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ABSTRACT
Spatial analysis has been conducted on CAI data from archival conodont collections across the Canadian Cordillera of British Columbia and Yukon, creating thermal alteration maps with Kriging interpolation surfaces and Getis-Ord Gi* statistical hot spots. Major hot spots include the southeast corner of British Columbia, the central coast of British Columbia, southern Vancouver Island, and most of the British Columbia - Yukon border. Major cold spots include the northeast quadrant of British Columbia, the northern tip of Vancouver Island, and central Haida Gwaii. Hot spots on Vancouver Island generally correlate with the prevalence of intrusive units nearby; however, the largest hot spot coincides with a southern region unique on the island for having significant outcroppings of Permian limestone, which is more heavily altered than the Triassic limestones commonly sampled for conodonts further north on the island. Comparison of locations where paleoenvironmental studies have utilized δ13C, both near the British Columbia - Yukon border, as well as at the far north of Vancouver Island, demonstrates that stratigraphic sections which preserves a primary δ13C signal tends to be situated closer to the center of a thermal alteration cold spot than sections that do not. Beyond the select examples discussed in this study, the broader analysis has potential applications in a wide variety of research, from Cordilleran tectonics to preliminary hydrocarbon exploration.                









INTRODUCTION
Conodont microfossils have been used extensively in both academic and industrial settings to constrain the age of marine sedimentary rocks. This utility is due to a combination of many factors including high preservation potential, highly prolific communities, typically cosmopolitan distributions, and rapid evolutionary turnover. In addition to their use in biostratigraphy, the colour of conodont specimens can be used to estimate maximum burial temperature. This semi-quantitative approach is referred to as the conodont Color Alteration Index (CAI; Epstein et al., 1977; Rejebian et al., 1987). The present study conducts spatial analysis on CAI data extracted from the extensive Geological Survey of Canada conodont collections sampled across the Canadian Cordillera, for the purpose of creating a thermal alteration statistical hot spot map. This tool has great potential for supporting a broad range of research, from tectonic reconstruction to hydrocarbon exploration. Focusing on statistical cold spots of thermal alteration as opposed to hot spots could also assist in the selection of localities for paleoenvironmental studies that utilize proxies sensitive to thermal alteration such as δ13C records. This analysis is conducted for the entire Canadian Cordillera of British Columbia and Yukon, and the ArcGIS shapefiles produced are included with the publication. Specific spatial patterns within the Stikine and Wrangell terranes have been identified for more detailed discussion.
BACKGROUND
The Canadian Cordillera
Spanning from the Canadian Rockies to the Pacific coastline, the Canadian Cordillera refers to a large zone of deformation resulting from accretionary orogenesis (Figure 1; Monger, 1997). It consists of an amalgamation of crustal terranes with various stratigraphic and tectonic histories (Monger and Ross, 1971). The relationships between these terranes, and their relative positions throughout the late Paleozoic and Mesozoic prior to accretion to the North American margin, are still poorly constrained and contentious. The terranes have been interpreted as fragments of continental crust, oceanic crust, or volcanic island arcs (Colpron and Nelson, 2011). Faunal distributions, paleomagnetism, detrital zircon geochronology, and crustal geochemistry have been used to constrain the movements of these terranes through geologic time, and many studies have recognized considerable latitudinal and longitudinal displacement prior to accretion (e.g. Monger and Ross, 1971; Jones et al., 1977; Mihalynuk et al., 1994; Belasky et al., 2002; Johnston, 2008; Kent and Irving, 2010; Beranek and Mortensen, 2011). Because of this complex tectonic history, thermal alteration of various origins is pervasive throughout the region. 
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Figure 1: Terrane map of the North American Cordillera. From Colpron and Nelson (2009). 
	The Stikine Terrane is an extensive island arc terrane within the Intermontane Belt located in British Columbia and southern Yukon (Figure 1; Monger, 1977). It is characterized by late Paleozoic volcanic rocks of island arc origin, overlain by interbedded Triassic through Early Jurassic marine carbonate, siliciclastic, and volcanic rocks (Monger, 1977). The  The Wrangell Terrane is an oceanic terrane within the Insular Belt located on Vancouver Island, Haida Gwaii, and throughout southern Alaska (Figure 1; Jones at al., 1977). It is characterized by Middle to Late Triassic tholeiitic volcanic rocks overlain by Late Triassic marine carbonate and siliciclastic rocks (Jones et al., 1977).          
Conodont Color Alteration Index (CAI)
	CAI is a semi-quantitative property of conodonts that makes these microfossils useful for geothermometry (Epstein et al., 1977; Rejebian et al., 1987). As a conodont element undergoes burial and heating, the organic material within it carbonizes in a reaction that visibly and non-reversibly changes the colour of the specimen. From pale translucent yellow, the element becomes incrementally darker until it is black, and eventually it will turn white and then clear as the organic matter is lost (Epstein et al., 1977; Rejebian et al., 1987). Different shades of colour are assigned CAI values, each of which corresponds to a range of maximum temperatures (Epstein et al., 1977). The variation in conodont colouration and the corresponding maximum temperature ranges are displayed in Figure 2.   
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Figure 2: Compiled examples of conodonts spanning the Color Alteration Index. From Königshof (2003).
Previous Studies
Several studies across Europe have used the geographic distribution of CAI from conodont collections to determine metamorphic zonation on a regional scale (Gawlick et al., 1994; Wiederer et al., 2002). On a larger scale, the United States Geological Survey has created CAI maps of the southwestern Basin and Range Province for the primary purpose of assessing hydrocarbon thermal maturity, largely encompassing Nevada, Utah, and Arizona (Harris et al., 1980; Wardlaw and Harris, 1984). Similarly, Legall et al. (1981) used CAI distribution to assess hydrocarbon potential in Southern Ontario and Southern Quebec, as did Orchard and Forster (1991) for Haida Gwaii, and MacNaughton et al. (2008) for parts of the Mackenzie and Selwyn mountains. Read et al. (1991a; 1991b) created a metamorphic map of the Canadian Cordillera using organic maturation from a combination of vitrinite reflectance, and CAI from conodont collections made prior to 1986 (Figure 3). The present study includes the CAI dataset used by Read et al. (1991a; 1991b), as well as conodont collections made between 1986 and 2019. None of these prior studies have utilized GIS spatial analysis, and the more quantitative approach of the present study results in greater statistical rigor than has been previously possible. 
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Figure 3: Metamorphic map of Vancouver Island based on organic maturity. Modified from Read et al. (1991a; 1991b).    
MATERIALS AND METHODS
	Conodont collections data were retrieved from the paleontological database of the Geological Survey of Canada Pacific office in Vancouver. The data used in this study derives from collections made spanning the early 1970s to 2019, and totals approximately 15 000 datapoints (Figure 4). The dataset was trimmed to only include collections with associated CAI values, and with GPS coordinates falling within the Canadian Cordillera of British Columbia, Yukon, and adjacent portions of Alaska. This results in a total of 1687 datapoints for maximum CAI, and 2155 datapoints for minimum CAI. The lithology associated with the original conodont collections is predominantly carbonate, but also includes chert and argillite samples.
ArcGIS ArcMapTM 10.6.1 software was used for all spatial analysis and map creation. The Kriging process was chosen to create the interpolation surfaces due to its versatility in correcting for datasets with clustering. Due to the utility of conodonts in biostratigraphy, collections are typically highly clustered in localities with significant portions of marine sedimentary strata exposed, and also in critical age intervals within these stratigraphic sections. The Ordinary Kriging process was used, as other processes factor in known overriding trends or directional drift, neither of which are expected within this dataset (Scheeres, 2016). Three data groups were isolated with geographic limitations: all data; only datapoints within the Stikine Terrane; and only datapoints within the Wrangell Terrane. Each of these were analyzed with minimum and maximum CAI values, for a total of six individual interpolation surfaces. The Stikine and Wrangell terranes were analyzed in isolation in order to see if CAI trends in a terrane arrange independently of each other, which would result in isolated terrane trends differing from when all datapoints are used. Both these terranes host a large number of datapoints that cover a wide range of CAI values and geographic area, therefore providing ideal test cases. Figure 4 shows the distribution of these two terranes in the Canadian Cordillera. Optimizing the model showed the data was fit best by a stable semi-variogram, and this remained true for all six interpolation surfaces. A cell size of 5000 meters was used for each interpolation surface, which was sufficient to clearly display the targeted spatial patterns whilst remaining fast to compute. All datasets fit the model well, as seen by a mean standardized value close to zero, a standardized root-mean-square close to one, and an average standard error close to the standardized root-mean-square (Scheeres, 2016); refer to appendix for these statistics. 
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Figure 4: All collections datapoints after trimming, overlain on Cordillera terranes map modified from Colpron et al. (2007), and Nelson and Colpron (2007). 
Getis-Ord Gi* statistical hot spot analysis was conducted corresponding to each interpolation surface individually. This assigns a confidence value (99%, 95%, 90%, not significant) to each datapoint as a hot spot compared to neighbouring datapoints, complementing the qualitative spatial patterns visible in the interpolation surfaces (esri, n.d.). A fixed Euclidean threshold distance of 20 kilometers was used, as it approximates the lower end of targeted hot spot spacing seen in the interpolation surfaces. In the context of this study, hot spots indicate spatial clusters of higher than surrounding CAI values, corresponding to regions of greater thermal alteration. Cold spots correspond to regions of lesser thermal alteration.   
RESULTS
From the interpolation surfaces, background CAI values across the Canadian Cordillera are moderately high at approximately 4 to 5 (Figure 5; Figure 6). Regions with thermal alteration hot spots (local maxima) include the southeast corner of British Columbia, the central coast of British Columbia, southern Vancouver Island, and most of the British Columbia - Yukon border (Figure 5; Figure 6). Regions with thermal alteration cold spots (local minima) include the northeast quadrant of British Columbia, the northern tip of Vancouver Island, and central Haida Gwaii (Figure 5; Figure 6). The broader trends of Figure 5 and Figure 6 will not be further explored by this study, as interpretations at that scale would require much greater amounts analysis and discussion. 
These interpolation surfaces remain consistent with data exclusion. Individual interpolation surfaces were created for the Stikine and Wrangell terranes using only the data points that fall within each; this produced hot spot distributions very similar to that of the interpolations made using all data (Figure 5 through Figure 10). Using maximum or minimum CAI values shifts the overall values of the interpolation surfaces up and down respectively, but the location and extent of hot spots remain fixed, as assessed visually (Figure 5 through Figure 10). 
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Figure 5: Thermal maturation trends across the Canadian Cordillera of British Columbia and Yukon from CAI. All data included; minimum values. 
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Figure 6: Thermal maturation trends across the Canadian Cordillera of British Columbia and Yukon from CAI. All data included; maximum values. 
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Figure 7: Thermal maturation trends across the Stikine Terrane from CAI. Only Stikine Terrane data included; minimum values. 
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Figure 8: Thermal maturation trends across the Stikine Terrane from CAI. Only Stikine Terrane data included; maximum values. 
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Figure 9: Thermal maturation trends across the Wrangell Terrane from CAI. Only Wrangell Terrane data included; minimum values. 
[image: ]
Figure 10: Thermal maturation trends across the Wrangell Terrane from CAI. Only Wrangell Terrane data included; maximum values. 

DISCUSSION
Interpretation of broader thermal alteration trends across the Canadian Cordillera are beyond the scope of this study, but the following select examples are presented to demonstrate the utility of this analysis in vastly different applications. The entirety of the following discussion is based on the ‘all data’ dataset, as shown in Figure 5 and Figure 6.      
Thermal Maturity of Vancouver Island
Vancouver Island displays three hot spots circled in purple, and a single cold spot circled in blue (Figure 11; Figure 12); the central hot spot is evidently less statistically strong, as it becomes not significant when using the minimum CAI dataset. The central and northern hot spots occur in the Late Triassic limestone units of the Vancouver Group, namely the Quatsino Formation, and to a lesser extent the mixed carbonate-siliciclastic-volcaniclastic Parsons Bay Formation (Figure 13; Carlisle and Suzuki, 1974; Muller, 1977; Massey and Friday, 1987). The hot spots coincide with intrusions of the younger, Jurassic Bonanza arc, which includes the Island Plutonic Suite and the Westcoast Crystalline Complex (DeBari et al., 1999; D’Souza et al., 2015). Perplexingly, there are significant areas of Island Plutonic Suite outcropping on the northern tip of Vancouver Island, proximal to a large thermal alteration cold spot (Figure 14). These intrusive units may be far more fragmented there than the current mapping would suggest, as the main body of the pluton seems to be further south, and diminishing northward; a large arm of Island Plutonic Suite reaches out from the main southern body and extends to the northern hot spot (Figure 14). Erupted volcanic units associated with Bonanza arc magmatism have been generally mapped as the Bonanza Group, and being extrusive, are not likely to have been a significant source of thermal alteration (Figure 14). These unit relationships are reflected in the Read et al. (1991a; 1991b) metamorphic map, as the zeolite/prehnite-pumpellyite facies that dominates the northern portion of Vancouver Island is variably intermixed with a post-metamorphic intrusive unit (Figure 3).              
[bookmark: _GoBack]The southern hot spot occurs in the older, Permian limestone of the Buttle Lake Formation (Figure 13; Carlisle and Suzuki, 1974; Muller, 1977). The Buttle Lake Formation is intruded by the Mount Hall Gabbro, an informal unit name used to describe the mafic dikes and sills that are coeval and likely feeders to the extensive Triassic Karmutsen Formation (Figure 15; Carlisle and Suzuki, 1974; Muller, 1977; Massey and Friday, 1987). The Buttle Lake Formation limestone has also been thermally altered by intrusions of the Jurassic Island Plutonic Suite. On Vancouver Island, the Buttle Lake Formation and Mount Hall Gabbro are uniquely well exposed in the southern part of the island. It is reasonable that the Buttle Lake Formation would be generally more thermally altered than the younger Triassic limestone, and this is supported by the large area spanned by the southern hotspot, which is also statistically the most significant of the hotspots when using maximum CAI (Figure 12). On the Read et al. (1991a; 1991b) map, this area has large exposures of chlorite zone greenschist facies rock, confirming that this southern portion of Vancouver Island is of higher metamorphic grade than the northernmost portion (Figure 3). 
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Figure 11: Thermal maturation trends across Vancouver Island from CAI. All data included; minimum values. Hotspots are circled in purple, while cold spots are circled in blue. 
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Figure 12: Thermal maturation trends across Vancouver Island from CAI. All data included; maximum values. Hotspots are circled in purple, while cold spots are circled in blue.  
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Figure 13: Stratigraphy of northeastern Vancouver Island. From Carlisle and Suzuki (1974).
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Figure 14: Lithological associations proximal to the central and northern Vancouver Island thermal hot spots, as well as to the thermal cold spot on the northern tip of the island. Hotspots are circled in purple, while the cold spot is circled in blue.  Lithology map from the British Columbia Geological Survey (2018).   
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Figure 15: Lithological associations proximal to the southern Vancouver Island thermal hot spot. The hotspot is circled in purple.  Lithology map from the British Columbia Geological Survey, (2018).    
Challenges in Assembling Cordilleran δ13C Records 
[bookmark: _Hlk36685792]The background CAI values of approximately 4 to 5 across the Canadian Cordillera are problematic for studies that utilize δ13C to interpret paleoenvironmental conditions (Figure 5; Figure 6). This is because the primary δ13C signal can be compromised by fluid-rock interactions, an effect that has even been observed in carbonates that experienced lower maximum burial temperatures than that represented by a CAI of 4 (e.g. Banner and Hanson, 1990; Derry, 2010). A loss of primary signal via this process can result in a strong correlation between δ13C and δ18O (Marshall, 1992).
To either side of the British Columbia and Yukon border, the Sinwa and Aksala Formations are comprised of possibly coeval Late Triassic limestone (Lowey et al., 2009). Two stratigraphic sections investigated in British Columbia of the Sinwa Formation both preserved primary δ13C signals, whereas another two stratigraphic sections investigated in Yukon of the Aksala Formation both showed strong correlation between δ13C and δ18O (Lei et al., 2019). Although both Sinwa and Aksala formation localities are within thermal alteration cold spots, localities within the Sinwa Formation fall much closer to the center of its respective cold spot (Figure 16; Figure 17). Localities in the Aksala Formation are on the very edge of its cold spot, and also quite close to a large hot spot directly to the east (Figure 16; Figure 17).
Near the northern tip of Vancouver Island, two stratigraphic sections were investigated through the Late Triassic limestone of the Quatsino and Parsons Bay Formations (Muller, 1977; Massey and Friday, 1987). These were the northern Holberg section which preserved primary δ13C signal, and the more southern Yreka section which did not (Vanwieren, 2019). Similarly to the Sinwa and Aksala Formation localities, both Holberg and Yreka are within thermal alteration cold spots, but the Yreka locality with a compromised δ13C record falls very near the edge of the cold spot, and away from the minimum CAI center (Figure 18; Figure 19). 
This preliminary analysis suggests there may be a significant correlation between the location of a section relative to thermal alteration cold spots and the preservation of a primary δ13C signal at that section. Future studies involving δ13C in the Canadian Cordillera might increase their success rate by considering CAI cold spots as a factor in the locality selection process.
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Figure 16: Thermal maturation trends across the western British Columbia - Yukon border region from CAI. All data included; minimum values. The Sinwa Formation samples, which preserve primary δ13C signals, falls much closer to the center of its cold spot than the Aksala Formation samples which do not preserve primary δ13C signals.
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Figure 17: Thermal maturation trends across the western British Columbia - Yukon border region from CAI. All data included; maximum values. The Sinwa Formation samples, which preserve primary δ13C signals, falls much closer to the center of its cold spot than the Aksala Formation samples which do not preserve primary δ13C signals.
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Figure 18: Thermal maturation trends across the northern tip of Vancouver Island from CAI. All data included; minimum values. The Holberg section samples, which preserve primary δ13C signals, falls much closer to the center of its cold spot than the Yreka section samples which do not preserve primary δ13C signals.
[image: ]
Figure 19: Thermal maturation trends across the northern tip of Vancouver Island from CAI. All data included; maximum values. The Holberg section samples, which preserve primary δ13C signals, falls much closer to the center of its cold spot than the Yreka section samples which do not preserve primary δ13C signals.
Limitations
	Many limitations of this technique arise from the distribution of the conodont collections data. Inherent to outcrop sampling, the CAI values and trends can only represent conodont-bearing lithologies exposed at the surface, and therefore assumes continuous distribution of such lithologies by interpolation. Lithologies such as igneous, metamorphic, and non-marine sedimentary units are not represented, nor are any subsurface units. Since the extinction of conodonts occurred at the Triassic - Jurassic boundary (e.g. Clark, 1983), any younger units are also not represented. These limitations should be taken into consideration when utilizing the hot spot map for interpreting general thermal alteration trends. Large stretches of the Canadian Cordillera have very sparse conodont collection datapoints, such as west-central BC, and the far north of Yukon, resulting in very uncertain interpolated values and trends for these regions (Figure 5; Figure 6). The GPS coordinates for older collections are likely imprecise by modern standards, but trial interpolations excluding historical collections confirm this is not problematic given the regional scale of this study. Therefore, older collections are included. Collections are highly clustered by study locality, and this was addressed by using the Kriging method.  
	Additional limitations are associated with uncertainties in CAI geothermometry. As a semi-quantitative method, assignment of a CAI value to a specimen depends on an individual researcher’s qualitative judgement of colour. For specimens that undergo brief but intense heating, such is the case for contact metamorphism, there can be CAI variation within a small area and even within a single specimen (Wiederer et al., 2002). Specimens can also lose organic material from metasomatic processes, including interaction with meteoric, saline, and hydrothermal fluids (Wiederer et al., 2002). These processes do not follow the thermal progression of the CAI, and therefore cannot be interpreted with the same corresponding temperature ranges (Wiederer et al., 2002). Research into using Iterative Fitting of Raman Spectra (IFORS) to determine maximum temperature of conodont specimens independently of CAI has found the range of temperatures associated with each CAI value may be significantly different than previously established (McMillan and Golding, 2019). The influence on CAI from diagenetic processes besides thermal alteration, as well as complex thermal histories, have been indicated as likely sources of discrepancy between maximum temperature values obtained via CAI and IFORS (McMillan and Golding, 2019).
CONCLUSIONS
	Spatial analysis of CAI with GIS is a tool that has not been previously used on a regional scale in Western Canada, which is an ideal investigative target given the existence of extensive conodont collections from this area. This study creates a thermal maturation hot spot map of the Canadian Cordillera based on CAI, and has the potential to assist in a multitude of fields, from Cordilleran tectonic reconstruction to preliminary assessment in hydrocarbon exploration. Major hot spots include the southeast corner of British Columbia, the central coast of British Columbia, southern Vancouver Island, and most of the British Columbia - Yukon border. Major cold spots include the northeast quadrant of British Columbia, the northern tip of Vancouver Island, and central Haida Gwaii. Important limitations of this analysis include the fact that interpolated values are only representative of conodont-bearing lithologies exposed at surface, and that widely varying sample density between regions will affect the quality of analysis depending on the locality of study.          
	Statistically significant hot spots on Vancouver Island are found to align with the prevalence of intrusive units. The most prominent hot spot is located in the southern portion of the island, where extensive exposures of Permian limestone are uniquely found. This unit is more thermally altered than the Triassic limestone prevalent farther north on the island. 
	When evaluating paleoenvironmental studies that utilize the δ13C isotope record near the BC - Yukon border, and from the northern end of Vancouver Island, those that preserve primary δ13C signals were close to the centre of thermal alteration cold spots. Future sites for proxy record measurements should consider regional spatial patterns in thermal alteration to increase the likelihood of success. 
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APPENDIX – KRIGING PROCESS AND MODEL FITTING
All Data, Max CAI
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All Data, Min CAI
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Wrangell Terrane Only, Max CAI
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Wrangell Terrane Only, Min CAI
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Stikine Terrane Only, Max CAI
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Stikine Terrane Only, Min CAI
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