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Research into the deep biosphere requires an understanding of both the microbial community at a given site and the geochemical and hydrological factors that support that microbial community. To highlight the interplay between geochemistry and microbiology in these deep environments, we characterized the hydrogeologic and geochemical systems of a 2.7 Ga banded iron formation within the Canadian Shield in the Soudan Underground Mine State Park in Minnesota, United States, a site known to host a lithotrophic microbial community. Calcium-sodium-chloride brines, characteristic of deep groundwaters throughout the Canadian Shield, were found in the site with total dissolved constituents (<0.2 micron) as high as 116,000 mg/L (ppm) in one borehole. Comparison of the Soudan waters to those found at other sites in the Canadian Shield or other sites of deep biosphere research indicate that they are notable for their high magnesium concentrations relative to total salinity. Additionally, the most saline Soudan waters have distinct 2H and 18O water isotope values suggesting long periods of isolation from the surface, which would allow for the evolution of a distinctive subsurface community. The presence of the banded iron formation along with the long-term isolation of the shield waters make Soudan a site of great potential for future research into deep crustal life. Furthermore, our work at Soudan highlights how geochemical data can inform future research into the deep biosphere and highlights a path for future research at the mine.
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INTRODUCTION
The deep crustal rocks of the Canadian Shield contain uniquely old and isolated groundwaters. As such, they are an ideal location to interrogate the deep continental biosphere and the biogeochemical processes supporting life in this harsh environment. The Shield spans from the Northwest Territories to Newfoundland in Canada and extends as far south as Minnesota and New York. It hosts the oldest crustal rocks in North America, with some rocks dating to over 4.2 Ga (O’Neil & Carlson, 2017). In deep shield environments where water has been sampled, salinities several times greater than seawater are commonly found (Frape et al., 1984). These waters are isolated from the surface, i.e., contain no influx of meteoric waters, on all but the longest time scales—noble gas isotopes indicate that the most isolated of these waters have a subsurface residence time above 1 Ga (Holland et al., 2013). The scientific community has known of the existence of microbial communities in the deep fracture systems of the Canadian Shield for over three decades (Sherwood Lollar et al., 1993). However, few studies have been conducted on subsurface life in the Canadian Shield, perhaps in part due to the inaccessibility of the groundwaters (Edwards et al., 2006; Onstott et al., 2009; Telling et al., 2018).
Far more attention has been paid to deep subsurface microbial communities in other regions with similarly old continental crust. The Fennoscandian Shield contains brines similar to those in the Canadian Shield. One site in this region, the Outokumpu Deep Drill Hole, has reached waters with residence times between 20—50 Ma (Kietäväinen et al., 2014). Deep biosphere research in the Fennoscandian Shield has spanned three decades and incorporated a wide variety of microbial techniques, including culturing, targeted amplicon sequencing, and several meta-omic methods (Szewzyk et al., 1994; Pedersen et al., 1996; Bell et al., 2018; Lopez-Fernandez et al., 2018b). Likewise, boreholes in the Mponeng Gold Mine, located in the Kaapvaal Craton of southern Africa, access waters with residence times between 15—25 Ma (Lin et al., 2006). Investigations into microbial interactions with the geosphere in the Kaapvaal Craton started later than Fennoscandian Shield studies, but have nonetheless been ongoing for 2 decades (Baker et al., 2003; Moser et al., 2003; Simkus et al., 2016; Magnabosco et al., 2018). These deep crustal hydrogeologic systems are often hundreds of meters below sea level with little hydraulic gradient to drive recent meteoric circulation, and thus have the potential to host the longest-isolated groundwaters. For this reason, they can likewise host the longest-isolated subsurface microbial communities. The degree of isolation of a given hydrogeologic system, then, is one proxy for how distinct its microbial community may be from those on the surface. Comprehensive geological and microbial community studies of these sites are important because they may host novel microbial communities. Furthermore, they can be used as natural labs to gain insight into potential extraterrestrial microbial communities (Jones et al., 2018).
Because of the separation from the Earth’s surface, these microbial communities cannot depend on photosynthesis or photosynthetically derived carbon in the same manner as surface microbes. Recharge waters have likely been stripped of organic carbon before they reach the deep subsurface and its associated microbial communities (Lovley and Chapelle, 1995). Consequently, these microbial communities are thought to be supported by lithotrophic primary producers gaining energy through the oxidation and reduction of compounds in the water and surrounding rock (Stevens and Mckinley, 1995). The movement of water through fractures in the subsurface may also play an essential role, bringing in new substrates and removing waste products. A thorough characterization of these sites’ waters is a necessary part of a comprehensive understanding of the deep biosphere. This strategy has been proven successful at sites such as the Äspö Hard Rock Laboratory, the Outukumpo Deep Drill Hole, the Deep Mine Microbial Observatory (DeMMO), and at Kidd Creek Mine (Pedersen, 1997; Ahonen et al., 2011; Itävaara et al., 2011; Lollar et al., 2019; Osburn et al., 2019). Interdisciplinary research is necessary to uncover feedbacks between microbes and their environments and provide more insight into the structure of life in the subsurface.
This paper provides a geochemical overview of the Soudan Underground Mine, a site in the southernmost portion of the Canadian Shield which accesses a 2.7 Ga Archaean banded iron formation (BIF) within an Archaean Greenstone belt. These rocks contain waters which are known to host a unique and robust microbial community and which are geochemically similar to other continental shield brines (Edwards et al., 2006; Badalamenti et al., 2016; Sheik et al., 2021). The lithologies of the mine environment are well described through studies of archived cores and driller’s logs from boreholes on the mine’s lowest level, located 714 m below the surface; the chemistry of the water flowing from these boreholes was sampled over a 9 year period and reported here. Temporal and spatial trends in the geochemistry of the mine are identified for the purpose of guiding future microbial ecology investigations and interpreting the co-existence and co-evolution of the biosphere and geosphere of this deep terrestrial environment. These waters are then evaluated in the regional context of the Canadian Shield and in the context of the cratonic deep biosphere, demonstrating that water and rock chemistry can be used to identify ecological niches even in geologically similar sites.
GEOLOGIC SETTING
The Soudan Underground Mine State Park is located at the site of a historic iron mine in northern Minnesota at the base of the Canadian Shield. Active between 1882 and 1962, this mine produced the rich iron ore characteristic of the Vermillion Range. The mine itself accesses three rock formations with overlapping but distinct compositions. The Soudan Formation was the main target of the mine. It primarily contains a banded iron formation consisting of alternating hematite and chert layers. It also contains regions of high-purity hematite ore, which contain some quartz and sulfide impurities but no chert or jasper banding, as well as other sedimentary and metasedimentary rocks. It is bracketed on either side by the Upper and Lower Ely Greenstone Formations, both characteristic of the metabasalt formations found across the Canadian Shield. The Ely Greenstone formations are largely made up of metamorphosed lava flows, with the upper formation containing tholeiitic basalts interspersed with minor iron formation inclusions and the lower formation containing both basalts and calc-alkalic lava flows (Peterson and Patelke, 2003). The iron formation itself is thought to have formed initially through seafloor deposition, with deposition estimated to have begun at 3.0 Ga. After deposition, it evolved though extensive seafloor hydrothermal alteration. Two periods of deformation and alteration, occurring between 2.5 and 2.7 Ga, then formed the massive hematite ore body contained within it today (Cloud Jr et al., 1965; Peterson and Patelke, 2003; Thompson, 2015).
Mining progressed to deeper levels until operations ceased in 1962 at the 27th level, more than 700 m below the surface. Deeper areas, below the 27th level, had been investigated via boreholes, all drilled while the mine was still active. The lowest level consists of two horizontal drifts, which access different geologic formations. The East drift accesses the Soudan Formation and the surrounding Upper Ely Greenstone; The West Drift accesses the Soudan Formation. Boreholes originating from the West Drift access more concentrated regions of banded iron formation and hematite ore. The boreholes of interest in this paper were drilled between 1958 and 1962; photographs of the boreholes can be seen in the supplemental information (Supplementary Figure S1). Though iron mining ceased in 1962, the mine was neither closed nor abandoned. The mining company gave the mine and all of its physical structures to the Minnesota Department of Natural Resources, which has continued to operate the mine as the Soudan Underground Mine State Park. The State Park has maintained the elevator to the 27th level and continues to pump water from the mine. Due to the ongoing pumping of the sump in the 27th level, the mine has not filled with water. The pumping removes both seepage from the deep fracture networks and surface recharge through the abandoned higher levels of the mine.
METHODS
Borehole Geology
To determine the lithologies accessed by each borehole, several methods were used. Whenever possible, physical inspection of archived rock cores was used as a primary source for borehole lithologies. Archived core was available from the downward-angled boreholes on the West Drift: DDHs 932, 942, 944, and 951. However, these historic cores were skeletonized by the mining company, preserving only sparse examples of non-ore rocks. Representative images of the core can be found in the supplemental information (Supplementary Figure S2). Archived core inspection was augmented or replaced by referencing primary sources from the drilling of these boreholes, i.e., Driller’s records from the time of drilling that include core lithology on a foot-by-foot basis and were used to augment or in place of physical inspections (Klinger, 1958; Bakkila, 1960a; Bakkila, 1960b; Bakkila, 1960c). Finally, these sources were supplemented with information from Minnesota Department of Natural Resources drill core reports and by geologic maps of the Soudan Mine and surrounding area (Dahlberg et al., 1989; Peterson and Patelke, 2003; Peterson, 2007; Peterson, 2019).
Water Chemistry
Field Methods
Field measurements of borehole water were performed with a Thermo Orion A329 multiparameter-meter. Temperature and conductance were measured using probe 013005D, pH was measured using probe 9016BNWP, oxidation-reduction potential was measured using probe 9678BN, and dissolved oxygen concentrations were measured using the optical probe 083005MD. For laboratory-based analyses, water samples were collected in sterile syringes and filtered through 0.2 µm PES membranes into plastic sample tubes. Samples designated for cation analysis were preserved with one drop of 6N ACS grade HCl per 15 ml, while samples designated for trace metal analysis were preserved with five drops of trace-metal grade HNO3 per 15 ml. No preservative was used for samples designated for anion analysis; however, these samples were re-filtered through 0.2 µm polyethersulfone membranes (Millipore) immediately prior to analysis to remove any precipitated minerals (e.g., iron oxyhydroxides). Water samples were immediately stored on ice while in the field and were transferred to 5°C storage until analysis.
Anions
Anions were measured on Dionex ICS 2000 using a 4 mm AS19 column, a 4 mm ASRS 300 suppressor, a NaOH eluent generator, and a conductivity detector in the Analytical Geochemistry laboratory at the University of Minnesota. High salinity samples were diluted up to 100-fold to keep measurements on scale based on field conductivity. The anions measured using this method were acetate, formate, oxalate, nitrite, nitrate, fluoride, phosphate, sulfate, thiosulfate, chloride, and bromide.
Cations
Major cations were measured on a Thermo Scientific iCAP 6500 ICP-OES using a Mira Mist PEEK nebulizer in the Analytical Geochemistry laboratory at the University of Minnesota. High salinity samples were diluted as with the anions. Samples were injected at the rate of 1 ml/min and 8 s/replicate with 5 replicates/sample. A yttrium standard was used to monitor internal consistency. The cations measured using this method were lithium, sodium, magnesium, aluminum, silicon, phosphorus, potassium, calcium, manganese, iron, strontium, and barium.
Trace Elements
Trace elements were measured in the Analytical Geochemistry laboratory at the University of Minnesota on a Thermo Scientific XSERIES 2 ICP-MS using an ESI PC3 Peltier-cooled spray chamber, an SC-FAST injection loop, and a SC-4 autosampler. Analytes were measured using the He/H2 collision reaction mode. During sample dilution, 20 ppb of an indium standard was added to monitor internal consistency. The elements measured using this method were lithium, aluminum, phosphorous, vanadium, chromium, manganese, iron, cobalt, nickel, copper, zinc, arsenic, selenium, rubidium, strontium, molybdenum, cadmium, tin, antimony, cesium, barium, hafnium, tellurium, lead, thorium, and uranium.
Alkalinity
Alkalinity was measured through the colorimetric titration of waters with Bromocresol green indicator. Alkalinity values are reported as an equivalent weight of carbonate.
Isotopes
Deuterium and Stable Oxygen
Water samples were collected in 30 ml HDPE bottles which were first rinsed three times with the sample. Analyses were performed at the Schwartz Isotope Laboratory at Texas State University in San Marcos, TX. Due to the high salinity of the borehole waters, samples were distilled prior to analysis. Isotopic ratios were measured on a Los Gatos Research model 908-0008 Liquid Water Stable Isotope Analyzer with Off-Axis Integrated Cavity Output Spectroscopy laser technology. Samples were analyzed eight times, with the first three analyses discarded to eliminate carry-over from the previous sample. To correct for instrumental drift, internal standards were run at the beginning and end of each run as well as after every third sample. Post-processing of raw data was run in a LIMS system by Tyler Coplen of USGS, Reston and reported relative to Vienna Standard Mean Ocean Water (VSMOW) (2H/1H = 155.76 ± 0.1 ppm; 18O/16O = 2005.20 ± 0.43 ppm).
Tritium
Water samples were collected in 1 L HDPE bottles that had been washed and triple-rinsed with deionized water and dried overnight in an oven at 80°C. Analysis was performed by Isotope Tracer Technologies, Inc. in Waterloo, OT, Canada. Samples were enriched through electrolysis and measured using a liquid scintillation counter.
RESULTS
Geology Accessed by Boreholes of Interest
The boreholes-of-interest within the Soudan Mine can be split into two sections: those drilled within the East Drift of the mine and those drilled within the West Drift. The two regions access distinct lithologies. Hematite ore and banded iron formation are more prevalent in the heavily sheared and deformed West Drift, while the East drift contains a wider variety of lithologies, including the Ely Greenstone, a formation composed of metamorphosed tholeiitic and calc-alkalic lava flows. As such, the lithologies accessed by each drift will be discussed separately. The lithologies accessed by each borehole can be seen in Figure 1. The physical characteristics of each borehole are given in Table 1. We note that these boreholes were not all drilled in the same direction but at different angles relative to the mine floor.
[image: Figure 1]FIGURE 1 | Lithologies accessed by the boreholes of interest in this study, compiled from driller’s logs and geologic maps of the Soudan Underground Mine’s 27th level. DDH 964 was not included, as records of the lithologies it accessed could not be found.
TABLE 1 | Physical characteristics of boreholes.
[image: Table 1]Though the lithologies assigned in Figure 1 are not perfectly uniform from point to point, they can be broadly described. A few rock types are made up of a single mineral phase, i.e., quartz and the hematite ore. The schistose lithologies are composed of simple silicate oxides mixed with more complex silicates—a chlorite, in the case of chlorite schist, a sericite, in the case of sericite schist, and both, in the case of chlorite-sericite schist. Both the metagabbro and the greenstone are metamorphosed igneous intrusions, with the gabbro having a more mafic composition and the greenstone having a more felsic composition. The graywacke is a complex, silicate-rich metasedimentary phase, though it is less altered than the other phases accessed by the Soudan boreholes. Finally, the most complex phase is the banded iron formation, which largely consists of alternating layers of hematite and chert or jasper, but also includes minor phases such as iron-rich chlorite, sulfides, and quartz.
In the East Drift, five boreholes were sampled. Three of these were horizontal: DDHs 960, 962, and 966. Two angled boreholes were sampled. One of the angled boreholes, DDH 933, was drilled at a 60-degree downward angle for 107 m. This borehole was drilled through chlorite schist before reaching pockets of banded iron formation and hematite ore; the deepest part of the borehole accesses a formation termed ‘schist ‘n’ biff’ (Peterson, 2019). This deeper formation comprises layers of chlorite schist, sericite schist, and iron formation and is commonly accessed through the East Drift, but rarely so in the West Drift Boreholes. The other borehole, DDH 948, was drilled at a 55-degree upward angle for 63 m. This borehole accesses small pockets of hematite ore and banded iron formation, but it largely runs through chlorite and sericite schists.
Six boreholes (two horizontal, four downward-angled) were sampled in the West Drift. DDH 920, one of the horizontal boreholes, extends for 276 m, far longer than the other boreholes sampled. This borehole largely accesses schist and banded iron formation; however, it is the only borehole to reach a pocket of greywacke and slate, part of the Ely Greenstone formations. Records of the rock accessed by the other horizontal borehole on the west drift, DDH 964, were not found. The four downward-angled boreholes sampled on the West Drift all access regions of crust with comparatively more hematite ore and banded iron formation than those on the East Drift. Still, they differ slightly amongst themselves with respect to the rocks they access. DDHs 932 and 951 primarily access chlorite schist with small pockets of banded iron formation and hematite ore interspersed. The portions of DDH 942 closest to the surface primarily access metagabbro and chlorite schist; in its deepest regions, the borehole runs through stretches of banded iron formation and hematite ore. DDH 944 accesses the most iron-rich lithologies, running primarily through banded iron formation in the shallow region and hematite ore in the deeper stretches.
Borehole Water Chemistry
Aqueous Geochemistry of Boreholes
The water flowing from boreholes in the Soudan Mine was sampled sporadically over the course of 9 years. Regular analyses, performed at each timepoint for each borehole, include measurements of physical (temperature, pH, and conductivity) and chemical (major cations and anions, minor cations, and trace elements) properties. Some timepoints include additional analyses of redox potential, dissolved oxygen, and an expanded suite of trace elements. These results have been compiled and averaged for each borehole and can be seen in Table 2. Full results broken down into individual timepoints and including all anions, cations, and trace elements can be found in the Supplemental Information (Supplementary Table S1).
TABLE 2 | Chemical characteristics of boreholes.
[image: Table 2]The fluid flowing from all boreholes was found to be a calcium-sodium-chloride brine, though the concentration of total dissolved constituents (<0.2 micron) varied from borehole to borehole (Table 2). The molar ratio of Ca/Cl remained relatively consistent from sample to sample, ranging from 0.258 in DDH 920 to 0.326 in DDH 944 with no clear correlation with concentration. The Ca/Na ratio varied more, ranging from 0.775 in the least saline fluid, DDH 960, to 1.17 in a more saline sample. The Ca/Mg ratio in borehole waters had a wide variation and showed the strongest correlation with borehole fluid strength. The smallest ratio was 3.33, found in a sample from DDH 920, while the largest ratio was 5.68, found in a sample from DDH 944. The less concentrated samples tended to have lower ratios, while more concentrated samples tended to have higher ratios.
Overall, the most saline brines flowed out of boreholes on the West Drift. On both the East and West drifts, the waters flowing out of boreholes drilled at a downward angle were more concentrated than those flowing out of horizontal boreholes or those drilled at an upward angle. Thus, the most saline brine is accessed by the boreholes drilled at downward angles on the West Drift; in order of least to most concentrated, that is DDHs 942, 951, 944, and 932.
Alkalinity concentrations (DIC) were highest in waters sampled within the East Drift and higher in horizontal and upward angled boreholes, reaching a maximum concentration of 43.5 mg/L in DDH 960 and a minimum concentration of 0.1 mg/L in DDH 933. Sulfate concentrations were similarly highest in horizontal boreholes on the East Drift. Though lower in the downward-angled West Drift boreholes, sulfate was consistently detectable in all samples. Conversely, total iron concentrations were consistently highest in the downward-angled boreholes on the West Drift, reaching a maximum concentration of 121 mg/L in DDH 932, and consistently lower in the horizontal boreholes on the East Drift, with a minimum concentration of 0.06 mg/L in DDH 962. Nutrients, i.e., nitrogen, ammonia, and phosphate, were consistently below the analyses’ margins of error when detectable.
Stability of Borehole Water Chemistry Over Time
Because we sampled many of these boreholes at multiple timepoints, we can track the stability of physical and chemical properties of these waters over time. The stability of temperature and of calcium and chloride concentrations in these boreholes is illustrated in Figure 2. Temperature was included to demonstrate the lack of apparent seasonal variation in water temperature. Though some variation (± 0.5°C) in temperature can be seen, temperatures are overall quite similar from timepoint to timepoint and from borehole to borehole; overall, neither a long-term shift towards warmer or colder temperatures nor any seasonal temperature patterns can be seen. Calcium and chloride concentrations are included to demonstrate the stability of conservative ion concentrations over time. Little variation (roughly 3% relative standard deviation) can be seen in the concentrations of these elements in a given borehole—neither a long-term trend nor any seasonal variation is present. Additionally, this stability can be seen for both the highly concentrated and less concentrated borehole waters. This stability holds true for other conservative elements as well, including major cations like sodium and magnesium and minor ionic solutes like potassium. Figure 2 also highlights the spatial trends discussed in the previous section: higher major ion concentrations are observed in both the downward-angled boreholes and on the West drift, so the most concentrated groundwaters are found in the downward-angled boreholes on the West drift.
[image: Figure 2]FIGURE 2 | Stability of the temperature and major iron concentrations in Soudan boreholes. East drift boreholes are shown in shades of red, while west drift boreholes are shown in shades of blue. Solid lines indicate boreholes drilled at a downward angle, while dashed lines indicate horizontal or upward angled boreholes.
The temporal stability of the concentrations of some redox-sensitive solutes can be seen in Figure 3. Sulfate concentrations have a definitive, decreasing long-term trend in all boreholes; they also show some variation from time-point to time-point (about 40% RSD in the most saline boreholes). Iron concentrations in all boreholes are stable over time with regard to long-term trends; however, some variation can be seen between samples. Manganese concentrations remain stable both in point-to-point variation and long-term trends. Spatially, Figure 3 highlights that the highest sulfate concentrations are found in the East Drift while West drift concentrations are generally about 0.5 mM lower. In the downward-angled boreholes on the West Drift, little spatial variation occurs—concentrations in a given timepoint are largely consistent between boreholes. Iron and manganese concentrations show the opposite trend: concentrations are highest in the downward-angled boreholes and on the West drift; concentrations have higher and more consistent spatial variation than temporal variation.
[image: Figure 3]FIGURE 3 | Stability of the concentration of redox-sensitive solutes in Soudan boreholes. The Fe and Mn concentrations shown are of total Fe and total Mn, respectively. East drift boreholes are shown in shades of red, while west drift boreholes are shown in shades of blue. Solid lines indicate boreholes drilled at a downward angle, while dashed lines indicate horizontal or upward angled boreholes.
Hydrogen and Oxygen Isotopes
2H and 18O Values in Borehole Water
Water from 27th-level boreholes was sampled for hydrogen and oxygen isotopes periodically over the course of 2 years. Boreholes were sampled from both the East and West drifts, spanning downward, horizontal, and upward-angled drilling directions. δ18O and δ2H values for these samples can be seen plotted against a regression for local meteoric water isotopes in Figure 4. Generally, the samples cluster into two broad groups: samples from downward boreholes in the West Drift, which are less depleted in both 2H and 18O, and almost all other samples, which are more depleted in those isotopes. All samples from the former group plot above the meteoric water regression, which is characteristic of isolated samples from deep silicate aquifers (Kloppmann et al., 2002). Samples from the latter group include all boreholes on the East Drift and a horizontal borehole from the West Drift. These samples mainly plot on the meteoric water line, though some samples plot slightly below it. The one exception to this grouping is DDH 964, a horizontal borehole from the West Drift. δ18O and δ2H values from this borehole group closer to those from the West Drift downward-angled boreholes than to those from the other remaining boreholes. A figure showing the Soudan water isotope values grouped by individual borehole can be found in the supplemental information (Supplementary Figure S3).
[image: Figure 4]FIGURE 4 | Water isotopes of Soudan borehole samples. Filled circles represent samples taken from boreholes drilled at a downward angle relative to the mine floor, while open circles represent samples drilled at a horizontal or upward angle. The black line shows local meteoric water regression calculated from Ely, MN, United States precipitation sampled between April and November 1996.
δ2H measurements of the water from the downward-angled West Drift borehole samples range from a −75.12‰ in DDH 951 to −61.86‰ in DDH 932. δ18O measurements in these samples range from −11.38‰ in DDH 932 to −10.70‰ in DDH 951. The degree of separation between these samples and the regional meteoric water line seems to correlate with salinity—the most saline borehole in this group, DDH 932, is the furthest from the meteoric water regression line; DDHs 942 and 951 are both less saline and closer to the meteoric water regression. DDH 964, while horizontal, has much more saline water than all boreholes except for this group of downward-angled boreholes in the West Drift. DDH 964 also has δ18O and δ2H water isotope ratios closer to this group of downward angled boreholes than to the less saline boreholes sampled in this study.
Tritium in Borehole Water
Water samples from DDH 920, a horizontal borehole on the West Drift, and DDHs 932 and 942, downward-angled boreholes on the West Drift, were tested for tritium abundance. For all boreholes, a single timepoint was tested. Tritium concentrations were below the limit of detection in water samples from DDHs 920 and 942. The water sampled from DDH 932 was too saline for analysis; however, based on the observed correlation between salinity and degree of isolation for other borehole water measurements, it seems unlikely that water from DDH 932 would have a higher tritium concentration than DDHs 920 or 942—it is likely that tritium abundance in this borehole would also be below the limit of detection. Full results of the tritium analyses, including standard deviation, are given in the Supplementary Information (Supplementary Table S2).
DISCUSSION
Aqueous Geochemistry of the Soudan Mine Groundwater
As the field of deep biosphere research has matured, several studies have highlighted the utility of using a thorough lithological and geochemical description of a site to guide microbiological investigations (Lollar et al., 2019; Osburn et al., 2019). To augment past and future research into the microbial communities at the Soudan Mine, we studied the geochemistry and hydrology of the Soudan groundwaters, including the sources of salinity, the stability of subsurface mixing, and the relative isolation of waters accessed by the mine. These Soudan-specific conclusions were then evaluated in the broader context of other Canadian Shield and deep biosphere research sites.
There are many similarities across the fractured-rock groundwater flowing from all Soudan Mine boreholes. The waters are rich in calcium, sodium, and chloride; the temperature of all borehole waters sampled in this study varies little and averages between 10.5—12°C. The Ca2+:Cl− ratio is largely consistent among boreholes. The ratios of chloride and all three major cations, Na+, Ca2+, and Mg2+ are also similar from borehole to borehole. The consistency of these ratios indicates that the source of salinity is likely the same from borehole to borehole. The constant ratio of the two dominant ions, Ca2+ and Cl−, is compared for all water samples in Figure 5. Also compared are salinity, represented by chloride concentration, and relative deuterium excess (RDE), a measure of how much a water sample’s isotope values deviate from the local meteoric water line (LMWL). The equation used to calculate RDE is as follows (Kloppmann et al., 2002):
[image: image]
where a and b are constants taken from the local meteoric water regression. Taken as a whole, Figure 5 shows that all Soudan groundwaters derive their salinity from a single source and are diluted by water with a RDE resembling that of surface water. Relative isolation from surface waters, for which RDE can be used as a proxy, increases with salinity. The same comparison of salinity with RDE, grouped by individual borehole, can also be seen in the supplemental information (Supplementary Figure S4).
[image: Figure 5]FIGURE 5 | Diagrams showing mixing in Soudan groundwaters. (A) Ca2+ concentrations versus Cl− concentrations in Soudan borehole water, with the blue line indicating a regression based on these values (R2 = 0.9979). Filled red or blue points represent samples taken from downward angled boreholes, while open red or blue points indicate samples taken from horizontal or upward boreholes. Green points are surface water samples taken from a spring in the town of Soudan, MN and from the nearby Lake Vermillion. (B) Deuterium excess, as compared to Ely, MN precipitation, versus Cl− concentrations in Soudan borehole water, with the blue line indicating a regression based on these values (R2 = 0.8122). Filled red or blue points represent samples taken from downward angled boreholes, while open red or blue points indicate samples taken from horizontal or upward boreholes. Green points indicate deuterium excess of Lake Vermillion sample and an average of Ely, MN precipitation deuterium excess, which is by definition 0.
The temporal changes in the salinity of a borehole would indicate whether the mixing of these two waters varies over time. Figure 2 shows the stability of temperature and Ca2+ and Cl− concentration between 2004 and 2013. Little variation is seen in these values over this time period; the same is true for the other major cations, Na+ and Mg2+. Though slight changes in subsurface mixing seem to occur, no long-term pattern is observed and there seems to be far less temporal variation in water composition than spatial variation. The stability of redox-sensitive solutes (sulfate, total Fe, and total Mn) was also measured, as seen in Figure 3. Though the measurements of total Mn and total Fe did not differentiate between their different valence states, it was assumed that the aqueous phases consisted only of their most soluble species, Mn2+ and Fe2+. Oxidation of Mn2+aq and Fe2+aq leads to the precipitation of insoluble manganese and iron hydroxides in oxic waters of neutral pH. Thus changes in the concentrations of these elements would indicate changes in the overall redox potential of these waters. The presence of these elements in relatively high concentrations in borehole fluid indicates that these waters are likely anoxic. For most boreholes, Mn and Fe concentrations varied little over the sampling period. The starkest differences were seen between the first and third timepoints for DDHs 942 and 951; this may be attributable to changes in sampling technique between these timepoints: the water was initially sampled from a pool around the borehole aperture; after the second timepoint, samples were taken at the mouth of the borehole. In contrast, concentrations of sulfate decreased over time with some fluctuation from timepoint to timepoint. This may be explained by a shift in redox conditions or an increase in microbial sulfate reduction over time; however, the consistent concentrations of manganese and iron cast doubt on an overall change in the down-borehole redox state. It is also possible that fluctuating sulfate concentrations are an artifact of inconsistencies in analytical technique.
The temporal trends of these redox-active species can be interpreted in the context of Soudan’s down-borehole fluid microbial communities determined by metagenomic analyses (Sheik et al., 2021). Diverse genes encoding for enzymes in sulfur reduction pathways were present in the assembled metagenomes, as were a few genes encoding for enzymes in sulfur oxidation pathways. The genetic potential for a wide variety of sulfur cycling genes suggests that long-term fluctuations in sulfur reduction rates are caused by changes in the abundance or activity of sulfur cycling community members. Sheik et al., 2021 also highlighted the presence of a number of genes related to iron and manganese reduction. While the borehole fluid itself is unlikely to contain any oxidized iron or manganese that could be used as a substrate by the microbes that mediate metal reduction, lithologies like the hematite ore and banded iron formation are rich in ferric iron. Thus, the presence of these genes in borehole fluid communities points to the interactions between these microbial communities and the fractured rock networks that contain them.
A major goal of this geochemical study is to guide future research into the microbial communities in the Soudan groundwaters by identifying the most isolated fractures. These have the potential to host the most distinct microbial communities in the mine, as they have been most able to develop without surface influence over long periods of time. As seen in the mixing diagram (Figure 5), the most isolated waters within Soudan seem to have the highest concentrations of dissolved salts and the most distinct isotope ratios. A principal component analysis (PCA) was used to determine whether any other groupings could be observed among the water samples. The PCA shows that spatial parameters relating to where they were drilled in the mine drive sample similarity. Strong separation is observed between boreholes on the East and West drift (Figure 6), as well as between those drilled at a downward angle and those drilled at horizontal or upward angles (Supplementary Figure S5). This geochemical data can also be evaluated in the context of the regional geology. Deformation of the West Drift protected the deep fractures from infiltration by surface waters; no such deformation occurred on the East Drift, leading to a network of vertical fractures that may have facilitated the slow dilution of groundwaters by surface runoff. The grouping of downward-angled boreholes on the West Drift, DDHs 932, 942, 944, and 951, has been shown to be distinct from all other sampled boreholes through this principal component analysis. These boreholes are of particular interest due isolation afforded by the configuration of the surrounding rock. They are likely the most isolated waters in the mine and of the highest interest for future microbial studies. A recent study used metagenomic sequencing to investigate the communities in the West drift boreholes, comparing these four downward-angled holes as well as the horizontal DDHs 920 and 964 (Sheik et al., 2021). The microbial communities in the downward-angled boreholes were less diverse and less evenly distributed with regard to alpha diversity than those in the horizontal communities, though there were distinct differences even between boreholes with similar salinities. Though isolation and salt concentration both appear to play major roles in determining community composition, lithology of the surrounding rock and connectivity between different fractures also likely control local variations.
[image: Figure 6]FIGURE 6 | Principal component analysis of Soudan borehole waters based on geochemistry data. PCA was conducted in R using the prcomp() command and plotted using the ggfortify package. After the PCA, the points were plotted with groupings based on the drift in which the boreholes were drilled.
Soudan in the Context of the Canadian Shield
The groundwaters accessed by Soudan Mine boreholes have a similar geochemistry to those found in deep boreholes across the Canadian Shield. Such waters are often isolated from the surface and have long been interpreted to have gained their brine composition from long term rock-water interactions. Such brines create distinct habitats for subsurface microbes. The geochemistry of Soudan brines can be interpreted in the broader context of these Canadian Shield waters. Canadian Shield brines were first described as Ca-Cl type brines with a distinctive water isotope composition (Fritz and Frape, 1982). An expanded study surveying a wider range of sites found that the Ca/Na ratios in these waters was variable, but in general a Ca-Na-Cl type brine was characteristic of Canadian deep shield waters (Frape et al., 1984).
It has long been suspected that the geochemistry of these waters is dependent on long-term rock-water interactions. Strontium isotopes serve as one example of this—because strontium often substitutes for calcium in rock-forming minerals, a comparison of water and rock strontium isotopes can determine the degree to which water-rock interactions are responsible for the overall calcium concentration. The strontium isotopes on Canadian Shield brines have been shown to match those of the feldspars in the associated host rocks, providing evidence for long-term rock-water interactions (McNutt et al., 1990). Strontium isotope ratios in the deepest waters have a narrower range than those of surface water and specifically match the ratios found in both plagioclase and in the secondary gypsum and calcite precipitated on the walls of fractures (Franklyn et al., 1991). Water isotope ratios also support long-term rock-water interactions. Modeling studies show that the dissolution of smectites and feldspars and the precipitation of goethite and kaolinite in deep rock groundwaters should lead to the depletion of 18O relative to 2H (Kloppmann et al., 2002). These altered water isotope values are found in the most isolated parts of Soudan Mine (Figures 4, 5) and have long been found across the Canadian Shield (Fritz and Frape, 1982; Frape et al., 1984; Kelly et al., 1986; Lollar et al., 2019).
Although water-rock interactions have certainly contributed to the overall composition of these waters, they are likely not their only source of salinity. End-member Ca-Cl brines derived solely from rock-water interactions have lower concentrations of total dissolved constituents (<0.2 micron) than those found in the Canadian Shield waters, suggesting that additional processes contribute to their chemical composition (Bucher and Stober, 2011). Though there is debate as to what the specific source of additional salinity could be, the fluid chemistry observed today is considered the result of a highly saline brine altered through rock-water interaction and diluted to varying degrees by meteoric surface water (Kelly et al., 1986; Bottomley et al., 2002). One suggested source of salinity is ancient marine water, long trapped below the surface (Bottomley et al., 1994; Starinsky and Katz, 2003). An alternate explanation is that the brines are the result of the cooling and dilution of metamorphic or hydrothermal fluids trapped in the subsurface. This is supported by a study of fluid inclusions in the Canadian Shield, which found that the chemistry of these inclusions agrees with that of the brines (Kelly et al., 1986). Regardless of their origin, concentration through either cryogenic means or evaporation has been suggested as a factor impacting overall brine composition (Bottomley et al., 1999; Starinsky and Katz, 2003). Though a more detailed characterization of Canadian Shield waters suggested that cryogenic alteration only affected shallower, less concentrated waters rather than deeper brines (Stotler et al., 2012).
A comparison of the Soudan Mine groundwaters to those of other Canadian Shield sites can be seen in (Figure 7), while a map showing the location of these sites can be found in the Supplemental Information (Supplementary Figure S6). The Ca-Cl concentrations for Soudan Mine scale at a similar rate with all other sites examined - the linear regression of Cl− concentrations versus Ca2+ concentrations in these water samples has a coefficient of determination (R2) equal to 0.9703. This may indicate that calcium concentration in the most concentrated brines is controlled by the same process, e.g., plagioclase dissolution (McNutt et al., 1990; Franklyn et al., 1991). A weaker correlation is observed for Na+:Cl− and Mg2+:Cl− among sites: a regression of Cl− concentrations vs. Na+ concentrations has R2 equal to 0.8093, while a regression of Cl− versus Mg2+ has R2 equal to 0.1233. The Mg2+ concentrations in the Soudan Mine groundwaters appear to be an outlier—Soudan has the highest ratio of Mg2+ to overall salinity out of any of the sites. Local lithology may account for these differences, as it is known to have a controlling effect on the prevalence of major cations in continental fractured-rock aquifers, with high Ca2+ and Mg2+ concentrations caused by reactions with mafic rocks and high Na concentrations caused by reactions with granitic rocks (Frape et al., 1984; Bucher and Stober, 2011). These trends have held true for waters outside of the Canadian Shield. An analysis of waters found below mines in South Africa found that two major groups of waters were found, with groupings controlled by rock chemistry (Onstott et al., 2006). These differences in water chemistry, then, are indicative of differences in rock chemistry as well. The uniquely high concentrations of Mg2+ in the Soudan waters likely highlight differences in its lithological composition, providing a novel subsurface environment for microbial populations. Comparisons of even relatively non-reactive elements between sites can be instrumental in selecting sites for future investigations into deep life.
[image: Figure 7]FIGURE 7 | Variation in major ion concentrations among Canadian Shield sites. A map showing the locations of these sites can be seen in Supplementary Figure S6. Kidd Creek (Timmins, ON, Canada) data were published in (Lollar et al., 2019). Lupin (Nunavut Territory, Canada) data were published in (Onstott et al., 2009). Sudbury Basin (ON, Canada) and Yellowknife (Northwest Territiries, CA) data were published in (Fritz and Frappe, 1982) and (Frape et al., 1984). Thompson (MB, Canada) data were published in (Fritz and Frappe, 1982), (Frape et al., 1984), and (Telling et al., 2018).
Geochemical Variation Between Deep Biosphere Sites
Many studies have focused on the origins and composition of the Canadian Shield groundwaters, but less focus has been given to the microbial communities living within them. Early research into the shield brines suggests that a metabolically active biome is present. Methane isotopes provide evidence for microbial activity and are distinct from those generated by abiotic thermogenic processes (Sherwood Lollar et al., 1993). Further work exploring the isotopes and abundance of hydrocarbons in shield gasses and waters has complicated this picture but indicated methanogens are likely present in many Canadian Shield aquifers (Sherwood Lollar et al., 2002, Sherwood Lollar et al., 2006, Sherwood Lollar et al., 2008; Giunta et al., 2019). Despite this evidence for microbial life below the Canadian Shield, research explicitly focused on the microbiomes of these shield aquifers was not published for more than a decade after the early methane study. One of the earliest studies to use genomic techniques to characterize the microbes in the Canadian Shield’s deep biosphere focused on the Lupin Mine in Nunavut Territory (Onstott et al., 2009). Water isotope data from this site, however, indicates these waters were unlikely to be from the deepest, most concentrated brines found on the shield (Stotler et al., 2009). The pace of research focused on the Canadian Shield has increased recently, as incubations from the Thompson Mine in Manitoba were used to measure the rate of hydrogenotrophic metabolisms in deep waters (Telling et al., 2018).
At the Kidd Creek Mine, Ontario, Canada, some of the most isolated waters on earth have been discovered (Holland et al., 2013). Geochemical measurements indicate that these waters host an active sulfur cycle capable of sustaining an isolated lithotrophic microbial community (Li et al., 2016). Microbial cell counts confirmed the existence of a microbial community at this site, while most probable number experiments indicated a robust anaerobic community including sulfate reducing bacteria (Lollar et al., 2019). These researchers have indicated that genomic characterization of the communities in these waters is ongoing. These efforts are proof of the efficacy of sustained research at a single site, which is essential to detail both a microbiological and a geochemical picture of subsurface life.
Still, comparisons of the research efforts focused on the deep continental biomes within the Canadian Shield to those focused on other areas with old continental crust and isolated waters show that the Canadian Shield is understudied. The Fennoscandian Shield is an example of a similarly old region of continental crust that has received far more study. This shield also contains similar Na-Ca-Cl brines with water isotopes depleted in 18O (or enriched in 2H) relative to the GMWL, suggesting a similar origin and evolution process (Nurmi et al., 1988; Nordstrom et al., 1989). As with the Canadian Shield, studies of the methane contained in aquifers within the Fennoscandian Shield indicate partial microbial origin (Sherwood Lollar et al., 1993). Some of the earliest studies published on the deep biosphere focused on the enrichment of anaerobic bacteria from Fennoscandian Shield waters (Szewzyk et al., 1994). This was followed with a robust research program focused on the deep biosphere, with several sites receiving detailed geochemical and microbiological characterization.
The Äspö Hard Rock Laboratory, initially built to research disposal methods for nuclear waste, is a Fennoscandian Shield site with a great deal of research into subsurface hydrology, geochemistry, and microbiology. These studies include some of the earliest amplicon-based characterization of microbial communities in the subsurface (Pedersen et al., 1996; Pedersen, 1997). The microbial community has also been studied through innovative in and ex situ incubations (Ekendahl et al., 2003; Nielsen et al., 2006). This earlier work paved the way for modern genomic studies which have used metagenomic and metatranscriptomic methods to look at subsurface life below Äspö. Metagenomic sequencing has shown that the dominant community metabolisms likely change with depth, with heterotrophs more common in shallower groundwaters while deeper communities consist largely of lithotrophic and autotrophic microbes (Wu et al., 2016). Another sequencing study looking at community composition in these groundwaters, found that taxonomic diversity decreased with isolation and depth (Hubalek et al., 2016). Many taxa found in the deepest waters are thought to rely on nitrate and iron reduction, demonstrating the importance of the cycling of inorganic substrates in the subsurface (Lopez-Fernandez et al., 2018a). Through several decades of sustained research, these scientists were able to gain a detailed understanding of life in these fracture networks.
The Fennoscandian Shield also hosts the Outokumpu Deep Drilling Project, a research borehole drilled to reach waters with a subsurface residence time over 20 Ma (Kietäväinen et al., 2014). Geochemical studies confirmed that the deepest waters accessed by this borehole are characteristic of the chloride brines found across the Fennoscandian Shield (Ahonen et al., 2011; Kietäväinen et al., 2013). Characterization of the microbial community at Outokumpu was first done by amplicon sequencing in conjunction with geochemical characterization of waters and gasses (Itävaara et al., 2011). It has also been subject to thorough metagenomic analyses (Purkamo et al., 2016). As with Äspö, Outokumpu demonstrates the power of sustained subsurface research, evidencing the need for such long-term projects in the Canadian Shield.
The Kaapvaal Craton, primarily located in South Africa, contains older crust and similarly isolated waters. Mines in this region host boreholes that access deep chloride brines, though waters tend to be hotter and with isotope ratios plotting on or to the right of the GMWL (Duane et al., 1997). More recent studies found some brines with water isotopes to the left of the GMWL, aligning with models of low-temperature alteration towards waters resembling those in the Canadian or Fennoscandian shields; thus, water isotopes in this region may not be as reliable an indicator of isolation (Onstott et al., 2006). Regardless, there has been a robust research program focused on the deep biosphere below the Kaapvaal Craton. Decades of research began with a comparison of the organisms in this region to some from early sites for deep biosphere research (Baker et al., 2003). Early research in this region included both amplicon-based studies of community genomics (Moser et al., 2003; Moser et al., 2005) and geochemical analyses of fracture water and gases (Kieft et al., 2005; Lin et al., 2005; Moser et al., 2005). Building on this initial foundation, deep biosphere focused research in this region has since uncovered unique and vital milestones, pushing the field forward. This includes the characterization of a subsurface ecosystem with just a single species (Lin et al., 2006; Chivian et al., 2008) as well as proof of the presence of multicellular eukaryotes in microoxic fracture waters several kilometers below the surface (Borgonie et al., 2011; Borgonie et al., 2015). Recent work from the region has shed light on the specific pathways through which carbon moves through the subsurface (Simkus et al., 2016; Magnabosco et al., 2018).
This is by no means a comprehensive review of the work conducted in either region; rather, it is meant to highlight the results obtained from a sustained focus on deep life in these ancient, isolated waters. Such a focus on the Canadian Shield could have a similarly transformative impact; the Soudan Mine serves as an ideal site for such work: its waters are both characteristic of those found across the Canadian Shield and unique, due to their high magnesium concentrations. Early pyrosequencing work confirmed the existence of microbial communities in Soudan’s groundwaters (Edwards et al., 2006), while recent metagenomic sequencing indicated that the fracture network contains a microbial community capable of cycling H, C, N, and S (Sheik et al., 2021). The hematite ore body and banded iron formations make the Soudan Mine well positioned for characterization of microbial iron metabolisms. Several such organisms have been isolated from the site, indicating the potential for a diverse and distinct community of these organisms in the subsurface (Bonis and Gralnick, 2015; Badalamenti et al., 2016). Further work characterizing the site could reveal possible differences in the microbial community attributable to these geologic factors.
To better understand Soudan in the context of the deep biosphere, then, the chemistry of conservative ions in these waters can once again be compared between sites. In Figure 8, the behavior of conservative ions with respect to overall salinity (as indicated by Cl−) are compared between Soudan and other locations where research into the deep biosphere has been conducted. Data was selected from papers including both geochemical and microbiological data. In addition to the regions discussed above, the Deep Mine Microbial Observatory (DeMMO) was chosen as an additional reference point. This site, located in South Dakota, is another recently established deep biosphere research laboratory with thoroughly characterized water and rock chemistry (Osburn et al., 2019). The DeMMO site can demonstrate how the chemistry of younger, less saline waters compares with the older crustal brines.
[image: Figure 8]FIGURE 8 | Variation in major ion concentrations among deep biosphere research sites in different regions. Canadian Shield data were published in (Onstott et al., 2009), (Telling et al., 2018), and (Lollar et al., 2019). Fennoscandian Shield data were published in (Pedersen, 1997), (Itävaara et al., 2011), and (Wu et al., 2016). Great Plains data were published in (Osburn et al., 2014). South African Platform data were published in (Baker et al., 2003), (Moser et al., 2003), (Kieft et al., 2005), and (Lin et al., 2006).
Overall, Ca2+ and Na+ have similar correlation with overall salinity for all concentrated brines, while less saline waters from all sites seem to deviate from this line. Greater deviation is seen for the waters from DeMMO, as it does not seem to derive its salinity from mixing with a highly concentrated brine. Distinct regional differences are seen for magnesium concentrations: South African waters have quite low Mg2+ concentrations relative to overall salinity, while Soudan is enriched in Mg2+ even relative to most Canadian Shield sites. As the chemistry of these deep groundwaters is heavily influenced by local rock chemistry, even relatively biologically inert elements like these major ions may be a way to pinpoint geochemical features that provide unique environments for microbes.
CONCLUSION
The field of research into the deep biosphere is no longer so young that the mere existence of subsurface life is necessarily noteworthy. As microbial life is expected to exist in most subsurface groundwaters, the reasoning behind a focus on a specific site has become increasingly important. One must understand the features making a given site unique as well as the ways it resembles previously studied sites. Microbial life in deep subsurface groundwaters is intimately intertwined with the geology, so comprehensive studies of the chemistry, geology, hydrology, and microbiology of a given site are critical to fully understanding life in these energy limited environments. Furthermore, between-site comparisons shed light on the broad biogeochemical characteristics of these environments. Hydrologic connections play an important role in allowing organisms to travel from surface to site and through fracture networks (Borgonie et al., 2019). The residence time of these subsurface waters, used as a proxy for isolation from the surface, indicates the potential for evolution of a community distinct from those on the surface. Connectivity to the surface or to other deep groundwaters shapes how potential substrates flow through deep communities and may be a factor controlling microbial diversity (Hubalek et al., 2016). Indeed, water chemistry is likely a major driver of changes to subsurface ecosystems. Changes in water chemistry within a single borehole correlate with changes in the microbial communities residing therein (Kietäväinen et al., 2013). Water chemistry may also serve as a marker for differences in subsurface lithology between groundwaters (Onstott et al., 2006; Bucher and Stober, 2011). This is important, as lithology is also likely to be a vital predictor of subsurface communities. Mineralogy has been shown to control microbial community composition both on the ocean floor and in the ocean crust (Santelli et al., 2009; Smith and Roychoudhury, 2013; Toner et al., 2013; Smith et al., 2017). Additionally, the bulk of the microbial population in the deep biosphere likely resides on rock and mineral surfaces rather than in planktonic communities floating in the water (Flemming and Wuertz, 2019). These rock-hosted communities may be quite distinct from the hitherto observed aqueous communities (Momper et al., 2017). Until a more comprehensive understanding of these rock-hosted communities is reached, an understanding of how lithologies shape aqueous communities and the chemistry of the waters they live in may help bridge this gap.
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