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Abstract. 
It is surprising to encounter active saline spring activity at a constant 6°C temperature year-round not far away from the North Pole, at latitude 79°24N, where the permafrost is ca. 600 m thick and average annual temperature is -15°C. These perennial springs in Expedition Fiord, Queen Elizabeth Islands, Canadian Arctic Archipelago, had previously been explained as a recent, periglacial process. However, the discovery near White Glacier (79°26.66N; 90°42.20W; 350 m.a.s.l.) of a network of veins of hydrothermal origin with a similar mineralogy to travertine precipitates formed by the springs suggests that their fluids have much deeper circulation and are related to evaporite structures (salt diapirs) that underlie the area. The relatively high minimum trapping temperature of the fluid inclusions (avg. ~200 ± 45°C, 1σ) in carbonate and quartz in the vein array, and in quartz veins west of the site, explains a local thermal anomaly detected through low-temperature thermochronology. This paper reviews and updates descriptive features of the perennial springs in Expedition Fiord and compares their mineralogy, geochemistry, and geology to the vein array by White Glacier, which is interpreted as a hydrothermal predecessor of the springs. The perennial springs in Axel Heiberg Island are known for half a century and have been extensively described in the literature. Discharging spring waters are hypersaline (1-4 molal NaCl; ~5 to 19 wt% NaCl) and precipitate Fe-sulfides, sulfates, carbonates, and halides with acicular and banded textures representing discharge pulsations. At several sites, waters and sediments by spring outlets host microbial communities that are supported by carbon- and energy-rich reduced substrates including sulfur and methane. They have been studied as possible analogs for life-supporting environments in Mars. The vein array at White Glacier consists of steep to subhorizontal veins, mineralized fractures, and breccias within a gossan area of ca. 350 × 50 m. The host rock is altered diabase and a chaotic matrix-supported breccia composed of limestone, sandstone, and anhydrite-gypsum. Mineralization consists of brown calcite (pseudomorph after aragonite) in radial aggregates as linings of fractures and cavities, with transparent, sparry calcite and quartz at the centre of larger cavities. Abundant sulfides pyrite and marcasite and minor chalcopyrite, sphalerite, and galena occur in masses and veins, much like in base metal deposits known as Mississippi Valley Type; their weathering is responsible for brown Fe oxides forming a gossan. Epidote and chlorite rim veins where the host rock is Fe- and Mg-rich diabase. The banded carbonate textures with organic matter and sulfides are reminiscent of textures observed in mineral precipitates forming in the active springs at Colour Peak Diapir. Very small fluid inclusions (5-10 μm) in two generations of vein calcite (hexagonal, early brown calcite we denominate “cal1” lining vein walls; white-orange sparry calcite “cal2” infilling veins) have bulk salinities that transition between an early, high-salinity end-member brine (up to ~20 wt% NaCl equivalent) to a later, low-salinity end-member fluid (nearly pure water) and show large fluctuations in salinity with time. Inclusions that occupy secondary planes and also growth zones in the later calcite infilling (deemed primary) have  ranging from 100°C to 300°C (, ; independent of salinity), 2 orders of magnitude higher than average discharging water temperatures of 6°C at Colour Peak Diapir. Carbon isotope composition (δ13CVPDB) of the White Glacier vein array carbonates ranges from approximately -20 to -30‰, like carbonates formed by the degradation of petroleum, whereas carbonates at Colour Peak Diapir springs have a value of -10‰. Oxygen isotope composition (δ18OVSMOW) of vein carbonates ranges from -0.3‰ to +3.5‰, compatible with a coeval fluid at 250°C with a composition from -3.5‰ to -7.0‰. These data are consistent with carbonates having precipitated from mixtures of heated formational waters and high-latitude meteoric waters. In contrast, the δ18OVSMOW value for carbonates at Colour Peak Diapir springs is +10‰, derived from high-latitude meteoric waters at 6°C. The sulfur isotope (δ34SVCDT) composition of Fe-sulfides at the perennial springs is +19.2‰, similar to the δ34SVCDT of Carboniferous-age sulfate of the diapirs and consistent with low-temperature microbial reduction of finite (closed-system) sulfate. The δ34SVCDT values of Fe-sulfides in the vein array range from -2.7‰ to +16.4‰, possibly reflecting higher formation temperatures involving reduction of sulfate by organics. We suggest that the similar setting, mineralogical compositions, and textures between the hydrothermal vein array and the active Colour Peak Diapir springs imply a kinship. We suggest that overpressured basinal fluids expelled from the sedimentary package and deforming salt bodies at depth during regional compressional tectonic deformation ca. 50 million years ago (Eocene) during what is known as the Eurekan Orogeny created (by hydrofracturing) the vein array at White Glacier (and probably other similar ones), and the network of conduits created continued to be a pathway around salt bodies for deeply circulating fluids to this day. Fluid inclusion data suggest that the ancient conduit system was at one point too hot to support life but may have been since colonized by microorganisms as the system cooled. Thermochronology data suggest that the hydrologic system cooled to temperatures possibly sustaining life about 10 million years ago, making it since then a viable analogue environment for the establishment of microbial life in similar situations on other planets.

1. Introduction
The presence in a polar region of active saline springs at constant ca. 6°C temperature year-round, where average temperature is -15°C [1] and continuous permafrost is 600 m thick, is astonishing. This is the case in western Axel Heiberg Island (Figure 1), Queen Elizabeth Islands, Canadian Arctic Archipelago, at latitude 79°24N (e.g. [2–4]). The perennial springs (hereforth PSS) are situated in the periphery of evaporite diapirs (bodies of salt, anhydrite, and gypsum) that underlie the Expedition Fiord area (Figures 2 and 3(a)) and have risen over time as a ductile solid from their ultimate source in beds at ca. 10 km depth in the Sverdrup sedimentary basin (Figure 1; e.g., [5, 6]). The springs have been attributed to Quaternary periglacial processes (e.g., [7]). However, during a regional study of the uplift and thermal history of the archipelago using apatite fission-track thermochronology [8–10], it was noticed that the area where the PSS occur at the head of Expedition Fiord cooled to ca. 100°C between 20 and 30 million years later than the rest of the region (Figure 4). This realization led to a search for evidence for the pervasive circulation of warm fluids in the area in the form of veins with minerals amenable to fluid inclusion studies. In 2006, a network or array of mineral veins of hydrothermal origin was identified adjacent to White Glacier (Figures 2 and 3(b)). The White Glacier vein array (hereforth WGVA) is accompanied by a colourful gossan arising from the weathering of base metal (Fe, Cu, Zn, and Pb) sulfides and is the subject of this paper. We first update the descriptive features of the local PSS and then compare the WGVA with the prominent Colour Peak Diapir, ~13.7 km distant (Figures 2 and 3(a)), and two other PSS at Expedition Diapir and Wolf Diapir in terms of mineralogy, fluid inclusion systematics, and geochemistry, including stable O, C, and S isotope compositions. Based on the above studies and the literature, we conclude that the PSS have a kinship with the WGVA and the latter owes its existence to focussed expulsion of overpressured, hot, basinal fluids from an evaporite-dominated basement during tectonic compression known as the Eurekan Orogeny predominantly during the Eocene [11, 12]. The WGVA thus may represent the establishment of a plumbing system that has been later exploited by the PSS. The WGVA also is evidence for a regional metallogenic process that may have formed mineral concentrations elsewhere.




		
			
			
			
			
			
			
		
			
			
			
			
		
			
				
			
				
			
		
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
		
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
		
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		Figure 1: Location map of the White Glacier site (star) in Axel Heiberg Island, Queen Elizabeth Islands, Canadian Arctic Archipelago. Icefields are light grey, generally capping 1500–2000 m high mountains (dotted lines). The dashed line outlines the Sverdrup Basin with a thickness of up to 12 km of Paleozoic to Paleogene sedimentary and volcanic rocks, including Carboniferous salt beds at depth and diapiric salt-anhydrite-gypsum structures that reach the surface.






		
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
		
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
		
			
				
			
				
					
				
					
				
				
					
				
					
				
			
		
			
				
			
				
					
				
					
				
				
					
				
					
				
			
		Figure 2: Generalized geological map showing the location of the White Glacier vein array site (black star) in relation to perennial springs (black triangles) and evaporite diapirs (red); purple and light green units are predominantly sedimentary strata of Mesozoic age; igneous mafic sills and dikes are dark green. Location of apatite fission track samples in Wolf Intrusion and Colour Peak marked as filled yellow circles. Fluid inclusion Striae Hill sample marked by white ring. MARS Camp (McGill Arctic Research Station - X) was used as field base. Geology modified from Harrison and Jackson [27].
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Figure 3: (a) Aerial view of travertine deposits at Colour Peak perennial springs (CPS), northern shore of Expedition Fiord, that emit brines at 6°C year-round. The 560 m hill is gypsum and anhydrite, but the colourful gossan denotes weathered iron sulfides associated with rafts of igneous mafic rocks. (b) Aerial view of the whitish vein array (WGVA) on the steep flank of White Glacier, also associated with a gossan (photo by Dale Andersen). Note the similar scale of the two phenomena.
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Figure 4: (a) Plot of Apatite Fission Track Age vs. Mean Track Length for samples in the Expedition Fiord area. Note the extreme position in the plot of samples FT-59 and FT-66, from within the area of PSS (see Figure 2). (b, c) Monte Carlo inverse thermal history models for Sverdrup Basin AFT samples using AFTINV [82, 83]. The internally consistent models are compatible with the interpretation that whereas rocks now at the surface in the Princess Margaret Range (60 km to the northeast of Expedition Fiord) cooled rapidly after the Eurekan Orogeny (62 to 33 Ma), rocks in the area of the PSS maintained temperatures of up to 75°C until the Miocene. Note: all models were done using the annealing model of [48]. The middle panels show the upper and lower bounds of time-temperature solution space explored by the 250-300 acceptable model solutions (defined by a K-S goodness of fit statistic) as well as the exponential mean solution, or preferred model (thicker line). The lower panels show the measured length histograms and the exponential mean probability distributions, as well as the upper and lower bounds of the model distributions in the solution set (note that the upper and lower bounds themselves are not solutions). 5 My time steps were used, with new populations of unannealed tracks introduced at 1 My intervals. See text for discussion. Data summary in Table 1.


Permafrost at high latitudes is traditionally considered to effectively separate groundwater flow systems into two zones: a shallow, supra-permafrost zone that is active during summer months when air temperatures exceed 0°C and a sub-permafrost region that is hydrologically disconnected from the Earth’s surface [13]. The impervious nature of continuous permafrost means that such systems are poorly understood [14]; having a window into the subsurface through groundwater spring activity, therefore, provides a rare opportunity to further our understanding of hydrologic activity in polar environments, to explore life beneath permafrost, and to improve our appreciation of the potential for bioavailable water and subsurface life to exist on other planets such as Mars [15–18]. The update of data on these anomalous polar springs and new interpretation of their process is a contribution to the understanding of geothermal systems in salt-dominated terrains.
2. Geological Setting
The perennial springs and WGVA lie within a relatively small area of the extensive (1000 km by 350 km) Sverdrup Basin (Figure 1), which contains a thickness of over 13 km of sedimentary and volcanic rocks ranging in age from Carboniferous to Tertiary [19]. The basin has been extensively explored for petroleum [20], although the wells in the eastern Sverdrup Basin have been disappointing and are more likely to produce gas than oil, due to the intervention of tectonism and the thermal effects of igneous intrusions [21]. The geology of the Expedition Fiord area (Figure 2) was initially mapped during the Jacobsen-McGill Arctic Research Expedition (1959-1962), among others by Tozer [22], Thorsteinsson and Tozer [23], and Fricker [24]. The evaporite diapirs were described by Hoen [25, 26]. A new map of the area including both Expedition Fiord and Strand Fiord was produced by Harrison and Jackson [27] and salt-induced structures reinterpreted by Jackson and Harrison [6]; their latter paper provides a valuable geological introduction to this study. The oldest rock unit exposed in the immediate area is allochthonous gypsum and anhydrite of the Otto Fiord Fm. of Lower Carboniferous age (in red in Figure 2), contained in diapiric bodies [5]. Ductile salt and evaporites rose and intruded the thick (12-15 km) sedimentary succession of the Sverdrup Basin [5]. The oldest exposed stratified rocks are Upper Permian to Middle Jurassic marine sandstones and shales, overlain by Jurassic to Cretaceous sandstones and limestones. The Mesozoic succession contains extensive volcanic units of basalt and sets of intrusive sills and dikes of diabase (intrusive basalt) of middle Cretaceous age (40Ar-39Ar dates from 129 to 80 Ma; [28]). The evaporite diapirs also contain rafts of diabase (Figure 2). Further afield are Cenozoic sediments of Paleocene to Eocene age, some disrupted by the mechanically intrusive evaporite diapirs, which may be actively rising [29]. Quaternary deposits consist of glacial and fluvial gravels and sands.
2.1. Eurekan Orogeny
The Paleozoic to Paleocene strata of the Sverdrup Basin were folded during the Paleogene Eurekan Orogeny into irregular synclines and anticlines with wavelengths of ca. 5 to 10 km. Distorted ramparts of diapiric anhydrite crop out in the cores of tight anticlines, and wider synclinal basins separate the diapiric walls. The most prominent faults are N-S, east-verging thrust faults that are interpreted by Jackson and Harrison [6] to be rooted in an evaporite canopy (extruded subhorizontal salt-anhydrite sheet) at depth. Important is a thrust fault south of Thompson Glacier at the head of Expedition River (rightmost side of Figure 2), which places Upper Permian rocks (Blind Fiord Fm.) and Carboniferous evaporite over Jurassic and Cretaceous strata. In addition, there are intermediate faults north of Expedition Diapir and Colour Peak Diapir, and the WGVA site is located at the intersection of a major WNW fault and a diabase intrusion of Cretaceous age (Figure 2). Minor faults and shattered zones (not indicated in Figure 2) abound around the evaporite diapirs, especially where ductility contrasts exist, such as between mafic igneous rocks and sedimentary rocks.
2.2. Wall and Basin Structure
Evaporite diapirs are conspicuous features in the Expedition Fiord area [25, 26]; they are clustered and irregular in shape, some forming walls and slivers [27]. Three clusters are identified in the local area from west to east: Colour Peak Diapir, Expedition Diapir (Gypsum Hill – Little Matterhorn Diapir), and a sliver east of Thompson Glacier (Figure 2). Early workers called the complexly folded region intermixed with encroaching diapirs a “wall-and-basin structure” (WABS; [30]). Schwerdtner and Van Kranendonk [31] described this feature as “crooked walls of diapiric anhydrite contained in folded clastic rocks.” The diapirs occupy the cores of narrow polygonal to oval anticlines. Jackson and Harrison [6] proposed that this restricted WABS province resulted from the development of a coalescing layer or canopy of evaporite rocks during the early Cretaceous; these evaporitic rocks would have plastically spread laterally and formed at depth the roots of now-exposed secondary diapirs created during compression, thrusting, and folding in the Paleogene (mainly Eocene) Eurekan Orogeny.
2.3. Diapirs and Springs
At the surface, the diapirs are composed of anhydrite with a carapace of porous gypsum with blocks of anhydrite, but they are known to have halite at depth from exploration drilling [32] and the presence of exposed halite at Stolz Diapir, located on southeastern Axel Heiberg Island [31]. Despite their susceptibility to erosion and the fact that they disrupt Quaternary deposits, their positive topographic relief (Figure 2) suggests continuing growth, which is being evaluated with satellite interferometry [29]. The position of perennial spring activity adjacent to or within evaporite structures led Nassichuk and Davies [32] to suggest an essential relationship between them.
2.4. Glaciers
The highlands of Expedition Fiord host the Müller Ice Cap, the largest on Axel Heiberg Island, crowning the Princess Margaret Range (2210 m.a.s.l.), ca. 40 km north of the area shown in Figure 2. One of the large outlet glaciers descending from it is the Thompson Glacier (Figure 2), spanning ~34 km in length and ~3 km wide in the ablation area. It dams several lakes, including Astro Lake (upper right corner of Figure 2) and Phantom Lake (2 km east of Astro Lake, outside Figure 2), and meets the White Glacier terminus at 80 m.a.s.l. (cf. [33]). White Glacier is a valley glacier occupying 38.5 km2, extending from an elevation of 80 m at its present terminus to its source on the mountains to the west at ca. 1782 m.a.s.l.; ice thickness exceeds 400 m in the deepest basins, and the glacier has thinned by approximately 20 m in the vicinity of the WGVA outcrop since 1960 [34]. Glacial activity has resulted in the carving of steep walls into Triassic-Jurassic sedimentary rocks, which in combination with contemporary thinning has exposed the array of hydrothermal veins described here.
3. Procedures
3.1. Field Work
Foot traverses by M.Z. were undertaken (2006) in the search for any evidence of hydrothermal activity that might help explain the anomalous thermal history results of the area (Table 1). A NE-trending ridge 2 to 3 km NE of the McGill Arctic Research Station (MARS camp, Figure 2), composed of diabase, shows evidence of alteration and gossans derived from oxidation of iron sulfides; the hydrothermal development described here (Figure 3(b)) was found at the intersection of the rusty ridge with White Glacier, which also coincides with the trace of a prominent fault or shear zone (Figure 2). Samples representing the various styles of mineralization were collected (2006, 2009) and prepared as double-polished thin sections (Dalhousie University). Carbonate deposits and fine-grained sediments associated with perennial spring discharge at Colour Peak Diapir (CPS) were collected by C.O. (2011, 2012). Carbonates were prepared as double-polished thin sections (Department of Earth Sciences, Western University); sediments were stored in native spring waters in air-tight serum vials capped with rubber stoppers until analysis.
Table 1: Apatite fission track data used for Figure 4.
	

		Age data	Length data
	Sample number	Grains counted								Age ± error (Ma, 1σ)	No. of tracks	Mean ± error (μm, 2σ)	Std. dev. (μm)
	

	ft03-038 SF-16	28	0.168	196	0.423	495	98	1.093	5701	75.0 ± 6.6	49	13.50 ± 0.41	1.43
	ft03-041 SF-20	25	0.073	127	0.294	509	100	1.093	5701	47.9 ± 4.8	55	13.91 ± 0.31	1.16
	ft03-042 SF-23	25	0.062	126	0.242	489	100	1.093	5701	49.4 ± 5.0	37	13.62 ± 0.49	1.48
	ft03-046 SF-27	28	0.101	115	0.379	428	100	1.093	5701	51.6 ± 5.5	57	14.13 ± 0.21	0.79
	ft03-047 SF-28	27	0.092	113	0.372	457	81	1.093	5701	47.5 ± 5.2	107	14.05 ± 0.23	1.2
	ft03-048 SF-30	25	0.153	159	0.487	505	99	1.093	5701	60.4 ± 5.5	129	13.45 ± 0.33	1.88
	ft03-052 SF-36	26	0.911	1299	2.65	3777	1.3	1.093	5701	65.4 ± 3.2	148	14.03 ± 0.25	0.11
	ft03-055 SF-41	24	1.101	665	3.5	2114	22	1.093	5701	60.3 ± 3.0	140	13.86 ± 0.22	1.29
	ft03-059 SF-47	28	0.712	563	2.49	1967	24	1.093	5701	54.9 ± 2.7	118	13.47 ± 0.32	1.77
	ft03-063 SF-51	23	0.167	136	0.667	543	98	1.093	5701	48.1 ± 4.7	25	13.49 ± 0.64	1.54
	ft03-067 SF-66	29	0.177	157	0.823	729	39	1.093	5701	41.4 ± 3.8	37	12.51 ± 0.45	1.36
	ft04-009 SF-59	28	0.063	67	0.297	315	99	1.093	5701	40.8 ± 5.5	25	12.92 ± 0.65	1.57
	


A summary of the age and track length data for the Strand Fiord region. Ages reported are the central age [139]. Samples with a chi-square probability greater than 5 pass the chi-square test at the 95% confidence level (i.e., appear to be composed of one age population). Ns, N¡, and Nd are the number of spontaneous, induced, and flux dosimeter (CN-5) tracks, respectively. Rhos, Rho¡, Rhod are the density of spontaneous, induced, and dosimeter tracks, respectively (×106/cm2). A value of 352.5 ± 7.1 (CN-5) was used for the zeta factor. Age error estimates are at the 67% (1σ) confidence level. Mean length error estimates are at the 95% (2σ) confidence level. Alexander M. Grist, Analyst.


3.2. Electron Microprobe
Wavelength-dispersive spectroscopic (WDS) electron microprobe analysis (EMP) on WGVA thin sections was completed at the R. MacKay Microprobe Laboratory (Department of Earth Sciences, Dalhousie University) using a JEOL 8200 microprobe operated at an accelerating voltage of 15 kV and a beam current of 20 nA and using a focussed beam (10 s on peak and 10 s off peak counting times; spot ). Qualitative energy-dispersive spectroscopy (EDS) was used initially for confirmation of optical microscopic phase identification.
3.3. X-Ray Fluorescence Mapping
Thin sections from both WGVA and CPS were analyzed by C.O. for trace elements by X-ray fluorescence mapping (μ-XFM) using synchrotron radiation (Advanced Photon Source, Argonne National Laboratory). Incident X-rays passed through a Si 111 monochromator on an insertion device (ID) at 13.5 keV to excite elements up to Pb. The incident beam was focussed to 5 μm × 5 μm using a Kirkpatrick-Baez mirror assembly. Spatially resolved XFM analyses were conducted over specific regions of interest in the samples, which were mounted 45° to the incident beam. The fluorescence X-rays were measured using a 12-element Canberra Ge (Li) detector. The fluorescence X-ray intensity was normalized by the intensity of the incident X-ray beam, and spectral analysis of the fluorescence spectrum of each pixel used to produce two-dimensional maps for each element analyzed.
3.4. Scanning Electron Microscopy
Thin sections and sediments from CPS were analyzed by C.O. by scanning electron microscopy (SEM) at the Western Nanofabrication Facility (Western University) using a LEO (Zeiss) 1540XB FIB/SEM with secondary electron (SE), backscattered electron (BSE), and in-lens detectors. Thin sections were coated with ~5 nm osmium metal, whereas sediments were initially washed in ddH2O and air-dried before coating with osmium. Samples were imaged at 1-2 keV at a working distance of 4-6 mm. Areas targeted for focussed ion beam (FIB) milling were coarse-milled at 10 nA followed by polishing at 1 nA using Ge at 30 keV. Sediments were also examined by transmission electron microscopy (TEM) at the Biotron (Western University) using a Philips EM 300 TEM. Samples were imaged as wet mounts on carbon-coated Cu grids at 80 keV.
3.5. Confocal Raman Spectroscopy
Confocal laser Raman microspectroscopy (LRM) was used to determine the composition of carbonate minerals, specifically to differentiate between aragonite and calcite polymorphs. LRM analysis was performed by J.H. using a Horiba Jobin-Yvon LabRam HR system at Saint Mary’s University. The instrument is equipped with a 100 mW 532 nm Nd-YAG diode laser (Toptica Photonics) and a Synapse charge-coupled device (CCD; Horiba Jobin-Yvon) detector. Pure silicon was used as a frequency calibration standard. Spectra were collected using an 80 μm confocal hole diameter, and a 600-groove/mm grating (spectral resolution of approximately ±2 cm-1). Spectra were collected using an accumulation of three, 50-60-second acquisitions with a laser spot size of ~1-2 micron at 100% laser power (~2.15 mW at sample surface). Spectra from different carbonate types were compared to those in Raman spectral libraries [35].
3.6. Fluid Inclusion Microthermometry
Fluid inclusion microthermometry and imaging was completed by J.H. and D.L. using a Linkham FTIR600 heating-freezing stage mounted on an Olympus BX51 microscope (Department of Geology, Saint Mary’s University). Stage calibration was carried out using synthetic fluid inclusion standards containing pure CO2 (melting at -56.6°C) and pure, critical-density H2O (melting at 0°C and homogenizing at 374.1°C). Uncertainties for these measurements are ±0.2°C when a heating rate of 1°C/min is used. Final ice melting temperatures were used to calculate salinities [36] and isochoric data were determined using the SOWAT software package [37, 38].
3.7. Stable Isotopes
Pyrite, quartz, and carbonates from vein margins and infillings of the WGVA were sampled using a ~0.5 mm tungsten carbide drill bit to produce powders. These powders were analyzed at Queen’s University Facility for Isotope Research (QFIR; Kingston, Ontario). Carbonates were reacted on a gas bench coupled to a Thermo Finnigan Delta Plus XP Isotope Ratio Mass Spectrometer (also using continuous flow). Oxygen from quartz was extracted using a conventional bromine pentafluoride extraction line, with the isotopes measured on a Finnigan Mat 252 Isotope Ratio Mass Spectrometer. Analytical uncertainties on the analyses are ±0.3‰ for O in silicates and ±0.2‰ for C and O in carbonates (K. Klassen, personal communication). Values are reported in the δ notation in units of per mil (‰) relative to Pee Dee Belemnite (VPDB) and Vienna Standard Mean Ocean Water (VSMOW), respectively. Stable sulfur isotope measurements were obtained using a Carlo Erba NCS 2500 elemental analyzer coupled to a Finnigan MAT 252 mass spectrometer with a Finnigan MAT Conflo 11. One sample of pyrite from the Colour Peak perennial springs was also analyzed. Values are reported in the δ notation in units of per mil (‰) relative to standard Vienna Canyon Diablo Troilite (VCDT). Replicate δ34SVCDT analyses are reproducible to within ±0.3‰ (K. Klassen, personal communication).
3.8. Trace Elements
Trace elements in carbonates were determined by J.H. using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the Swiss Federal Institute of Technology (ETH Zurich). Aerosols were generated using a GEOLAS (now Coherent Inc.) 193 nm ArF excimer laser [39]. Aerosols were generated using a pulsed (10 Hz) laser beam with an energy-homogenized beam profile at a fluence of 15 J·cm−2 (80-90 mJ output energy) [40]. An Ar-He gas mixture (He 1.15 L/min; Ar 0.8 L/min) carried sample aerosols into an ELAN 6100 quadrupole ICP-MS using similar conditions as Pettke et al. [41]. Oxide production rates were maintained below 0.3%. Mass spectrometer dwell time was set to 10 ms for all masses measured. Quantification of trace element concentrations was performed using the software SILLS [42]. The standard reference glass 610 from NIST was used to calibrate analyte sensitivities. Stoichiometric Ca (40 wt %) was used as the internal standard value as carbonates were determined to be ~CaCO3 with minor impurities (<0.4 wt % total Fe + Mg + Mn).
3.9. Fission Track Thermochronology
The fission-track low-temperature thermochronological method as applied in this study at Dalhousie University has been fully explained in Grist and Zentilli [43] and references therein. It is based on the measured density and length distribution of linear tracks of crystal damage produced during spontaneous fission of trace amounts of 238U. In monotonically cooling systems, track densities provide a measure of age with respect to the closure temperature, which for apatite (a U-bearing calcium phosphate) is ca. 100°C over geologically meaningful time periods on the order of 10-100 Ma. Assuming a geothermal gradient of 30°C/km, this corresponds to a burial depth of 4-5 km. It is this temperature-dependent behaviour between 60°C and ~130°C (the partial-annealing zone or PAZ) that allows the apatite FT method to be used as a low-temperature thermochronometer. Reviews of the method, its application to geological problems, and the development of FT thermal models have been provided by Wagner and Van den Haute [44], Ravenhurst and Donelick [45], Gallagher et al. [46], and Gleadow and Brown [47]. All models were done using the Laslett et al. [48] annealing model; for the modelling, the accepted initial reduction in mean length to 15 μm was introduced (i.e., [49]). Data are shown in Figure 4 and Table 1.
4. Review of the Perennial Springs (PSS)
Examples of perennial groundwater discharge in the Canadian high Arctic have been documented at eight locations on Axel Heiberg Island [50, 51] and two on Ellesmere Island [52, 53]. While those on Ellesmere Island are linked to subglacial hydrology and geologic faults, saline perennial discharge having received the most attention occurs marginal to or near large evaporite diapirs [27] on Axel Heiberg Island, including those in Expedition Fiord (Gypsum Hill Springs, GHS; 79°2416N; 90°4352W; 98 m.a.s.l.) and Colour Peak Diapir (CPS; 79°2251N; 91°1609W; 3 m.a.s.l.) (Figures 2 and 3(a)) and nearby Strand Fiord Wolf Diapir (WS; 79°436N; 90°1239W; 132 m.a.sl.), not shown in Figure 2. Waters discharge either through numerous outlets or a single point source at constant rates and temperatures [3, 51], despite a mean annual air temperature of -15°C [1] and a lowest measured temperature of –54.6°C at a nearby weather station (Eureka, Nunavut, 1979) and measured permafrost thickness of 400–600 m [54].
Discharging spring waters are hypersaline, ranging from ~1 to 4 molal NaCl (4.7-18.9 wt% NaCl) [55, 56] (Table 2). Minerals including sulfates, carbonates, and halides have been documented in association with spring discharge, which form by a variety of disequilibrium processes including evapoconcentration and CO2 degassing [55–58]. Icings (sheet-like masses of layered ice) form in distal areas during winter months when air and water temperatures are lowest, as well as carbonate and sulfate minerals thought to precipitate by freezing fractionation [51, 59]. At several sites, waters and sediments near spring outlets host microbial communities that are supported by carbon- and energy-rich reduced substrates including sulfur and methane [60–65]. The source and activity of spring discharge at Expedition Fiord (CPS, GHS) has been generally interpreted to represent recent phenomena related to periglacial processes [7], but this model cannot account for activity at Wolf Spring, which is located south of Strand Fiord south of the area shown in Figure 2 [57].
Table 2: Summary data of the major geochemical parameters of waters collected from spring outflows (Gypsum Hill Springs, Colour Peak Springs, and Wolf Springs) and associated hydrologic measurements. Given that numerous spring outlets exist at Expedition Diapir and Colour Peak Diapir, geochemical data shown here represent the average of previously reported results. Concentrations of cations and anions are expressed in mol/kg.  at Expedition Diapir and Colour Peak represent the sum of all outlets, whereas only one outlet exists at Wolf Diapir. N.D. = not determined. Data collected since 1997 (C.R. Omelon, MSc thesis); Pollard et al. [3]; Omelon et al. [55, 56]; Perrault et al. [64]; Niederberger et al. [63], Lay et al. [60]; Battler et al. [57].
	

		Expedition Diapir (GHS)	Colour Peak Diapir (CPS)	Wolf Diapir (WS)
	

	 (L/s)	10-15	20–25	4-5
	 (°C)	6.3	6.1	-2.0
	pH	7.4	6.1	5.8
	ORP (mV)	-283	-312	-171
	DO (%)	0.4	0.2	0.5
	Salinity (%)	8	16	24
	Na+	1.15	2.01	3.28
	Ca2+	0.05	0.08	0.03
	Mg2+	0.004	0.011	0.012
	K+	0.002	0.005	0.004
	Fe2+	3.1 × 10-6	1.4 × 10-5	1.1 × 10-5
	NH4+	5.7 × 10-5	2.2 × 10-4	5.5 × 10-5
	Cl−	1.11	2.02	3.05
	SO42−	0.09	0.08	0.11
	NO3−	0.0014	0.0002	0.0004
	HCO3−	0.0009	0.003	0.0005
	HS−	0.0006	6.9 × 10-5	1.7 × 10-5
	



Andersen et al. [7, 50, 66] proposed a qualitative and quantitative model for the PSS that envisioned a relatively surficial circulation of fluids, with recharge from Astro and Phantom Lakes, which are located on the eastern flank of Thompson Glacier, ~397 m above the outlet of the springs (upper right corner, Figure 2; Phantom Lake is located east of Astro Lake, just outside the map in Figure 2). The above authors assumed that the deep subsurface salt layer acts as a reservoir and conduit of water. Seasonally, the lakes drain partially (1-2%) and the water would circulate to the PSS through faults, such as the ones mapped in the area (Figures 2 and 3). Water would flow below the surface at a depth of 600-700 m via an evaporite layer, returning to the surface through the piercement structures associated with the springs. Below the surface, the water would attain the geothermal temperature (they assumed a geothermal gradient of 37.3°C/km after [54]). As it flows upward, the brines would lose heat to the surrounding permafrost.
This study brings a new perspective to the interpretation and significance of the PSS.
5. Results
5.1. Perennial Springs at Colour Peak Diapir (CPS)
Confirmed perennial spring activity is observed at three locations on western Axel Heiberg Island, two of which (Colour Peak and Gypsum Hill) are shown in Figure 2. They are among the most poleward perennial springs on Earth and are the only known example of cold, nonvolcanic springs in a region dominated by continuous permafrost. The two spring sites proximal to the hydrothermal development in Expedition Fiord are located adjacent to Colour Peak Diapir (CPS) and Expedition Diapir (GHS), with the springs at Wolf Diapir (WS) occurring ~60 km to the south.
Table 2 summarizes and compares the main geochemical and hydrological characteristics of these perennial springs. Groundwater emerges from either a single outlet or numerous seeps and springs (~40 at GHS, ~30 at CPS; 