
	

Origin	of	Sulfate-Rich	Fluids	in	the	Lower	Triassic	Montney	Formation,	Western	
Canadian	Sedimentary	Basin	
Mastaneh	H.	Liseroudi*1,	Omid	H.	Ardakani1,2,	Hamed	Sanei3,	Per	K.	Pedersen1,	Richard	Stern4,	James	M.	Wood5,6	
1University	of	Calgary,	2Geological	Survey	of	Canada,	3Aarhus	University,	4University	of	Alberta,	5Encana	
Corporation,	6now	with	Calaber1	Resources	
 
 

 
Abstract 
 
This study investigates diagenetic and geochemical processes that control the regional distribution and 
formation of sulfate minerals (i.e., anhydrite and barite) in the Early Triassic Montney tight gas siltstone 
reservoir in the Western Canadian Sedimentary Basin (WCSB). Petrographic observations revealed two 
generations of early and late anhydrite and barite cement with distinct regional occurrence. The early 
anhydrite cement is dominantly present in northeastern BC (low H2S concentration zone), while late-stage 
anhydrite and barite cement and fracture- and vug-filling anhydrite are dominant in western Alberta (high 
H2S concentration zone). The δ34S and δ18O variations of late anhydrite and barite in the studied samples 
suggest a mixing isotopic signature of Triassic connate water and Devonian evaporites as two major 
origins of sulfate-rich fluids to the Montney Formation. The isotopic composition of early anhydrite cement 
in both areas suggests sulfate-rich fluids largely originated from modified Triassic connate water, sulfide 
oxidation process, and/or basinal brines. In contrast, the late diagenetic anhydrite and barite cement as 
well as fracture- and vug-filling anhydrite from high H2S concentration zone represents a mixed isotopic 
signature of Triassic connate water and a significant contribution of Devonian evaporites. The similar 
isotopic composition of the late-stage anhydrite and barite cement as well as fracture- and vug-filling 
anhydrite in western Alberta with Devonian evaporites isotopic signature further supports the major role of 
deep-seated fault/fracture systems in the supply of sulfate-rich fluids. We propose that sulfate-bearing 
fluids were sourced from the dissolution of underlying Devonian evaporites and migrated through deep-
seated fracture networks up to the Montney Formation. 
 
Statement of the background 
 
The major mechanisms for hydrogen sulfide (H2S) formation in hydrocarbon reservoirs are (i) microbial or 
bacterial sulfate reduction (BSR); and (ii) thermochemical sulfate reduction (TSR) (Worden and Smalley, 
1996; Machel, 2001 among many others). During BSR and TSR, sulfate-rich fluids, including seawater, 
buried seawater (connate water), evaporative brines and/or dissolved sulfate sourced from the dissolution 
of sulfate minerals (mainly anhydrite and gypsum) (Machel, 2001) react with organic matter and/or 
hydrocarbon. This reaction results in the reduction of dissolved sulfate and leads to the formation of H2S, 
carbonate minerals, CO2, elemental sulfur, and water (Machel, 2001). Regardless of H2S generation 
mechanisms, sulfate-rich fluids derived from the dissolution of evaporite minerals, specifically anhydrite 
and gypsum, are the major ingredient in the H2S formation process. However, in the Montney Formation, 
particularly in the high H2S concentration zone, anhydrite pervasively precipitated as a late-stage pore- 
and fracture-filling cement. The presence of late anhydrite and barite cement in the high H2S 
concentration zone of the Montney Formation in western Alberta (Fig. 1b) suggests that the supply of 
sulfate-rich fluids not only contributed	to H2S generation but also contributed to the precipitation of the late 
sulfate mineral cement in the study area. Therefore, the target of this study is to examine the geological 
processes controlling the distribution of sulfate-rich fluids in the Montney tight gas play. 
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Aims and Objectives 
 
A previous study on the source of H2S in the Montney Formation mainly focused on stable isotope 
geochemistry of hydrogen sulfide (Desrocher et al., 2004). In that study, dissolved sulfate, as the major 
ingredient for H2S generation was considered to have originated from the Upper Triassic Charlie Lake 
Formation and was reduced through TSR to produce H2S in the Montney Formation. However, the role of 
diagenesis leading to the generation of H2S was not considered. The aim of the current study is to 
address the major source(s) of sulfate-rich fluids in the Montney Formation in western Alberta and 
northeastern British Columbia (BC). Transmitted light petrography, scanning electron microscopy, energy 
dispersive X-ray spectroscopy (SEM/EDXS) imaging, and bulk sulfur and oxygen isotope analysis as well 
as secondary ion mass spectrometry (SIMS) analysis of a regional Montney core sample set were used 
to identify the source(s) of sulfate-rich fluids and sulfate minerals in the Montney Formation. 
 
Materials and methods 
 
The study area is located in the subsurface of western Alberta and northeastern BC in the Peace River 
region in the Western Canadian Sedimentary Basin (WCSB) (Fig. 1a). Triassic strata in the WCSB 
characterize the transition from carbonate facies of the Paleozoic, deposited on a stable continental 
margin, to siliciclastic rocks of the Jurassic-Cretaceous, laid down in a foreland basin (Rohais et al., 
2018). Deposition of the Montney Formation in western Alberta and northeastern BC occurred in the 
Peace River Embayment (PRE) within a network of high-angle normal faults known as the Dawson Creek 
Graben Complex (DCGC) (Barclay et al., 1990). In the subsurface of western Alberta and northeastern 
BC, the Montney Formation consists of combined siliciclastic-carbonate depositional environments. It is 
mainly composed of dolomitic siltstone accumulated as a clastic ramp succession, comprised of lower 
shoreface to offshore, turbidite and channel deposits (Edwards et al., 1994). In the Peace River region, 
the Montney Formation is underlain uncomfortably by the Permian Belloy Formation and overlain 
conformably by the phosphatic shales of the basal Doig Formation (Davies et al., 1997). 
 
For the purpose of this study, core samples and thin sections from twelve wells located in northeastern 
BC and western Alberta (Fig. 1a) were selected for transmitted light petrography, bulk and in-situ sulfur 
and oxygen isotope analysis of major sulfate minerals in the Montney Formation. Ninety thin sections 
were used for petrographic studies at the Geological Survey of Canada-Calgary. Nine samples were 
selected to be studied by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 
(EDXS) analyses at the University of Calgary. Fifty-four bulk samples from 11 wells in which anhydrite 
cement was identified by petrography and SEM observations and five fracture- and vug-filling anhydrite 
samples from which anhydrite was micro-drilled were analyzed for sulfur (δ34S) and oxygen (δ18O) 
isotopes, using isotope ratio mass spectrometry at the University of Calgary. Secondary ion mass 
spectrometry (SIMS) mount preparation and SIMS were carried out at the Canadian Centre for Isotopic 
Microanalysis (CCIM), University of Alberta. Sulfur isotope ratios (34S/32S) were determined in anhydrite 
(151 spots) and barite (30 spots) using the IMS-1280 multi-collector ion microprobe. Oxygen isotope 
ratios (18O/16O) were also determined in anhydrite and barite subsequent to the S-isotope measurements 
directly within the previous S-isotope spots. Results are reported in per mil (‰) notation relative to the 
internationally accepted standard Canyon Diablo Troilite (‰V-CDT) for δ34S and Standard Mean Ocean 
Water (‰V-SMOW) for δ18O. 

 
Results and discussion 
 
Petrographic Observations 
 
Anhydrite occurs in almost all dolomitic siltstone samples in the study area with the volumetric occurrence 
of ~2% in northeastern BC up to 15% in some western Alberta samples. The first phase of anhydrite is 
less preserved due to dissolution by later silica cement and is predominant in northeastern BC. The 
second phase of anhydrite occurs as replacive, blocky (vug-filling), poikilotopic and fracture-filling cement 
(Fig. 2a). The replacive anhydrite is most commonly formed as irregular to lath-like and tabular crystals 
and replaces dolomite and calcite crystals. Blocky anhydrite has generally filled sporadic vugs and 
nodules as single anhydrite crystals. In some western Alberta samples, poikilotopic anhydrite is the 
dominant type of anhydrite cement. It extensively dissolves potassium- and sodium-feldspar and dolomite 
crystals, suggesting a late diagenetic origin (Fig. 2a). Fracture-filling anhydrite is only observed in western 
Alberta. It appears that the lateral migration of sulfate-rich fluid(s) that precipitated fracture-filling 
anhydrite also formed the poikilotopic anhydrite cement in the host rock (Fig. 2b).     
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Barite occurs as disseminated pore-filling cement and encloses quartz, dolomite, K- and Na-feldspar and 
framboidal and euhedral pyrite crystals. It mainly encloses the latest euhedral pyrite crystals and clusters, 
which themselves postdate the late diagenetic anhydrite phase. This demonstrates that barite has formed 
later than anhydrite at the very late stage of diagenesis. 
 
Isotope Geochemistry 
 
The bulk δ34S value of anhydrite in northeastern BC (low H2S zone) ranges from 4.9 to 22.9‰ (V-CDT) 
and its δ18O value varies from -11.2 to 0.3‰ (V-SMOW) (Fig. 3). The δ34S value of anhydrite samples 
from western Alberta (high H2S zone) varies from 2.9 to 24.6‰ (V-CDT) and their δ18O values show a 
wider range of variation from -10.5 to 15.7‰ (V-SMOW). The δ34S and δ18O values of fracture- and vug-
filling anhydrite cement in western Alberta varies from 23.5 to 24.7‰ (V-CDT) and 13.3 to 14.7‰ (V-
SMOW), respectively. The SIMS-analyzed anhydrite is predominantly the pore-filling poikilotopic type with 
δ34S and δ18O values of 18.5 to 37‰ (V-CDT) and 12 to 22‰ (V-SMOW), respectively (Fig. 3). Except for 
two spots with δ34S values of 39‰, the remaining measured spots in barite show δ34S values ranging 
from 23.3 to 33.6‰ (V-CDT) and δ18O values varying from 13.2 to 18.7‰ (V-SMOW) (Fig. 3). 

 
 
Implications for the origin of dissolved sulfate 
 
Early anhydrite δ34S and δ18O signature (Bulk rock analysis)  
 
The equilibrium sulfur isotope fractionation between dissolved sulfate and sulfate minerals is negligible 
(Thode and Monster, 1965), thus, the δ34S value of sulfate minerals approximately reflects the δ34S value 
of its parent fluid (i.e., coeval seawater; Hoefs, 2018). When sulfate ion is formed, the change in its 
oxygen isotope ratio from parent fluid would also be insignificant due to its highly stable nature. 
Therefore, the oxygen isotopic composition of sulfate minerals generally represents the oxygen isotopic 
value of sulfate in the coeval seawater, which leads to only a few per mil enrichment of 18O in the 
precipitated sulfate minerals (Holser et al., 1979). 
 
Carbonate-associated sulfate (CAS) has also been demonstrated to truthfully reflect the sulfur and 
oxygen isotopic composition of sulfate of the contemporaneous seawater (Bottrell and Newton, 2006). 
The δ34S values of the majority of studied samples from both western Alberta and northeastern BC are 
consistent and exhibit similar δ34S values to the estimated CAS and evaporites precipitated from Triassic 
seawater (Kampschulte and Strauss, 2004; Fig. 3). Nevertheless, the measured δ34S values of anhydrite 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: a) Montney subcrop map showing the location of the study area (Modified after Edwards et al., 1994). b) H2S distribution 
map in western Alberta (high H2S zone) and northeastern BC (low H2S zone). H2S distribution data are from Encana Corporation. 
Abbreviation used for faults names are RF: Rycroft Fault, TF: Teepee Fault, BF: Blueberry Fault, GF: Gordondale Fault, SHF: 
Saddle Hills Fault, PCF: Pouce Coupe Fault, and KF: Kilkerran Fault. 

a 

b 
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in the present study are less enriched in 34S than the CAS sulfur isotope signature of Jesmond carbonate 
section of British Columbia, western Canada, which is assumed to be representative of the Early Triassic 
Panthalassic Ocean sulfur isotope signature (28.56 to 41.04‰ V-CDT; Stebbins et al., 2018). 
Furthermore, most of these anhydrite samples, especially in western Alberta, are more enriched in δ34S 
than the upper Triassic evaporites of the Alberta Basin in the WCSB (Claypool et al., 1980; Fig 3).  
 
The δ18O values of anhydrite samples have a wide range (-11.2 to 15.7‰ V-SMOW) with oxygen isotope 
fractionation between these samples and the assumed Triassic seawater dissolved sulfate (Claypool et 
al., 1980) toward more 18O-depleted values (Δ18Oanhydrite-dissolved sulfate (TR) ≈ -4.4‰). They exhibit even larger 
fractionation (-6.4‰) relative to the presumed oxygen isotope composition of upper Triassic seawater 
dissolved sulfate in the Alberta Basin (mean δ18Odissolved sulfate  ≈ 8.5‰; Claypool et al., 1980). There is also 
a significant difference between the measured δ18O of studied anhydrite and the CAS δ18O values of the 
Early Triassic Jesmond Section in western Canada (20.4 to 23.9‰; Stebbins et al., 2018). 
 
Globally, the sulfur isotope composition of studied samples falls in the overall δ34S range of Triassic 
seawater sulfate (Kampschulte and Strauss, 2004). Conversely, both δ34S and δ18O values of the 
Montney anhydrite samples substantially diverge from sulfur and oxygen isotope composition of Triassic 
seawater sulfate in the WCSB (Claypool et al., 1980; Stebbins et al., 2018; Fig. 3). This may suggest that 
the isotopic signature acquired from anhydrite samples are not characteristic of initial Triassic pore water 
(i.e., Triassic seawater) sulfate at the time of the Montney deposition. It is potentially indicative of more 
modified Triassic seawater through different early to late diagenetic processes. Nearly one third of 
anhydrite samples have isotopically lighter sulfur than the assumed Triassic seawater sulfate, but the 
majority have lighter oxygen isotope signature respective to the estimated Triassic seawater sulfate 
composition (Claypool et al., 1980; Fig. 3) in the samples with higher abundance of early diagenetic 
anhydrite in both western Alberta and northeastern BC. Two main processes were likely responsible for 
the isotopic composition of fluids that precipitated early anhydrite cement in the Montney Formation; (1) 
sulfide oxidation and, (2) water/rock interaction with formation waters and brines in the basin. 
 
The sulfate-sulfide sulfur isotope fractionation associated with sulfide oxidation process is negligible but 
generally produces sulfate with an isotopically lighter sulfur isotope (Canfield, 2001). The δ18O of sulfate 
formed through sulfide oxidation typically ranges from -10 to +2‰ (Van Stempvoort and Krouse, 1994) 
dominated mostly by ambient water-derived oxygen atoms (Bottrell and Newton, 2006). The early 
anhydrite in the Montney Formation might have been sourced from dissolved sulfate initially produced 
through the sulfide oxidation process, which led to depleted 34S- and 18O- isotope signatures in 
comparison to Triassic seawater. The dissolved sulfate generated through sulfide oxidation might have 
been present from an earlier sulfide oxidation event (e.g. earlier H2S phase) or introduced to the Montney 
system over the course of early diagenesis. 
 
The isotopic signature of measured early anhydrite is similar to the isotopic composition of formation 
waters and brines in the Alberta basin of the WCSB. This is mostly the case for δ18O values of Devonian 
to Carboniferous or even Triassic formation waters and brines where a wide range of δ18O values are 
observed (-15.9 to 7.8‰ SMOW; Hitchon and Friedman, 1969; Connolly et al., 1990), similar to the δ18O 
values of the majority of early anhydrite cement (-11.2 to 6.8‰ V-SMOW; Fig. 3). It appears that the early 
anhydrite cement precipitated from sulfate-rich fluids interacted with formation waters and brines in the 
basin, particularly with underlying Devonian to Carboniferous strata. 
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Late diagenetic anhydrite and barite δ34S and δ18O signature (Bulk rock and SIMS analysis)  
 
The late digenetic anhydrite and barite cement show two distinctive sulfur and oxygen isotopic signatures 
when compared with the assumed Triassic seawater sulfur and oxygen isotope composition reported by 
different authors in the literature (Fig. 3). The bulk and SIMS δ34S and δ18O values of a large number of 
anhydrite and barite samples from western Alberta (i.e., high H2S zone) are significantly enriched relative 
to the global Triassic seawater sulfate and upper Triassic evaporites of the Alberta Basin in WCSB 
(Claypool et al., 1980), showing more isotopic affinity with the Devonian evaporites (Claypool et al., 1980; 
Machel, 1985). However, some others display the bulk and SIMS δ34S values falling in the range of 
assumed sulfur isotope composition of Triassic seawater (10 to 26‰ V-CDT; Claypool et al., 1980; 
Kampschulte & Strauss, 2004; Fig. 3). Furthermore, the bulk δ18O values of a limited number of anhydrite 
samples are in accordance with the estimated δ18O signature of global Triassic seawater sulfate (9-14‰ 
SMOW; Claypool et al., 1980). 
 
The isotopic signature of western Alberta sulfate minerals suggests that at least two major sulfate-rich 
fluids were involved in the precipitation of late anhydrite and barite cement. The trend generally overlaps 
with both sulfur and oxygen isotope composition of Triassic seawater sulfate (Claypool et al., 1980; 
Kampschulte & Strauss, 2004) and Devonian evaporites of the Alberta Basin (Claypool et al., 1980; 
Machel, 1985) with more contribution of sulfate from Devonian evaporites. The similar δ34S and δ18O 
values of all fracture- and vug-filling anhydrite, almost all SIMS anhydrite and barite samples, and a 
considerable amount of bulk poikilotopic anhydrite cement values and dissolved sulfate sourced from the 
dissolution of underlying Devonian evaporites (Fig. 3) suggest significant contribution of sulfate-rich fluids 
from Devonian evaporites.  
 
The Devonian formation waters with a significant amount of evaporite deposits have significantly high 
mean dissolved sulfate (680 mg/l) and TDS value (125,000 mg/l) values in the WCSB (Connolly et al., 
1990). The occurrence of thick Devonian evaporite strata underneath the Montney Formation further 
suggests that dissolution of the underlying Devonian evaporites can be considered as a potential source 
of sulfate-rich fluids for precipitation of late anhydrite and barite cement and fracture-filling anhydrite in 
western Alberta. The occurrence of extensive fault systems, both Precambrian basement and Paleozoic 
faults in the subsurface of the Peace River region with several episodes of reactivation through Devonian 
to Cretaceous is well documented (Barclay et al., 1990; Hope et al., 1999). These fault/fracture networks 
likely played a key role as a conduit for channeling sulfate-rich fluids that resulted from the dissolution of 
Devonian evaporites as a source of excess sulfate for precipitation of late-stage anhydrite and barite 
cement and fracture-filling anhydrite in western Alberta.  
 
Upward movement of saline fluids is basically facilitated by thermal and structural drives (Davies and 
Smith, 2006). Hydrothermal fluid flow is mostly associated with the extensional and transtensional 
tectonic setting of the WCSB characterized by elevated heat flow. Faulting and fracturing in western and 
northwestern Alberta are proven to have propagated upward and have repeatedly been active from 
Devonian to Triassic time (Hope et al., 1999), and likely controlled upward later migration of hydrothermal 
fluids in this region.  

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: (a) SEM X-ray imaging of poikilotopic anhydrite cement (Anh) enclosing quartz grains and dissolving/replacing feldspars 
and dolomite crystals (UWI: 01-32-070-09W6/0, 2549.03 m). b) Photomicrographs of fracture-filling anhydrite and pore-filling 
poikilotopic anhydrite cement formed in the vicinity of the fracture (UWI: 01-32-070-09W6/0, 2547.33 m). 

a b 
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Conclusions 
 
This study presents petrographic, bulk, and in-situ SIMS sulfur and oxygen stable isotope geochemistry of 
diagenetic sulfate minerals in the Montney Formation in northeastern BC and western Alberta. The results 
show the occurrence of regionally distributed early and late diagenetic anhydrite and barite cement 
throughout the study area. The early diagenetic anhydrite is predominant in northeastern BC (the zone of 
low H2S concentration), while late-stage anhydrite and barite cement are dominant in the zone of high 
H2S concentration in western Alberta. The wide range in the δ34S and δ18O values of anhydrite and barite 
suggests that two different sulfate-bearing fluid end members contributed to sulfate mineral precipitation 
in the Montney Formation. The early diagenetic anhydrite exhibits less enriched or even depleted sulfur 
and oxygen isotope composition than the assumed Triassic seawater sulfate. This suggests that they 
were precipitated from Triassic formation/pore water, which was modified through interaction with sulfate 
sourced from sulfide oxidation or formation waters/brines in the basin. The isotopic signature of the late 
poikilotopic and fracture- and vug-filling anhydrite and barite demonstrate the contribution of an extra-
formational source of sulfate-rich fluids in precipitation of these phases in the Montney Formation. Similar 
isotopic composition of late diagenetic sulfate minerals to Devonian evaporites further suggests the 
dominant involvement of sulfate-rich fluids originated from the dissolution of WCSB Devonian evaporites 
and mixing with pore water of Triassic seawater origin. The Devonian-sourced sulfate-rich hydrothermal 
fluids migrated upward to the Montney Formation through extensive deep-seated fault/fracture networks 
in the subsurface of western Alberta. 
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