3 – 6.2

Note: TΔ47 values were calculated from Anderson et al. (2021), whereas δ18Ofluid values were calculated from Horita (2014).
aNote that the high [Si] in RD1 and RD2 are influenced by detrital quartz grains that are present between dolomite crystals.
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6   |   INTERPRETATIONS

6.1  |  Timing and depth of dolomitization

The HTD bodies that are hosted in the Cathedral 
Formation and the Eldon Formation have been vari-
ously interpreted to have formed in both compressional 
and extensional tectonic settings. Symons et al. (1998) 
suggested that dolomitization occurred during the 
Laramide Orogeny (Cretaceous to Palaeocene), whereas 
Vandeginste et al.  (2005) suggested that it occurred 

during the Antler Orogeny (Devonian to Mississippian). 
Absolute age dating of dolomite, however, has not yet 
been consistently achieved. Vandeginste et al.  (2005), 
for example, used K-Ar dating on a muscovite phase 
that post-dates the dolomite to suggest that dolomiti-
zation occurred prior to 338 Ma. Conversely, Stacey 
et al.  (2021) interpreted that dolomitization to have 
occurred soon after deposition, at shallow depths, 
because RD is crosscut by low-amplitude, bedding-
parallel stylolites (Figure  10a,b). This suggests that 
dolomitization occurred under extensional tectonic 

T A B L E  2   Selected major, trace and rare earth element concentrations, as well as the results from stable and clumped isotope, and fluid  
inclusion analyses on the Cathedral Formation and the Eldon Formation (Middle Cambrian, WCSB).

Locality Phase
Ca  
(wt%)

Mg 
(wt%)

Si 
(wt%)

Fe 
(ppm)

Mn 
(ppm)

∑LREE 
(ppm)

∑MREE  
(ppm)

∑HREE  
(ppm) Ce/Ce* Pr/Pr* Eu/Eu*

δ13C  
(‰, VPDB)

δ18O  
(‰, VPDB)

Δ47  
(‰; CDES)

TΔ47  
(°C)

δ18Ofluid  
(‰, SMOW)

Th  
(°C)

Whirlpool Point 
(Cathedral 
Formation)

Lst. Mean – – – – – 0.063 0.076 0.069 0.796 1.111 1.165 −0.68 −11.48 – – – –
Std. dev. – – – – – 0.006 0.007 0.010 0.015 0.020 0.034 0.03 0.49 – – – –

RD1 Mean 20.82 12.52 1.62a 2407 183 0.111 0.186 0.109 0.852 1.070 1.223 −0.59 −11.73 0.3711 150 4.6 138
Std. dev. 2.23 1.78 5.01a 2098 213 0.045 0.175 0.051 0.099 0.068 0.073 0.15 0.47 0.0101 10.2 – 5.6

RD2 Mean 21.10 12.91 0.94a 4907 340 0.122 0.294 0.132 0.885 1.033 1.271 −0.70 −12.49 0.3628 158 4.5 139
Std. dev. 2.20 1.74 3.65a 3650 218 0.059 0.144 0.078 0.127 0.045 0.492 0.19 0.96 0.0023 12.3 – 5.0

SD1 Mean 21.13 12.92 0.01 2740 335 0.055 0.137 0.090 0.995 1.013 1.285 −0.73 −13.14 0.3619 159 3.9 141
Std. dev. 2.21 1.75 0.49 1505 160 0.038 0.152 0.059 0.062 0.060 0.216 0.11 0.44 0.0160 10.0 – 5.7

SD2 Mean 20.45 12.14 0.02 12,130 1190 0.049 0.462 0.232 0.818 0.916 1.547 −0.78 −14.12 0.3638 157 2.8 151
Std. dev. 2.26 1.82 0.09 2030 660 0.034 0.183 0.111 0.131 0.073 0.469 0.05 0.86 0.0174 13.1 – 4.8

Mistaya Canyon 
(Eldon 
Formation)

RD1 Mean 22.21 12.75 0.22a 1010 164 0.057 0.088 0.047 0.984 1.040 1.250 −0.91 −14.25 0.3434 180 4.3 167
Std. dev. 2.21 1.36 1.31a 701 112 0.004 0.008 0.002 0.048 0.047 0.174 0.24 1.12 0.0233 16.9 – 4.2

RD2 Mean 22.13 12.85 0.13a 1290 215 0.066 0.103 0.055 0.994 1.051 1.203 −1.03 −15.13 0.3242 204 4.9 176
Std. dev. 2.33 1.44 1.19a 740 229 0.007 0.012 0.003 0.063 0.061 0.226 0.20 0.92 0.0306 26.7 – 5.4

SD1 Mean 22.15 12.94 0.01 1190 198 0.031 0.047 0.025 0.955 1.001 1.496 −1.03 −15.51 0.3359 189 3.6 164
Std. dev. 2.08 1.32 0.11 850 213 0.008 0.016 0.006 0.066 0.042 0.248 0.28 1.13 0.0222 17.1 – 6.0

SD2 Mean 20.91 11.90 0.01 8880 1135 0.066 0.490 0.129 0.908 0.861 1.645 −1.06 −15.84 0.3402 183 2.9 175
Std. dev. 3.89 2.36 0.19 2280 510 0.021 0.202 0.058 0.548 0.104 0.566 0.12 1.44 0.0086 10.2 – 6.3

Num Ti Jah  
(Eldon 
Formation)

RD1 Mean 22.68 13.71 0.15a 984 176 0.019 0.036 0.031 0.931 0.958 1.241 −0.93 −14.82 0.3225 207 5.4 179
Std. dev. 2.33 1.63 1.02a 721 156 0.002 0.005 0.005 0.030 0.092 0.303 0.07 0.48 0.0234 20.3 – 4.9

RD2 Mean 22.49 13.79 0.10a 1280 213 0.021 0.038 0.033 0.928 0.945 1.246 −0.97 −15.36 0.3283 199 4.4 177
Std. dev. 2.29 1.41 0.98a 1180 197 0.003 0.007 0.007 0.042 0.113 0.430 0.07 0.57 0.0139 11.6 – 4.5

SD1 Mean 22.61 13.93 0.01 1030 172 0.017 0.032 0.028 0.969 0.981 1.176 −0.99 −15.45 0.3346 190 3.8 164
Std. dev. 2.87 1.92 0.12 910 168 0.002 0.008 0.007 0.077 0.105 0.460 0.10 0.72 0.0131 11.0 – 6.1

SD2 Mean 21.69 13.20 0.01 5525 789 0.028 0.169 0.098 0.883 0.919 1.592 −0.95 −15.53 0.3382 186 3.4 177
Std. dev. 4.28 2.89 0.14 3205 355 0.011 0.091 0.060 0.102 0.109 0.741 0.10 0.99 0.0095 10.6 – 5.4

Kicking Horse Rim  
(Cathedral 
Formation)

RD2 Mean 21.50 13.99 0.46a 11,875 1935 0.112 0.177 0.128 1.066 0.935 1.193 −0.97 −17.05 0.2742 294 7.0 182
Std. dev. 2.58 1.35 2.31a 5735 885 0.036 0.085 0.060 0.045 0.038 0.179 0.31 1.64 0.0163 27.6 – 4.7

SD1 Mean 21.66 14.37 0.01 14,300 2180 0.065 0.109 0.082 1.063 0.947 1.146 −1.08 −19.17 0.2582 336 6.2 186
Std. dev. 2.31 1.74 0.13 3900 810 0.018 0.045 0.027 0.047 0.060 0.244 0.30 0.82 0.0106 25.5 – 6.8

SD2 Mean 21.69 14.69 0.01 6890 1140 0.171 0.905 0.347 0.879 0.954 1.626 −1.26 −19.83 0.2714 301 4.5 192
Std. dev. 2.39 1.81 0.16 2580 450 0.120 0.899 0.324 0.138 0.179 0.718 0.05 0.32 0.0078 26.3 – 6.2

Note: TΔ47 values were calculated from Anderson et al. (2021), whereas δ18Ofluid values were calculated from Horita (2014).
aNote that the high [Si] in RD1 and RD2 are influenced by detrital quartz grains that are present between dolomite crystals.
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conditions (late syn-rift to early post-rift) during the 
middle to late Cambrian (Koeshidayatullah et al., 2020; 
Stacey et al.,  2021). Further support for this model is 
provided by identification of a dolomitized megabreccia 
in the basinal equivalent of the Cathedral Formation, 
which would indicate dolomitization prior to and dur-
ing the deposition of the Stephen Formation (Collom 
et al., 2009; Johnston et al., 2009; Powell et al., 2006). 
These interpretations are similar to those of Shelton 
et al.  (2019) for the Dublin Basin, Ireland, where re-
worked clasts of zebra textures in Viséan carbonates 
were re-deposited in a younger, Viséan debrite. Without 
age constraints on each paragenetic stage, however, 
the timing of cementation and recrystallization in the 
WCSB is equivocal.

6.2  |  Textural interpretation of the rock 
textures in hydrothermal dolomite bodies

Middle Cambrian strata in the WCSB include two phases 
of RD and three phases of SD (Figure  10a,b). RD is in-
terpreted to have formed through replacement dolo-
mitization due to the fabric-retentive preservation of 
sedimentological textures, allochems and detrital quartz 
(Figure  2d,e; Table  2). This interpretation is consistent 
with numerous works which have shown that the grey, 
finely crystalline bands formed by replacement (Krebs 
& Macqueen, 1984; Morrow, 2014; Wallace et al., 1994). 
At Whirlpool Point, Stacey et al. (2021) suggested that re-
placement dolomitization occurred during the Cambrian, 
prior to significant burial, because individual crystals are 

F I G U R E  7   Low-resolution (left; 10 μm stepping-interval) and high-resolution (right; 3 μm stepping-interval) electron probe micro-
analysis (EPMA) maps showing the spatial distribution of Fe in each of the paragenetic stages at (a) Whirlpool Point, (b) Mistaya Canyon, 
(c) Num Ti Jah and (d) the Kicking Horse Rim. 1.0 wt% = 10,000 ppm.
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crosscut by low-amplitude, bedding-parallel stylolites (cf. 
Martín-Martín et al., 2018). Conversely, there are no sedi-
mentological textures, allochems or detrital quartz in SD 

(Figures  2i and 3h; Table  2). Wallace and Hood  (2018) 
outline the petrographical features which demonstrate 
that the light, coarsely crystalline bands formed by 

F I G U R E  8   Post Archaean Australian Shale (PAAS) normalized (Nance & Taylor, 1976; Taylor & McLennan, 1985) rare earth element 
(REE) and yttrium (Y) concentrations in each of the paragenetic stages at (a) Whirlpool Point, (b) Mistaya Canyon, (c) Num Ti Jah and 
(d) the Kicking Horse Rim. (e) Ce/Ce* vs. Pr/Pr* plot showing the decrease in the contribution of seawater from the platform interior to 
the platform margin. (f) Eu/Eu* versus ΣMREE/ΣLREE plot that illustrates the marked change in composition that occurs in SD2. Lst, 
limestone; RD, replacement dolomite; SD, saddle dolomite.
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F I G U R E  9   (a) δ13CVPDB vs. δ18OVPDB plot showing the progressive isotopic depletion from the platform interior to the platform margin. 
Note that Cambrian marine calcite (−10 to −4‰) and dolomite (−7 to −1‰) values plot outside of the region shown (Ryb & Eiler, 2018; 
Veizer & Prokoph, 2015). VDPB, Vienna Pee Dee Belemnite. (b) Clumped isotope crystallization temperature (TΔ47; Anderson et al., 2021) 
and (c) fluid inclusion homogenization temperature (Th) plots showing the increase in temperature from the platform interior to the 
platform margin. Note that the TΔ47 values may have been affected by solid-state reordering (diffusion-driven isotopic exchange in the 
mineral lattice). Lst, limestone; RD, replacement dolomite; SD, saddle dolomite.
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cementation. Applied to the WCSB, these features include 
the (i) absence of detrital quartz in SD (Table 2), (ii) sharp, 
symmetrical boundary between RD and SD (Figure 5a,b), 
(iii) isopachous growth of SD that are elongate and ori-
ented perpendicular to the zebra texture (Figure  6), (iv) 
compositionally zoned crystals with euhedral termina-
tions (Figure 7) and (v) presence of open porosity between 
the adjacent SD bands (Figure  5c,d). Such observations 
indicate that the formation of zebra textures involve the 
generation of cavities in the strata, as opposed to recrys-
tallization without the formation of a cavity (cf. Centrella 
et al., 2022; Kelka et al., 2017).

At Whirlpool Point, opposing RD bands of the 
zebra textures are negative images of one another and 
would fit together if the SD bands were to be removed 
(Figure 5a,b); consistent with a fracture origin. This in-
terpretation is analogous to other works on zebra textures 
(Gasparrini et al.,  2006; Kareem et al.,  2019; López-
Horgue et al.,  2009; Vandeginste et al.,  2005; Wallace 
et al., 1994) and is consistent with their spatial relation-
ship with faults (Figure  2b) and en échelon fractures 
(Figure 5a). However, there are several examples of zebra 
textures where the adjacent fracture walls do not match, 
particularly at the Kicking Horse Rim (Figure 5g,h). This 
observation suggests that the contact between RD and 
SD was dissolution enhanced (Morrow, 2014; Wallace & 
Hood,  2018) or underwent recrystallization (Centrella 

et al., 2022; Kelka et al., 2017). Evidence in support of re-
crystallization includes (i) the increased crystal size from 
RD1 to RD2 and (ii) the shift from oscillatory-zoned, pla-
nar-e dolomite to an unzoned mosaic of planar-s dolo-
mite (Koeshidayatullah et al., 2020; Stacey et al., 2021). 
There is a spatial relationship between presence of RD2 
and SD within the HTD bodies, which strongly suggests 
that the fluid flow event(s) that formed SD1 also gave rise 
to recrystallization of pre-existing dolomite in the strata 
(McCormick et al., 2021).

There is a marked shift in the character of the zebra 
textures, boxwork textures and dolomite breccias between 
Whirlpool Point (platform interior) and the Kicking Horse 
Rim (platform margin), which reflects the position of each 
locality relative to the source of the dolomitizing fluid 
(Figure 1d). Deformation in the platform interior gave rise 
to discrete faults, with minimal displacement, whereas 
the faults at the platform margin are more distributed and 
reflect their proximity to the epicentre of rifting (Cowie 
& Roberts, 2001; Gupta et al., 1998). At Whirlpool Point 
(Figure 5a,b), the zebra textures have textural character-
istics that are similar to opening-mode, tensile fractures 
(cf. Brace, 1964; Ramsey & Chester, 2004). These opening-
mode fractures are bedding-parallel, with SD crystals 
that are elongate and oriented perpendicular to the frac-
ture surface (Figure  11). Porosity is preserved between 
adjacent SD bands, which indicates that the fractures 

F I G U R E  1 0   (a) Burial history diagram illustrating the Middle Cambrian strata in the Sukunka Front Ranges of the WCSB (modified 
from Vandeginste et al., 2007). (b) Interpreted paragenetic sequence based on the textural relationships in the Cathedral Formation 
and the Eldon Formation in the southern Rocky Mountains (WCSB). Note that the depths of the shallow burial and intermediate burial 
environments are from Machel (1999), whereas the onset of pressure solution is from Martín-Martín et al. (2018).
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formed by dilatation and cementation, rather than by dis-
placive crystallization (cf. Merino et al., 2006; Merino & 
Canals, 2011). There is evidence of dilatation in the dolo-
mite breccias, in which the clasts lack sorting, rotation or 
evidence for evaporite dissolution and likely did not form 
by collapse (Figure 2c,h,i).

At Mistaya Canyon and Num Ti Jah, the zebra tex-
tures are characterized by an increased fracture angle, but 
they have a strikingly constant inclination (Figure 5c,d). 
This increase in the fracture angle may reflect the transi-
tion from tensile failure to a mode of dilatant shear fail-
ure that occurs under low differential stresses, with high 
pore-fluid pressures (McCormick & Rutter, 2022; Ramsey 
& Chester,  2004). The fluid may have been focused into 

flow units that had a high lateral permeability relative to 
their vertical permeability, resulting in the localization 
of the zebra textures in individual beds (Figure  3a,b). 
Relative to zebra textures, boxwork textures are more 
porous, with highly irregular margins and evidence of 
clast rotation (Jacquemyn et al.,  2014; Morrow,  2014). 
Boxwork textures are located only proximal to the frac-
ture corridor at Mistaya Canyon and the contact between 
the Eldon Formation and the Pika Formation at Num Ti 
Jah (Figure 3d,h). This suggests that the Pika Formation 
acted as a low permeability seal and reactivity barrier as 
the fluid entered the Eldon Formation, leading to an in-
crease in the pore-fluid pressure proximal to this contact. 
The irregular orientations of the RD in boxwork textures 

F I G U R E  1 1   Conceptual model illustrating the multi-stage development of rock textures in HTD bodies. Stage I involves the 
replacement dolomitization of the host rock. Stage II involves dilatational fracturing, cementation and the formation of zebra textures 
(associated with minor recrystallization). Stage III involves secondary fracturing and the formation of boxwork textures and dolomite 
breccias (associated with significant recrystallization). Stage IV involves the final interval(s) of recrystallization, restricted to localities 
proximal to the fluid source, that may coincide with or pre-date economic mineralization.
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are interpreted to reflect several fluid pulses entering the 
strata, which contribute to secondary fracturing and re-
crystallization (Figure 11).

At the Kicking Horse Rim, the HTD bodies are typi-
cally non-stratabound and comprise a strikingly high vol-
ume of SD, locally exceeding 80% of the strata (Figure 5i). 
Nevertheless, the bedding-surfaces are largely undis-
turbed with little evidence of dilatation. These volumet-
ric constraints suggest that dilatational fracturing and 
cementation was not the predominant mechanism that 
formed the zebra textures and boxwork textures at the 
Kicking Horse Rim. RD2 is unzoned, forming an inter-
locking mosaic of nonplanar crystals. Petrographically, 
RD2 is also largely indistinguishable from SD1 (apart 
from their crystal sizes). Hence, these zebra textures may 
have been initiated as fractures, but recrystallization is in-
terpreted to have largely overprinted their petrographical 
characteristics at the Kicking Horse Rim (Figure 11). As 
was the case for Num Ti Jah, the presence of a low perme-
ability caprock likely influenced the pore-fluid pressure 
in the upper parts of the Cathedral Formation and, thus, 
dolomitization at the Kicking Horse Rim. Faults do not 
propagate through the mudstone and shale in the upper 
parts of the Cathedral Formation, nor do they intersect the 
Stephen Formation to circulate the dolomitizing fluid up-
wards into the Eldon Formation, which entirely comprises 
limestone.

6.3  |  Basin scale fluid flow and its 
influence on the rock textures

At the basin scale, there is a spatial control on the devel-
opment of the rock textures that is also reflected in the 
geochemical data. There is a clear trend of increasing tem-
perature, recorded by both the clumped isotope and fluid in-
clusion analyses, from the platform interior to the platform 
margin (Figure 9b,c), which is consistent with the epicentre 
of rifting and associated crustal thinning in the vicinity of the 
Kicking Horse Rim (Aitken, 1971; Bond & Kominz, 1984; 
Powell et al.,  2006). At Whirlpool Point, the TΔ47 values 
are higher than the Th values by 5 to 20°C, which is due to 
pressure differences during the entrapment of fluid inclu-
sions (Came et al., 2017; Honlet et al., 2018). Conversely, 
the TΔ47 values are higher than the Th values by ca. 150°C 
at the Kicking Horse Rim, which may reflect the equilibra-
tion of TΔ47 through solid-state reordering (Hemingway & 
Henkes, 2021; Lloyd et al., 2018; Ryb et al., 2017). Such in-
creasing temperature from the platform interior to the plat-
form margin is also reflected in the dolomite geochemistry, 
which has led previous works to suggest that the dolomitiz-
ing fluid was sourced in the vicinity of the Kicking Horse 
Rim (Powell et al.,  2006; Stacey et al.,  2021; Vandeginste 

et al.,  2007). δ18Ofluid values, for example, increase from 
Whirlpool Point (2.8 to 4.6‰), to Mistaya Canyon and Num 
Ti Jah (2.9 to 5.4‰), to the Kicking Horse Rim (4.5 to 7.0‰). 
These δ18Ofluid values plot between Middle Cambrian sea-
water (0 to −6‰; Veizer & Prokoph, 2015) and crustal fluids 
(2.2 to 11.5‰; Schulze et al., 2003), which led to the inter-
pretation that dolomitization was mediated by seawater 
that mixed with a crustal-sourced brine (Koeshidayatullah 
et al., 2020; Stacey et al., 2021).

At Whirlpool Point, limestone has negative Ce/Ce* 
values that are consistent with early Palaeozoic seawa-
ter (Tostevin et al.,  2016; Wallace et al.,  2017). Ce/Ce* 
values in replacement dolomite can be inherited from 
the limestone (Hood et al.,  2018), but extraneous dolo-
mitizing fluids and high fluid-rock ratios can cause their 
REE signatures to deviate from the replaced lithology 
(Lottermoser, 1992; Qing & Mountjoy, 1994). There is a 
clear differentiation between the REE signatures of RD1 
(Ce/Ce* = 0.852; Pr/Pr* = 1.07), RD2 (Ce/Ce* = 0.885; Pr/
Pr* = 1.03) and SD1 (Ce/Ce* = 0.995; Pr/Pr* = 1.01), which 
indicates that each paragenetic stage formed by different 
processes. For replacement dolomite, the REE values can 
be partially inherited from the limestone, whereas the 
REE values entirely reflect the metasomatic fluid for a do-
lomite cement. RD2 plots between RD1 and SD1 because 
the REE signature of RD1 was progressively overprinted 
by the metasomatic fluid during recrystallization. Ce/Ce* 
anomalies are often used as a proxy for the redox state 
of fluids (Tostevin, 2021; Tostevin et al., 2016) and their 
increase from Whirlpool Point (0.796 to 0.995) to Mistaya 
Canyon and Num Ti Jah (0.883 to 0.994), to the Kicking 
Horse Rim (0.879 to 1.07), indicates that the dolomitizing 
fluid was more oxygenated in the platform interior rela-
tive to at the platform margin. This is consistent with a 
decreasing contribution of seawater to the dolomitizing 
fluid proximal to the Kicking Horse Rim (Figure 8e).

At Whirlpool Point, [Fe] and [Mn] are highly dif-
ferentiated between each paragenetic stage and SD2 is 
notably enriched ([Fe] = 12,130 ppm, [Mn] = 1190 ppm) 
relative to the earlier, non-ferroan RD1, RD2 and SD1 
(Figure 7a; Table 2). At the Kicking Horse Rim, [Fe] is 
significantly higher, reaching values up to 14,300 ppm 
and [Mn] is up to 2180 ppm (Figure  7a,d; Table  2). 
SD2 is also characterized by high Eu/Eu* (1.55 to 1.64; 
Figure  8f), which is largely analogous to the Eu/Eu* 
values of high temperature crustal fluids (Douville 
et al., 2002). Eu/Eu* in crustal fluids are influenced by 
temperature, pH, redox conditions and fluid–rock in-
teraction (Douville et al.,  1999, 2002). Therefore, the 
marked change in composition in SD2 suggests that (i) 
there was a change in the source of the dolomitizing 
fluid, or (ii) the dolomitizing fluid was subject to in-
creased latency and fluid–rock interaction.
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These geochemical relationships suggest that the do-
lomitizing fluid was seawater-dominated during the early 
stages of replacement dolomitization, potentially due to 
faults breaching the seafloor in the platform interior (cf. 
Hollis et al.,  2017; Stacey et al.,  2021). At the Kicking 
Horse Rim, the faults did not propagate through the upper 
parts of the Cathedral Formation and Stephen Formation, 
where the geochemical data indicate that dolomiti-
zation was caused by crustal fluids, probably sourced 
from deep-rooted basement faults. This shift in the fluid 
source is also reflected in the temperature of dolomitiza-
tion, with the highest TΔ47 and Th values in the vicinity 
of the Kicking Horse Rim (Figure 9b,c), where the asso-
ciated crustal thinning gave rise to an elevated geother-
mal gradient (Johnston et al.,  2009; Powell et al.,  2006). 
The crustal fluids convected within the underlying Gog 
Group (Figure 1c,d; Stacey et al., 2021), mixed with sea-
water towards the platform interior and were emplaced 
upwards along faults into the Cathedral Formation, where 
they were distributed by thermal convection (cf. Benjakul 
et al., 2020; Hollis et al., 2017). The dolomitizing fluid be-
came less seawater-dominated over time, with each par-
agenetic stage. This basin scale hydrogeological system 
is reflected in the rock textures, with replacement, frac-
turing and cementation interpreted as the governing pro-
cesses within the platform interior (distal to the core of 
the rift and the source of the crustal fluids), whereas the 
contribution from recrystallization increasing towards the 
platform margin (proximal to the core of the rift and the 
source of the crustal fluids).

7   |   DISCUSSION

There are a range of conceptual models that have been 
proposed to explain the formation of zebra textures, 
boxwork textures and dolomite breccias, including 
those that suggest that they form by the dissolution–
replacement of sedimentological features (Beales & 
Hardy,  1980; Fontboté & Gorzawski,  1990; Krebs & 
Macqueen,  1984; Morrow,  2014), fracturing and cemen-
tation (López-Horgue et al.,  2009; Nielsen et al.,  1998; 
Swennen et al., 2012; Vandeginste et al., 2005; Wallace & 
Hood, 2018) and recrystallization (Centrella et al., 2022; 
Kelka et al., 2015, 2017). To systematically assess these in-
terpretations, a multiple hypotheses approach (cf. Arnaud 
et al., 2022; Burgess et al., 2013) was used to evaluate the 
evidence for/against each of the proposed mechanisms 
(Figure  12a). Observations are tabulated in a matrix, 
and a decision ranking table was constructed to evaluate 
whether the evidence strongly supports (+1), weakly sup-
ports (+0.5), is neutral (0), weakly contradicts (−0.5), or 
strongly contradicts (−1) each interpretation. Hypotheses 

were broadly grouped into sedimentological (S), tectonic 
(T) and metasomatic (M) processes, and a series of ternary 
diagrams were constructed to evaluate how these pro-
cesses vary between each locality (Figure 12b).

Numerous studies have recognized the effect of sed-
imentological parameters on HTD bodies (Humphrey 
et al.,  2022; Koeshidayatullah et al.,  2021; Sharp 
et al., 2010). HTD bodies often have stratabound termi-
nations that correspond to sharp lithological contrasts 
between adjacent beds, which may occur due to the 
preferential flow of the dolomitizing fluid into higher 
permeability units. Lithological heterogeneities also 
affect the mechanical properties of the host rock be-
cause relatively incompetent, ductile lithologies limit 
the propagation of faults, resulting in the containment 
of fractures to more competent, brittle beds (Bowness 
et al.,  2022). Such processes likely contributed to the 
largely stratabound orientation of the rock textures at 
Whirlpool Point, which transition to non-stratabound 
orientations at the Kicking Horse Rim (Figure 12a, row 
1). It has also been noted that zebra textures are con-
strained to low porosity precursor limestones that had 
a higher horizontal permeability relative to their ver-
tical permeability prior to dolomitization (Davies & 
Smith,  2006). Thus, there is commonly a relationship 
between the precursor sedimentary facies and the re-
sulting rock textures (Figure 12a, row 2). For example, 
it was noted that bedding-parallel zebra textures are 
preferentially hosted in the highly anisotropic micro-
bial boundstone facies at Whirlpool Point (Figure 2d,f), 
whereas bedding-inclined zebra textures are common 
in the bioturbated mudstone facies at Mistaya Canyon 
(Figures  3e and 5c). There is no apparent relationship 
between the precursor sedimentary facies and the zebra 
textures at the Kicking Horse Rim (Figure 4a). The pres-
ence of detrital quartz in RD1 and RD2, alongside the 
preservation of depositional textures, is evidence in fa-
vour of a sedimentological control on dolomitization 
(Figure 12, row 3). Overall, these sedimentological con-
trols (Figure  12a,b) are interpreted to be significant at 
Whirlpool Point (+10), whereas they are negligible at 
the Kicking Horse Rim (−8).

The influence of tectonic features on dolomitization 
can vary depending on whether the fluid flow event(s) 
were pre-, syn- or post-kinematic because faults and 
fractures can act as conduits or barriers to fluid flow at 
different times (Iriarte et al., 2012; Kareem et al., 2019; 
Koeshidayatullah et al., 2022). In the WCSB, the geome-
tries of the HTD bodies vary according to their proximity 
to the faults that intersect the strata (Stacey et al., 2021), 
and the spatial distributions of each paragenetic stage 
reflect these tectonic features (McCormick et al., 2021). 
Thus, Figure 12a (rows 4–6) qualitatively assesses these 
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F I G U R E  1 2   (a) Decision ranking table, following the method of Burgess et al. (2013) and Arnaud et al. (2022), used to assess the 
evidence for (+1) or against (−1) each process that may be involved in the formation of zebra textures, boxwork textures and dolomite 
breccias. (b) Ternary diagrams, illustrating the relative sedimentological, tectonic and metasomatic controls on the formation of these rock 
textures at each locality. Each of the samples from Whirlpool Point (n = 35), Mistaya Canyon (n = 30), Num Ti Jah (n = 9) and the Kicking 
Horse Rim (n = 18) were qualitatively assessed based on the criteria in Figure 12a. Each process is spatially and temporally variable, with the 
contribution from metasomatic processes increasing proximal to the source of the dolomitizing fluid.

Distal

(Whirlpool Point)

Mistaya Canyon 

and Num Ti Jah
Proximal

(Kicking Horse Rim)

M

M

T

T

T

M

S

S

SDistance from the fluid source
(b)

Dolomite breccia

Boxwork texture

Bedding-inclined zebra texture

Bedding-parallel zebra texture

Structureless saddle dolomiteCement-filled fractureLimestone Replacement dolomite

(a)

(1) Orientation of zebra textures are non- 
stratabound at the KHR, stratabound at WP

(2) Zebra textures are facies independent 
at the KHR, facies dependent at WP

(3) RD1 and RD2 include detrital quartz, 
whereas quartz is absent in SD1 and SD2

(4) Presence of zebra textures and dolomite 
breccias vary relative to fault proximity

(5) En échelon fractures are common in 
the matrix proximal to zebra textures

(6) Clasts in dolomite breccias and boxwork 
textures are fully surrounded by SD

(7) Zebra textures include multiple, 
texturally distinct, phases of dolomite

(8) Increase in crystal size from the 
oscillatory zoned RD1 to the unzoned RD2

(9) Presence of RD2 is spatially related to 
the occurrence of SD1 throughout the strata

(10) SD crystals are elongate, with 
euhedral terminations into open pore space

(11) Differentiated geochemical signatures 
between each paragenetic stage

(12) RD/SD contact in zebra textures is 
distinct at WP, but it is obscure at the KHR

(13) RD clasts in breccias and boxwork 
textures have irregular margins
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relationships at each locality. At Whirlpool Point, the 
strata comprise bedding-parallel zebra textures, but the 
angle of these fractures (relative to bedding) system-
atically increases towards the platform margin, which 
reflects an increase in the effective differential stress 
(McCormick & Rutter, 2022; Ramsey & Chester, 2004). 
Koeshidayatullah et al.  (2020) showed that as dolo-
mitization progresses, matrix and fracture porosity is 
progressively occluded due to recrystallization and ce-
mentation, thus decreasing the permeability of the host 
rock and restricting the youngest paragenetic stages to 
the core of the HTD body. This interpretation is sup-
ported by the observation that boxwork textures and 
dolomite breccias are located only proximal to faults; 
Stacey et al.  (2021) suggested that dolomite breccias 
form by the expulsion of overpressured fluids, upwards 
along faults, into a host rock that is confined by a low 
permeability caprock. The importance of vertical and 
lateral seals is evidenced by the increasing abundance 
of non-stratabound rock textures towards the contact 
with the Pika Formation at Num Ti Jah (Figure 3d), as 
well as the upper parts of the Cathedral Formation at 
the Kicking Horse Rim. The observation that the strata 
include multiple, texturally distinct phases of dolomite 
(Figure 12a, row 7) with highly differentiated geochem-
ical signatures (Figure 12a, row 11) is also evidence in 
favour of a tectonic control on dolomitization. Overall, 
these tectonic controls (Figure 12a,b) are interpreted to 
be significant at Whirlpool Point (+6), whereas they are 
relatively minor at the Kicking Horse Rim (+2).

Metasomatism refers to compositional and mineralog-
ical transformations, associated with chemical reactions 
triggered by a fluid, that affect a pre-existing rock (sensu 
Lesher & Spera,  2015). Replacement dolomitization is 
by definition metasomatic, but this section will focus 
on the evidence for recrystallization, which increases 
from Whirlpool Point (Figure 5a,b) to the Kicking Horse 
Rim (Figure  5f–i). As dolomitization progresses, ensu-
ing fluid pulses contribute to the recrystallization of the 
pre-existing dolomite in the strata (Koeshidayatullah 
et al., 2020; McCormick et al., 2021; Stacey et al., 2021). 
In zebra textures (Figure  12a, row 8), recrystallization 
is denoted by the shift from RD1 (concentrically zoned, 
planar-e to planar-s dolomite) to an interlocking mosaic 
of RD2 (weakly zoned to unzoned, planar-s to nonpla-
nar dolomite). The change in texture between RD1 and 
RD2 is accompanied by an increase in crystal size be-
cause dissolution-precipitation is driven by a reduction 
of surface free energy (Gregg et al., 1992; Machel, 1997; 
Ryan et al., 2022). The occurrence of RD2 in the strata is 
spatially associated with SD1, which indicates that they 
formed from the same fluid flow event (Figure 12a, row 
9). The observation that RD2 has a similar trace element 

and stable isotopic composition as SD1, typical of zebra 
textures elsewhere (Wallace & Hood, 2018), is also consis-
tent with recrystallization. Recrystallization from RD1 to 
RD2 is associated with an increase in crystal size. At the 
Kicking Horse Rim, however, there is a narrow region of 
decreased crystal size along the boundary between RD2 
and SD1 (Figure 6h). Such crystal size reduction is char-
acteristic of dynamic recrystallization, a process driven 
by both strain energy and surface free energy (Newman & 
Mitra, 1994). The high temperatures encountered at the 
Kicking Horse Rim (>200°C), similar to those modelled 
by Centrella et al.  (2022), may have led to dynamic re-
crystallization alongside the solid-state reordering of Δ47; 
processes likely to occur in HTD bodies that are subject to 
P/T conditions approaching low-grade metamorphism. 
Overall, these metasomatic controls (Figure  12a, rows 
12–14) are interpreted to be minor at Whirlpool Point 
(−6), whereas they are highly evident at the Kicking 
Horse Rim (+8).

Over the past 30 years, a large body of literature has pro-
posed models to explain the formation of zebra textures 
(Wallace & Hood, 2018, and references therein); most of 
which are based on specific features from a small num-
ber of samples and localities. The basin scale approach 
presented in this study (tens to hundreds of kilometres 
in extent) demonstrates that the properties of zebra tex-
tures, boxwork textures and dolomite breccias can vary 
significantly between localities. Although each of these 
models may be applicable to the zebra textures at a given 
locality, they do not uniquely explain all the rock textures 
that are encountered across the basin (Figure 12a,b). At 
Whirlpool Point (distal to the fluid source), these rock 
textures formed due to dilatational fracturing and the 
precipitation of SD as a cement (Figure 5a,b). Their spa-
tial relationship with faults supports the interpretation 
that there is an over-riding tectonic control on the occur-
rence of zebra textures, boxwork textures and dolomite 
breccias in HTD bodies. Nevertheless, there is evidence 
that the precursor sedimentological texture at Whirlpool 
Point influenced the flow of dolomitizing fluid away 
from faults and the mechanical properties of the strata, 
thus influencing the distribution and characteristics of 
zebra textures. At Mistaya Canyon and Num Ti Jah, the 
increasing fracture angles forming the zebra textures re-
flect the higher pore-fluid pressures proximal to litholog-
ical seals and/or the increased proximity to the source of 
the dolomitizing fluid (Figure 5c–e). There is a marked 
shift in the petrography and geochemistry of the rock tex-
tures at the Kicking Horse Rim (Figure 5f–i), interpreted 
to be due to pervasive metasomatism. Similar rock tex-
tures to those in the platform interior may have preceded 
this recrystallization, but it is challenging to establish the 
precursor lithology. Nevertheless, the exceptionally high 
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dolomitization temperatures, volume of SD and con-
finement of dolomitization to the Cathedral Formation, 
indicates that the strata at the Kicking Horse Rim have 
undergone significant recrystallization. In conclusion, 
there is no conceptual model that is a ‘silver bullet’ that 
explains all the characteristics of these rock textures 
(Figure 12a,b). Classical zebra textures are located within 
the platform interior facies, furthest from the core of the 
rift and the source of the dolomitizing fluid, whereas 
significant recrystallization can occur during the later 
stages of dolomitization, due to the flux of several pulses 
of hot, crustal fluid into the strata. Such recrystallization 
may occur immediately after the first phase of dolomiti-
zation, or at an indefinite point in the burial history of a 
basin.

8   |   CONCLUSIONS

Rock textures in fault-controlled, HTD bodies are pet-
rographical and geochemical archives of multi-phase 
dolomitization, recrystallization and cementation. Such 
reactions fingerprint the spatial and temporal evolution 
of fluids in a sedimentary basin and provide critical in-
sights into sedimentological, tectonic and metasomatic 
processes. This study investigated the evolution of zebra 
textures, boxwork textures and dolomite breccias in the 
Middle Cambrian strata in the WCSB. The basin scale pet-
rographical and geochemical analysis of these rock tex-
tures has led to the following important conclusions:

1.	 Each of the published models for the formation of 
zebra textures (and those of associated rock textures) 
fail to explain at least one of their characteristics. 
However, the general features of these models can be 
grouped into ternary diagrams that can differentiate a 
wider array of rock textures, placing them in context 
of the proximity to the fluid source.

2.	 Sedimentological heterogeneities affect the permeabil-
ity of the host rock, which preferentially focuses the 
dolomitizing fluid(s) into individual stratabound units 
and locally influences the pore-fluid pressure during 
dolomitization and cementation.

3.	 There is clear evidence that brittle failure is involved 
in the formation of these rock textures. Models solely 
based on fracturing, however, fail to account for the 
volume expansion and mass-balance constraints re-
quired to accommodate such a process.

4.	 With each successive fluid pulse, faults and fractures in the 
strata can be reactivated and subject to recrystallization, 
therefore forming increasingly complex rock textures.

5.	 At the outcrop scale, the relative importance of each 
process changes with each successive fluid pulse and, 
thus, each paragenetic stage. This trend is also present 
at the basin scale, with sedimentological and tectonic 
controls at the platform interior that are increasingly 
affected by metasomatic processes towards the plat-
form margin.

In summary, the petrographical and geochemical evi-
dence presented in this study indicates that zebra textures, 
boxwork textures and dolomite breccias are initiated due 
to dilatational fracturing and the precipitation of SD as a 
cement, but significant recrystallization can occur during 
the later stages of dolomitization, largely overprinting 
these rock textures. The physio-chemical properties of 
zebra textures vary with respect to their proximity to the 
source of the dolomitizing fluid, thus providing critical in-
formation to predict the distribution of carbonate-hosted 
ore deposits and reservoir properties for energy exploita-
tion and carbon storage.
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