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Abstract  

Halite sourced from Upper Ordovician strata (Red Head Rapids Formation) in the 

Hudson Bay Basin and Upper Silurian strata (Salina Group A-2 and B units) in the 

Michigan Basin was used to interpret atmospheric and environmental conditions 

during their respective depositional periods. Primary halite was distinguished from 

secondary or diagenetically altered halite using screening parameters consisting of 

petrography, trace element analysis, microthermometry and gas analysis of fluid 

inclusions. Primary halite preserves liquid and/or liquid-vapour cubic fluid 

inclusions within chevrons and fluid inclusion bands whereas secondary halite 

contains large, irregularly-shaped fluid inclusions. Petrographic analysis highlights 

the coexistence of primary and secondary fluid inclusions within some sample sets. 

Trace element analysis suggests that the deposits of the Hudson Bay and Michigan 

Basins were likely affected by periodic freshening that altered the trace element 

concentrations. Homogenization temperatures of the Upper Silurian halite range 

from 13.3 – 35.2°C which agree with expected paleoclimatic conditions.  

The contemporaneous occurrence of primary, depositional halite with secondary, 

diagenetic halite is noted during the crush fast scan method of gas analysis by mass 

spectrometry. Diagenetic influences are clearly reflected in the gas analysis results 

of some halite samples. In part, they reflect the influence of degradation and/or 

thermal maturation of organic matter and hydrocarbon migration subsequent to 

halite deposition.  

Atmospheric oxygen content in the primary halite from the Red Head Rapids 

Formation (Upper Ordovician) ranges from 13.5 to 19 %, whereas in the Salina 

Group A-2 and B units (Upper Silurian) it falls between 20 and 26 %. The measured 

values of atmospheric oxygen based on Upper Ordovician halite overlap with the 

range of oxygen modelled by Berner (2006) and Algeo & Ingall (2007), and the 

values of atmospheric oxygen of Upper Silurian halite correspond to values 

modelled by Berner (2006; 2009).  
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1. Introduction 

Scientific interest in halite or rock salt has long been established. The potential 

to interpret primary, secondary or diagenetic growth textures and past depositional 

environments from halite deposits were two of the initial interests for its scientific 

use (Dellwig, 1955; Schreiber & El Tabakh, 2000). The categorization of halite 

structures and textures is complex due to its susceptibility to dissolution, 

recrystallization and flow (Handford, 1991). Since initial scientific interest however, 

the structural properties of large halite deposits as well as the growth textures seen 

during microscopic observations of halite have expanded its use to industrial and 

other scientific applications.  

Research on the geochemistry of halite has expanded such that it has become a 

well-established paleoenvironmental proxy (e.g., Roberts & Spencer, 1995; Losey & 

Benison, 2000; Goldstein, 2001; Satterfield et al., 2005; Babel & Schreiber, 2014; 

Spear et al., 2014; Blamey et al., 2016). Specifically, the fluid inclusions observed in 

halite often serve as the proxy from which information can be extracted. 

Interpretations of ancient seawater chemistry (e.g., Satterfield et al., 2005), 

depositional environments (e.g., Lowenstein & Hardie, 1985), paleotemperature and 

paleoclimate (e.g., Roberts & Spencer, 1995), and most recently, paleoatmospheric 

composition (e.g., Blamey et al., 2016), have been successfully accomplished using 

fluid inclusions of modern to ancient halite. Each of these components provides 

pivotal information for the reconstruction of the Earth’s history and evolution. The 

timing of atmospheric and seawater oxygenation is particularly important as they 

are closely linked to the evolution of life on Earth (Blamey et al., 2016). 

In this study, halite samples from the Upper Ordovician and Upper Silurian were 

analyzed using several methods to obtain information related to their ambient 

seawater chemistry, atmospheric temperature and atmospheric composition.  

Petrography, microthermometry, trace chemistry, and fluid inclusion gas analysis 

were applied to investigate and evaluate the samples of interest. This study aims to 

determine the atmospheric oxygen content during the Upper Ordovician and Upper 
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Silurian using halite fluid inclusions and provide information on the relative stability 

of the analyzed halite deposits. Analysis of solid halite as well as its fluid inclusions 

may provide important insight into paleoenvironmental conditions and the impact 

of syndepositional to post-depositional events on halite deposits.  

1.1 Halite structure and growth textures  

Halite, a soft (hardness= 2.5) rock-forming mineral, is a relatively simple crystal, 

consisting of sodium (Na+) and chlorine (Cl-) ions arranged in octahedral 

coordination. The bonding is ionic as electrostatic bonds are spread over the surface 

of the ions. This arrangement results in a cubic crystal form with cubic cleavage 

(Handford, 1991). Although halite is a structurally simple mineral, its deposits have 

been long considered for complex uses including repositories for hazardous nuclear 

waste (Roedder, 1984; Knauth & Beeunas, 1985; Roedder et al., 1987; Tesoriero & 

Knauth, 1988; Berlepsch & Haverkamp, 2016), and as an indicator mineral during 

oil and gas exploration (Kirkland & Evans, 1981; Warren, 2006). The low hardness 

and high solubility of halite may seem disadvantageous for its application in 

industry. However, it has many positive and relevant mechanical, hydraulic and 

thermal properties when it comes to nuclear waste disposal and petroleum 

exploration projects (Warren, 1986; 2006; Berlepsch & Haverkamp, 2016).   

Salt deformation in response to a mechanical load or additional overpressure 

manifests itself as a slow, flowing movement – “creep” – which allows for “self-

sealing” of fractures and cracks (Berlepsch & Haverkamp, 2016). Halite may remain 

structurally sound such that cavities can be created and naturally maintained in 

large deposits without the need for support structures.  Halite has been scientifically 

proven to isolate material from surrounding groundwater. It maintains its 

extremely low permeability and so, acts as an aquiclude (Berlepsch & Haverkamp, 

2016). For example, connate waters were discovered in Permian-aged bedded salt 

deposits in the Palo Duro Basin, Texas and the Gorleben salt dome in Lower Saxony, 

Germany, suggesting that these waters have been isolated within the salt for ~250 

million years (Berlepsch & Haverkamp, 2016). Rock salt also has high specific 

thermal conductivity which allows it to dissipate heat better than crystalline or 
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argillaceous rock (Knauth & Beeunas, 1985; Berlepsch & Haverkamp, 2016). These 

features explain why halite may be well suited to host high-level nuclear waste and 

may act as a seal for hydrocarbon deposits.  

The growth textures exhibited by halite are especially important for deciphering 

depositional conditions and the nature of halite preservation. Initiation of halite 

precipitation at the air-brine interface may allow the growth of rafts, plates or 

hopper crystals, which tend to form cumulates (Dellwig, 1955; Arthurton, 1973; 

Lowenstein & Hardie, 1985; Handford, 1991). Halite nucleation and/or syntaxial 

overgrowth may be initiated or continued on the bottom of brine pools where 

cornets, cubes and upward-growing chevrons are the dominant growth fabrics 

(Arthurton, 1973; Handford, 1991). The direction and pattern of crystal growth is 

controlled by the competition for space such that the corners and edges of crystals 

grow faster than crystal faces. For this reason, vertically-oriented chevron growth, 

which occurs along corners and edges, tends to dominate as opposed to cornet-

shaped overgrowth, which occurs parallel to a cube face (Handford, 1991).  

During growth, brine-filled cavities or fluid inclusions may become trapped in 

the halite. These inclusions are reflected in halite samples once growth fabrics have 

not been affected by subsequent dissolution and recrystallization. If 

recrystallization has not occurred, these fluid inclusions may be representative of 

the fluid from which the halite grew (Handford, 1991). These primary growth 

fabrics are essential to studies where the preservation of primary inclusions is a 

priority.  
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1.2 Geological Setting  

Halite samples were obtained from Upper Ordovician and Upper Silurian strata 

of the Hudson Bay and Michigan Basins, respectively. These basins are two of four 

Phanerozoic intracratonic sedimentary basins on the North American craton (Figure 

1). Over geologic time, tectonically controlled uplift and subsidence in association 

with eustatic changes, have influenced the evolution of these basins. Each basin has 

experienced different patterns of formation which are reflected in its structure 

(Figure 2) (Zhang, 2010). The depositional periods from which the samples were 

obtained were of importance as initially, the main goal of this project was to uncover 

 

Figure 1: Layout view of the major North American intracratonic basins.                                                       

Highlighted are the Hudson Bay Basin (HBB) and adjoining basins, the Foxe Basin (FB) and the 
Moose River Basin (MRB), the Williston Basin (WB), the Michigan Basin (MB), and the Illinois Basin 
(IB) (modified from Lavoie et al., 2015). 
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the paleoatmospheric conditions during the geological intervals of the halite’s 

deposition.  

1.2.1 Hudson Bay Basin  

The Hudson Bay Basin is part of the larger Hudson Platform which spans 

northern Ontario, Manitoba, Québec and southeastern Nunavut (Zhang, 2010). The 

Hudson Bay Basin is one of the largest intracratonic basins in North America with a 

surface area of ~ 820,000 km2, although much of the Hudson Bay Basin is under the 

waters of Hudson Bay and James Bay (Figure 3) (Zhang, 2010; Pinet et al., 2013).  

Surrounding the Hudson Bay Basin are the Foxe Basin to the north, and the Moose 

River Basin to the south (Figure 1). The Hudson Bay Basin is isolated from the 

surrounding basins by buried Precambrian basement highs. Together, all three 

basins form the Hudson Platform (Zhang, 2010; Armstrong et al., 2013). 

 

Figure 2: Cross-sectional view of the Hudson Bay Basin and the Michigan Basin (modified from 
Zhang, 2010).                                                                                                              

Red lines indicate high-angle normal faults. Salt deposits occur in thinner, sporadic units within 
the Hudson Bay Basin, and as thicker, more frequent units in the Michigan Basin.  
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The Hudson Bay Basin rests unconformably on the Canadian Shield and consists 

of Middle-Upper Ordovician to Upper Devonian strata. Thin, unconformable 

erosional layers of Mesozoic and Cenozoic material are also locally preserved in 

select locations within the basin. Fossil records indicate that significant 

development of the Hudson Bay Basin as an intracratonic basin began during the 

Edenian (~454 – 449 Ma; Late Ordovician) although other  surrounding 

 

Figure 3: Close up of the Hudson Bay Basin.  

Paleozoic and Precambrian sediments surround the basin centre. The surrounding Foxe Basin 
(FB) and Moose River Basin (MRB) are highlighted. Upper Ordovician halite samples used in this 
study were obtained from core Pen No. 1 (modified from Zhang, 2010).  
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intracratonic basins  such as the Michigan, Illinois and Williston Basins have 

preserved older Cambrian strata. The widespread preservation of Edenian fossils 

indicates the occurrence of a marine transgression which allowed for the 

preservation of thick carbonate facies with supporting evaporites and local clastic 

sediment. Deposition of Paleozoic facies was constrained by relatively shallow 

marine conditions (Zhang, 2010; Pinet et al., 2013). Of the four North American 

intracratonic basins, the Hudson Bay Basin records the thinnest Paleozoic 

sedimentary package of ~2,500 m in Hudson Bay (Pinet et al., 2013).  

Although the Hudson Bay Basin is one of the largest sedimentary basins in 

North America, its formation remains poorly understood (Lavoie et al., 2013; 2014). 

As no one process has been decided upon, factors including lithospheric stretching, 

supported by normal or trans-tensional faults, as well as far-field mechanisms 

influencing subsidence and exhumation within the plate interior have been 

considered. The far-field mechanisms include flexure of the lithosphere from 

tectonic and/or sediment loading (Quinlan & Beaumont, 1984), subduction driven 

mantle flow (Burgess et al., 1997), or lithospheric folding (Cloetingh & Burov, 2011). 
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 1.2.2 Michigan Basin  

The Michigan Basin, like the previously discussed Hudson Bay Basin, is another 

intracratonic basin on the North American craton (Figure 1). It is an approximately 

circular intracratonic basin dominated by carbonate and evaporite sedimentary 

units (Leibold, 1992; Armstrong & Carter, 2010; AECOM Canada Ltd. & Itasca 

Consulting Canada, Inc., 2011). It covers an area of ~316,000 km2, with the majority 

located within central and southern Michigan. The basin also extends into eastern 

Wisconsin, northern Illinois, northern Indiana, northwestern Ohio and western 

Ontario (Figure 4) (Friedman & Kopaska-Merkel, 1991; Howell & van der Pluijm 

1999; Swezey, 2008). 

 

Figure 4: Extent of the Michigan Basin in the United States and Canada (modified from Swezey, 
2008).  

Upper Silurian halite samples used in this study were obtained from DOW-94 (red star) and 
ARGOR 65-1 (red circle) cores. 
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Several mechanisms have been suggested to explain the initiation of the 

Michigan Basin. For example, Klein & Hsui (1987) suggest that the timing of its 

formation is related to the breakup of a late Precambrian supercontinent. As such, 

they suggest that lithospheric stretching allowed for rifting and fault-controlled 

subsidence, followed by thermal subsidence. The time of the thermal subsidence is 

estimated between 580 to 500 million years ago and is attributed to crustal stresses 

caused by the breakup of the Precambrian supercontinent Rodinia (Zhang, 2010). In 

contrast, Howell & van der Pluijm (1990) and later, Howell & van der Pluijm (1999) 

suggest a stress-induced crustal weakening mechanism for initiating subsidence of 

the basin. This mechanism began in response to loading of the middle to upper crust 

causing high intraplate stress. This load weakened the crust to the point of viscous 

flow in the lower crust, resulting in subsidence. Overall, their observations agree 

that the origin and subsequent evolution of the Michigan Basin cannot be fully 

explained by one mechanism (Howell & van der Pluijm, 1999).  

The preservation of Paleozoic depositional sequences in the Michigan Basin was 

influenced by variable subsidence and tectonic patterns. Paleozoic strata reflect 

periods of basin-centred subsidence and periods of eastward tilting in response to 

tectonism and associated orogenesis (Taconic Orogeny of Middle-Late Ordovician; 

collision of Laurentia and Gondwana to form Pangea in the Mississippian). Cambrian 

to Mississippian deposits are preserved with a thickness of up to ~ 5 km in the basin 

centre (Howell & van der Pluijm, 1999). Restricted marine conditions during basin 

subsidence allowed for evaporation, brine concentration, and precipitation of the 

predominantly carbonate and evaporite (gypsum/anhydrite, halite and sylvite) 

units within the Michigan Basin (AECOM Canada Ltd. & Itasca Consulting Canada, 

Inc., 2011).  
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1.3 Sample Selection  

The halite samples analyzed in this study represent portions of Lower Paleozoic 

strata preserved in northern and southwestern Ontario. Samples were chosen on 

the basis that they represented distinct Upper Ordovician and Upper Silurian 

evaporite deposits within well-known intracratonic basins – the Hudson Bay Basin 

and Michigan Basin, respectively. The samples used in this study were obtained 

from several drill cores stored in the Oil, Gas & Salt Resources Library in London, 

Ontario Canada.  

1.3.1 Upper Ordovician  

Upper Ordovician halite samples were obtained from the Aquitaine Sogepet et al. 

Pen No. 1 core (well location: District of Kenora; core number: 428; well licence: 

T002784), drilled by the Aquitaine Company of Canada Inc. in 1969. The core was 

drilled along the southern shore of Hudson Bay at 56°45ʹN, 88°45ʹ15ʺW. This 

location straddles the southwestern margin of the basin.    

Samples of interest were taken from the 792.9 – 795.5 m interval of core Pen No. 

1, which was continuously drilled from a depth of 217.32 to 1021.33 m, penetrating 

Paleozoic units down to the Precambrian basement. As this core was vertically 

drilled, these depths represent vertical distances from the ground surface 

(Armstrong et al., 2013). The selected halite interval is part of the Red Head Rapids 

Formation which is the uppermost Ordovician formation recorded in northern 

Ontario (Figure 5). It has been constrained by the conodont Rhipidognathus 

symmetricus to the upper Richmondian Stage (449 – 445.6 Ma) (Zhang, 2011; 

Armstrong et al., 2013). 

This formation is a carbonate-dominated evaporitive successsion. According to 

Armstrong et al. (2013, p.324), the Red Head Rapids Formation is “…characterized 

by evaporitic cycles typically consisting of burrow-mottled, fossiliferous bioclastic 

wackestones that grade upward into non-fossiliferous, locally laminated, tan 

dolosiltites and dolomudstones that, in turn, become anhydrite-bearing, tan 
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dolomudstones, then anhydrite or halite beds. The cycles are capped by grey to 

green argillaceous dolosiltites”.  

 

The unique expression of the halite unit in the Hudson Bay Basin is related to 

paleoenvironmental conditions and localized paleotectonics (AECOM Canada Ltd. & 

 

Figure 5: The Upper Ordovician stratigraphic section as represented in core Pen No. 1 in 
northern Ontario.  

(A) The core section from which the halite sample was collected with a closer view of the halite 
section sampled (B). (C) The stratigraphic section of the Upper Ordovician as preserved in 
northern Ontario and the interval from which halite was sampled (red star) (modified from 
Lavoie et al., 2013). 

 



12 
 

Itasca Consulting Canada, Inc., 2011). Large-scale transgressive-regressive cycles 

are recorded within the Upper Ordovician strata of northern Ontario. Smaller-scaled 

and locally well-developed evaporative cycles are part of the strata, and the Red 

Head Rapids Formation characterizes the youngest carbonate-evaporite cycle. Its 

presence is indicative of deposition within a relatively hypersaline, shallow, marine, 

sedimentary environment. Changes from shallow subtidal to intertidal to supratidal 

conditions influence the depositional conditions of this formation, as past studies 

note variation in δ13C profiles which support periodic exposure within intertidal to 

supratidal conditions (Armstrong et al., 2013). There is an unconformity at the top 

of this formation which can be explained by sub-aerial exposure likely influenced by 

a eustatic drop in sea-level associated with the end-Ordovician glaciation of 

Gondwana (Zhang, 2010; Lavoie et al., 2013). This unconformity also marks the 

Ordovician–Silurian boundary (Pinet et al., 2013).  

Evaporite successions are typically locally preserved in the Upper Ordovician 

strata of this region. The halite bed from which Upper Ordovician samples were 

retrieved is only noted in the Pen No. 1 core, although several cores in the Hudson 

Bay Basin have intersected the Red Head Rapids Formation (Lavoie et al., 2013). 

This isolated halite preservation likely reflects the influence of seismic activity 

and/or a minor eustatic rise following the end-Ordovician glaciation. Cross-cutting 

relationships of strata visible along seismic reflections, as well as variation in the 

thickness of sedimentary packages on both sides of high angle faults, suggest that 

faults were active in the Late Ordovician to Early Silurian (Lavoie et al., 2013). Their 

displacement may have influenced preservation by allowing different volumes of 

brine to evaporate and subsequently precipitate the sequence of evaporite minerals.  

Shallow water limestone and reef deposits of the Early Silurian indicate a marine 

transgression at the end of the glaciation. The preservation of the Upper Ordovician 

evaporite succession indicates that the rise in sea level was insufficient to cause 

complete halite dissolution (Lavoie et al., 2013), selectively preserving halite within 

the Pen No. 1 core.  
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1.3.2 Upper Silurian  

For this study, two sample sets were collected from the Salina Group of the 

Upper Silurian which comprises carbonate, evaporite and argillaceous/clastic 

sedimentary units that are stratigraphically separated into lettered units based on 

subsurface mapping and dominant rock types. Subsurface geology gathered from a 

study in southwestern Ontario indicate that Salina Group carbonates are of 

relatively consistent thickness throughout the region, whereas evaporite units tend 

to thicken toward the southwest (basinward) (AECOM Canada Ltd. & Itasca 

Consulting Canada, Inc., 2011). This information is supported by the Oil and Gas 

exploration, Drilling and Production Summary, 1967, Paper 68-1 (1968), Brigham 

(1971) and Armstrong & Carter (2010), which indicate a westerly thickening of 

evaporite units.  

Salina Group deposition in southwestern Ontario marks a significant change in 

sedimentary environment due to arch uplift and basin subsidence (Brigham, 1971; 

Armstrong & Carter, 2010; AECOM Canada Ltd. & Itasca Consulting Canada, Inc., 

2011). These occurrences are potentially linked to tectonic activity generated by the 

Ordovician Taconic Orogeny and Devonian Acadian Orogeny (Sonnenfeld and Al-

Aasm, 1991; Johnson et al., 1992; AECOM Canada Ltd. & Itasca Consulting Canada, 

Inc., 2011). From oldest to youngest the Salina Group is comprised of the A-0 

carbonate, A-1 evaporite, A-1 carbonate, A-2 evaporite, A-2 carbonate, B evaporite, 

B carbonate, C carbonate, shale and evaporite, D carbonate and evaporite, E 

carbonate and shale, F carbonate, shale, and evaporite, and G carbonate, shale, and 

evaporite units (Figure 6) (Satterfield et al., 2005; AECOM Canada Ltd. & Itasca 

Consulting Canada, Inc., 2011).  

Upper Silurian samples were obtained from two cores located along the eastern 

edge of the Michigan Basin in southwestern Ontario (Figure 4). The older and more 

deeply deposited of the two sample sets was collected from the Dow 94 well core 

drilled at 42°53'21.5"N, 82°24'37.4"W (well location: Lambton Moore 24-XI; core 

number: 1023; well licence: T007618). This sample set is constrained to the A-2 unit 

of the Salina Group and was retrieved at core depths of 730.3 – 742 m. The 
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shallower sample set was collected from the Argor 65-1 well core located at 

42°47'11.4"N, 82°26'47.4"W (well location: Lambton Moore 28-II; core number: 

538; well licence: T001992). This sample set is constrained to the B unit of the 

Salina Group and was retrieved at core depths of 540.6 – 544.1 m. Logging 

information retrieved from the Oil and Gas exploration, Drilling and Production 

Summary, 1967, Paper 68-1 (1968) was used to determine unit boundaries and 

constrain the units from which the samples were taken. The deposition of the A-2 

and B units of the Salina Group has been limited to the Cayugan (421.3 – 416 Ma) 

using lithological changes to distinguish evaporative cycles (O’Shea et al., 1988). 

The A-2 salt is part of the larger A-2 Unit. This unit consists of an upper A-2 

carbonate and a lower A-2 evaporite unit which contains subunits – the A-2 salt and 

the A-2 anhydrite. According to previously published work, the A-2 salt typically 

consists of coarse, white, crystalline halite in which some intervals are chevron-rich 

(Brigham, 1971; Leibold, 1992; Armstrong & Carter, 2010). The A-2 evaporite unit 

reflects restriction of the basin following seawater inflow during deposition of the 

A-1 carbonate and was deposited in a shallow water/restricted marine and sabkha 

environment (O’Shea 1988; Satterfield et al., 2005).  

Stratigraphically above the A-2 unit lies the B-unit. The complete unit consists of 

an upper B unit, typically dominated by the B salt, and the B anhydrite. The B salt 

has a coarse, crystalline texture with varying colour. It may appear transparent, 

white or dark translucent brown with thin yellowish to light green-grey shale, 

dolostone and/or anhydrite interbeds (Figure 6(B)) (Brigham, 1971; Leibold, 1992; 

Armstrong & Carter, 2010). Recrystallized and anhydrite-rich halite, to relatively 

pure and chevron-rich halite are other variations noted in the B salt (Leibold, 1992). 

The B unit is interpreted to represent deposition during a period of regional 

transgression associated with deep waters, followed by basinal restriction and 

evaporative concentration (Satterfield et al., 2005). A transgressive environment is 

also associated with the A-2 halite as noted by occasional layering with anhydrite 

interbeds (Johnson, 1971; Sonnenfeld & Al-Aasm, 1991). 
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Throughout southwestern Ontario, the irregular thickness and distribution of 

the A-2 salt and B salt units have been well documented. These irregularities are 

linked to post-depositional evaporite dissolution which resulted in small scale 

internal disconformities within the Salina Group (Brigham, 1971; Armstrong & 

Carter, 2010; AECOM Canada Ltd. & Itasca Consulting Canada, Inc., 2011).  

 

 

Figure 6: The sampled core intervals and stratigraphic section for the Upper Silurian as 
represented in the eastern Michigan Basin, southwestern Ontario. 

(A) The core section from which the halite sample was collected with a closer view of the halite 
section sampled (B). (C) The stratigraphic section of the Upper Silurian as preserved in 
southwestern Ontario as well as sampled intervals (red star and circle) (modified from AECOM 
Canada Ltd. & Itasca Consulting Canada, Inc., 2011 after Winder & Sanford, 1972). 
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2. Methods 

Several methods were used to unravel the complex history of the halite samples. 

Standard methods of thin section preparation and trace element analysis were 

modified to better suit halite examination. Specifics regarding sample preparation 

are highlighted to allow an understanding of how and why particular observations 

are made, as well as to explain the results.  

2.1 Qualitative methods 

2.1.1 Primary sample screening/Visual assessment 

Early detection of features within each sample is pivotal to understanding the 

results obtained by later analysis. Each sample in this study was subject to visual 

assessment. Factors including halite colour, apparent textures, cleavage, secondary 

mineralization, and the presence of interbeds were recorded and used as 

supplemental information during the generation of petrographic reports (Appendix 

A). Visual assessment is the ideal way to begin the screening process as each halite 

sample is subject to irreversible changes during analysis. It can initially determine 

the presence of primary features (e.g., chevron textures in halite sections) and 

secondary features (e.g., secondary fluid inclusions, annealed microfractures, 

secondary mineralization) within samples.   

2.1.2 Thick section preparation for halite  

Alteration of fluid inclusions within halite samples on exposure to excess heat, 

pressure and lubrication, as well as halite’s propensity to dissolve on exposure to an 

aqueous fluid, are two of the reasons traditional thin section preparation was not 

used. The method was adjusted for this study with the intent of minimizing the 

influence of heat and pressure on the halite samples to prevent the breakage, re-

alignment, nucleation and/or decrepitation of the inclusions within the halite 

(Roedder, 1984; van den Kerkhof & Hein, 2001). Thick sections were used during 

petrographic analysis of halite samples. They are greater in width (~1 – 2 mm) than 

standard thin sections (0.03 mm). 
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Benison (1995) mentioned the use of doubly polished thin sections avoiding the 

use of heat, pressure and water, whereas Losey & Benison (2000) suggested thick 

section preparation using a diamond wire saw and a vegetable oil lubricant.  

Instead, using the natural cleavage of halite, < 1 to 2 mm thick sections were cleaved 

from each of the samples to be petrographically observed. Cleaving was achieved 

using a chisel or razor blade placed along the edge of the halite section of interest 

and a hammer which provided sufficient force to cause the splitting of a thick 

section slice from the larger halite sample. Cleaved thick sections were placed freely 

onto glass slides for petrographic observations.  

2.1.3 Petrography  

For this study, petrography was completed in a series of steps. Given the 

fragility of halite, thick sections were used during petrographic observations 

(Section 2.1.2). Halite was observed under transmitted light using an Olympus BX51 

microscope at 50x, 100x and 200x magnifications depending on the thickness of 

each cleaved halite section. Higher magnifications were used to obtain greater detail 

regarding halite textures and to confirm and identify secondary mineralization. The 

cleaved sections were placed freely on a glass slide to allow for a better range of 

motion when observing each sample. Cross-polarized light was used to characterize 

the occurrence of secondary mineralization within the halite samples. Confirmation 

of secondary mineralization was obtained from bulk X-Ray Diffraction scans 

(Appendix E). Precautionary steps were taken to observe inclusions away from the 

edges of each thick section, and to prevent the observation of any microfractures 

that may have been created during the cleaving process.  

For each sample group, observations are presented in Section 3.1 where they 

represent the major characteristics common to the Upper Ordovician and Upper 

Silurian samples. A detailed description of each cleaved sample is presented in 

Appendix A. Petrographic images were captured using an Olympus DP72 camera 

and the cellSens Standard camera software.  
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2.2 Quantitative methods  

2.2.1 Trace elements in halite  

Trace elements (Mg, K, Ca, Fe, Mn) in halite were investigated using Atomic 

Absorption Spectrometry (AAS). A method was developed to differentiate between 

the elemental composition of the solid halite plus the inclusion brine, and that 

derived solely from the solid halite. The basis of the final methodology was modified 

from the work of Moretto (1988). 

This method of trace element analysis was completed on bulk halite samples. 

This means that fluid inclusions were not analyzed individually and as such, the 

results obtained and discussed in Sections 3.2 and 4.2 are average representatives of 

the bulk halite composition. 

The halite used during the analysis of trace elements consisted of samples 

which were relatively free of inclusions (clear- C), and those which were inclusion-

rich (cloudy- D). A clear and a cloudy sample were obtained from each interval to be 

analyzed for trace elements so that the results of each sample set could be 

compared. Petrographic observations were used to select samples that fit the 

selection criteria of clear and cloudy halite. Clear halite is characterized by samples 

which contain few to no inclusions however, if inclusions are present, they are 

typically large (> 100 µm) and may represent syntaxial growth on inclusion-rich 

halite or early diagenetic halite. Sections of clear halite may also be representative of 

recrystallization within a halite section (Figure 7(A)) (Lowenstein & Hardie, 1985; 

Das et al., 1990; Lowenstein et al., 2001; Kovalevych et al., 2009). Cloudy halite is 

characterized by bands of inclusions and chevron textures. The inclusions tend to be 

small (<1 – 40 µm), cubic, one (liquid) and two-phase (liquid-vapour) inclusions 

which are typically associated with primary halite (Figure 7(B)) (Moretto, 1988; 

Bein et al., 1991; Benison & Goldstein, 1999; Satterfield et al., 2005; Kovalevych et 
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al., 2009). Clear halite was distinguished from cloudy halite as the diagenetic origin 

of the samples may vary, altering the results obtained for trace chemistry.  

Each halite sample analyzed for trace elements underwent two methods of 

analysis to further separate the results. The methods – “dry crushing” and “wet 

crushing” – were used to differentiate between trace elements contained in the solid 

plus the fluid component of the halite, and those obtained solely from the solid 

halite.  

2.2.1.1 Dry crushing 

The dry crushing method pertains to the preparation of halite samples for trace 

element analysis without chemical interference which would alter the trace element 

concentration in the solid or fluid component. With the dry crushing method, the 

trace element results represent the total composition of trace elements potentially 

incorporated into the solid halite as well as those contained within the fluid 

inclusion liquid. 

 

Figure 7: Clear and cloudy halite samples for trace chemistry analysis.  

(A) Clear halite with no fluid inclusions visible with naked eye. (B) Cloudy halite with distinct 
bands of fluid inclusions with a preserved chevron texture. 
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For each halite sample, a clear and cloudy sample were crushed to a fine powder 

in an agate mortar and pestle such that 300 mg of halite powder could be weighed 

from each sample. Crushing to a fine powder ensured that contained fluid inclusions 

were liberated from the halite sample. The weighed powder was transferred to a 

test tube and 9 mL of doubly-distilled water was added to the test tube using an 

electronic micropipette. The sample was thoroughly agitated to dissolve the halite. 

The sample was filtered through Whatman (ashless Grade 40) filter paper into a 

final test tube. This removed residual carbonate and/or sulphate mineral 

components which would not have been dissolved in the doubly-distilled water. The 

sample was then spiked using 1 mL of La 100,000 20% (v/v HNO3) solution to 

prevent any chemical interference during AAS analysis. For each analyzed element, 

the analytical parameters, method detection limits, standard preparation and 

method of analysis by AAS are detailed in Appendix D.  

2.2.1.2 Wet crushing  

Wet crushing of each halite sample allows for the differentiation of the trace 

elements contained solely within the solid halite instead of solid halite plus the 

inclusion brine. This method provided the most reliable results as it was 

consistently successful in removing the majority of the fluid inclusion component 

from the halite so that the concentration of trace elements incorporated solely into 

the halite crystal lattice could be better analyzed. 

With wet crushing, anhydrous ethyl alcohol was introduced during the crushing 

process. The alcohol had the effect of flushing elements contained within the fluid 

inclusion brines from the halite (Moretto, 1988). The chemical composition of halite 

was thereby altered to reflect the elements incorporated solely into the solid 

mineral.  

Like the dry crushing method, a clear and a cloudy halite sample were obtained 

for each sample interval. Each sample was immersed in pure ethyl alcohol and 

crushed in an agate mortar for approximately one minute until the alcohol was 

milky white and the halite was finely ground. Immediately following crushing, the 
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sample mixture of powdered halite and alcohol were transferred to a funnel which 

was attached to a vacuum pump. The funnel contained a Whatman (ashless Grade 

40) filter paper. The mortar was rinsed with ethyl alcohol to ensure all the 

powdered material was transferred to the funnel. The vacuum was applied to draw 

the moisture through the funnel. Incrementally, the halite powder was rinsed with a 

total of 60 mL of ethyl alcohol. The vacuum was run for one minute to rapidly dry 

the material. The filter paper was removed from the funnel and placed in a petri dish 

for ≥ 30 minutes to allow the sample to dry completely.  

Following these steps, each sample underwent the steps of the “dry-crushing” 

method which completed preparation for analysis by AAS.  

2.2.1.3 Benefit  

The degree of fluid inclusion or brine removal was determined by applying the 

dry crushing and wet crushing methods to halite trace element analysis. With this 

information, the concentrations of trace elements can be estimated within the solid 

and fluid fractions of halite.  

During dry crushing, the elements contained in the fluid inclusion brines were 

liberated, precipitate onto the solid halite, and were measured by AAS, in addition to 

the components of the solid halite. During wet crushing however, a significant 

proportion of secondary elements which were not part of the crystal lattice, were 

removed during alcohol-rinsing. 

The success of removal of the fluid inclusion component of the halite was 

measured against the removal of Mg. Given that the Mg ion is too large to be readily 

incorporated into the halite crystal structure, the results of dry crushing for Mg 

reflect the concentration of Mg in the fluid inclusion brines. After wet crushing, the 

total Mg concentration should theoretically be removed, and the difference between 

dry crushing and wet crushing gives an estimate of the degree of removal of the fluid 

inclusion component of the halite (cf. Moretto, 1988). 
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2.2.2 Microthermometry  

Halite samples, ~2 mm in length and < 1 mm in width, were cleaved from larger 

halite fragments. Each sample was petrographically evaluated at 100x magnification 

noting the approximate size of the fluid inclusions, the shape of the inclusions, the 

presence of fluid inclusion assemblages, and the composition of the inclusions such 

as single or multiple phase inclusions. These observations were used to determine 

whether samples contained inclusions appropriate for microthermometry.  

At room temperature, one-phase, liquid, cubic inclusions, ~10 – 40 µm within 

primary textures, most commonly being chevrons, are the ideal inclusions to be 

contained in each sample to be analyzed (Satterfield et al., 2005).  

Following the “cooling nucleation method”, utilized by Roberts & Spencer 

(1995), Losey & Benison (2000) and Satterfield et al. (2005), Upper Silurian samples 

of the Salina Group A-2 and B salt were analyzed to determine the homogenization 

temperature (Th) of multiple fluid inclusions. Chosen samples were cooled in a 

standard, household freezer for five weeks. Freezer temperature checks were done 

weekly to ensure below freezing temperatures were maintained (Appendix D). 

CaSO4 pellets were added as a desiccant to each sample bag to avoid condensation 

around halite samples. To ensure temperatures below freezing were maintained 

during sample transport from Brock University to the University of Western 

Ontario, a cooler filled with icepacks was used.   

Samples were transferred using forceps from the cooler to a pre-cooled stage 

held at 0°C. Transfer time ranged between 20 to 30 seconds to minimize exposure to 

air and prevent warming. Once the stage was sealed, an anti-fog tube expelling 

liquid nitrogen was used to prevent condensation on the stage’s glass cover. 

Samples were held within a Linkham THMSG600 heating – freezing stage and 

subsequently observed. The heating and cooling stage was operated by the Linksy32 

(stage temperature control) and Q Capture Pro 7 (camera software) programs. 

Before halite analysis, the system was calibrated using a SYN FLINC synthetic fluid 
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inclusion water standard to ensure accuracy of the stage and precision between 

subsequent readings (Appendix D).  

Fluid inclusions in halite with faces ranging from 5 – 25 µm in length were used 

in this analysis. Samples were scanned quickly to find cubic inclusions which had 

nucleated a vapour bubble ~
1

20
 of its total volume. Sketches of the inclusion(s) of 

interest were made, and samples were heated at rate of 5°C/minute. A slow rate of 

heating was used to prevent decrepitation of the fluid inclusion (Roedder, 1984). It 

was noted that energy of the vapour bubble increases prior to homogenization as 

well as shrinkage of the vapour bubble. When this was seen, warming rates were 

slowed to 3°C/minute. At the moment of disappearance of the vapour bubble, the 

homogenization temperature was recorded. To ensure complete homogenization, 

the sample was cooled 15°C below the recorded homogenization temperature, 

ensuring the vapour bubble did not reappear. In the instance of a bubble 

reappearing, steps were repeated, and the sample was heated until the point of 

homogenization of the fluid inclusion and subsequently cooled to ensure accuracy of 

the recorded measurement.   

2.2.3 Gas analysis 

Halite samples were analyzed under vacuum using the incremental crush fast 

scan (CFS) peak-hopping method using one Pfeiffer Prisma quadrupole mass 

spectrometer. Quantitative gas analysis via mass spectrometry has been described 

by Norman & Sawkins (1987), Norman & Blamey (2001), Blamey & Norman (2002), 

Parry & Blamey (2010), and Blamey (2012). Most recently, Blamey et al. (2016) 

adopted this methodology for the analysis of atmospheric gases trapped in halite 

fluid inclusions. 

2.2.3.1 Sample preparation 

Samples were cleaved from the bulk halite sample, following requirements 

necessary for microthermometry. Before analysis, each sample was petrographically 

observed and samples containing inclusion fabrics associated with primary 

preservation were chosen for analysis.  
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2.2.3.2 Analytical method  

Samples were loaded into the chambers which were sealed and held under 10-7 

to 10-8 Torr vacuum. Each sample was crushed incrementally to produce up to 10 

successive gas bursts. A crush refers to the partial breakage or flattening of a 

sample. When a crush occurred, a pulse of volatiles was released from the fluid 

inclusions and recorded by the quadrupole operating in fast scan mode. The gas was 

quickly removed by the turbo pump within two seconds of crushing (Figure 8).  For 

each crush, the system sat for 10 milliseconds at specific masses – H2O, CO2, N2, O2, 

CH4 and Ar – and for 20 milliseconds at the mass for He. The intensity of the mass 

peaks for each species was used to determine species concentration. A 

predetermined background program removed the system “noise” and accounted for 

some machine sensitivity. 

 

Figure 8: Simplified schematic illustrating the major components of the dual quadrupole mass 
spectrometer system.  

The crushers house the samples and represent the area of initial gas release when samples are 
crushed; P = the pressure gauge; SG = the inlet for standard gases; QMS = quadrupole mass 
spectrometers (only one was used during gas analysis in this study); HV = high vacuum system 
(turbo pump) for gas extraction (after Blamey, 2012). 
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Quality control was ensured by running checks on the mass spectrometer 

before the analysis of halite. A background check was run on the system to check 

specifically for masses which represent organics. If the initial organics check was 

deemed high, the system was heated or “baked” at 150°C overnight and/or flushed 

for ~10 – 15 minutes to remove the organic material. The background scan was re-

run on the system to ensure that it had been properly flushed of organic matter. This 

step was pivotal to prevent interference in the system when halite samples were 

crushed. 

Calibration was established using Scott Gas Mini-Mix gas mixtures (2% 

uncertainty) and verified with capillary tubes filled with atmospheric gas mixtures 

(1% uncertainty) (Appendix D). Results of capillary tubes indicate high accuracy and 

precision, respectively, for N2 (0.05, 1.43), O2 (0.05, 5.13) and Ar (4.60, 6.86) as 

determined in Blamey et al. (2016). The proportion of gases in modern atmosphere, 

as represented in the capillary tubes, should show minimal variation between 

crushes given that they cannot be subjected to post-depositional influence and do 

not contain organic matter which may decay and alter the proportion of O2 to CO2. 

An in-house HF-1 (Hansonburg fluorite) standard was also used for a gas to water 

ratio calibration (0.5% gas, 99.5% H2O) (Norman et al., 1985). 

For halite, it was very important to have good burst shapes. Burst shapes refer 

to the peaks created by each mass as recorded by the Quadstar software. This was 

important as an incomplete crush of the halite may allow leaking of inclusions which 

would create poor burst shapes. Good burst shapes were represented by sharp 

peaks with rapid increases and decreases whereas poor burst shapes were 

represented by broad peaks with long tails.  
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3. Results  

The results obtained by petrography, trace element analysis, microthermometry 

and gas analysis are presented in this section. Prior to each result section, some 

important background information on each analytical method is presented to the 

reader.  

3.1 Petrography  

In the analysis of halite fluid inclusions, thorough petrography is an important 

aspect. The preservation of halite growth textures, structural changes including 

dissolution and recrystallization, annealed microfractures, and the incorporation of 

secondary minerals can all be identified during petrographic analysis. As mentioned 

in Section 2.1.1, a pivotal step in a halite study involves the visual assessment of 

samples. Petrographic analysis complements the initial assessment of hand samples 

as it allows an in-depth view into the halite’s microstructures. It is therefore an 

important and necessary step during halite analysis.  

Specific to this study, the preservation of halite fabrics and growth textures can 

provide initial indications as to the nature, primary or otherwise, of the preserved 

fluid inclusions. Goldstein & Reynolds (1994) suggest that one can infer diagenetic 

environments and thermal influences with petrography. The insight gained from 

petrographic analysis is pivotal to other parts of this study given that there are 

characteristics of halite fluid inclusions which are diagnostic to their environment of 

precipitation. They can therefore be used as supporting evidence in various facets of 

this study and to explain the results obtained during trace element analysis, 

microthermometry, and gas analysis.  

Differentiating between groups of inclusions which are assumed to have formed 

at the same time and under the same set of diagenetic conditions is an important 

observation. For example, these inclusions may occur along the same growth zone 

or as a plane of inclusions along an annealed fracture. Termed a fluid inclusion 

assemblage (FIA), these groups of inclusions are an important consideration during 
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petrographic analysis and the determination of diagenetic alteration (Figure 9) 

(Goldstein & Reynolds, 1994; Goldstein, 2001). 

Differentiating between, as well as noting the occurrence of primary and 

secondary fluid inclusions, are important steps during petrographic study. Primary 

fluid inclusions are those which became trapped during the initial crystallization of 

the halite. These inclusions may preserve miniscule quantities of the original or 

parent brine from which it precipitated (Bein et al., 1991; Handford, 1991). 

Typical primary FIAs are inclusion-rich zones or laminae approximately 0.1 to 

0.3 mm thick. These zones alternate with those which are relatively free of fluid 

inclusions. Within a halite sample, the inclusion-rich zones appear white or cloudy, 

whereas inclusion-free or inclusion-poor zones tend to be translucent to 

transparent (Holser, 1979; Handford, 1991). This alternation is linked to a diurnal 

variation in crystal growth. Daylight would allow higher evaporation, rapid crystal 

growth and inclusion entrapment whereas during the night, slower growth results 

in few to no inclusions being trapped within the halite (Shearman, 1978; Holser, 

1979; Roedder, 1984). This growth pattern is generally concentrated to zones 

parallel to the crystal face (Handford, 1991; Satterfield et al., 2005).   

 
Figure 9: Common fluid inclusion assemblages in halite samples.  

(A) Chevron texture preserved in Upper Silurian halite. Two-phase (liquid-vapour) inclusions occur 
sporadically (red arrows).  
(B) Bands of fluid inclusions highlighted (red lines) along annealed fractures in ancient Upper 
Silurian halite. 
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Secondary inclusions are those which have been subject to post-depositional 

alteration. They are typically large inclusions (>40 – 50 µm) with an irregular shape 

(stretched, curved or rounded). They may cross cut boundaries within halite, occur 

along microfractures, or be observed as isolated inclusions which are unrelated to 

surrounding FIAs (Figure 9(B)) (Benison & Goldstein, 1999; Losey & Benison, 

2000). The process of necking down may also be responsible for the creation of 

secondary inclusions, with necking down referring to a change in the shape of fluid 

inclusions. For example, this may occur if halite reannealed along a microfracture 

and the presence of fluid from an inclusion resulted in the recrystallization of the 

halite and the creation of secondary fluid inclusions (Roedder, 1984). This process 

may occur in monophase or polyphase fluid inclusions and result in fluid inclusions 

taking a rounded or negative crystal shape (Goldstein & Reynolds, 1994; Goldstein, 

2001).   During petrographic analysis, it is important to identify the presence of 

these inclusions as they may represent a change in the halite’s depositional 

conditions and/or a post-depositional influence.  

Identifying microtextures within halite can be used to differentiate primary 

from secondary fluid inclusions (Van den Kerkhof & Hein, 2001). The growth 

conditions of the halite can be inferred if primary textures are preserved (Handford, 

1991), whereas during syndepositional or post-depositional alternation, the 

formation of dissolution surfaces, microfractures, and secondary mineralization can 

be used to infer diagenetic changes (Lowenstein & Hardie, 1985; Goldstein & 

Reynolds, 1994; Satterfield et al., 2005; Kovalevych et al., 2009).   
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3.1.1 Upper Ordovician samples  

Halite samples from the Upper Ordovician Red Head Rapids Formation covered 

a small interval (2.5 m) of the formation. Petrographic analysis showed little 

variation across the depth range and as such, petrographic descriptions are 

summarized for all observed samples.  

Several similarities were noted during the petrographic analysis of each sample. 

Large regions of preserved primary textures are not present in any of the samples 

during petrographic observations. However, sporadic, one- and two-phase, cubic 

inclusions (< 1 — 50 µm) assumed to be primary in nature are observed within 

some samples (Figure 10). Indeed, most of the examined halite is transparent and 

inclusion-free.  

There is, however, widespread occurrence of secondary, irregularly shaped or 

stretched inclusions. They are typically large (>100 µm), one and two-phase 

inclusions, occurring individually and in groups (Figure 11). Continuous lines of 

stretched inclusions appear to occur along annealed fractures in some areas (Figure 

11). The occurrence of these inclusions may also be indicative of necking down.  

 

Figure 10: Planes of fluid inclusions within Upper Ordovician halite samples.  

(A) (i) Cubic one and two-phase inclusions immediately adjacent to (ii) a plane of stretched 
secondary inclusions. 
(B) Apparent trails of minute fluid inclusions which could not be discriminated under the 
observed magnification of 200x. Planes of inclusions are highlighted by the red lines.  
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Under cross-polarized light, the speckled occurrence of secondary 

mineralization is noted by high interference colours, confirmed to be anhydrite by 

XRD analysis (Figure 11). Many of the samples contain sections of “dirt”, which may 

be massive anhydrite, too thick for its interference colours to be distinguished and 

so, is seen as a black mass. These sections may also represent clastic or terrigenous 

material incorporated into the halite during primary precipitation or secondary 

recrystallization.   

 
Figure 11: Characteristics common to Upper Ordovician samples during petrographic analysis.  

(A) Secondary, irregularly-shaped one and two-phase inclusions.  
(B) (i) Inclusion at the end of an annealed fracture and (ii) secondary two-phase inclusions. 
(C) and (D) Plane and cross polarized light respectively illustrating (i) a band of inclusions along 
an annealed fracture, and speckled secondary anhydrite mineralization visible under cross 
polarized light. 
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3.1.2 Upper Silurian samples  

Although halite samples span two distinct units of the Salina Group (A-2 and B 

units), they were petrographically similar. Chevron textures are common in most of 

the Upper Silurian samples. The preserved fluid inclusions within the chevrons are 

typically one-phase, cubic inclusions, ranging in size from < 1 – 50 µm, although the 

occurrence of two-phase, cubic inclusions are observed sporadically (Figure 12). 

Where chevrons are not present, they are replaced by dense bands of cubic 

inclusions of the same size range as noted in the chevrons.  

The Upper Silurian samples also contain diagenetic features including annealed 

microfractures associated with chains of stretched and/or rectangular one and two-

phase inclusions. Large (> 100 µm), irregularly shaped and sporadically occurring 

one and two-phase inclusions are also present in some of the samples. These 

sporadic inclusions are not associated with the inclusions preserved within the 

chevrons. Dense patches of secondary mineralization, identified by XRD as 

anhydrite, occur in many of the analyzed thick sections (Figure 13). The anhydrite 

occurs as blocky grains or as patches with a fibrous to radial texture. Under cross-

polarized light, high interference colours allow the anhydrite to be distinguished 

easily from the isotropic halite. In some instances, this mineralization appears to 

cross-cut fluid inclusion layers.  
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Figure 12: Characteristics common to Upper Silurian samples during petrographic analysis.  

(A) Preserved chevron texture with other generations of fluid inclusions. 
(B) One phase secondary stretched inclusions. 
(C) Planes of inclusions visible at different depths- cubic, one-phase and secondary stretched 
inclusions which appear to be gas filled. 
(D) Plane of cubic inclusions containing (i) daughter crystal within secondary inclusion 
(anhydrite (?)) and (ii) secondary mineralization (transparent crystals).  
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Figure 13: Secondary anhydrite mineralization in Upper Silurian halite samples.  

(A) Plane light image of blocky to acicular mineralization occurring with cubic fluid inclusions. 
(B) Cross-polarized image of (A) showing the interference colours associated with secondary 
mineralization. 
(C) Plane light image of secondary fluid inclusion. Transparent crystals occur within secondary 
inclusion.  
(D) Cross-polarized image of (C) showing the interference colours associated with secondary 
mineralization. 
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3.2 Trace Elements 

Trace element concentrations of Mg, K, Ca, Mn and Fe were measured in the 

Upper Ordovician and Upper Silurian halite samples. Mg, K and Ca were the best 

representatives of elemental concentrations in the halite samples. Concentrations of 

Mn and Fe were low and, in some instances, fell below their respective method 

detection limits. Their concentrations are excluded from the results but are included 

in Appendix B.   

The trace elements preserved within the halite provide an indication of basinal 

conditions during halite precipitation. They can therefore be used to infer 

fluctuations in brine concentrations during precipitation, which may in turn affect 

the preservation of precipitated primary halite.  

The true concentration of trace elements in solid halite cannot be 100% 

determined unless the sample is void of inclusions and methods of substitution are 

accounted for in the analysis (Dean & Tung, 1974; Dean 1978; Moretto, 1988). An 

estimate of the concentration of contained trace elements was determined however, 

by applying methods of dry crushing and wet crushing as explained in Section 2.2.1. 

Tables 1 and 2 highlight the element concentrations for the clear and cloudy halite 

samples respectively, based on the dry and wet crushing methods. 
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Table 1: Trace element concentrations and elimination percentages for each element as determined 
by dry and wet crush methods for “clear” halite samples.  

The acronym “nd” represents no data. 

 

 
 

CLEAR 
SAMPLES 

Method  Depth 
(m) 

Mg 
(ppm) 

K  
(ppm) 

Ca 
(ppm) 

Eliminated 
Mg (%) 

Eliminated 
K (%) 

Eliminated 
Ca (%) 

Upper Ordovician       

Red Head 
Rapids 
Formation  

Dry 792.9 108 nd  nd 
62 nd  nd 

Wet “ 41 110 nd  

 Dry 793.2 40 nd  nd 
52 nd  nd 

 Wet “ 19 116 879 

 Dry 793.4 31 nd  nd 
49 nd  nd 

 Wet “ 16 100 3489 

 Dry 795.5 151 nd  nd 
44 nd  nd 

 Wet “ 84 145 nd  

Average % Eliminated        52 nd  nd 

Upper Silurian        
Salina 
Group A-2 
Salt  

Dry 730.3 13 73 279 
47 33 39 

Wet “ 7 49 170 

 Dry 731.3 36 115 522 
73 62 62 

 Wet “ 10 44 847 

 Dry 740.9 28 125 761 
68 50 nd 

 Wet “ 9 62 829 

 Dry  742.0 18 106 155 
20 32 nd 

 Wet “ 14 72 1894 

Average % Eliminated       52 44 51 

Upper Silurian        
Salina 
Group B 
Salt  

Dry 540.6 24 151 162 
71 34 nd 

Wet “ 7 100 249 

 Dry 541.0 42 145 1592 
57 35  nd 

 Wet “ 18 95 1734 

 Dry 541.5 11 126 673 
45 22 73 

 Wet “ 6 99 185 

 Dry 544.1 20 177 287 
72 51 72 

 Wet “ 6 87 81 

Average % Eliminated        61 35 73 
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Table 2: Trace element concentrations and elimination percentages for each element as determined 
by dry and wet crush methods for “cloudy” halite samples.   

Samples at depths 541.5 m and 542.4 m were duplicated as represented by -1 and -2. The acronym 
“nd” represents no data. 

CLOUDY 
HALITE 

Method Depth 
(m) 

Mg 
(ppm) 

K  
(ppm) 

Ca 
(ppm) 

Eliminated 
Mg (%) 

Eliminated 
K (%) 

Eliminated 
Ca (%) 

Upper Ordovician       
Red Head 
Rapids 
Formation 

Dry 792.9 142 nd  nd 
71 nd  nd 

Wet “ 41 113 7510 

 Dry 793.4 101 nd  nd 
74 nd  nd 

 Wet “ 26 104 nd 

 Dry 794.3 193 nd  nd 
80 nd  nd 

 Wet “ 38 74 869 

 Dry 795.5 428 nd  nd 
87 nd  nd 

 Wet “ 56 123 5233 

Average % Eliminated    78 nd nd 

Upper Silurian        
Salina 
Group A-2 
Salt 

Dry 730.3 66 135 758 
81 54 56 

Wet “ 12 62 337 

 Dry 731.3 119 279 449 
74 72 nd 

 Wet “ 31 79 1128 

 Dry 738.8 76 133 2944 
83 50 24 

 Wet “ 13 67 2250 

 Dry 740.9 122 294 421 
90 78 nd 

 Wet “ 12 65 1709 

 Dry 742.0 77 195 2004 
79 60 62 

 Wet “ 16 78 756 

Average % Eliminated    82 63 nd 

Upper Silurian        
Salina 
Group B 
Salt 

Dry 540.6 121 205 1700 
83 83 64 

Wet “ 20 103 616 

 Dry 541.0 73 140 3827 
81 39 74 

 Wet “ 14 85 978 

 Dry 541.5-1 130 198 854 
81 47 47 

 Wet “ 25 105 451 

 Dry 541.5-2 58 147 854 
71 38 71 

 Wet “ 17 91 248 

 Dry 542.4-1 116 158 1453 
91 42 27 

 Wet “ 10 92 1059 

 Dry 542.4-2 55 152 725 
74 39 26 

 Wet “ 14 93 535 
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3.2.1 Dry crush results  

As the dry crush method recorded both fluid and solid components, the results 

represent an overall observation of the halite trace chemistry. For each formation, 

results were plotted using log concentrations of Mg, K, and Ca to minimize scatter. In 

Figure 14, the results of clear (inclusion-poor) halite have been separated from 

cloudy (inclusion-rich) halite such that differences in trace element concentrations 

are highlighted. Across each core, cloudy samples contain a greater proportion of 

trace elements and for the Upper Silurian samples, halite appears to be enriched in 

Ca in comparison to Mg and K concentrations.  

 

 

  

 

 
 
 
 
 
 
 
 
 

Continued… Method 
Depth 

(m) 
Mg 

(ppm) 
K  

(ppm) 
Ca 

(ppm) 
Eliminated 

Mg (%) 
Eliminated 

K (%) 
Eliminated 

Ca (%) 

 Dry 543.2 48 119 2108 
59 13 23 

 Wet “ 20 103 1627 

 Dry 543.6 63 116 1639 
77 nd 53 

 Wet “ 14 134 764 

 Dry 544.1 89 180 322 
88 54 77 

 Wet “ 11 83 74 

Average % Eliminated     78 34 51 
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Figure 14: Dry crush results illustrating the fluctuations associated with clear and cloudy samples from each depth increment of halite samples of 
the (A) Red Head Rapids Formation, (B) Salina Group A-2 salt and (C) Salina Group B salt.  

 

 



 

39 
 

3.2.2 Wet crush results 

The wet crushing method was used to remove the fluid inclusion contribution 

within the halite which was best observed in cloudy samples (i.e., those rich in fluid 

inclusions). In comparison to dry crushing (Figure 14), the concentration of Mg in 

cloudy samples have decreased by an order of magnitude in response to the removal 

of the fluid inclusion component which hosted the Mg, while K concentrations have 

remained relatively unchanged. In cloudy samples of the Upper Ordovician Red 

Head Rapids Formation, an average of 78% Mg was removed with wet crushing. In 

cloudy samples of the Upper Silurian Salina A-2 salt, an average of 82% Mg was 

removed, whereas in the B salt, an average of 78% Mg was removed. The percent of 

Mg eliminated in the clear samples was ~55% across all samples, indicating a lower 

proportion of fluid inclusions within clear samples and the likelihood for 

fluctuations in the percentage of Mg removed. The proportion of Mg removed during 

wet crushing supports the use of Mg as the basis for determining the removal 

success of the fluid inclusion contribution, specifically for halite rich in fluid 

inclusions (Moretto, 1988). Mg can also be used as a qualitative indicator of fluid 

inclusion density within samples (Leibold, 1992).  

Fluctuations in elemental concentrations were less distinct across the results 

obtained using the wet crush methodology, specifically for K. Fluctuations in Mg 

concentration reflect differences in fluid inclusion density of the halite samples as 

wet crushing did not completely remove the fluid inclusion component. Samples 

which contain a higher density of fluid inclusions record a higher concentration of 

Mg.  Across each core and between clear and cloudy samples, halite appears to be 

enriched in Ca in comparison to Mg and K concentrations. 

Given the success of wet crushing to remove the fluid inclusion component of 

the halite, the concentrations of Mg, K and Ca can be interpreted as representative 

concentrations of these elements as part of the solid halite. The Upper Ordovician 

and Upper Silurian samples were plotted using the log values of concentration for 

Mg, K and Ca (Figure 15). Compared to the results obtained for dry crushing, the loss 

of Mg, and to a lesser degree K and Ca, is recognized.  
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Figure 15: Wet crush results illustrating the fluctuations associated with clear and cloudy samples from each depth increment of halite samples of 
the (A) Red Head Rapids Formation, (B) Salina Group A-2 salt and (C) Salina Group B salt. 
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Following Dean & Tung (1974) and Dean (1987), the distribution of Mg, K and 

Ca, within each sample set was best observed using a ternary diagram (Figure 16). 

The relative salinity of the brine from which the halite was precipitated can be 

interpreted. Both the Upper Ordovician and Upper Silurian samples appear to have 

precipitated in an environment of low salinity, that is, closer to early stage evaporite 

minerals (calcite, aragonite and gypsum/anhydrite) instead of late stage evaporite 

minerals (sylvite and carnallite) which require much higher salinity before the onset 

of precipitation (Warren, 2006).  

 

Figure 16: Ternary plot of Mg, K and Ca concentrations using the results obtained during wet 
crushing.  

Relative salinity of the brine from which the halite precipitated can be interpreted following 
Dean & Tung (1974) and Dean (1987). 
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The Upper Ordovician Red Head Rapids Formation and the Upper Silurian 

Salina A-2 unit are well constrained within the low salinity range whereas samples 

of the Upper Silurian Salina B unit spread into the vicinity interpreted to be of 

intermediate salinity (Dean & Tung, 1974; Dean 1987). The well constrained Upper 

Ordovician samples fit well into the stratigraphic background of the Red Head 

Rapids Formation, a carbonate-dominated succession (Lavoie et al., 2013). The 

precipitated halite is constrained between laminated limestone, dolostone and 

anhydrite beds which suggest lower salinity conditions to allow for this type of 

evaporite precipitation (Johnson et al., 1992; Armstrong at al., 2013). 

The halite of the Salina A-2 unit is stratigraphically constrained by lower salinity 

carbonate and anhydrite units. Sonnenfeld & Al-Aasm (1991) suggested a larger 

basin entrance and greater inflow during this depositional cycle as saturation of 

sylvite was not reached. A greater inflow of marine water into the basin would have 

lowered the salinity in the basin. For the Salina B salt however, the spread from low 

to intermediate salinity may be indicative of minor variations within the 

depositional environment. The Salina B salt was deposited over a greater extent 

than the Salina A-2 unit and although brine saturation for sylvite precipitation was 

again, not reached, the brine may have become intermittently more concentrated 

than that of the Salina A-2 unit (Sonnenfeld & Al-Aasm, 1991; Armstrong & Carter, 

2010). Syndepositional alteration via basin freshening may have altered the brine 

composition and the relative proportion of trace elements incorporated in the halite. 

Basin freshening refers to the introduction of water (groundwater, precipitation 

and/or sea water), undersaturated with respect to the precipitating brine, to enter 

the basin causing dissolution of previously precipitated salts (Timofeeff et al., 2001; 

Brennan & Lowenstein, 2002; AECOM Canada Ltd. & Itasca Consulting Canada, Inc., 

2011). Figure 16 clearly illustrates a difference in the relative proportions of trace 

elements incorporated in the halite.  
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3.3 Microthermometry   

Microthermometry is an analytical technique which involves the heating and 

cooling of samples to observe phase changes within microscopic fluid inclusions and 

specifically, the temperature at which the change occurs (Goldstein & Reynolds, 

1994). For halite fluid inclusions, this temperature, the homogenization 

temperature (Th), is that at which the liquid and gas phases become a monophase 

fluid. This indicates the minimum temperature at which the fluid inclusion was 

trapped (Allaby, 2013). The formation temperature of minerals and the thermal 

history of rocks can be inferred from homogenization temperatures (Goldstein & 

Reynolds, 1994).  

Climatic conditions, which control surrounding air and water temperatures, are 

the main influence on homogenization temperatures, given that diagenetic changes 

have not affected the halite deposits (Dellwig, 1955; Roberts & Spencer, 1995; 

Benison & Goldstein, 1999). It is therefore important to decipher and utilize fluid 

inclusion assemblages which meet the criteria for primary inclusions during 

microthermometry. Post-depositional processes may negatively influence 

homogenization temperatures and so, unaltered fluid inclusions are essential for 

obtaining reliable paleotemperatures during microthermometry. 

Modern salt deposits analyzed via microthermometry show that surface water 

temperatures and homogenization temperatures fall within the same range 

(Roberts & Spencer, 1995; Lowenstein et al., 1998). The reflection of parent brine 

temperatures supports the use of microthermometry as a method by which 

paleotemperatures of surface environments can be accurately determined through 

the preservation and of microscopic quantities of ancient water and atmosphere 

(Goldstein, 2001).  

In modern environments, surface water conditions tend to be similar to 

surrounding air temperatures (Roberts & Spencer, 1995; Benison & Goldstein, 

1999). Assuming these conditions hold for ancient environments, results of such a 

study can support paleoclimatic interpretations as well as the primary or other 
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nature of the halite fluid inclusions. Microthermometry provides quantitative 

evidence for inferring the environment of precipitation and the climatic conditions 

the deposits of interest were subject to. This analytical technique was applied on 

halite from the A-2 and B units of the Upper Silurian Salina Group. 

3.3.1 Homogenization temperatures 

The results of microthermometry are highlighted in Table 3.  

Table 3: Homogenization temperatures of fluid inclusions from the A-2 and B units of the Salina 
Group. Sample depth is in metres; temperatures reported in °C; n= number of fluid inclusions 
analyzed; Th = homogenization temperature. Instances of failed homogenization has been reported  
(-) such that the observed fluid inclusion did not undergo a complete phase change.  

 

Sample Depth Formation n Max Th Min Th Mean Th 
Max. Temp. 
of Heating 

742.0 A-2 salt 4 20.1 14.0 18.3 50.0 

740.9 A-2 salt 4* 35.2 26.2 29.7 45.0 

730.3 A-2 salt 3* 25.5 13.3 19.4 35.0 

730.3 (dup) A-2 salt 4 > 50.0 — — 50.0 

544.1 B salt 2* 31.7 31.7 31.7 35.0 

543.2 B salt 2 > 56.0 — — 56.0 

542.4 B salt 4 > 60.0 — — 60.0 

541.5 B salt 1 34.8 34.8 34.8 35.0 

*For sample at 740.9 m, only 3 out of the 4 inclusions homogenized. For sample a) 730.3 m, only 2 
out of the 3 inclusions homogenized. For sample 544.1, 1 out of the 2 inclusions homogenized. (dup = 
sample duplicate). 

 
 The results do not indicate a distinct variation in homogenization 

temperature of the A-2 and B salts of the Upper Silurian Salina Group. The A-2 salt 

however, did have more successful instances of fluid inclusion homogenization. 

Overall, the range of successful homogenization temperatures falls within those of 

previous studies of Salina Group halite deposits (Losey & Benison, 2000).   
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3.4 Gas analysis  

The results obtained via gas analysis represent quantitative percentages of H2, 

He, CH4, H2O, N2, O2, Ar and CO2 contained within each bulk sample crushed. The 

purpose of using the incremental CFS method of gas analysis via mass spectrometry 

was to assess the potential of each sample containing Upper Ordovician and Upper 

Silurian atmosphere.   

3.4.1 Secondary sample screening 

The method of mass spectrometry utilized in this study records initial readings 

in the picomole (10-12) range. Given that such a small quantity of gas is being 

measured with each crush, the results are screened at several points during analysis 

using different methods.  This aids in the differentiation of primary versus 

secondary (diagenetic) gas signatures.  

3.4.1.1 Gas range constraint 

The %Ar and the sum of %CH4 and %CO2 are constrained and used to screen 

each sample crush for its suitability of retaining atmosphere. This range has been 

assessed using the accuracy and precision of this analysis (Section 2.2.3.2) as well as 

current knowledge of atmospheric evolution through geological time, to allow a 

more thorough analysis of the results.  

Argon in the atmosphere has remained comparatively stable relative to other 

atmospheric gases, as it is not affected by biological and chemical processes (Stuart 

et al., 2016). Its evolution can therefore be tracked over geological time, especially 

from the mid-Paleozoic to modern day (Cadogan, 1977; Bender et al., 2008; Pujol et 

al., 2013; Stuart et al., 2016). Modern atmosphere contains 0.93% Ar, and using 

models of Ar outgassing over geological history, Upper Ordovician and Upper 

Silurian Ar concentrations in the atmosphere were assumed to be approximately 

0.9% (Stuart et al., 2016). Samples interpreted to represent atmosphere are limited 

to 0.8 − 1% Ar. The range accounts for the error associated with the minute quantity 

of gas being measured during analysis.   
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The boundary of CH4 and CO2 is limited by knowledge of microbial respiration 

and organic matter degradation as determined from modern halite gas analysis, as 

well as the formation and incorporation of hydrocarbons as inferred from the 

literature (Freyer & Wagener, 1975; Freyer, 1978; Blamey et al., 2016). As such, the 

sum of %CH4 and %CO2 deemed to have minimal impact on other trapped gases is 

set to an upper limit of 10 % (Blamey & Brand, 2018). By constraining the results 

using the aforementioned gas concentrations, we can explore the potential of 

samples preserving primary atmosphere versus those which have been otherwise 

influenced. 

3.4.1.2 Linearity 

Upon analysis of each halite sample, results are plotted to determine their 

relative continuity or linearity over subsequent crushes. In this study, crushing was 

performed on bulk halite samples (Section 2.2.3.2) and as such, there was potential 

for varying proportions of gases to be released and measured with each crush. This 

was especially expected as ancient samples are more likely to have been influenced 

by syndepositional to post-depositional processes (Blamey et al., 2016). As bulk 

analysis of the halite does not allow specific inclusions to be chosen for crushing, the 

incorporation of gases from inclusions subject to diagenesis is an important 

consideration. Marked spikes in gas proportions across crushes of the same sample 

are therefore interpreted as such (Figure 19).  
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Crushes of Messinian halite were used as the basis for testing the robustness of 

using linearity as a screening parameter (Figure 17). The proportion of gases should 

show minimal variation with subsequent crushes if all subject inclusions were of a 

primary nature. 

 

 

Figure 17: Gas variation over twelve sequential crushes of Messinian halite inclusions.  

Unfilled markers show variation in oxygen, while filled markers show variation in OMG (organic 
matter and decomposition gases), which is the sum of CH4 and CO2 (after Blamey & Brand, 2018).  
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In ancient samples, there is more room for variation. Specific to this study, two 

Upper Ordovician samples analyzed for linearity illustrate that the gas composition 

recorded can be highly variable from samples taken approximately 1 metre apart. 

Figure 18 illustrates continuity throughout crushes whereas in Figure 19, 

fluctuations in gas proportions are readily visible. These differences allow 

distinction between atmospheric representations and post-depositional influences 

on the contained inclusions.  

 

 

 

 

Figure 18: Sequential crushes of Upper Ordovician halite inclusions from interval 794.3 m. 

There is minimal (~7%) variation in O2 and OMG (organic matter and decomposition gases), 
confirming homogeneity in the fluid inclusions as reflected by gas analysis.  
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Figure 19: Sequential crushes of Upper Ordovician halite inclusions from interval 795.5 m. 

There is major variation in O2 (~15% variation) and OMG (organic matter and decomposition 
gases) (~38% variation) content. Diagenesis may have influenced some of the contained 
inclusion, resulting in non-linear crush values. After crush #4 there is a distinct drop in %O2 and 
a distinct increase in %OMG, which agrees with the influence of secondary gases some of the 
fluid inclusions contained within the analyzed sample.  
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3.4.2 Modern gas analysis 

The analyses of modern halite samples as well as capillary tubes representing 

modern atmosphere (Figure 20) are used as baseline information when utilizing the 

CFS methodology for fluid inclusion gas analysis. This supports the use of this 

technique for representing the accurate proportions of atmospheric gases preserved 

in halite fluid inclusions and as mentioned previously, their results are also used to 

set constraints for the gases analyzed.  

  

 

Figure 20: Gas composition of modern halite and capillary tubes. 

Results are used to constrain atmospheric composition as reflected in halite fluid inclusions 
(black box). Open markers represent non-marine halite whereas closed markers represent 
marine halite. The trendline illustrates the influence of organic matter and decomposition gases 
(OMG) which lowers the %O2 while increasing the %OMG (after Blamey & Brand, 2018).  
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3.4.3 Ancient gas analysis 

3.4.3.1 Upper Ordovician samples 

Halite samples from the Upper Ordovician Red Head Rapids Formation analyzed 

for their gas content follow a trend like the modern samples analyzed (Figure 21). 

Over 7 samples and 53 crushes, most samples which met the screening criteria for 

the acceptable gas ranges for %Ar and %CH4 + %CO2, fell within the range of O2 

assumed to be present during the Upper Ordovician based on several models of 

atmospheric evolution (e.g., Berner, 2006; Algeo & Ingall, 2007; Berner, 2009). The 

results from this study, constrain atmospheric oxygen to 13.5% −19% based on the 

dispersion of crushes of the Upper Ordovician halite.   

 

Figure 21: Gas results of all Upper Ordovician halite crushes. 

Highlighted in green are the crushes which meet the screening parameters, while the unfilled red 
markers do not meet the screening parameters. The majority of filled green markers cluster at 
~16% O2. This study interprets Upper Ordovician oxygen within 13.5 – 19% O2 (orange box). The 
hollow red results are interpreted as non-atmospheric in nature. They likely represent a 
diagenetic gas influence, much like the trend interpreted as organic matter and decomposition 
gases (OMG) in Figure 20.  
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To assess the distribution of sample crushes based on the %OMG influence, the 

%CH4 and %CO2 were separated to determine whether one gas had a greater 

influence on the results (Figure 22 and Figure 23). For many of the samples, CH4 

and CO2 contributed equally to the total %OMG (%CH4 + %CO2). However, over the 

795.5 m (2610’) increment, CH4 had a greater contribution to the total than CO2.  

 

  

 

Figure 22: The influence of methane (CH4) to the total %OMG for Upper Ordovician samples.  

Each sample crush has been highlighted to determine the potential influence of sample depth 
on the %CH4. Variation in O2 and CH4 is evident within individual samples. Sample duplicates 
(see legend for -1 and -2) further highlight variation within the sample set. 
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Figure 23: The influence of carbon dioxide (CO2) to the total %OMG for Upper Ordovician 
samples.  

Each sample crush has been highlighted to determine the potential influence of sample depth on 
the %CO2. Variation in O2 and CH4 is evident within individual samples. Sample duplicates (see 
legend for -1 and -2) highlight variation within the sample set. 
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3.4.3.2 Upper Silurian samples  

Halite samples from the Upper Silurian Salina Group analyzed for their gas 

content trend toward higher %OMG (%CH4 + %CO2). Limited data points were used 

to constrain Upper Silurian atmospheric oxygen. Of all 88 crushes over 10 samples, 

2 met the screening criteria, to fall within the 20% − 26% range for atmospheric O2 

interpreted to have been present at that time (Figure 24). These results agree with 

some models of atmospheric evolution (e.g., Berner, 2006; 2009).  

 

Figure 24: Gas results of all Upper Silurian halite crushes. 

Highlighted in green are the crushes which have met the %Ar and %CH4 + %CO2 screening. The 
unfilled red symbols do not meet the screening parameters and do not represent atmospheric 
levels. Limited data points were used to constrain atmospheric oxygen during the Upper Silurian 
which is interpreted to fall between 20 – 26%. The hollow red results are interpreted as non-
atmospheric in nature. They likely represent a diagenetic gas influence, much like the trend 
interpreted as organic matter and decomposition gases (OMG) in Figure 20 (modern gas). 
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Similar to the Upper Ordovician samples, the %OMG was assessed to determine 

whether the %CH4 or the %CO2 exhibited a greater influence on the total gas 

content. There is a distinct separation between the contribution of %CH4 from that 

of %CO2 for the Upper Silurian samples (Figure 25 and Figure 26). The %CH4 makes 

minimal contribution to the %OMG (%CH4 + %CO2) total. Of all the crushes, 12% fell 

above 10% CH4 whereas for %CO2, 98% of the crushes fell above 10%, with the 

majority of the crushes (74%) containing >50% CO2. There is no apparent trend in 

the distribution of %CH4 and %CO2 with depth. The influence of CO2 on the majority 

of these samples negates their representation of atmosphere during the Upper 

Silurian.  

 

Figure 25: The influence of methane (CH4) to the total %OMG for Upper Silurian samples.  

Results of the Salina A-2 and B salt samples were combined as there was no significant 
difference in gas trends across the sample sets. Each sample crush has been highlighted to 
determine the potential influence of sample depth on the %CH4. Variation in O2 with depth is 
evident among many of the sample crushes but CH4 content remains well constrained. 
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Figure 26: The influence of carbon dioxide (CO2) on the total %OMG for the Upper Silurian 
samples.  

Results of the Salina A-2 and B salt samples were combined as there was no significant 
difference in gas trends across the sample sets. Each sample crush has been highlighted to 
determine the potential influence of sample depth on the %CO2. Variation in O2 and CO2 is 
evident among many of the sample crushes although sample duplicates highlight variation 
within the sample set. 
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4. Discussion 

The nature of the Upper Ordovician and Upper Silurian halite samples analyzed 

in this study can be categorized based on the inferences made through the 

combination of results from petrography, trace elements, microthermometry and 

gas analysis. Each facet is discussed in this section and the results are used to infer 

the syndepositional and post-depositional influences on the studied halite deposits.  

4.1 Petrography 

The depositional conditions of the halite samples used in this study were an 

important consideration during petrographic observations. Each sample has the 

potential to be influenced by syndepositional recycling and/or post-depositional 

diagenesis (Handford, 1991; Schreiber & El Tabakh, 2000). These influences may in 

turn affect the results obtained during subsequent analysis, specifically trace 

chemistry and gas analysis. The petrographic results therefore help to inform the 

results presented and discussed in Sections 3.2, 3.4, 4.2 and 4.4. 

For halite precipitated near the air-brine interface and within basinal settings 

like those of this study, diagenesis may occur following periods of freshening within 

the basin, thermal expansion and contraction, as well as desiccation due to aerial 

exposure (Handford, 1991; AECOM Canada Ltd. & Itasca Consulting Canada, Inc., 

2011; Biehl et al., 2014). These processes may result in the formation of 

dissolution/truncation surfaces, microfractures, halite recrystallization, and the 

incorporation of secondary minerals within the halite. Each occurrence may lead to 

the loss of primary textures and the incorporation of new material.  

Most common diagenetic features are dissolution/truncation surfaces, which 

are likely the result of subaerial exposure, flooding or the entry of groundwater. 

Petrographically, they are surfaces which truncate an otherwise continuous fabric. 

In hand sample, these surfaces may be recognized by the deposition of a secondary 

mineral layer. They are created when the brine becomes undersaturated in 

response to fresh water exposure resulting in the dissolution of the precipitated 

halite (Roedder, 1984). During this process, halite’s composition may be altered by 
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the introduction of new fluids other than the original brine from which the material 

precipitated. These new fluids may subsequently become incorporated into the 

halite during recrystallization (Handford, 1991; Timofeeff et al., 2001).  Although 

dissolution and recrystallization may affect halite samples, there is potential for 

both primary and secondary fabrics to coexist within millimetres to centimetres of 

each other. Original material which preserves chevron textures may be surrounded 

by clear “overgrowth” or recrystallized halite (Roedder, 1984).  

The petrographic analysis of halite from the Upper Ordovician Red Head Rapids 

Formation suggests that synsedimentary and/or post-depositional diagenesis has 

affected significant portions of the material. Many of the characteristics common to 

the samples described in Section 3.1.1, agree with the observation that the halite 

underwent significant diagenetic change. The sedimentary succession in the Hudson 

Bay Basin (HBB) which contains the halite of the Red Head Rapids Formation was 

deposited within shallow marine water. Given that a certain level of saturation is 

needed for halite precipitation, the HBB was likely confined during its deposition to 

allow evaporation to the point of halite precipitation (Armstrong et al., 2013; Pinet 

et al., 2013). However, basin freshening may have facilitated dissolution and 

recrystallization of the halite. This supports the loss of primary textures, the 

formation of microfractures, the incorporation of secondary mineralization, and the 

prevalence of secondary inclusions observed during petrographic analysis. 

Dissolution and recrystallization are most probable in instances where transparent 

sections of halite persist, representing the majority of the Red Head Rapids 

Formation halite samples in this study. Clear, equant-grained halite which lack 

hopper or chevron growth and contain smooth grain boundaries are indicative of 

recrystallization (Roedder, 1984). The opaque material associated with regions of 

secondary mineralization (Figure 11(C)) may indicate the incorporation of small 

amounts of terrigenous material during periodic freshening or dilution events. 

The Upper Silurian Salina Group samples preserve textures common to both 

primary and secondary/recrystallized halite. This suggests that similar to the Upper 

Ordovician samples, the A-2 and B units of the Salina Group of the Michigan Basin 



 

59 
 

(MB) were subject to intervals of synsedimentary and/or post-depositional 

diagenesis where undersaturated waters were introduced during and/or following 

precipitation. Primary chevrons are however abundant throughout the Upper 

Silurian samples. This suggests that many of the inclusions have remained unaltered 

and freshening cycles may not have been as large scale or as long-lasting as those 

which affected the Upper Ordovician halite (Bein et al., 1991). The anhydrite 

incorporated into the halite show several textures common along healed fractures, 

or in regions where dissolution and recrystallization events have occurred 

(Kovalevych et al., 2009). The fibrous-radial textures preserved are common to 

shallow-water depositional environments, which support the syndepositional 

incorporation of anhydrite (Aleali et al., 2013).  

Both the Upper Ordovician and Upper Silurian samples reflect annealed 

fractures, dissolution surfaces, and the coexistence of primary and secondary fluid 

inclusions. Halite from the Upper Silurian appears to preserve a greater proportion 

of primary textures although secondary mineralization is more frequently observed 

in comparison to samples of the Upper Ordovician. This may reflect differences in 

the chemistry of the source waters feeding the basins, or it may represent 

differences in the frequency and duration of freshening cycles.   

With this information, the influence of synsedimentary and/or post-

depositional diagenesis specifically on the trace element and gas analysis results of 

this study must be considered during interpretation of subsequent sections of this 

study.  
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4.2 Trace chemistry 

4.2.1 Trace element concentration in solid halite 

Given that the analysis focused on the trace element concentration within the 

solid halite, the potential for trace elements to be incorporated in the NaCl crystal 

lattice must be accounted for. Solid solution, adsorption or occlusion represent the 

major ways in which trace elements can become incorporated into halite (McIntire, 

1963; Dean, 1987; Herut et al., 1998). The incorporation of elements into the NaCl 

lattice by solid solution is controlled by their respective charges, ionic radii, and 

electronegativities as governed by Goldschmidt’s rules. Substitution may occur 

between ions of the same charge with ≤ 15% difference in ionic radius. Ions with 

different charges but similar ionic radii (≤ 15% difference) may substitute for 

another element in its crystal lattice if the charge can be balanced by a paired 

substitution (e.g., Ca2+ and Na+). Sites within a crystal lattice are occupied by ions 

with a higher ionic potential and substituting ions need to have similar 

electronegativities such that similar chemical bonds may be formed (Ryan, 2014).  

The K and Na ions share a charge of +1 but differ in ionic radius by 26% 

however, K may still become incorporated within the halite lattice (Leibold, 1992; 

Lide, 2005). As wet crushing removes most of the fluid inclusion component, the K 

concentration reflects that which was incorporated by adsorption and/or occlusion 

into the halite lattice during growth (Dean, 1987; Leibold, 1992). This is reflected in 

the trace chemistry results over all three cores with relative consistency.  

There is a minor difference (2%) in ionic radius between the Ca and Na ions 

however, there is a difference in charge (Lide, 2005). As noted in trace element 

studies of modern, Upper Ordovician, and Upper Silurian halite, excess Ca2+ in both 

the brine and solid components has been observed (Das et al., 1990; Herut et al., 

1998; Brennan & Lowenstein, 2002; Meng et al., 2018). Herut et al. (1998) suggests 

that the similarity in ionic radii between Ca2+ and Na+ can account for the 

coprecipitation of Ca2+ with halite. Goldschmidt’s rules support Ca2+ substitution in 

the NaCl lattice only if paired substitution allows for balanced charges, typically with 
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Al3+ or Si4+, which were not measured in this study (Ryan, 2014). As the Ca ion is not 

typically compatible with the halite crystal lattice, its concentration likely reflects 

the Ca2+ from the inclusion fluid which has not been removed as well as the Ca2+ 

incorporated from secondary minerals (likely anhydrite) (Leibold, 1992). 

The difference in charge between the Mg and Na ions, coupled with a difference 

in ionic radius of 42%, substitution of Mg2+ for Na+ within the halite lattice does not 

occur (McCaffrey et al., 1987; Moretto, 1988; Lide, 2005). As such, its elemental 

concentration reflects the Mg2+ contained solely within the fluid inclusions (Moretto, 

1988; Leibold, 1992; Herut et al., 1998).  

4.2.2 Overall trends  

There is a higher concentration of trace elements preserved in halite 

determined to be cloudy. This result was expected as these samples are rich in fluid 

inclusions and as such, have the greatest potential to record trace elements present 

in the surrounding brine at the time of precipitation. The source of this fluid 

preserved however, is debatable. Unaltered, primary inclusions are likely to 

preserve the trace elements that were present at the time of deposition (Handford, 

1991; Brennan & Lowenstein, 2002; Kovalevych et al., 2009; Babel & Schreiber, 

2014), whereas syndepositional recycling and post-depositional influences may 

alter the contents of the fluid inclusions (Timofeeff et al., 2001; Brennan & 

Lowenstein, 2002).  

Major fluctuations in brine concentration during halite precipitation are not 

evident in the results obtained for Upper Ordovician halite samples although as 

indicated by the petrographic results, recrystallization is evident. The high Ca 

concentrations are indicative of the low salinity environment which may have 

allowed the co-precipitation of Ca-bearing minerals or the adsorption/occlusion of 

the Ca into the halite lattice (Herut et al., 1998).   

Upper Silurian samples show minimal fluctuation with depth but as illustrated 

in Figure 16, the depositional conditions of the B salt appear less constrained. This 

infers instances of fluctuations in brine composition during halite precipitation. 
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In both sample sets, Ca concentration fluctuates but remains higher than Mg and 

K, even after the wet crush method removed the fluid inclusion component from the 

material (Figures 14 and 15). The potential for Ca enrichment in solid halite may be 

explained by the coprecipitation of Ca minerals (Herut et al., 1998) or the 

syndepositional incorporation of anhydrite (Dellwig, 1955). This was inferred from 

high Ca concentrations during trace element analysis however, bulk XRD and 

petrographic analyses confirmed the presence of anhydrite.  

The incorporation of contaminant minerals including anhydrite (CaSO4), calcite 

or aragonite (CaCO3), which would have precipitated earlier in the depositional 

sequence, as well as diagenetically altered dolomite (CaMg(CO3)2), may have led to 

increased Ca concentration as recorded within the samples (Leibold, 1992). These 

non-halite fractions may have been filtered through into the final test tube and 

subsequently dissolved and analyzed. The results obtained from petrography and 

bulk XRD analysis support the trace chemistry results as they highlight minor 

influences from secondary mineralization.  

The use of the alcohol leaching technique to examine the solid component of the 

halite was successful however, it was difficult to separate primary from diagenetic 

halite. The trends observed in the trace element results support the periodic 

influence of non-basinal water (freshening) however, the extent of diagenesis 

cannot be determined.  One may find Br analysis useful for chemically characterizing 

the extent of diagenesis on halite deposits. This is because the range of Br 

concentration is well constrained during primary precipitation from a brine 

saturated with respect to halite in comparison to one which underwent freshening 

and later halite recrystallization (Leibold, 1992; Siemann, 2003). 
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4.3 Homogenization temperature 

Fluid inclusion homogenization temperatures (Ths) for halite of the A-2 and B 

units of the Upper Silurian Salina Group agree with other Th results of these 

deposits as well as paleoclimatic conditions of this time (Table 3). Salina Group 

halite analyzed by Losey & Benison (2000) report homogenization temperatures 

ranging from 19.8°C to 59.0°C with most temperatures falling within the 20°C to 

40°C range.  

The instances of failed homogenization however, may indicate post-depositional 

alteration in the form of necking down, heterogeneous entrapment, or thermal re-

equilibration (Goldstein 2001; Goldstein & Reynolds, 1994). Evidence of necking 

down in Upper Ordovician samples was previously discussed during petrographic 

interpretations (Section 3.1) which highlighted the difficulty in finding inclusions 

suitable for microthermometry in the Upper Ordovician halite.  

Heterogeneous entrapment describes the incorporation of multiple fluid phases 

during fluid inclusion entrapment. Incorporation of gaseous and liquid phases, as 

well as solid particles and organic matter may influence homogenization 

temperatures such that fluid inclusion densities are altered (Goldstein, 2001). 

Homogenization temperatures under those circumstances may become highly 

variable and thus difficult to interpret with confidence. 

Thermal re-equilibration occurs when fluid inclusions are subject to increases 

in temperature which result in irreversible, diagenetic changes to the inclusion 

caused by over-pressuring. It may be observed as stretching, or leaking and refilling 

of fluid inclusions (Goldstein, 2001). As this process may involve resealing of 

inclusions, secondary fluids may become incorporated and as such, yield 

homogenization temperatures that do not represent the primary brine from which 

the mineral crystallized. A fluid inclusion from the 730.3 m interval of the A-2 halite 

appeared to have undergone thermal re-equilibration such that the vapour bubble 

appeared to homogenize at 5.3°C. However, it reappeared at 15°C, and expanded 

with increasing temperature until the fluid inclusion was completely gas filled.  
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There was usually slow to rapid movement or vibration in many of the other 

fluid inclusions which failed to homogenize while other inclusions shrank 

significantly but never completely homogenized. One observed fluid inclusion from 

the 730.3 m (duplicate sample) interval was observed to shrink significantly while 

the other three vapour bubbles showed no change in size or energy.  

Variation in the results of microthermometry suggest that fluid inclusion 

alteration was a likely issue. However, the Ths which fell into the known range of 

Upper Silurian paleoclimate may be accurate paleotemperature depictions as it has 

been proven that some inclusions are able to withstand the effects of thermal re-

equilibration (Goldstein, 2001).  

4.3.1 Paleogeographic interpretations  

During the Middle Silurian, the Michigan Basin (MB) was part of Laurentia, 

located in the southern hemisphere at less than 30°S (Figure 27). By the end of 

 

Figure 27: Paleogeography of the Middle Silurian Period illustrating the distribution of land, 
seas and oceans.  

The sub-tropical paleo-location of the Michigan Basin is highlighted (modified from 
Encyclopædia Britannica, Inc. originally after Scotese, 2001). 
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Salina Group deposition in the Upper Silurian, the MB was located at ~20°S (Scotese 

et al., 1979; Droste & Shaver, 1983). This region experienced a warm sub-tropical 

climate, consisting of alternating wet and dry periods (Sonnenfeld & Al-Aasm, 

1991). At this time, the basin was located within a belt of shallow seas, fostering 

large-scale carbonate and evaporite deposition along basin margins and within the 

basin interior. As such, marginal deposits are associated with carbonate reefs 

(Ziegler et al., 1977; Friedman & Kopaska-Merkel, 1991). Multiple inlets for 

seawater flow into the MB have been postulated, and a balance between 

sedimentation, evaporation and freshening of the basin was maintained such that it 

was never completely dry (Dellwig, 1955; Sonnenfeld & Al-Aasm, 1991).  

Paleomagnetic data has been used to determine paleocontinental orientations. 

However, plate tectonic considerations, lithological, and biogeographical data were 

used as further evidence to constrain latitudinal placements as predicted by 

paleomagnetism. As such, constraining the MB paleoclimate during the Upper 

Silurian is well-supported by the type of sediments (evaporites and carbonates) 

preserved (Ziegler et al., 1977; 1979; Scotese et al., 1979).  

A robust connection between the paleogeography and paleoclimate during the 

Upper Silurian serves to validate successful readings of the homogenization 

temperatures. The homogenization temperature results which fell between 13.3 – 

35.2°C agree with paleoclimatic information and thereby support the use of 

microthermometry to differentiate altered from unaltered fluid inclusions. These 

results support the potential of using fluid inclusions to determine paleoatmosphere 

through the analysis of fluid inclusions gases. However, as some fluid inclusions 

failed to homogenize, it highlights the co-existence of primary inclusions with 

potentially altered inclusions.  
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 4.4 Gas analysis  

Modelling the ancient atmosphere has been an ongoing scientific discussion for 

many decades. Several models used many proxies and modelling techniques with 

the aim of reconstructing and thereby quantifying changes in Earth’s oxygenation 

over geologic time. Over the last fifteen years, some notable models have been 

published including the ‘GEOCARBSULF’ model (Berner 2006; 2009), the ‘COPSE’ 

model (Bergman, 2004; Lenton et al., 2018), and the Corg:P model (Algeo & Ingall, 

2007). They are biogeochemical models which estimate fluctuations in Earth’s 

oxygen content over the Phanerozoic Eon.   

This study, however, utilized a technique which directly measured the gas 

contents of ancient atmosphere trapped within gas bubbles of halite-hosted fluid 

inclusions. The results are assessed against some of the well-known models of 

Phanerozoic atmosphere. Figure 28 highlights how the gas analysis results of halite 

from the Upper Ordovician Red Head Rapids Formation and the Upper Silurian 

Salina Group A-2 and B units compare to modelled data.  The gas results from the 

Upper Ordovician Red Head Rapids Formation halite plot within close range of 

modelled data sets of Berner (2006) and Algeo & Ingall (2007), while those of the 

Upper Silurian Salina Group halite plot well within the oxygen range modelled by 

Berner (2006; 2009). The agreement between modelled data and measured results 

of this study provides strong support for CFS mass spectrometry of gases trapped in 

halite fluid inclusions for measuring the oxygen content of ancient atmosphere.  

Each technique for reconstructing ancient atmosphere has its limitations. 

Modelling is limited by the assumptions required due to the uncertainty created by 

biological and geological forcing over geologic time. The error associated with 

modelling may alter the accuracy of the approach given that one change in a model 

variable may have a large effect on the modelled outcome (cf. Algeo & Ingall, 2007). 

In comparison, the method of gas analysis utilized in this study does not make any 

assumptions during analysis and is a direct approach for measuring atmospheric 

composition provided the halite samples are well-preserved.  
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Figure 28: Results of gas analysis in comparison to modelled data over the Lower to Middle 
Phanerozoic.  

The error bars highlight the range of oxygen from this study for the Upper Ordovician (red 
star) and Upper Silurian (red circle) (modified from Algeo & Ingall, 2007).  
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It should be noted that not every sample contains fluid inclusions with gas 

bubbles representative of the ambient atmosphere. Through intensive screening, 

gas composition much different from atmospheric representations can be identified 

and used to understand the potential impacts of diagenetic processes (syn- to post-

depositional) on fluid inclusions of halite deposits. 

Comparing Figures 21 and 24, there is a distinct difference in the preservation 

of gas contents between the Upper Ordovician and Upper Silurian halite samples. 

One must account for the distinct differences and trends in measured gas contents. 

As bulk analysis through incremental crushing did not provide control of what is 

crushed, a certain degree of variation in gas contents was expected for the both 

sample sets. Some crushes contained O2 above 25% as well as high OMG contents. 

They are interpreted to be anomalous, reflecting the occurrence of analytical error 

instead of organic matter decomposition that would decrease the O2 content.  

Gas analysis results suggest that Upper Ordovician halite has better-preserved 

samples of the atmosphere than that of the Upper Silurian halite. Upper Ordovician 

halite contained cubic inclusions interpreted to be primary in nature however, they 

occurred more sporadically. The likeliness of capturing atmosphere in crushes of 

Upper Ordovician halite appeared lower through initial visual assessment and 

petrographic analysis of each sample. 

In contrast, results obtained during petrography and microthermometry 

suggest that the Upper Silurian halite analyzed during this study preserved a more 

obvious signature of primary inclusions and gas contents. The Upper Silurian halite 

contained dense chevrons and inclusion bands within the range of previously 

interpreted Ths for the Upper Silurian MB. These features were confirmation of 

preserved primary halite however, they did not reflect the expected gas 

composition. The observed high CO2 content in the Upper Silurian halite likely 

reflects a post-depositional influence. However, it should be noted that trace 

element analysis for Upper Silurian halite, specifically the Salina B salt, did appear to 
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have been affected by greater changes or fluctuations in depositional environment 

than deposits of the Upper Ordovician Red Head Rapids Formation.  

Both sample sets contained material interpreted as clastics or mud, as well as 

minor amounts of secondary mineralization as observed during petrographic 

analysis. Bulk XRD analysis confirmed the presence of minor quantities of anhydrite 

in Upper Ordovician and Upper Silurian samples, as well as trace quantities of 

dolomite in the Upper Ordovician samples. An obvious signature for clay minerals 

was not observed to confirm the presence of mud (Appendix E).  

The results of gas analysis suggest that even after applying the combination of 

screening parameters, it is not guaranteed that all crushes will reflect 

paleoatmosphere. Post-depositional influences appear to be an important factor 

during the interpretation of the results obtained and so, they are discussed in the 

following section.  

4.5 Halite diagenesis  

Over the Paleozoic Era, evaporite deposition has been extensive. Primary 

depositional features within halite have been preserved in many large-scale 

evaporite deposits such that paleo-conditions including seawater and atmospheric 

temperature as well as seawater and atmospheric composition have been 

determined from halite and its fluid inclusions (Dean & Tung, 1974; Roedder et al., 

1987; Das et al., 1990; Bein et al., 1991; Losey & Benison, 2000; Lowenstein et al., 

2001; Brennan & Lowenstein, 2002; Kovalevych et al., 2009; Spear et al., 2014; 

Blamey et al., 2016). However, one must consider the propensity for syndepositional 

and post-depositional influences to affect the deposited halite. For instance, brine 

composition affected by changes in depth, circulation and inlet-outlet positions, is 

likely reflected in the accumulated deposits. Following precipitation from brines, 

syndepositional and/or post-depositional diagenetic changes may influence the 

preservation of evaporite minerals.  

Diagenesis has likely affected the halite of the Upper Ordovician Red Head 

Rapids Formation and the Upper Silurian Salina Group A-2 and B units as indicated 
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by the results of halite petrography, microthermometry, trace chemistry, and gas 

analysis. Although screening parameters were applied throughout the analysis and 

the samples were analyzed using minimal quantities, the contained inclusions may 

have incorporated non-primary trace elements and gases during diagenetic events. 

The extent of diagenetic alteration is not well constrained given that bulk halite 

samples were used during most of the analytical methods. The following sections 

aim to discuss the potential influences on the analyzed samples. 

4.5.1 Syndepositional influences 

Fluctuations in brine composition may occur syndepositionally, resulting in the 

alteration of preserved trace element compositions and growth fabrics of the 

precipitated halite. Syndepositional alteration appears to have affected both the 

Upper Ordovician and Upper Silurian halite samples. In the Upper Ordovician halite, 

the appearance of large sections of clear halite is typically indicative of 

recrystallization such that primary inclusions were not again incorporated into the 

halite (Figure 10). In the Upper Silurian halite, smaller sections of recrystallization 

are present between preserved chevron textures.  

Syndepositional influences in basinal environments are likely the result of 

periodic marine inflow or freshening cycles. In some instances, the halite may 

reprecipitate with its primary growth fabric intact following a freshening event. 

However, a different proportion of trace elements may become incorporated in the 

diagenetic product. This may occur if the brine chemistry changed by the input of 

new water (Dean & Tung, 1974; Timofeeff et al., 2001; Kovalevych et al., 2009). In 

other instances, the halite recrystallizes as transparent sections containing sporadic 

inclusions within otherwise inclusion rich sections (Moretto, 1988). Freshening 

cycles may also allow argillaceous or clastic sediment as well as secondary minerals 

to become incorporated into precipitated salts (Dellwig, 1955; AECOM Canada Ltd. 

& Itasca Consulting Canada, Inc., 2011).  

The potential for non-sedimentary matter to become incorporated in the crystal 

lattice of halite as it precipitates, represents another syndepositional influence likely 
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to affect the halite. A likely influence on the gas composition within primary fluid 

inclusions is the incorporation of organic matter and its subsequent degradation. 

Organic matter may be sourced from halophilic bacteria within the brine or 

terrestrial material which enters the basin during periodic freshening events 

(Warren, 2006). In units surrounding the Upper Ordovician halite, Gloecapsomorpha 

prisca has been identified as a signature biomarker and potential source of organic 

matter (Zhang, 2010), whereas in the Upper Silurian younger reefs (Middle Silurian) 

are considered major bioherms (Ells, 1963; AECOM Canada Ltd. & Itasca Consulting 

Canada, Inc., 2011) that may have influenced organic matter incorporation. Later 

degradation of these types of material after burial may cause changes in the original 

gas compositions within the halite and as such, it is discussed in further detail as a 

post-depositional influence.  

4.5.2 Post-depositional influences 

The sedimentary basins investigated in this study share complex evolutionary 

histories. The evolution of the Hudson Bay Basin (HBB) is less well understood than 

that of the Michigan Basin (MB) given that most of the former basin is submerged 

beneath Hudson Bay. Major post-depositional influences include the tectonic events 

of the HBB and MB, including fault activity during basin development, as well as the 

effects of the Wisconsinan glaciation during the Late Pleistocene, particularly 

meltwater intrusion into Paleozoic strata. The tectonic history may have affected the 

evaporite deposits as active tectonism may have allowed the migration of fluids 

along joints, fractures and/or faults (AECOM Canada Ltd. & Itasca Consulting 

Canada, Inc., 2011; Lavoie et al., 2013). Meltwater intrusion into Paleozoic strata 

may have resulted in the dissolution of evaporite deposits (McIntosh & Walter, 

2006). 

 The literature details the occurrence of source and reservoir rock units in 

Ordovician strata of the HBB and Silurian strata of the MB. Basin formation can aid 

in the understanding of if, how, and to what extent organic matter and its by-

products were incorporated into the halite. Specific to this study, the preservation of 

organic matter may influence the gas composition preserved within the halite, and 
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thus, the results obtained during CFS mass spectrometry. The potential for organic 

matter to influence and alter the preservation of trapped atmosphere is therefore an 

important consideration given that the Red Head Rapids Formation and the Salina 

Group evaporites have been analyzed for their source and reservoir potential.  

The incorporation of organic material into the samples may occur in situ or by 

later post-depositional migration. In-situ incorporation of organic matter is a 

syndepositional process however, with burial and exposure to specific conditions, 

this may lead to thermal maturation of the organic matter generating hydrocarbons. 

This process is a post-depositional process which may alter the gas content within 

two-phase fluid inclusions. Evidence of post-depositional influences may be also 

observed in the petrographic results where large, stretched, and typically gas-rich 

secondary fluid inclusions form along microfractures.  

The final interpretations of this study must account for the distinct 

characteristics highlighted in the results, specifically those of gas analysis, to resolve 

primary signatures from diagenetically influenced signatures. The Upper Silurian 

Salina Group of the MB is particularly well-studied owing to its oil and gas potential 

(Ells, 1963; Sonnenfeld & Al-Aasm, 1991; Armstrong & Carter, 2010). Renewed 

interest in the potential of the HBB to host major oil and gas deposits similar to the 

MB has led to more recent studies on Upper Ordovician strata (Zhang, 2008; Zhang, 

2011; Lavoie et al., 2013; Armstrong, 2014; Lavoie et al., 2018).  

4.5.2.1 The Red Head Rapids (RHR) Formation  

Multiple Upper Ordovician source beds have been identified in the HBB 

including the Red Head Rapids Formation which hosts three source rock intervals in 

the form of thin shale beds (Zhang, 2008; 2010). These intervals lie stratigraphically 

below the studied halite unit, and their maturation history aids in the understanding 

of post-depositional influences on the analyzed halite. 

The thermal history of the HBB is still unresolved. The most recent evaluation 

by Lavoie et al. (2018), suggests that discordant data from multiple analysis 

including Conodont Alteration Index (CAI), Rock eval (program pyrolysis), organic 
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matter reflectance, and low-temperature geothermochronology highlight the 

complexity of the thermal history of the HBB and its source rock units. To derive the 

conditions for thermal maturation, a rift model has been successfully used to explain 

the necessary depth and sedimentary cover needed for oil window conditions. The 

thermal conditions required for source rock generation would have been reached 

during the Late Devonian, in relation to the maximum sedimentary cover, basin 

subsidence and associated rifting (Lavoie et al., 2013). This model is supported by 

knowledge of basin subsidence along with extensional tectonics known from 

seismic reflection profiles highlighting normal (trans-tensional) faults within strata 

no younger than Devonian (Lavoie et al., 2013; Pinet et al., 2013). The rift model 

considers the most deeply buried parts of the Hudson Platform. Differences in the 

maturity of organic material are thereby expected in regions (e.g., basin margins) 

subjected to thinner sedimentary cover.  

The potential influence of hydrothermal fluids on the strata within the HBB has 

too been suggested. Within the Red Head Rapids Formation, hydrothermally altered 

dolostones, located stratigraphically below the halite used in this study, support the 

presence of high temperature fluids (Lavoie et al., 2013). The presence of these 

fluids, likely related to migration through fault zones, may have promoted the 

thermal maturation of organic matter. To support the occurrence of relatively high 

temperatures, homogenization temperatures of fluid inclusions within the 

carbonate cements were approximately 100 °C (Lavoie et al., 2018). 

The Comeault #1 core, taken within 75 km of the Pen No. 1 core used in this 

study, was analyzed for its thermal maturity. It produces maturation values which 

suggest that it was buried at a significantly deeper depth and/or exposed to 

significantly higher temperatures which allowed the development of the measured 

organic maturity levels (Lavoie et al., 2013).  

The organic-rich shale beds of the Red Head Rapids Formation first identified on 

Southampton Island as source rock units, have been highlighted by gamma ray 

analyses on multiple cores, including the Pen No. 1 core from which the halite 
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samples of this study were taken (Zhang, 2008; Lavoie et al., 2013). These analyses 

suggest that much of the preserved organic matter is immature, predominantly 

occurring as Type II-S (sulphur-rich) organic matter (Lavoie et al., 2013; 2015).  

Crushes of halite that are not within the limits of atmospheric levels contain 

significant amounts of methane and carbon dioxide. They are believed to have been 

sourced from the degradation of organic matter and/or the formation of 

hydrocarbons. This organic matter may have been incorporated during initial halite 

precipitation, although petrographic results were unable to confirm the presence of 

hydrocarbons. Freyer & Wagener (1975) suggested that organic matter may be 

included within the salt matrix. As such, there is the potential for inclusions to have 

incorporated organic matter during precipitation which was later subject to 

decomposition or thermal maturation. This likely altered the primary composition 

of the trapped gas, both interstitially and in the fluid inclusions. 

The tectonic history of the HBB suggests fault activity may have facilitated the 

transportation of fluids, including hydrocarbons, along fault lines or through 

microfractures. For example, the partially dolomitized reef units of the Red Head 

Rapids Formation on Southampton Island are suitable reservoirs owing to their 

elevated porosity of up to 25%. Dead oil has often been identified in some large 

vugs, confirming hydrocarbon migration from source units (Heywood & Sanford, 

1976; Lavoie et al., 2013). In addition, faulting and subsequent fracturing may have 

allowed migration of hydrocarbons into the halite.  

The gas results show that there is as much CH4 as there is CO2 trapped in the 

halite of the Red Head Rapids Formation. This stage of organic matter degradation 

agrees with the thermal immaturity of the organic content as suggested by Lavoie et 

al. (2018) for Upper Ordovician source rocks. Higher CO2 concentrations are thought 

to be linked to thermal decarboxylation of organic matter without the further 

reduction to methane, or the presence of inorganic CO2 from high temperature 

carbonate decomposition (Pironon et al., 1995; Hao et al., 2000; Higgs et al., 2007).  
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The effects of Laurentide Ice Sheet meltwater intrusion during the Wisconsinan 

glaciation in the HBB is not pronounced in the halite deposits. At that time, the HBB 

would have been located closer to the centres of glacier outflow. During glacial 

retreat, large proglacial lakes to the south of Hudson Bay would have flooded much 

of the region of Paleozoic sedimentary cover (Shilts, 1986). The preserved Paleozoic 

and Mesozoic sediments within the basin are flat-lying and unmetamorphosed, with 

much of the basin being covered by Pleistocene glacial sediments (Shilts, 1986; 

Lavoie et al., 2013). This suggests that the post-depositional effects observed within 

the halite of the Red Head Rapids formation are unrelated to the Wisconsinan 

glaciation and potential dissolution from meltwater channels.  

4.5.2.2 The Salina Group – A-2 and B Salt 

Post-depositional influences are strongly reflected in the A-2 and B halite units 

of the Upper Silurian Salina Group. They are supported by the results gained during 

petrography and gas analysis. Like the HBB, the evolutionary history of the MB is 

complex, but its evolution is linked to the thermal history of the basin. This is likely 

reflected in the gas signatures and is related to organic matter degradation and/or 

hydrocarbon formation.  

In the MB, regional tectonics related to orogenesis likely affected basin 

evolution by promoting subsidence during its initial formation and later, by 

initiating migration of fluids via faults and fractures within the strata (Sanford et al., 

1985; Coniglio et al. 1994; AECOM Canada Ltd. & Itasca Consulting Canada, Inc., 

2011). The concurrent occurrence of post-depositional and diagenetic processes 

allowed the formation and migration of hydrocarbons within the MB, specifically 

within Salina Group deposits. Many studies have postulated methods by which 

temperatures required for thermal maturity were achieved (Cercone & Pollack, 

1991; Coniglio & Williams-Jones, 1992; AECOM Canada Ltd. & Itasca Consulting 

Canada, Inc., 2011).  

The postulated occurrence of hydrothermal dolomitization within Ordovician 

and Silurian units of the MB is supported by high homogenization temperatures 
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(~200 °C). The high temperatures required for hydrothermal dolomitization 

support the thermal maturation of organic matter to the oil window (Coniglio & 

Williams-Jones, 1992; AECOM Canada Ltd. & Itasca Consulting Canada, Inc., 2011). 

Dolomitization also promotes an increase in porosity such that dolomitized beds 

become suitable hydrocarbon reservoirs.  

Burial diagenesis has also been suggested as the operative process required for 

thermal maturation in the MB (Cercone & Pollack, 1991). During the Permo-

Carboniferous, the overburden contained carbonaceous mudstones and coal which 

would have provided a thermal blanket for the preserved organic material. With an 

overburden thickness of about 1 km and a geothermal gradient of about 40°C/km, 

the present day organic maturity levels are possible within the MB.  

Much like the Upper Ordovician results of gas analysis, the majority of the 

Upper Silurian halite appears to record a post-depositional signature instead of one 

of the paleoatmosphere. In comparison to the Upper Ordovician results, 

atmospheric conditions are not well represented. The majority of crushes contained 

gas with high CH4 and CO2 (Figure 24). However, as illustrated in Figure 25 and 

Figure 26, the influence of CO2 was about 10 times greater than that of CH4 on the 

total methane and carbon dioxide (%CH4 + CO2) content. 

These gas composition results reflect the immature degradation of organic 

matter with a dominance of CO2 over CH4, which has not yet been liberated (Pironon 

et al., 1995; Hao et al., 2000; Higgs et al., 2007). If the gas analysis recorded in-situ 

organic matter degradation, the results suggest that the halite formations did not 

reach temperatures sufficient for thermal maturation and consequent hydrocarbon 

generation. However, the results of gas analysis may reflect the incorporation of 

diagenetic gases into microfractures during fault reactivation (Coniglio et al. 1994; 

Armstrong & Carter, 2010; AECOM Canada Ltd. & Itasca Consulting Canada, Inc., 

2011).  

Hydrocarbon deposits within the MB were prolific, including the A-2 carbonate 

which is the most closely related hydrocarbon-bearing unit in relation to the 
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samples used in this study (Armstrong & Carter, 2010; AECOM Canada Ltd. & Itasca 

Consulting Canada, Inc., 2011). However, known instances of dissolution and 

migration through fractures in response to reactivated Precambrian faults (Sanford 

et al., 1985) may have allowed hydrocarbon sourced from surrounding regions to be 

transported during the Paleozoic. Evidence of Cambrian-Ordovician type-oils have 

been found within Silurian reservoirs (AECOM Canada Ltd. & Itasca Consulting 

Canada, Inc., 2011) which futher supports the potential of post-depositional 

migration of hydrocarbons into halite.  

Apart from the Paleozoic regional tectonics, there is significant evidence which 

suggests that meltwater from the Late Pleistocene Wisconsinan glaciation 

influenced Paleozoic strata, specifically along the edges of the MB. Geochemical data 

derived from confined ancient groundwater suggests that recharge into Silurian-

Devonian and Cambrian-Ordovician regional aquifers occurred as a result of 

meltwater infiltration (McIntosh & Walter, 2006). Meltwater infiltration has been 

found to be localized. Different locations within the basin experienced varying 

extents of meltwater influence. Along the eastern edge of the MB, where the samples 

used in this study were collected, meltwater infiltration is observed within 

carbonates of the Lower Devonian Dundee Formation (Weaver et al., 1995; 

McIntosh & Walter, 2006). The reactivation of faults or the creation of a fracture 

system may have been created in response to glacial unloading. They may have 

allowed dissolution and/or vertical fluid migration through otherwise stable 

Paleozoic strata. The chemistry of glacially recharged groundwater suggests the 

mixture of highly saline brines derived from the Salina Group with glacial meltwater 

is reflected in Devonian carbonate aquifers (Weaver et al., 1995; McIntosh & Walter, 

2006). The extent of evaporite dissolution during the Late Pleistocene glaciation is 

uncertain but it is an important consideration as a potential post-depositional 

influence.  

4.5.2.3 Comparison and interpretations  

There is a difference in the gas signatures produced by the Upper Ordovician 

and Upper Silurian halite (Figure 21 and 24). To account for these differences, the 



 

78 
 

impact of in-situ components and post-depositional influences was evaluated within 

each depositional environment. Relative gas compositions highlight differences in 

recorded organic component maturity, as well as the propensity of each deposit to 

be influenced by syndepositional and post-depositional changes.  

Although the Upper Ordovician and Upper Silurian samples were deposited and 

preserved within similar environments, post-depositional migration and alteration 

of organic material has resulted in varying gas signatures. They can be explained by 

variations in basinal temperature which controlled the degree of maturation, as well 

as migration patterns, which may have affected the outcome of the preserved gas 

signature.  

The Upper Ordovician results of this study appear to reflect a greater degree of 

maturity such that more CH4 was liberated. However, if the generation of inorganic 

CO2 by thermal degradation of carbonates occurs simultaneously with fluid 

migration caused by fault reactivation and the creation of microfractures, they may 

also explain the high percentage of carbon dioxide in the Upper Silurian samples. 

Organically sourced CO2 can coexist with inorganic CO2 as determined by isotope 

analysis (Freyer, 1978.  This may be reflected in the gas results of Upper Silurian 

halite. 

Halite’s ductile deformation and ability to flow and re-anneal under stress has 

been well studied (Warren, 2006). These properties typically prevent external fluids 

from affecting large scale halite deposits (Knauth & Beeunas, 1985; Berlepsch & 

Haverkamp, 2016). However, in the studied formations, the observed influence of 

halite diagenesis related to post-depositional changes was likely observed as basin 

stability had not yet been generated. Within the HBB and MB, the reactivation of 

Precambrian basement faults occurred over kilometres of strata and led to brittle 

deformation (Sanford et al., 1985). Additionally, hydrothermal fluid migration may 

have resulted in secondary porosity and the incorporation of secondary fluids into 

the samples analyzed (Lavoie et al., 2013; 2017). The influence of glacial meltwater 

channels, specifically on halite deposited within the MB is also an important 
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consideration (Weaver et al., 1995; McIntosh & Walter, 2006). These occurrences 

have likely influenced the results obtained in this study.   
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5. Conclusions 

This study used petrography, trace chemistry, microthermometry, and gas 

analysis to confirm the evolutionary history of Red Head Rapids Formation (Upper 

Ordovician, Hudson Bay Basin) and Salina Group A-2 and B (Upper Silurian, 

Michigan Basin) halite.  

1) The results suggest that the halite deposits have complex depositional and 

post-depositional histories which influenced the paleoenvironmental and 

paleoatmospheric interpretations.  

2) Pre-screening alone of halite samples is insufficient when the goal is to use 

this mineral as a paleoatmospheric archive. Halite samples meeting pre-screening 

parameters still may have been subject to syndepositional to post-depositional 

influences.  

3) Petrographic observations highlight the concurrent occurrence of textures 

associated with primary and secondary or diagenetic halite. The incorporation of 

secondary anhydrite mineralization supports the influence of periodic dissolution 

and recrystallization of the Upper Ordovician and Upper Silurian halite.  

4) The trace chemistry results from the Upper Ordovician and Upper Silurian 

samples reflect minor fluctuations in the water chemistry. Freshening cycles 

affected the basins during deposition as evidenced by trace element fluctuation and 

the co-precipitation of non-halite minerals including anhydrite and dolomite.  

5) The microthermometry results of the Upper Silurian halite samples agree 

with paleogeographic reconstructions and the associated paleoclimate during 

deposition. These results support the preservation of primary, unaltered inclusions 

within many halite samples.  

6) Gas content in many of the halite fluid inclusions appears to have been 

diagenetically influenced in both the Upper Ordovician and Upper Silurian samples 

in response to organic matter degradation and secondary fluid incorporation. This is 

highlighted by a shift to higher percentages of CH4 and CO2 during gas analysis. 
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7) The use of crush-fast-scan mass spectrometry appears robust for the analysis 

of atmospheric signatures in ancient halite fluid inclusions.  

8) The refinement of the halite screening protocol will improve the chances of 

differentiating primary from diagenetically altered fluid inclusions and their 

corresponding gas signatures.  

9) Atmospheric oxygen measured within the Upper Ordovician halite of the Red 

Head Rapids Formation ranges from 13.5 to 19 %. Atmospheric oxygen measured 

within Upper Silurian halite of the Salina Group A-2 and B units falls between 20 and 

26 %. The measured Upper Ordovician and Upper Silurian atmospheric oxygen 

contents support the ranges of atmospheric oxygen produced by the models of 

Berner (2006; 2009) and Algeo & Ingall (2007). 
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Appendix A – Petrographic observations 

Table A1: Hand sample descriptions and petrographic observations of Upper Ordovician halite samples of the Red Head Rapids (RHR) 

Formation.  

Uncertainty is indicated by (?). The magnification of petrographic observations is given as within brackets e.g., (40x).   

Sample 
Age 

Original 
Sample  
Depth  

Depth in 
metres 

Formation Hand Sample Description Petrographic observation 
Thin Section Description 

(magnification) 
Upper 
Ordovician  

2610 ft 795.5 RHR Halite interbedded with secondary 
mineral which is dominant and has a 
grey to brown appearance. Potential 
anhydrite interbedded within sample 
~0.5 mm thick. 
 
 

(100x) Small cubic inclusions (~20 µm) 
occur. Stretched inclusions also present. 
Grains of secondary mineralization (~40 
µm) occur sporadically. Overall, 
inclusions are rare and if present, they 
occur as small, irregular-shaped 
inclusions. 
 
 

Upper 
Ordovician 

2606 ft 794.3 RHR Clear halite sections interbedded with 
dark halite (?) and/or secondary 
mineral. Secondary dark grey 
mineralization is present. When 
cleaved, smooth parting is achieved.  
 
 

(100x) Stretched inclusions (~60 µm to 
>100 µm) are present. There is an 
abundance of stretched inclusions (100s 
of microns) present. Microscopic view of 
surface is bumpy and uneven. No visual 
evidence of anhydrite or other secondary 
mineralization. Halite generally contains 
an unidentified brownish material, 
possibly clastic material (?). Some minor 
evidence of speckled mineral grains. 
Cubic inclusions are present, but they 
occur sporadically in bands which are not 
dense. 
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Upper 
Ordovician 

2603 ft 793.4 RHR  Intercrystalline, transparent halite 
containing sections of brownish 
material (clastic particles/dirt (?)). 
This section does not appear to be thin 
bedded.  
Halite has brittle, poor parting.  
 
 

(40x) Halite dominantly transparent with 
sporadically occurring stretched 
inclusions.  
No sound evidence of large sections of 
secondary mineralization although some 
sections of halite contain massive, brown 
material (clastics/dirt (?)). After cleaving, 
halite surface is uneven.  
 
 

Upper 
Ordovician 

2602.5 ft 793.2 RHR  Transparent halite, no inclusions 
evident. Halite is typically brittle when 
cleaved but smooth parting achieved at 
times.  
 
 

(100x) No banding or chevrons but cubic 
one phase inclusions (~ 20 µm) occur.  
Small stretched inclusions (~ 30 µm) are 
also present.  
Annealed fractures present with small 
(≤20 µm) inclusions which trail along it.  
 
 

Upper 
Ordovician 

2601.5 ft 792.9 RHR Clear halite with localized dark 
sections. 
When cleaved, smooth parting is easily 
achieved.  
 
 

(100x) Few inclusions present; some are 
cubic inclusions (40 – 80 µm). 
Sporadic irregular inclusions present 
within relatively transparent halite.  
Some evidence of secondary 
mineralization occurring around areas of 
“dirt”; potentially anhydrite grains within 
mud mass (?). One section containing 
radial anhydrite is noted.  
The presence of annealed fractures is not 
obvious. However, potential dissolution 
surfaces are noted. They appear 
rough/bumpy but may be due to uneven 
cleavage. 
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Table A2: Hand sample descriptions and petrographic observations of Upper Silurian halite samples.  

Uncertainty is indicated by (?). The magnification of petrographic observations is given as within brackets e.g., (40x).   

Sample 
Age 

Original 
Sample 
Depth 

Depth in 
metres 

Formation Hand Sample Description Petrographic observation 
Thin Section Description 

(magnification) 

Upper 
Silurian  

742 m 742 Salina 
Group 
A-2 Salt  

Intercrystalline halite with some 
transparent sections which lack 
inclusions while other sections appear 
cloudy and inclusion rick. Dark brown, 
secondary mineralization (?) evident; < 
1 cm thick.  
Petroliferous odour when cleaved. 
Halite is typically brittle when cleaved 
but smooth parting accomplished in 
larger sections. 
 

 

(25x) Stretched inclusions occur along 
potentially annealed fractures, some are 
two phase, others one phase. 
Potentially annealed fractures have a 
stylolite-like appearance. 
Chevrons are present but single bands of 
inclusions are also present.  
Dense sections of anhydrite (fibrous to 
radial) are present in some sections, 
while in other sections, secondary 
mineralization occurs sporadically. 
Anhydrite appears transparent under 
plane-polarized light. Brownish sections 
relatively opaque under cross-polarized 
light. Some of the “dirty” brown sections 
are associated with anhydrite.  
(100x) Large (~400 x 200 µm) stretched 
inclusions which contain fibrous 
anhydrite within them occur.  
Inclusions are commonly two-phase. 
There is evidence of annealed fractures 
which connect vapour/gas-filled 
secondary, irregular shaped inclusions. 
Smaller (~ 20 x 20 µm) two-phase 
stretched inclusions also occur along 
potentially annealed fractures. 
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Within chevrons, inclusions are typically 
one-phase (< 1 µm – 60 µm).  
Other areas contain sparse, sporadic 
inclusions 100 x 100 µm or greater in 
size.  
 
 

Upper 
Silurian  

740.9 m  740.9 Salina 
Group 
A-2 Salt  

Intercrystalline halite, containing 
cloudy sections of dense inclusions.  
Smooth parting achieved when sample 
is cleaved.  
Secondary mineralization and/or 
interbeds are not evident.  
Petroliferous odour upon cleaving.  
 

 
 

(25x) Dense sections of inclusions; some 
chevrons.  
Some areas contain fibrous to radial 
anhydrite. Anhydrite grains are 
sometimes multi-coloured (high order 
interference colours) under cross-
polarized light. 
Secondary mineralization appears to 
cross chevron fabric in some sections.  
(100x) In chevron, inclusions ~ 1 µm – 40 
µm  
Inclusions are mainly one-phase although 
there are some two-phase inclusions < 50 
µm. Other large inclusions (100s µm) are 
present. 
Thin annealed fractures are present 
which appear to connect inclusions. 
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Upper 
Silurian  

738.8 m 738.8 Salina 
Group 
A-2 Salt  

Intercrystalline halite.  
Secondary mineral interbed occurs and 
is ~ 1cm in thickness.  
Strong petroliferous odour when 
cleaved.  
Dense inclusions banding is evident.  
Smooth parting is achieved when 
sample is cleaved.  
 
 

 

(25x) Dense inclusion bands and some 
sections containing chevrons are present 
with intermittently occurring transparent 
sections.  
A high density of acicular to fibrous 
mineral grains with high interference 
colours are visible under cross-polarized 
light. 
Cubic to rectangular nodules of secondary 
mineralization with the same interference 
colours occur under cross-polarized light.  
Fibrous anhydrite is present in halite 
mass and in 100s x 100s µm inclusions.  
(100x) In chevrons, inclusions are < 1 µm 
– 40 µm.  
Some two-phase, irregular shaped 
inclusions occur but are typically not 
within the chevrons. 
Potentially annealed fractures are 
present. They are relatively straight with 
small (<5 µm) inclusions along them. 
Other fractures appear to connect large 
stretched inclusions.  
Within some stretched inclusions, multi-
coloured anhydrite is visible under cross-
polarized light.  
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Upper 
Silurian  

731.3 m 731.3 Salina 
Group 
A-2 Salt  

Intercrystalline halite.  
Chevrons are almost perpendicular to 
the up direction in which the halite was 
sampled. 
Cleavage/parting is smooth although 
individual cubes are not readily 
cleaved. 
No secondary mineral layers are 
evident. 
 

 
 

(25x) Dense chevrons are evident.  
(100x) Within chevrons, inclusions are   
<1 – 40 µm. Away from chevrons, 
inclusions are 100s x 100s µm in 
dimension.  
Stretched inclusions are present. 
Many annealed fractures are present 
which connect large (100s x 100s µm), 
all-liquid inclusions. 
Within larger (100s µm) inclusions, 
fibrous anhydrite is visible under cross-
polarized light. Speckled grains with 
yellow-grey colour visible under cross-
polars, above and within dense 
inclusions; individual sizes ~20 x 20 µm - 
~40 x 100 µm and other clumped regions 
300 x 300 µm sections.  
Some acicular anhydrite occurs within 
large (100s µm) inclusions away from 
chevrons.  
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Upper 
Silurian  

730.3 730.3 Salina 
Group 
A-2 Salt  

Intercrystalline halite. 
Inclusion banding visible in hand 
sample but direction of banding not 
obvious.  
Cubic cleavage not readily obtained but 
smooth parting.  
 

 
 

(100x) Chevrons and bands of cubic 
inclusions are present. Many one-phase 
inclusions occur and are typically < 20 
µm. Many other larger (100 – 200 µm) 
cubic inclusions occur. 
Stretched inclusions are present which 
are typically larger than cubic inclusions. 
Annealed fractures are associated with 
chains of stretched inclusions and one-
phase rectangular inclusions. They are 
surrounded at times separated by 
rounded/globular pore spaces (?) or 
round gas filled inclusions (?). 
Secondary mineralization, likely 
anhydrite, is present as elongated grains.  
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Upper 
Silurian  

1785’3” 544.1  Salina 
Group 
B Salt   

Intercrystalline halite with a < 1 mm 
thick section of secondary 
mineralization.  
Mineralization tested with 10% HCl and 
there is no visible effervescence.  
Cloudy and clear section occur within 
sample.  
Smooth parting achieved when sample 
is cleaved.  
Weak petroliferous odour when 
cleaved. 

 
 

 
 

(100x) Within chevrons, inclusions are < 
1 µm - 50 µm. 
Sporadic inclusions > 50 µm also occur. 
Stretched, one- and two-phase inclusions 
which are 100s of microns are present. 
They are at times associated with 
secondary mineralization.  
Annealed fractures are present with 
strings of inclusions occurring along 
them. 
Secondary mineralization, likely 
anhydrite, is present. It occurs as 
individual, sporadic mineral grains 40 - 
80 µm in length although there are 
occurrences of fibrous to radial anhydrite.  
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Upper 
Silurian  

1783’4” 543.6 Salina 
Group 
B Salt   

Intercrystalline halite with continuous 
1 – 2 mm secondary laminae. The 
laminae do not appear to be 
mineralization; potentially organic 
remains (?) or clastic material (?). 
Weak petroliferous odour is achieved 
upon cleaving and is strongest when 
cleaving is done around brown lamina. 
Some sections are evidently cloudy, 
others more transparent. 
Brittle to smooth parting is achieved 
with cleaving.  
 

 
 

(40x) Stretched inclusions are present 
and occur as two-phase or all gas 
inclusions.  
Inclusions are dense and banded in some 
regions, but the chevron fabric is not 
readily identified.  
Secondary mineralization is commonly 
associated with dirty/dark/opaque 
patches.  
(100x) In bands, inclusions are < 1 – 40 
µm. 
Annealed fractures are potentially 
present.  
It appears as though chevron texture was 
present, but part is ‘missing’ as a result of 
potential dissolution (?). As such, 
chevrons appear patchy. 
Transparent grains in plane light 
associated with fibrous/radial anhydrite 
which appears to be imbedded within 
chevron layers. 
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Upper 
Silurian  

1782’ 543.2 Salina 
Group 
B Salt   

Intercrystalline halite with secondary, < 
1 mm thick partings/laminae.  
Brittle parting occurs upon cleaving in 
some areas while in other sample 
sections, there is smooth parting.  
 

 
 
 
 
 
 
 
 
 

(40x) Many inclusions occur in bands, but 
some areas are transparent and relatively 
inclusion free. 
Dense patches of secondary 
mineralization, likely anhydrite, appear 
as radial to fibrous grains. 
Anhydrite appears to cross cut fluid 
inclusions layers in some areas.  
(100x) Within bands, inclusions are < 1 – 
40 µm. 
Stretched inclusions are present. 
Some surfaces appear 
rough/wavy/bumpy.  
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Upper 
Silurian  

1779’6” 542.4  Salina 
Group 
B Salt   

Intercrystalline halite.  
Secondary mineralization or lamina are 
not visible in hand specimen. 
Halite experiences mainly brittle to 
rough parting when cleaved, although 
cloudy/inclusion-rich areas experience 
smooth parting. 
Potentially inclusion-rich in some 
sections, while other areas appear 
transparent and inclusion free.  
 
 

 
 
 

 
 

(100x) Chevrons are present as well as 
the occurrence of sporadic inclusions. 
In chevrons, inclusions are < 1 – 40 µm, 
while sporadic inclusions are >100 µm. 
Stretched inclusions potentially linked to 
annealed fractures.  
Secondary mineralization (anhydrite) is 
present and has a bladed/fibrous/radial 
texture.  
Some two-phase are present, however, 
inclusions within chevrons are typically 
one-phase.  
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Upper 
Silurian  

1776’6” 541.5 Salina 
Group 
B Salt   

Intercrystalline halite with secondary 
partings/laminae 2 – 5 mm thick. 
Weak petroliferous odour upon 
cleaving. 
Partings have a much greater hardness 
than halite. 
 

 

(40x) Stretched inclusions are present 
with some occurring in groups and are 
100s µm in dimension. They are typically 
two-phase and elongated. 
Annealed fractures are present.  
Secondary mineralization (anhydrite) is 
visible under cross-polarized light. 
Mineralization occurs as bladed or 
fibrous to radial mineral grains.  
Cloudy sections are at times, associated 
with areas of secondary mineralization.  
Large (100s µm), irregular inclusions are 
associated with anhydrite.  
Chevrons are present but in halite 
sections above and below chevrons 
inclusions are sporadic.  
(100x) In chevron, inclusions are <1 – 40 
µm. 
Stretched inclusions are 20 – 100s µm.  
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Upper 
Silurian  

1775’1” 541 Salina 
Group 
B Salt   

Intercrystalline halite with large (1cm x 
1cm x 1cm) sections of transparent 
halite. Other sections appear 
cloudy/inclusion rich. 
Smooth parting is readily achieved 
although cubic cleavage is not 
immediately evident.  
Secondary partings are not visible. 
 

 
 
 
 
 
 

(25x, 40x) One- and two-phase stretched 
inclusions are present. 
Areas of secondary anhydrite 
mineralization occur as fibrous to radial 
grains although some individual 
elongated to bladed anhydrite grains 
occur sporadically throughout halite. 
Anhydrite appears transparent under 
plane light, but is typically associated 
with cloudy, opaque sections of clastic (?) 
or organic (?) material. 
(100x) Some sections have preserved 
chevrons, but sporadic inclusions are also 
present.  
In chevrons, inclusions are <1 – 30 µm.  
Stretched inclusions are present and are 
potentially associated with annealed 
fractures, as these stretched inclusions 
occur as continuous lines.  
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Upper 
Silurian  

1773’9” 540.6 Salina 
Group 
B Salt   

Intercrystalline halite with mm scale 
secondary (mud or anhydrite (?)) 
partings/laminae. 
Some regions are transparent while 
others are cloudy with dense sections 
of inclusions. 
Smooth parting is readily achieved. 
 

 

(25x, 40x) Irregular inclusions are 
present and occur along annealed 
fractures. 
Some regions contain dense inclusions 
however chevrons are not apparent. 
Individual inclusions are 
indistinguishable within inclusion bands 
at these magnifications. 
Some regions are relatively transparent. 
Anhydrite mineralization is apparent 
under cross-polarize light.  
(100x) Chevron banding is present in 
some sections. In chevrons, inclusions are 
1 – 50 µm while other sporadic inclusions 
are up to 150 µm.  
Some surfaces appear ‘bumpy’ and may 
represent a dissolution surface (?).  
Sporadic individual grains of secondary 
mineral grains are present in some areas.  
Some areas are speckled with secondary 
mineral – anhydrite (?). 
Large (100s µm), irregular inclusions 
occur. They are at times two-phase and 
contain secondary mineralization.  
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Appendix B – Trace elements in halite  

Table A1: Trace element results for halite analyzed using dry crushing via AAS. nd = no data. 

DRY CRUSH METHODOLOGY  Value below MDL        

  

Sample 
C = clear 

halite  
D = 

cloudy 
halite 

Depth 
(m) 

Mg-
ppm 

Mg-
mmol 

Fe-ppm 
Fe-

mmol 
Mn-
ppm 

Mn-
mmol 

K-ppm 
K-

mmol 
Ca-ppm 

Ca-
mmol 

Upper 
Silurian Salina 
Group 
A-2 salt  730.3C 730.3 13.4 0.6 -6.3 -0.1 0.1 0.0 72.9 1.9 278.7 7.0 

 731.3C 731.3 35.9 1.5 -7.4 -0.1 -0.3 0.0 115.3 2.9 521.7 13.0 

 740.9C 740.9 27.5 1.1 -9.7 -0.2 -0.1 0.0 125.0 3.2 761.1 19.0 

 742C 742.0 18.0 0.7     1.0 0.0 105.6 2.7 155.1 3.9 

             

 730.3D 730.3 65.8 2.7         134.8 3.4 757.6 18.9 

 731.3D 731.3 119.0 4.9 0.4 0.0     279.1 7.1 449.1 11.2 

 738.8D 738.8 75.8 3.1     0.0 0.0 132.9 3.4 2943.8 73.5 

 740.9D 740.9 122.2 5.0 0.1 0.0 0.2 0.0 293.5 7.5 420.8 10.5 

 742D 742.0 76.7 3.2 2.4 0.0     194.9 5.0 2003.9 50.0 

             
Upper 
Silurian Salina 
Group 
B salt  1773'9"C 540.6 23.7 1.0         151.1 3.9 162.1 4.0 

 1775'1"C 541.0 41.9 1.7 10.2 0.2 1.3 0.0 145.0 3.7 1591.6 39.7 
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 1776'6"C 541.5 11.0 0.5 13.4 0.2 0.1 0.0 126.4 3.2 673.1 16.8 

 1785'3"C 544.1 20.3 0.8 6.2 0.1     177.1 4.5 287.1 7.2 

             

 1773'9"D 540.6 121.4 5.0 10.3 0.2     205.5 5.3 1700.5 42.4 

 1775'1"D 541.0 73.0 3.0 9.8 0.2 0.3 0.0 139.9 3.6 3827.1 95.5 

 

1776'6"D
1 541.5 129.7 5.3 3.8 0.1 0.1 0.0 198.0 5.1 853.7 21.3 

 

1776'6"D
2 541.5 58.2 2.4 7.0 0.1     147.5 3.8 854.2 21.3 

 1779'6"D* 542.4 115.5 4.8 5.5 0.1 0.8 0.0 158.0 4.0 1453.5 36.3 

 1779'6"D 542.4 55.0 2.3 8.5 0.2 0.1 0.0 152.5 3.9 725.2 18.1 

 1782'D 543.2 48.2 2.0 5.4 0.1 0.6 0.0 119.1 3.0 2108.1 52.6 

 1783'4"D 543.6 63.3 2.6 11.4 0.2     115.8 3.0 1638.7 40.9 

 1785'3"D 544.1 89.1 3.7 5.5 0.1     180.0 4.6 321.9 8.0 

             

Upper 
Ordovician  
Red Head 
Rapids Fm 2601.5C 792.9 107.6 4.4 nd nd 0.2 0.0 nd nd nd nd 

 2602.5C 793.2 40.1 1.7 nd nd 0.4 0.0 nd nd nd nd 

 2603C 793.4 31.2 1.3 nd nd     nd nd nd nd 

 2610C 795.5 151.3 6.2 nd nd     nd nd nd nd 

             

 2601.5D 792.9 141.5 5.8 nd nd 0.6 0.0 nd nd nd nd 

 2603D 793.4 100.7 4.1 nd nd 0.2 0.0 nd nd nd nd 

 2606D* 794.3 193.1 7.9 nd nd     nd nd nd nd 

 2610D 795.5 428.2 17.6 nd nd     nd nd nd nd 
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Table B2: Trace element results for halite analyzed using wet crushing via AAS. nd = no data. 

WET CRUSH METHODOLOGY           

  

Sample 
C = clear 
halite  
D = cloudy 
halite 

Depth 
(m) 

Mg-
ppm 

Mg-
mmol Fe-ppm 

Fe-
mmol 

Mn-
ppm 

Mn-
mmol K-ppm 

K-
mmol Ca-ppm 

Ca-
mmol 

Upper 
Silurian 
Salina 
Group 
A-2 salt 730.3C 730.3 7.11 0.29 2.90 0.05 0.66 0.01 48.73 1.25 169.74 4.24 

 731.3C 731.3 9.79 0.40 1.68 0.03 1.73 0.03 43.98 1.12 846.66 21.13 

 740.9C 740.9 8.89 0.37 3.27 0.06 1.68 0.03 62.25 1.59 828.60 20.67 

 742C 742 14.41 0.59 1.56 0.03 2.19 0.04 71.66 1.83 1893.53 47.25 

             

 730.3D 730.3 12.42 0.51 4.12 0.07 2.23 0.04 62.36 1.59 337.05 8.41 

 731.3D 731.3 30.71 1.26 0.57 0.01 1.56 0.03 78.78 2.01 1127.89 28.14 

 738.8D 738.8 12.57 0.52 0.18 0.00 1.52 0.03 66.81 1.71 2250.08 56.14 

 740.9D 740.9 11.67 0.48 2.59 0.05 2.52 0.04 65.20 1.67 1708.61 42.63 

 742D 742 15.87 0.65 3.36 0.06 2.09 0.03 78.21 2.00 755.56 18.85 

             
Upper 
Silurian 
Salina 
Group  
B salt 1773'9"C 540.6 6.88 0.28 6.51 0.12 2.02 0.03 99.87 2.55 249.01 6.21 

 1775'1"C 541 18.14 0.75 0.84 0.01 1.82 0.03 94.78 2.42 1733.55 43.25 

 1776'6"C 541.5 5.98 0.25 0.55 0.01 1.39 0.02 98.71 2.52 185.04 4.62 
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 1785'3"C 544.1 5.78 0.24 1.75 0.03 0.58 0.01 86.75 2.22 80.84 2.02 

             

 1773'9"D 540.6 20.33 0.84 1.05 0.02 0.95 0.02 103.15 2.64 616.07 15.37 

 1775'1"D 541 13.76 0.57 2.30 0.04 1.39 0.02 85.13 2.18 977.76 24.40 

 1776'6"D1 541.5 24.52 1.01     1.20 0.02 105.30 2.69 451.18 11.26 

 1776'6"D2 541.5 17.06 0.70 0.62 0.01 1.96 0.03 91.32 2.34 247.93 6.19 

 1779'6"D* 542.4 10.09 0.42 0.72 0.01 1.80 0.03 91.52 2.34 1059.29 26.43 

 1779'6"D 542.4 14.31 0.59 0.04 0.00 1.70 0.03 93.25 2.39 534.57 13.34 

 1782'D 543.2 19.71 0.81 3.26 0.06 1.71 0.03 103.06 2.64 1626.64 40.59 

 1783'4"D 543.6 14.38 0.59 0.57 0.01 1.37 0.02 133.91 3.42 764.26 19.07 

 1785'3"D 544.1 10.87 0.45 0.80 0.01 0.63 0.01 82.55 2.11 73.51 1.83 

             

Upper 
Ordovician  
Red Head 
Rapids 
Formation 2601.5C 792.9 40.55 1.67 2.38 0.04 0.00 0.00 109.99 2.81 nd nd 

 2602.5C 793.2 19.39 0.80 3.25 0.06 0.03 0.00 115.54 2.96 878.70 21.92 

 2603C 793.4 16.07 0.66 4.51 0.08 0.53 0.01 100.27 2.56 3488.73 87.05 

 2610C 795.5 84.27 3.47         145.47 3.72 nd nd 

             

 2601.5D 792.9 40.62 1.67 1.42 0.03 0.86 0.01 113.24 2.90 7510.34 187.39 

 2603D 793.4 26.35 1.08 2.62 0.05 0.55 0.01 103.88 2.66 nd nd 

 2606D* 794.3 37.94 1.56 2.53 0.05 0.26 0.00 74.35 1.90 869.31 21.69 

 2610D 795.5 56.02 2.30 4.33 0.08     122.67 3.14 5233.09 130.57 
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Appendix C – Gas analysis data  

Table C1: Gas analysis data for ancient and modern halite samples.  

Bold numbers represent samples which meet the screening criteria.      

             

Results of Upper Ordovician halite of the Red Head Rapids Formation       
Sample depth 
(original depth) 795.5 m (2610')          
Lab # 9686a 9686b 9686c 9686d 9686e 9686f 9686g 9686h 9686j    
Crush # 1 2 3 4 5 6 7 8 9    

             
H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.96 0.00    
He 0.04 0.04 0.04 0.03 0.14 0.05 0.18 0.16 0.07    
CH4 8.93 14.61 9.74 4.59 21.52 17.02 28.74 41.31 16.12    
H2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00    
N2 80.87 70.48 75.94 74.30 66.23 69.02 57.38 50.94 70.38    
O2 8.46 11.85 9.57 16.29 5.56 5.33 5.18 0.85 7.45    
Ar 0.91 0.82 0.92 0.96 0.79 0.84 0.68 0.47 0.83    
CO2 0.79 2.20 3.80 3.83 5.76 7.73 7.84 5.31 5.15    
Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00    

             
CO2 + CH4 9.72 16.81 13.54 8.41 27.28 24.75 36.58 46.62 21.28    

             

             
Sample depth 
(original depth) 794.3 m-1 (2606')          
Lab # 9680a 9680b 9680c 9680d 9680e 9680f 9680g 9680h 9680j    
Crush # 1 2 3 4 5 6 7 8 9    

             
H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00    
He 0.01 0.01 0.06 0.01 0.01 0.00 0.03 0.00 0.02    
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CH4 0.58 0.13 1.30 1.08 1.21 0.52 1.64 0.31 0.71    
H2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00    
N2 80.51 80.46 77.29 79.32 76.58 80.55 81.42 82.84 82.27    
O2 16.71 18.17 16.43 14.66 14.57 15.88 11.31 13.73 12.75    
Ar 0.93 0.87 1.01 0.97 0.97 0.98 0.94 0.89 0.91    
CO2 1.26 0.37 3.91 3.96 6.65 2.07 4.67 2.22 3.33    
Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00    

             
CO2 + CH4 1.84 0.50 5.21 5.04 7.86 2.59 6.30 2.53 4.04    

             

             
Sample depth 
(original depth) 794.3 m-2 (2606')          
Lab # 9788c 9788d 9788e 9788f         
Crush # 1 2 3 4         

             
H2 0.00 0.00 0.00 0.00         
He 0.29 0.29 0.44 0.15         
CH4 19.64 10.21 28.34 16.78         
H2O 0.00 0.00 0.00 0.00         
N2 20.97 14.87 34.14 42.96         
O2 21.39 23.95 12.07 13.64         
Ar 0.27 0.18 0.40 0.50         
CO2 37.44 50.50 24.60 25.96         
Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00         

             
CO2 + CH4 57.08 60.71 52.94 42.75         
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Sample depth 
(original depth) 793.4 m (2603')          
Lab # 9679a 9679b 9679c 9679d 9679e 9679g 9679h 9679j 9679k    
Crush # 1 2 3 4 5 6 7 8 9    

             
H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00    
He 0.01 0.03 0.11 0.03 0.01 0.01 0.08 0.04 0.03    
CH4 0.34 0.33 0.40 1.02 0.15 0.27 0.97 1.04 1.33    
H2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00    
N2 84.16 87.31 78.05 84.48 85.79 81.35 74.76 75.82 85.38    
O2 8.60 6.72 18.68 8.00 8.47 15.37 17.51 15.16 5.28    
Ar 1.46 1.25 0.90 1.19 1.13 0.98 1.00 0.95 1.16    
CO2 5.43 4.36 1.86 5.29 4.45 2.02 5.67 7.00 6.81    
Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00    

             
CO2 + CH4 5.78 4.69 2.26 6.31 4.60 2.30 6.65 8.04 8.15    

             

             
Sample depth 
(original depth) 793.4 m-2 (2603')          
Lab # 9787a 9787b           
Crush # 1 2           

             
H2 blank blank           
He             
CH4             
H2O             
N2             
O2             
Ar             
CO2             
Mols Gas (non-
aqueous)             
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CO2 + CH4             

             

             
Sample depth 
(original depth) 793.2 m-1 (2602.5')          
Lab # 9681a 9681b 9681c 9681d 9681e 9681f 9681g 9681h 9681j 9681k   
Crush # 1 2 3 4 5 6 7 8 9 10   

             
H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
He 0.00 0.02 0.41 0.12 0.01 0.27 0.01 0.30 0.04 0.05   
CH4 0.28 2.02 6.37 7.87 1.67 12.43 1.97 5.08 2.13 3.59   
H2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
N2 83.39 81.35 57.96 65.71 77.84 76.54 80.14 46.48 73.06 82.90   
O2 14.60 14.53 26.22 17.30 16.91 7.43 16.12 27.79 16.64 10.81   
Ar 1.01 0.91 1.25 0.71 0.82 0.70 0.92 0.68 0.75 0.82   
CO2 0.72 1.17 7.80 8.27 2.75 2.63 0.84 19.66 7.38 1.83   
Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

             
CO2 + CH4 1.00 3.18 14.16 16.15 4.41 15.06 2.81 24.74 9.51 5.42   

             

             
Sample depth 
(original depth) 793.2 m-2 (2602.5')          
Lab # 9783a 9783b 9783c 9783d 9783e        
Crush # 1 2 3 4 5        

             
H2 0.00 0.00 0.00 0.00 0.00        
He 0.00 0.12 0.14 0.17 0.33        
CH4 2.80 2.37 2.61 5.68 8.13        
H2O 0.00 0.00 0.00 0.00 0.00        
N2 2.13 68.64 47.55 36.88 38.63        
O2 1.37 17.73 22.61 20.24 11.50        
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Ar 0.06 0.81 0.73 0.71 0.35        
CO2 93.64 10.33 26.36 36.30 41.06        
Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00        

             
CO2 + CH4 96.44 12.70 28.97 41.99 49.19        

             

             
Sample depth 
(original depth) 792.9 m (2601.5')          
Lab # 9685a 9685b 9685c 9685d 9685e 9685f 9685g      
Crush # 1 2 3 4 5 6 7      

             
H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00      
He 0.01 0.11 0.04 0.09 0.35 1.08 0.31      
CH4 0.21 1.43 0.67 1.73 3.22 7.23 4.85      
H2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00      
N2 80.60 81.17 84.89 72.83 60.20 25.89 32.43      
O2 15.17 7.29 7.21 8.63 13.46 25.73 28.24      
Ar 1.03 1.28 1.01 1.15 0.96 0.50 0.47      
CO2 2.98 8.73 6.18 15.56 21.82 39.57 33.69      
Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00 0.00 0.00      

             
CO2 + CH4 3.19 10.15 6.85 17.30 25.04 46.80 38.54      

             
 

 

 

  

 

 

 

             

 
Results of Upper Silurian halite of the Salina Group A-2 and B salt      

 B salt             
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Sample depth 
(original depth) 544.1 m-1 (1785'3")          
Lab # 9695a 9695b 9695c 9695d 9695e 9695f 9695g 9695h     
Crush # 1 2 3 4 5 6 7 8     

             
H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00     
He 0.12 0.29 0.18 0.08 0.15 0.11 0.23 0.25     
CH4 5.74 2.82 6.00 1.10 2.30 10.35 3.63 3.70     
H2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00     
N2 30.52 14.87 33.65 48.31 13.56 22.96 23.05 14.97     
O2 15.32 3.96 11.19 18.17 3.49 0.85 8.15 4.41     
Ar 2.07 0.24 1.33 0.61 0.20 0.79 0.54 0.33     
CO2 46.23 77.81 47.65 31.73 80.30 64.94 64.39 76.34     
Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00     

             
CO2 + CH4 51.98 80.64 53.66 32.83 82.61 75.29 68.03 80.04     

             

             

 B salt             
Sample depth 
(original depth) 544.1 m-2 (1785'3")          
Lab # 9684a 9684b 9684c 9684d 9684e 9684f 9684g 9684h     
Crush # 1 2 3 4 5 6 7 8     

             
H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00     
He 1.65 0.89 0.77 0.33 0.17 0.28 0.31 0.19     
CH4 23.27 8.04 9.01 6.78 5.20 4.84 4.44 4.97     
H2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00     
N2 9.52 21.67 13.96 14.57 10.10 13.66 12.63 11.91     
O2 21.51 4.31 17.81 5.75 11.34 2.83 11.61 16.66     
Ar 0.36 0.57 0.38 0.34 0.36 0.57 0.51 0.32     
CO2 43.69 64.52 58.07 72.22 72.83 77.82 70.51 65.94     
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Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00     

             
CO2 + CH4 66.96 72.56 67.08 79.01 78.04 82.66 74.94 70.91     

             

             

 B salt             
Sample depth 
(original depth) 543.6 m (1783'4")          
Lab # 9785a 9785b 9785c 9785d 9785e 9785f       
Crush # 1 2 3 4 5 6       

             
H2 0.00 0.00 0.00 0.00 0.00 0.00       
He 0.10 0.18 0.21 0.17 0.22 0.14       
CH4 5.90 5.43 5.49 4.31 12.71 6.32       
H2O 0.00 0.00 0.00 0.00 0.00 0.00       
N2 35.01 6.23 4.93 6.19 13.79 8.08       
O2 9.13 4.20 5.17 4.86 7.99 6.74       
Ar 0.55 0.07 0.12 0.21 0.26 0.30       
CO2 49.31 83.90 84.08 84.27 65.04 78.42       
Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00 0.00       

             
CO2 + CH4 55.21 89.33 89.57 88.58 77.75 84.75       

             

             

 B salt             
Sample depth 
(original depth) 543.2 m (1782')          
Lab # 9683a 9683b 9683c 9683d 9683e 9683f 9683g 9683h 9683j    
Crush # 1 2 3 4 5 6 7 8 9    

             
H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00    
He 0.13 0.21 0.26 0.23 0.21 0.19 0.12 0.15 0.14    
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CH4 5.33 13.17 8.52 8.81 6.67 4.09 3.74 10.56 11.60    
H2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00    
N2 25.17 26.96 24.76 15.03 16.59 16.29 20.69 22.82 52.08    
O2 7.35 14.18 6.50 3.88 13.80 12.38 10.45 2.05 9.83    
Ar 0.54 0.44 0.61 0.57 0.48 0.44 0.56 1.55 1.17    
CO2 61.48 45.04 59.35 71.48 62.25 66.62 64.45 62.88 25.18    
Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00    

             
CO2 + CH4 66.81 58.22 67.87 80.29 68.92 70.70 68.19 73.44 36.78    

             

             

 B salt             
Sample depth 
(original depth) 542.4 m (1779'6")          
Lab # 9682a 9682b 9682c 9682d 9682e 9682f       
Crush # 1 2 3 4 5 6       

             
H2 0.00 0.00 0.00 0.00 0.00 0.00       
He 0.31 0.28 0.97 0.05 0.18 0.38       
CH4 10.30 8.60 9.59 0.81 2.27 2.75       
H2O 0.00 0.00 0.00 0.00 0.00 0.00       
N2 30.67 38.34 30.79 70.99 23.14 53.57       
O2 0.98 3.93 2.28 16.50 4.82 16.25       
Ar 0.82 0.53 0.77 0.70 0.37 0.97       
CO2 56.92 48.33 55.59 10.95 69.22 26.08       
Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00 0.00       

             
CO2 + CH4 67.22 56.93 65.18 11.77 71.49 28.83       

             

              

 B salt             
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Sample depth 
(original depth) 541.5 m (1776'6")          
Lab # 9690c 9690d 9690e 9690f 9690g 9690h       
Crush # 1 2 3 4 5 6       

             
H2 0.00 0.00 0.00 0.00 0.00 0.00       
He 0.12 0.21 0.29 0.28 0.52 0.24       
CH4 4.92 6.73 8.44 7.52 7.39 6.26       
H2O 0.00 0.00 0.00 0.00 0.00 0.00       
N2 12.94 23.25 29.21 21.85 25.21 25.39       
O2 6.83 16.77 21.77 14.47 3.97 5.07       
Ar 0.21 0.33 0.41 0.38 0.71 0.40       
CO2 74.98 52.72 39.88 55.50 62.19 62.64       
Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00 0.00       

             
CO2 + CH4 79.90 59.44 48.33 63.02 69.58 68.90       

             

             

 B salt             
Sample depth 
(original depth) 541.0 m-1 (1775'1")          
Lab # 9784a 9784b 9784c 9784d 9784e 9784f       
Crush # 1 2 3 4 5 6       

             
H2 0.00 0.00 0.00 0.00 0.00 0.00       
He 0.05 0.08 0.15 0.07 0.09 0.14       
CH4 1.29 6.91 4.80 2.88 7.31 11.32       
H2O 0.00 0.00 0.00 0.00 0.00 0.00       
N2 51.77 29.68 15.71 37.26 19.37 19.24       
O2 18.02 5.58 5.53 11.00 4.22 3.09       
Ar 0.97 0.22 0.22 0.45 0.26 0.22       
CO2 27.89 57.53 73.60 48.33 68.75 65.99       
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Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00 0.00       

             
CO2 + CH4 29.18 64.44 78.40 51.21 76.06 77.31       

             

             

 B salt             
Sample depth 
(original depth) 541.0 m-2 (1775'1")          
Lab # 9782a 9782b 9782c 9782d 9782e 9782f 9782g      
Crush # 1 2 3 4 5 6 7      

             
H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00      
He 0.14 0.28 0.22 0.15 0.11 0.12 0.13      
CH4 3.91 7.68 4.14 8.72 5.13 5.13 4.25      
H2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00      
N2 18.40 7.11 11.28 3.73 12.09 2.97 4.88      
O2 5.68 5.61 11.82 2.85 5.34 5.34 3.74      
Ar 0.42 0.10 0.45 0.15 0.30 0.22 0.19      
CO2 71.45 79.22 72.09 84.40 77.03 86.22 86.81      
Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00 0.00 0.00      

             
CO2 + CH4 75.36 86.90 76.23 93.12 82.16 91.35 91.06      

             

             

 B salt             
Sample depth 
(original depth) 540.6 m (1773'9")          
Lab # 9688a 9688b 9688c 9688d 9688e 9688g       
Crush # 1 2 3 4 5 6       

             
H2 0.00 0.00 0.00 0.00 0.00 0.00       
He 0.21 0.08 0.04 0.06 0.39 0.10       
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CH4 6.17 6.01 5.31 2.35 2.58 4.80       
H2O 0.00 0.00 0.00 0.00 0.00 0.00       
N2 25.83 28.85 33.93 55.65 65.96 21.34       
O2 18.57 21.06 20.18 14.65 23.69 36.47       
Ar 0.20 0.32 0.38 0.50 0.79 0.24       
CO2 49.02 43.68 40.17 26.79 6.59 37.04       
Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00 0.00       

             
CO2 + CH4 55.19 49.68 45.48 29.14 9.17 41.84       

             

             

 A-2 salt            
Sample depth 
(original depth) 742 m-1           
Lab # 9694a 9694b 9694c 9694d 9694e 9694f 9694g      
Crush # 1 2 3 4 5 6 7      

             
H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00      
He 0.08 0.05 0.07 0.05 0.10 0.92 0.21      
CH4 3.48 1.57 2.57 2.32 3.76 8.01 4.13      
H2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00      
N2 10.18 10.17 10.88 37.41 16.01 6.62 9.91      
O2 1.42 1.43 5.15 8.97 9.22 19.49 13.45      
Ar 0.13 0.12 0.25 0.42 0.25 0.37 0.24      
CO2 84.70 86.65 81.08 50.82 70.65 64.59 72.06      
Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00 0.00 0.00      

             
CO2 + CH4 88.19 88.22 83.65 53.15 74.41 72.60 76.19      

             

 

 

             

 A-2 salt            
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Sample depth 
(original depth) 742 m-2           
Lab # 9786a 9786b 9786c 9786d         
Crush # 1 2 3 4         

             
H2 0.00 0.00 0.00 0.00         
He 1.38 0.55 0.20 0.40         
CH4 10.89 5.15 3.19 3.33         
H2O 0.00 0.00 0.00 0.00         
N2 3.58 0.00 0.64 0.00         
O2 20.30 9.42 10.47 10.50         
Ar 0.41 0.17 0.17 0.19         
CO2 63.45 84.71 85.33 85.57         
Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00         

             
CO2 + CH4 74.34 89.86 88.52 88.90         

             

             

 A-2 salt            
Sample depth 
(original depth) 731.1 m-1           
Lab # 9781a 9781b 9781c 9781d 9781e        
Crush # 1 2 3 4 5        

             
H2 0.00 0.00 0.00 0.00 0.00        
He 0.01 0.99 1.07 0.49 0.35        
CH4 0.43 9.16 6.93 1.79 3.96        
H2O 0.00 0.00 0.00 0.00 0.00        
N2 70.11 4.03 0.00 0.90 0.00        
O2 21.65 6.91 6.92 1.93 13.61        
Ar 0.71 0.46 0.36 0.27 0.34        
CO2 7.09 78.43 84.72 94.61 81.74        
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Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00        

             
CO2 + CH4 7.52 87.59 91.66 96.40 85.70        

             

             

 A-2 salt            
Sample depth 
(original depth) 731.1 m-2           
Lab # 9789a 9789b 9789c          
Crush # 1 2 3          

             
H2 0.00 0.00 0.00          
He 0.05 0.33 0.09          
CH4 2.00 3.36 3.62          
H2O 0.00 0.00 0.00          
N2 61.10 47.13 14.38          
O2 18.31 18.66 21.89          
Ar 0.63 0.82 0.42          
CO2 17.90 29.68 59.60          
Mols Gas (non-
aqueous) 0.00 0.00 0.00          

             
CO2 + CH4 19.91 33.04 63.22          

             

             

 A-2 salt            
Sample depth 
(original depth) 730.3 m           
Lab # 9687a 9687b 9687c 9687d 9687e 9687f 9687g      
Crush # 1 2 3 4 5 6 7      

             
H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00      
He 1.87 0.21 0.10 0.27 0.06 0.43 0.97      
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CH4 9.96 2.80 2.83 4.46 3.65 5.08 6.22      
H2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00      
N2 8.12 5.36 18.40 8.54 15.96 10.11 3.89      
O2 31.55 19.38 11.23 22.08 14.80 26.52 28.37      
Ar 0.53 0.14 0.31 0.23 0.23 0.24 0.26      
CO2 47.97 72.12 67.13 64.41 65.30 57.62 60.29      
Mols Gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00 0.00 0.00      

             
CO2 + CH4 57.92 74.92 69.96 68.87 68.94 62.70 66.51      

             

             

Modern halite results as well as the results of capillary tubes        

 MODERN AIR           

             
H2             
He 0.001            
CH4 0.000            
H2O             
N2 78.084            
O2 20.946            
Ar 0.934            
CO2 0.040            
Mols gas (non-
aqueous)             

             

             

 CAPILLARY TUBES          

 "June 2016           

 1 microlitre capillary tubes (each represents one tube)      
Lab # 9592e 9592h 9592l 9592o 9592r 9592u 9607a 9607b 9607c    
Crush # 1 2 3 4 5 6 7 8 9    
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H2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000    
He 0.001 0.002 0.001 0.002 0.001 0.003 0.002 0.001 0.003    
CH4 0.005 0.009 0.005 0.005 0.008 0.009 0.005 0.009 0.008    
H2O 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000    

N2 78.265 78.492 78.063 77.415 78.261 78.098 
77.82

7 
77.68

4 77.911    

O2 20.730 20.464 20.890 21.579 20.706 20.854 
21.16

3 
21.33

2 21.060    
Ar 0.937 0.961 0.922 0.928 0.946 0.952 0.932 0.914 0.949    
CO2 0.061 0.071 0.118 0.071 0.077 0.083 0.072 0.060 0.070    
Mols gas (non-
aqueous) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000    

             
CH4 + CO2 0.066 0.080 0.123 0.076 0.085 0.093 0.077 0.069 0.078    

             

             

 ISRAEL (non-marine)          

 Preliminary data 2015          
Lab # 9420b 9420c 9420d          
Crush # 1 2 3          

             
H2 0.00 0.00 0.00          
He 0.11 0.00 0.00          
CH4 8.08 3.51 2.60          
H2O 0.00 0.00 0.00          
N2 51.12 64.05 64.20          
O2 5.69 9.75 14.67          
Ar 0.75 0.92 0.76          
CO2 34.26 21.77 17.77          
Mols gas (non-
aqueous) 0.00 0.00 0.00          

             
CH4 + CO2 42.33 25.29 20.37          
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 AUSTRALIA (Lake Polaris 2009; non-marine)       

 Preliminary data 2015 - LAKE POLARIS (AUSTRALIA)      
Lab # 9413a 9415a 9415e 9416b 9416c        
Crush # 1 2 3 4 5        

             
H2 0.00 0.00 0.00 0.00 0.00        
He 0.43 0.00 0.01 0.00 0.00        
CH4 2.27 0.06 1.65 0.00 0.00        
H2O 0.00 0.00 0.00 0.00 0.00        
N2 68.68 79.81 67.35 71.13 77.41        
O2 20.24 18.42 24.29 22.68 19.27        
Ar 0.82 0.84 0.75 1.45 1.88        
CO2 7.56 0.86 5.96 4.74 1.43        
Mols gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00        

             
CH4 + CO2 9.82 0.92 7.60 4.74 1.43        

             

             

 PERU (non-marine)          

 Preliminary data 2015          
Lab # 9421a 9421b 9421c 9421d 9421e 9421g 9421h 9421j 9421k    
Crush # 1 2 3 4 5 6 7 8 9    

             
H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00    
He 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00    
CH4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11    
H2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00    
N2 78.87 79.16 85.68 80.10 78.27 78.70 77.08 83.82 79.90    
O2 19.91 17.95 11.98 17.41 20.16 18.79 19.50 12.56 17.02    
Ar 0.94 0.97 0.97 0.95 0.97 1.00 1.01 0.93 1.00    
CO2 0.27 1.92 1.37 1.54 0.59 1.51 2.40 2.69 1.97    
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Mols gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00    

             
CH4 + CO2 0.27 1.92 1.37 1.54 0.59 1.51 2.40 2.69 2.08    

             

             

 USA - CARLSBAD POND (non-marine)        
Lab # 9255a 9255b1 9255b2 9255c 9255d 9255e.1 9255e.2     
Crush # 1 2 3 4 5 6 7      

             
H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00      
He 0.00 0.00 0.00 0.00 0.00 0.00 0.00      
CH4 0.00 0.00 0.00 0.00 0.00 0.00 0.00      
H2O 99.63 96.46 99.62 99.62 99.76 99.03 99.78      
N2 0.25 2.50 0.30 0.26 0.18 0.73 0.18      
O2 0.05 0.53 0.07 0.08 0.04 0.18 0.04      
Ar 0.00 0.04 0.00 0.00 0.00 0.01 0.00      
CO2 0.07 0.48 0.00 0.03 0.02 0.05 0.00      
Mols gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00 0.00 0.00      

             
CH4 + CO2 0.07 0.48 0.00 0.03 0.02 0.05 0.00      

             

             

 BAHAMAS (marine)          

 Preliminary data 2017          

 Reduction program v2 with propane correction       
Lab # 9714a 9714b 9714c 9714d 9714e 9714f 9714g 9714h 9714j 9714l   
Crush # 1 2 3 4 5 6 7 8 9 10   

             
H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
He 0.05 0.10 0.04 0.31 0.04 0.03 0.01 0.07 0.02 0.04   
CH4 0.65 1.73 2.45 3.10 0.92 0.81 0.40 2.69 0.79 2.49   
H2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
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N2 70.13 59.19 65.89 52.80 62.84 72.40 72.11 44.90 72.22 42.24   
O2 19.59 16.07 20.61 16.03 19.87 17.76 22.93 14.63 18.64 13.26   
Ar 0.90 0.87 1.01 0.95 1.00 0.89 1.04 0.65 0.90 0.47   
CO2 8.68 22.04 10.01 26.82 15.33 8.10 3.50 37.06 7.42 41.50   
Mols gas (non-
aqueous) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

             
CH4 + CO2 9.33 23.77 12.46 29.91 16.25 8.91 3.91 39.75 8.22 43.98   

             

             

 

  
 
             

 BONAIRE (marine)           
Lab #             
Crush #             

             
H2             
He             
CH4             
H2O             
N2             
O2 blank            
Ar             
CO2             
Mols gas (non-
aqueous)             

             
CH4 + CO2 blank            

             

 

 

             

 Racaemeto Mine (Messinian)         
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Lab # 9463b 9463d 9463e 9463f 9463h 9465a 9465b 9465h 9465j 9465l 
9465
m 9465n 

Crush # 1 2 3 4 5 6 7 8 9 10 11 12 

             
N2 81.41 77.46 83.03 80.43 79.23 79.28 79.94 81.15 79.22 77.98 81.5 75.24 

O2 17.74 21.76 16.19 18.72 19.86 19.95 19.17 18.15 20 21.09 17.61 23.87 

Ar 0.851 0.784 0.782 0.848 0.908 0.77 0.896 0.705 0.782 0.931 0.891 0.88 
Mols Gas (non-
aqueous) 2E-12 3E-12 3E-12 7E-13 2E-12 1E-11 5E-12 2E-12 1E-11 7E-12 2E-12 7.03E-12 

             

 

 

 

             

 Racaemeto Mine (Messinian)         

Lab # 9648a 9648c 9648e 9648f 9648g 9648j 9648k 9648l 
9648
m 

9648
n 9648o 9648p 

Crush # 1 2 3 4 5 6 7 8 9 10 11 12 

             
H2 0 0 0 0 0 0 0 0 0 0 0 0 

He 5E-04 8E-06 0.002 6E-06 0.003 0.001 0 0.002 7E-04 0.003 0.003 0.0010 

CH4 0.015 0.003 0.023 0.003 0.045 0.012 0.008 0.014 0.025 0.02 0.14 0.0399 

H2O 0 0 0 0 0 0 0 0 0 0 0 0 

N2 71.53 77.98 76.81 75.19 77.62 77.35 76.42 76.85 78.31 76.46 75.56 76.59 

O2 20.82 19.77 20.36 22.21 17.76 19.83 20.87 19.89 17.46 20.85 18.41 19.16 

Ar 0.94 0.853 0.883 0.947 0.86 0.867 0.883 0.827 0.934 0.852 0.925 0.89 

CO2 6.695 1.395 1.92 1.65 3.712 1.94 1.821 2.415 3.27 1.812 4.962 3.30 
Mols Gas (non-
aqueous) 3E-11 4E-11 5E-11 2E-11 3E-11 6E-11 2E-11 1E-11 3E-12 2E-11 8E-12 8.77E-12 

             
CH4 + CO2 6.71 1.398 1.943 1.653 3.756 1.952 1.83 2.429 3.296 1.833 5.102 3.34 
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Appendix D – Method parameters  

Atomic Absorption Spectrometry  

The following details the use of a SpectraAA-400 Atomic Absorption Spectrometer 

(AAS) for major trace element determination in the halite sample used for this 

study.  

Program parameters 

Halite sample were analyzed for concentrations of calcium (Ca), potassium (K), iron 

(Fe), magnesium (Mg), and manganese (Mn). For each element analyzed, the AAS is 

set with a specific set of program parameters to adjust for the detections limits of 

the AAS for each element. They are as follows: 

Table D1: AAS parameters for each element of interest.  

Element Standard 
Concentrations 

(ppm) 

Wavelength 
(nm) 

Flame Instrument 
Detection 

Limit (mg/L) 

Sensitivity 
(mg/L) 

Optimum 
Concentra-
tion Range 

(mg/L) 

Ca  5.00, 16.67, 
50.00 

422.7 Air-
Acetylene  

0.003 0.08 0.2 – 20  

Fe  0.300, 0.900, 
3.000, 9.000 

248.3 Air-
Acetylene 

0.02 0.12 0.3 – 10  

K  0.300, 0.900, 
3.000, 9.000 

766.5 Air-
Acetylene 

0.005 0.04 0.1 – 2  

Mg  0.050, 0.150, 
0.500, 1.500  

285.2 Air-
Acetylene 

0.0005 0.007 0.02 – 2  

Mn  0.200, 0.600, 
2.000, 6.000 

279.5 Air-
Acetylene 

0.01 0.05 0.1 – 10  

 

Standard preparation  

Standards were prepared to the concentrations as listed in Table D1 for each 

element. Standards were prepared from bulk 1000 µg/mL solutions specific to each 

element. Changes in the dilution factors and the individual standard solution are the 

only variables which change for each element.  
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Accuracy and Precision  

The accuracy and precision of the data was measured against the National Bureau of 

Standards (NBS) 633 Standard Reference Material (SRM). For each element of 

interest, accuracy and precision values are calculated over time, using the collective 

values of accuracy and precision since the use of the NBS 633 SRM.  

Table D2: Accuracy and precision values for each measured element.  

N represents the number of times the NBS 633 SRM has been run for each element. 

Accuracy and precision values are given in percent. They are measured against a 

known quantity of each element within the NBS 633 SRM.  

Element N Accuracy Precision 
Ca 112 -2.12 14.78 
Mg 119 -1.76 12.52 
Mn 114 -4.70 10.76 
Fe 114 -5.25 22.01 

Note: An internal laboratory standard was prepared for K however, the standard 

could not be tested against the NBS 633 SRM as it is made using 2% (v/v) HNO3, 

2500 ppm K. This results in readings over the detection limits of the machine for K 

in the NBS 633 SRM.   

Microthermometry 

Freezer Temperature  

Freezer checks were carried out incrementally to ensure halite samples were being 

stored at appropriate below freezing temperatures prior to microthermometry. 

Table D3: Freezer temperatures during the halite storage prior to 

microthermometry.  

Date Temperature (°C) 

June 27, 2017 -8 
June 29, 2017 -8 
July 4, 2017 -6 

July 12, 2017 -5 
July 26, 2017 -6 
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Accuracy and Precision  

Table D4: Accuracy and precision of the SynFlinc synthetic H2O fluid inclusions. 

Date Freezing 

Temperature (°C) 

Melting Temperature 

(°C) 

August 2, 2017 -0.1 − 

August 3, 2017 -0.1 -0.1 

 

Mass Spectrometry  

Accuracy and Precision  

Table D5: Accuracy and precision values for capillary tubes crushed for reference to 

atmosphere.   

 Capillary Tubes 

Accuracy (%) Precision (%) 

N2 0.05 1.43 

O2 0.05 5.13 

Ar 4.60 6.86 
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Appendix E – X-ray Diffraction (XRD) Analysis 

Four halite samples (two from the Upper Ordovician and two from the Upper 

Silurian) were subject to bulk powder X-ray diffraction (XRD) analyses to confirm 

the occurrence of secondary mineralization within bulk halite samples.  The 

standard methodology following the USGS Open-File Report 01-041 was used to 

prepare samples for bulk XRD analysis. 

The samples analyzed were specifically chosen due to their results of visual 

assessment, petrography and gas analysis.  

Table E1: Descriptions and background of samples analyzed during bulk XRD.  

Upper Ordovician 

Sample 

Depth (m) 

Description 

794.3 (2606’) 

 

• Interbeds are visible in hand sample 

• Section sampled for XRD contained transparent halite and 

large sections of “dirt” (mud, anhydrite, other?) 

• Gas results fall within the atmospheric range 

• Speckled occurrence of secondary mineralization  

795.5 (2610’) 

 

• Interbeds are visible in the hand sample 

• Section sampled for XRD contained transparent halite and 

large sections of “dirt” (mud, anhydrite, other?) 

• Gas results are transitional (atmospheric to secondary) 

• Sporadic occurrence of secondary mineral grains within 

halite  
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Upper Silurian 

543.2 (1782’) • Section sampled for XRD contained “dirt” in some areas  

• Homogenization of fluid inclusions not achieved 

• Gas analysis reflects secondary influence 

• Dense patches of secondary mineralization present  

742 • Some sections within the hand sample contain “dirt” 

(suspected terrigenous material (sections containing 

“dirt” were incorporated into bulk XRD sample) 

• Dark grey to black interbed visible in hand sample 

incorporated into the crushed material for XRD  

• Areas of “dirt” sometimes associated with secondary 

mineralization 

• Petroliferous odour upon cleaving 

• Paleoatmospheric realm for Ths 

• Gas analysis reflects secondary influence 

 

Results  

As speculated, minor amounts of anhydrite were detected in the samples chosen 

for bulk XRD. Due to the post-depositional influence of dolomitization, dolomite was 

matched on the XRD curves although it contributes <1% of the total bulk content of 

the halite (Figures E1 – E4). The “dirt” present in each of the samples analyzed did 

not contribute significantly to the mineralogy of the samples analyzed however, an 

organic matter (hydrocarbon) influence, not recorded by XRD is suspected.  

Although not shown on the figures, the halite analyzed is not K-rich halite, which is 

in keeping with the results of trace chemistry.  
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Figure E1: Matched profile of halite sample from the 794.3 m (2606’) increment illustrating the bulk 
mineralogy. An estimation of the influence of secondary mineralization on the bulk mineralogy is 
~3% (~2% from anhydrite, ~1% dolomite). 
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Figure E2: Matched profile of halite sample from the 795.5 m (2610’) increment illustrating the bulk 
mineralogy. An estimation of the influence of secondary mineralization on the bulk mineralogy is 
~3% (~3% from anhydrite, << 1% dolomite). 
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Figure E3: Matched profile of halite sample from the 543.2 m (1782’) increment illustrating the bulk 
mineralogy. An estimation of the influence of secondary mineralization (anhydrite) on the bulk 
mineralogy is ~3%. 
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Figure E4: Matched profile of halite sample from the 742 m increment illustrating the bulk 
mineralogy. An estimation of the influence of secondary mineralization (anhydrite) on the bulk 
mineralogy is <1%. 

 


