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ABSTRACT
Microbiological and geochemical data are presented to characterize the hydrogeochemistry and
to investigate extant microbial life in fracture waters 2.4 km below surface, at the Kidd Creek
Observatory in Canada. Previous studies identified the world’s oldest groundwaters with mean
residence times on the order of millions to billions of years trapped in fractures in Precambrian
host rock here. In this study, major ion chemistry, d18O and d2H isotopic signatures and dissolved
gases in the fracture waters are shown to be distinct from potential contamination end-members,
demonstrating the fracture waters are not impacted by waters used in mining operations. A previ-
ous work on sulfur isotope signatures suggested a longstanding indigenous population of sulfate-
reducing bacteria in these highly reducing fluids and sufficient sulfate to support microbial activ-
ity. Here, we report the first evidence for extant visible and cultivable microbial life at this location.
Anaerobic metabolisms were investigated using the Most Probable Number (MPN) method. The
fracture fluids contained extant cells at low biomass density (�103–104 cells/mL) and showed a
strong response from autotrophic sulfate-reducers and alkane-oxidizing sulfate reducers. These
lines of evidence provide the interpretational framework (chemical, hydrogeologic, and microbio-
logic) essential to the on-going genomic and metagenomic investigations at the Kidd Creek
Observatory – the world’s most longstanding location for investigation of subsurface fluids and
deep life at such profound depth.
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Introduction

Humankind’s existence as organisms exclusively inhabiting
the surface of the Earth has long biased our assumptions
about the distribution of subsurface life (NASEM 2018).
Even in the modern scientific era, the planet’s biosphere was
thought of as a thin veneer on or near the surface of the
planet (Jannasch and Taylor 1984), with life primarily
dependent on photosynthesis to thrive. An exciting scientific
revolution began with the discovery, in the late 1970s, of
chemoautotrophic microbial communities associated with
hydrothermal vents on the ocean floor. Since that time
rock-hosted chemoautotrophic life has been found to not
only be a “deep hot biosphere” but sustainable via the prod-
ucts of lower temperature water–rock reactions (<100˚C),
and, hence, a phenomenon found not only at high tempera-
ture vents but at off-axis spreading centers (Bach and
Edwards 2003; Kelley et al. 2005; Proskurowski et al. 2008)
and cool continental settings, including the Precambrian
cratons (see reviews by Onstott 2016; Schrenk et al. 2013;
and references therein).

Major questions about the nature and distribution of the
subsurface biosphere nonetheless remain, including delineat-
ing the variety and sources of electron donors and electron

acceptors sustaining deep subsurface microbiomes, and the
variety and relative importance of microbial metabolisms
(Bomberg et al. 2015; D’Hondt et al. 2009; Osburn et al.
2014; Pedersen et al. 2014; Purkamo et al. 2015; Simkus
et al. 2016; Telling et al. 2018). Recent progress has been
made in models extrapolating what is known about cell
density, porosity and permeability, attached versus
unattached biomass ratios, and power scaling laws to revise
estimates of subsurface biomass (Kallmeyer et al. 2012; Lipp
et al. 2008; Magnabosco et al. 2018a; McMahon and Parnell
2014) but the paucity of measurements remains a common
theme in all these studies. This knowledge gap is particularly
large for the terrestrial subsurface, and particularly so for
crystalline rock settings at great depth (2–3 km), where frac-
ture waters are isolated from the surface photosphere on
geologic timescales. These “dark energy” systems where che-
molithotrophy plays an important role in sustaining habit-
ability are vital to our understanding of life’s ability to
sustain ecosystems where cell abundance and biomass are
both exceedingly low (Edwards et al. 2012; Schrenk et al.
2013). Cell division has been estimated to take place at rates
104–106 fold more slowly in these geologically ancient, oligo-
trophic environments compared to surface ecosystems
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(Hoehler and Jorgensen 2013; Labont�e et al. 2015). These
realms of the “hidden hydrogeosphere” (Warr et al. 2018)
remain a major frontier in the exploration for life on Earth
(Magnabosco et al. 2018b; McMahon and Parnell 2014) and
provide important analog environments for planetary scien-
tists and astrobiologists considering the potential for subsur-
face life on Mars and elsewhere in the solar system
(Michalski et al. 2017; NASEM 2018; Waite et al. 2017).

Another major theme in investigations of the deep sub-
surface biosphere has been an emerging understanding that
the geochemical, geological and isotopic parameters defining
the environmental context for subsurface life, the subsurface
“landscape,” is a powerful and essential framework for deci-
phering the controls on microbial communities, distribution
and function. Unfortunately such “metadata” has arguably
too often been collated after the main microbiological inves-
tigations were complete. This study highlights the power of
a strategic and integrated approach more akin to that used
for the astrobiological exploration of other planets, for
instance of Mars. Specifically, we highlight the advantages of
defining the recharge and geochemical history of the fluids
and geological environment at the outset of a microbio-
logical investigation in addition to the relevant nutrients,
electron donors, and electron acceptors that might sustain
habitability in the subsurface. For example, direct ground-
water dating tools such as 3H and 14C are relatively under-
used to date in subsurface microbiological investigations,
and yet are helpful for defining subsurface environments
that are still in recent connection with the surface hydrogeo-
logic cycle via recharge (e.g., Borgonie et al. 2015). At the
other end of the spectrum, environments isolated from the
surface photosphere on geologic timescales, where mixing
with recharging surface groundwaters is negligible, can be
identified via conservative noble gas tracers and via 18O and
2H analysis of water (Holland et al. 2013; Li et al. 2016;
Lippmann-Pipke et al. 2011). These tools can be combined
to quantitatively define the timing and extent of mixing
between surface and subsurface biomes, or the degree and
timing of isolation and sequestration from the surface
photosphere. If integrated in the initial phases of subsurface
microbiological investigation, such a “Follow the Water”
approach using hydrogeochemical tools can define target
environments, constrain potential contamination end-mem-
bers, and allow hypothesis-driven, scientific exploration of
the subsurface. This study provides a model for such a
hydrogeologically and geochemically constrained approach
in one of the world’s deepest observatories for investigation
of crustal fluids and deep life, along with the first lines of
evidence for extant subsurface microbial life in these fracture
fluids.

Subsurface scientific observatories of the deep earth

This study focuses on the continental crust, and specifically
the Precambrian rocks between �600Ma and �4 Ga in age
that represent >72% of the continental lithosphere by sur-
face area (Goodwin 1996; Sherwood Lollar et al. 2014).
Several scientific “windows into the continental subsurface”

have been developed to address this knowledge gap through
major international collaborations. Subsurface laboratories in
Sweden, USA, Canada, Finland, UK, France, Japan, and
Switzerland have been established (see reviews by It€avaara
et al. 2011; Osburn et al. 2014; Sherwood Lollar 2010;
Schrenk et al. 2013). The Kidd Creek Observatory is located
at 2.4 km below surface in a mine operating to 3 km depth
in the 2.7 billion year old rocks of the Canadian Shield near
Timmins, Ontario, Canada (Warr et al. 2018). The loci of
scientific investigations for subsurface fluids since the early
1990s (Doig et al. 1995; Sherwood Lollar et al. 2002), Kidd
Creek hosts a dedicated observatory at the 2.4 km level, in
continuous operation since 2008. Routinely monitored for
fluid geochemistry for almost a decade, the fluids continu-
ously discharging there represent to our knowledge, the lon-
gest time series investigation of subsurface fluids available
for the scientific community at such a profound depth.
From this location, studies of dissolved gases (Sherwood
Lollar et al. 2002, 2006; Young et al. 2017), noble gas resi-
dence times (Holland et al. 2013; Warr et al. 2018), and
habitability studies (Li et al. 2016) have all been conducted.
The observatory is currently the focus of a long-term inter-
national collaboration whereby four separate teams of
microbiologists have collected samples for culture-based,
genomic, and metagenomic analyses and, once complete,
results will be compared between the various teams and
methodologies. This paper represents the first results from
this long-term interdisciplinary initiative at Kidd Creek. The
goals of this paper are twofold – first to define the key
hydrogeochemical parameters that inform the history of nat-
urally occurring fracture fluids at the site (and by compari-
son and contrast, the contamination end-member
represented by the mine service water), and second to pro-
vide the first lines of evidence for extant visible and cultiv-
able microbial life at this location.

Rationale and scope for this study

Samples were collected for this study from two boreholes
naturally discharging fracture water (FW) under artesian
conditions. Both boreholes (FW12261 and FW12299) have
been steadily flowing at rates of tens to hundreds of
mL/min since initially drilled in 2007. As noted, these sys-
tems provide the world’s deepest long-term observatory in
Precambrian crystalline rock settings, with continuous geo-
chemical sampling since 2009. As such they are a unique
scientific resource, even if not originally drilled for scientific
purposes (and, hence, having had no opportunity to apply
techniques such as tracer injection during drilling). Even in
such disturbed environments, steps to control for contamin-
ation during sample collection, and the careful use of envir-
onmental controls to monitor for contamination, can be
successfully applied. As an essential environmental control
in the study, drilling fluids (at this site consisting of recircu-
lated surface water from a local lake – and referred to as
“service water” SW) were subjected to the same geochemical,
isotopic, and microbiological investigation as the fracture
fluids (FW). These data serve as the basis for a comparison
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and contrast of putative indigenous microbiology signatures
to those of the potential contamination end-member, and is
an established approach for differentiating indigenous sig-
nals from contamination-related conditions and microbial
communities in the subsurface (Kieft et al. 2007; Lin et al.
2006; Santelli et al. 2010). In addition, geochemical and iso-
topic parameters were used to demonstrate that no detect-
able trace of drilling fluid contamination remains, as has
been done in in subsurface observatories elsewhere (Orcutt
et al. 2011; Osburn et al. 2014).

Two fracture waters (FW12299 and FW12261) were
selected for geochemical and isotopic investigation in this
study. Borehole 12299 has, since 2012, been the focus of a
dynamic experiment monitoring recovery of in situ condi-
tions analogous to marine CORK experiments (Circulation
Obviation Retrofit Kits) (Cowen et al. 2003; Nakagawa et al.
2006) wherein recovery of borehole conditions, and isolation
of the borehole by a packer device, allows investigation of
the in situ geochemistry and microbial community (as has
been done in marine settings by Orcutt et al. 2011 among
others). In contrast, borehole 12261, located in the same
area of the mine as 12299, has remained unpackered,
although constant flow of 10–100mL/min serves as an
effective hydrogeologic barrier to any contamination by
ensuring the borehole is continuously flushed with fracture
water. It is a logical inference that such an open system may
represent an intermediate condition between FW12299 and
service water (SW), as the flowing anaerobic fracture waters
are exposed to the aerobic environment of the mine at least
somewhat at their point of discharge from the borehole.

Overall, this study provides a geochemical and isotopic
assessment of the contamination fluid end-member in the
mine subsurface (SW), of a continually discharging open
fracture water system (12261), and of an artificially packered
“response and recovery” fracture water end-member
(12299). This work thereby provides essential insight into
the geochemical and isotopic composition of the fluids
defining the deep surface habitable environment that is the
focus of this first paper, as well as the focus of the on-going
long-term international collaborative investigations. The
paper establishes the hydrogeochemical setting – emphasiz-
ing the nature of the fracture water discharging from these
two boreholes, as well as characterization of the potential
contamination end-member (SW) and identifies the key fea-
tures that distinguish these fluids and hence that serve as
the framework for evaluating contamination for this and
future studies. In addition, this paper contains the first lines
of evidence for extant microbial life in this system based on
cell count results for all three systems, and on the Most
Probable Number culture-based results for FW12261 and for
the SW.

Materials and methods

Geologic setting

Kidd Creek Mine, Timmins, Ontario, is located 24 km north
of the town of Timmins, Ontario, Canada (Figure 1) within
the Kidd-Munro assemblage of the Southern Volcanic Zone

of the Superior Province of the Canadian Shield (Bleeker
et al. 1999). The Kidd-Munro assemblage consists of a series
of steeply dipping interlayered felsic, mafic, ultramafic and
metasedimentary deposits and forms part of the Abitibi
greenstone belt. The deepest base metal mine in North
America, this Cu–Ag–Zn deposit is a stratiform
Volcanogenic Massive Sulfide (VMS) deposit of 2.7 Ga age
(Thurston et al. 2008). Ore deposition was triggered by epi-
sodic massive hydrothermal vent activity as a result of silica
and metal-rich hydrothermal fluid circulation below the sea-
floor. Above the stringer ore deposits lie banded and mas-
sive sulfide ores initially deposited as inorganic precipitates
formed where metal-rich hydrothermal solutions mixed with
seawater in a system analogous to modern day “black smok-
ers.” During intermittent periods of volcanic quiescence,
proximal seafloor sediments accumulated forming argillite to
chert carbonaceous horizons within the assemblage, the lat-
ter forming graphite-rich horizons. Following deposition of
the Kidd-Munro assemblage, the entire formation was meta-
morphosed to greenschist facies during the last major
regional metamorphic event at 2.67–2.69 Ga. The last major
hydrothermal event in the Timmins area was at 2.64 Ga, fol-
lowed by low-grade metamorphic hydrothermal events with
peak temperatures of between 300 �C and �220 �C at 2.64
Ga (Bleeker et al. 1999; Smith et al. 1993). The system has
been continuously cooling since that time with estimated
temperatures below 100 �C for the past two billion years (Li
et al. 2016).

Sampling protocols and controls for contamination

In a recent publication on lessons learned arising from the
Census for Deep Life decadal study, Sheik et al. (2018) made
powerful suggestions for future studies to improve commu-
nity best practices for obtaining samples for microbiological
investigation, especially in subsurface systems challenged by
low biomass. They point out that opportunities to control
many aspects of sample access, in particular scientifically
controlled aseptic drilling, are often limited. This requires
the community to develop approaches to maximize informa-
tion and sample opportunities even from less than ideal
environments (Sheik et al. 2018). Following this approach,
all procedures in this study adhered to the following steps:

1. Contamination prevention by sterilization of all sample
collection apparatus and procedures during collection of
fracture and service waters.

2. Collection of environmental controls by conducting the
geochemical, isotopic, and microbiological analyses on
the “service water” (water used during mining activity
and drilling) to determine the background microbial
community and geochemistry of those fluids.

3. Confirmation that no service water contamination
remains in the targeted fracture waters from which
microbiology samples were collected (via geochemical
and isotopic analysis of the fracture waters as well as
service water).
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Mining operations at Kidd Creek involve lateral coring
via multiple boreholes at each level as described in detail in
Li et al. (2016). Exploration boreholes frequently intersect
pockets of fracture fluids trapped within the host rock. Once
pierced, fluids from these pockets have been observed to
flow over prolonged time periods. Flow of the anaerobic
fracture fluids from 12299 and 12261 has been constant
since their drilling in 2007 – between 10 and 300mL/minute
– a factor that also contributes to contamination control as
the fractures remain well flushed at all times. In addition, at
12299 borehole, a sterile stainless steel manifold which had
been previously combusted at 400 �C for 8 h and autoclaved,
was connected to the borehole casing as a means of exclud-
ing mine air and other contaminants (analogous to a CORK
system and described fully in Magnabosco et al. 2016). The
main valve and four side valves were opened to let the frac-
ture water that was under natural high pressure flow for sev-
eral minutes. This process flushed out any water that might
have been oxygenated during the initial contact with mine
air, and also flushed air out of the sterile manifold.
Autoclaved sampling tubes that were subsequently con-
nected to the manifold were also flushed in a similar man-
ner immediately after installation. This manifold allows for

the attachment of airtight tubing and filters for sampling for
cell counts, and chemical and isotopic analysis of the frac-
ture fluids from 12299.

To obtain fracture water samples for geochemistry, cell
counts, and MPNs from borehole 12261, once again all sam-
pling equipment was sterilized in the laboratory and
remained sterile until immediately prior to deployment at
the borehole. In the mine, narrow autoclaved sampling tubes
of about 0.7m in length were equipped with a sterile dispos-
able 60mL syringe to insert into the borehole below the
water surface to avoid the interface where anaerobic fluids
discharge to the aerobic mine environment. Water with-
drawn into the syringe from 0.7m downhole was immedi-
ately transferred to pre-sterilized 60mL serum vials, pre-
evacuated to <5� 10�3 atm. Vials were pre-sealed with
Bellco blue butyl stoppers and aluminum crimp seals also
pre-sterilized and pre-treated after the method of Ward
et al. (2004). For the MPN study this was repeated for 6
vials each for the fracture water and service water. All sam-
ples were collected and kept in sterile conditions until they
could be added to vials of growth media under anaerobic
conditions in the laboratory (within 48 h of collection).
Water and gas samples were collected from all fracture

Figure 1. Location map of Kidd Creek in Timmins, Ontario, Canada, in the Abitibi greenstone belt of the Superior Province of the Canadian Shield in crystalline
rocks of �2.7 billion year age. Latitude and Longitude of Kidd Creek Observatory, located at 2.4 km depth below surface is 48� 410 2400 North, 81� 220 000 West.
Geologic schematic after Thurston et al. (2008).
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fluids following the methods of Ward et al. (2004) and Warr
et al. (2018). All samples were stored under cool tempera-
tures (approximately 4 �C until analysis).

Geochemical measurements

Temperature and pH were measured with hand-held probes
(Hanna Instruments, Woonsocket, RI, or Extech
Instruments, Nashua, NH). Hydrogen and oxygen isotopic
compositions of water samples were determined at the
Environmental Isotope Laboratory at the University of
Waterloo after the methods of Ward et al. (2004). Errors for
individual measurements are ±0.2 and ±0.8 & for d18OH2O

and d2HH2O respectively (Table 1). The anion and cation
samples were analyzed by Activation Laboratories Ltd. (ISO/
IEC 17025 certified). The anion content of the samples was
measured using a DIONEX DX-120 Ion Chromatography
System (Ion Chromatography) and their counterpart cation
samples were analyzed using Spectro Cirros (ICP-OES).
Accuracy of these analyses was confirmed with a charge bal-
ance error of less than 5% for all samples and are stated for
each sample in Table 2. Methods for analysis of DIC, for-
mate, and acetate were previously published in McDermott
et al. (2015). Compositional analysis of gas samples
(Table 3) were all performed at the Stable Isotope

Laboratory at the University of Toronto, after the methods
outlined in Ward et al. (2004) and Sherwood Lollar et al.
(2006). All compositional analyses were run in triplicate and
mean values are reported. Uncertainty is ±5% by volume.

Cell counts

Cell count samples were collected following the methods of
Decoster et al. (2010), by directly filling a 500mL sterile
plastic bottles (Fisher Scientific, Waltham, MA) preloaded
with 40mL of 25% glutaraldehyde (Fisher Scientific# 02957-
1, Waltham, MA). Samples were collected in triplicate and
stored refrigerated (4 �C) until shipment to Northwestern
University for counting. Fluids containing free cells were fil-
tered via 0.2 mM black polycarbonate filters (Whatman #09-
800-911). Sample volumes were 10mL for 12261, 30–60mL
for 12299, and 1mL for SW. Filtered cells were stained with

Table 1. Isotope d18O and d2H data from the Kidd Creek fracture waters (FW)
12299, 12261, and service water (SW) from the 2.4 km level of the
observatory.

Water isotopes

Sample FW 12299 FW 12261 Service water (SW)

BH completion date 29 May 2007 17 April 2007 –
Sampling date 12 July 2016 12 July 2016 12 July 2016
d18O(H2O) & �12.7 �12.7 �12.6
d2H(H2O) & �34.0 �33.5 �91.1

BH completion date refers to the date on which the borehole was drilled.

Table 2. Geochemistry data for major cations and anions from fracture waters (FW) 12299 and 12261, and from service water
(SW) from the 2.4 km level.

Geochemical compositions (in mol/L)

Sample FW12299 FW12261 Service water (SW)

BH completion date 29 May 2007 17 April 2007 –
Sampling date 12 July 2016 12 July 2016 12 July 2016
Temperature (�C) 25.3 26.0 24b

pH 6.5 6.5 7.6b

Naþ (mol/L) 6.5E� 01 6.9E� 01 1.3E� 02
Total Fe (mol/L) 3.8E� 04 4.3E� 04 <3.6E� 05
Kþ (mol/L) 2.7E� 03 2.6E� 03 1.1E� 03
Mg2þ (mol/L) 8.8E� 02 7.7E� 02 4.2E� 03
Ca2þ (mol/L) 1.3Eþ 00 1.5Eþ 00 1.0E� 02
Cl� (mol/L) 3.5Eþ 00 4.0Eþ 00 6.1E� 03
Br� (mol/L) 2.4E� 02 2.8E� 02 4.3E� 05
NO3

� (mol/L) <3.2E� 04 <3.2E – 04 4.1E2 04
NO2

� (mol/L) <4.3E� 04 <4.3E� 04 <2.2E� 06
HPO4

2� (mol/L) <4.2E� 04 <4.2E� 04 <2.1E� 06
SO4

2� (mol/L) 6.2E� 04 6.2E� 04 1.8E� 02
DIC (mol/L) 5.7E� 05a NA 1.4E� 03a

Formate (mol/L) 5.5E� 04a NA 7.7E� 05a

Acetate (mol/L) 1.4E� 03a NA <3E� 05a

Total salinity (mol/L) 5.5Eþ 00 6.2Eþ 00 5.3E� 02
TDS (g/L) 192 220 2.85
Charge Balance 2.2 % 3.0 % 0.7 %

NA and BD indicate sample not analyzed, and sample below detection limit, accordingly.
aSample collected from a previous field trip.
bHistorical levels of T and pH for service water from the monitoring period 2009 to 2016. TDS: total dissolved solids.

Table 3. Gas composition data from the Kidd Creek fracture waters (FW)
12299 and 12261.

Gas compositions (in volume %)

Sample FW 12299 FW 12261

BH completion date 29 May 2007 17 April 2007
Sampling date 12 July 2016 12 July 2016
He 2.43 2.28
Ar 0.35 0.39
H2 3.63 3.07
N2 13.5 21.7
CH4 71.9 64.6
C2H6 6.97 6.26
C3H8 0.93 0.91
i-C4H10 0.08 0.46
n-C4H10 0.17 0.23
i-C5H12 0.04 0.11
n-C5H12 0.03 <0.05

Service water from the 2.4 km level had dissolved gases less than the detec-
tion limit (<d.l). BH completion date refers to the date on which the bore-
hole was drilled.
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DAPI (1 ug/mL, MP biomedicals cat #157574) for 10min
prior to cell enumeration. Cells were imaged on a Zeiss
Axioimager M2 Epifluorescence Microscope and ZEN imag-
ing software. Cells were counted manually on a reference
grid, counting no less than 10 grids, for a total of no less
than 300 cells. Final cell densities were calculated from the
known area of the filter, dilution from fixative, and volume
of original sample fluid. Laboratory blanks of fixed MilliQ
were 2 orders of magnitude lower than samples. Only those
cells that were visible in the field of view were counted with
no adjustments for cells obscured by sediment particles. The
results (Table 4) are, therefore, minimum cell density esti-
mates but nonetheless provide a better estimate of total cell
counts than MPN responses (which inherently embed the
potential for false negatives due to the limits of culturing
indigenous microorganisms under laboratory cul-
ture conditions).

Media and culture tube preparations for most probable
number analysis

The media in the MPN culture vials were set up to enrich
for the anaerobic metabolisms as shown in Table 5. Once
inoculations were complete, samples were monitored for
76 d to determine whether there was a positive growth
response for each assay. Each vial had sets of replicates and
controls, and each replicate used three dilutions: 10�, 100�,
and 1000� (Table 6) based on anticipated low biomass lev-
els (�103) estimated for such systems 2–3 km below surface
(Li et al. 2016; Lin et al. 2006). Setting up the vials in this
way allows a statistical method to be employed to
calculate the number of cells that were present in the ori-
ginal sample, known as the Most Probable Number (MPN)
method. These methods are based on Oblinger and
Koburger (1975) and Pedersen (2000) and have previously
been successfully applied in a similar study by Telling
et al. (2018).

The stock media was produced in one liter batches to
yield aqueous concentrations for the media equivalent to the
fracture water geochemistries in Table 2. The pH of the
media mix was then adjusted to �6 and is referred to as
“Stock A.” Once Stock A was prepared, a trace mineral stock
solution (MM3), and trace vitamins stock solution (MM7)
were added after standard laboratory practice (Telling et al.
2018). MM3 is based on the following recipe: H3BO3 (0.3 g),
ZnCl (0.1 g), Na2MoO42(H2O) (0.1 g), NiCl26(H2O) (0.75 g),
MnCl24(H2O) (1.0 g), CuCl22(H2O) (0.1 g), CoCl26(H2O)
(1.5 g), Na2SeO3 (0.02 g), and Al2(SO4)318(H2O) (0.1 g).

MM7 is composed of biotin, folic acid (each 0.02 g), ribofla-
vin, thiamine, nicotinic acid, pantothenic acid, para-amino-
benzoic acid, cyanocobalamin (vitamin B12), thioctic (lipoic)
acid (each added in the amount of 0.05 g), pyridoxine HCl
(0.1 g), and Coenzyme M (1.0 g) to create a 10,000� concen-
tration stock solution. The pH was adjusted to 7.0 with 2N
NaOH and stored in 1 or 2mL aliquots frozen until stock
MM7 was used. The final MM7 stock was diluted 1/100
before being put into sterile 160mL serum bottles and
sparged with sterile O2-free N2(g) for 15min. Finally, the
bottle was sealed with a sterile black butyl rubber stopper
and crimped.

A final component of the experimental set-up was MM8,
an iron (II) sulfide stock solution that serves as an oxygen
scavenger and is composed of (NH4)2Fe(SO4)26(H2O)
(19.6 g) and Na2S9(H2O) (12.0 g) in 500mL of O2-free dis-
tilled H2O. The sodium sulfide was added and mixed before
adding the ammonium sulfate. The Erlenmeyer flask was
then removed to the antechamber of the anaerobic chamber
and cycled three times to evacuate the H2S being formed.
The flask was then moved to the main chamber, and
allowed to settle for 24 h. After settling, the clear super-
natant was decanted, and replaced with a new 500mL of the
O2-free distilled water. This sequence was repeated 3 more
times to remove any free sulfide in the water. On the last
wash, the precipitate was re-suspended such that the total
volume of solution was 500mL to obtain the desired con-
centration of FeS in the final slurry (2 g/L). The final
500mL of slurry was dispensed into five 160mL serum bot-
tles, which were sealed and crimped in the anaerobic cham-
ber. These were then removed for autoclaving. The
amorphous ferrous sulfide prepared this way was sterile
and anaerobic.

For the experimental set-up, 2mL of MM3 was added
per 1 L of stock A. Each 1 L bottle was then deoxygenated
with O2-free N2 for more than 1 h, then transferred to the
anaerobic chamber where 10mL of MM8 (the oxygen scav-
enger) was added and the stock bottle sealed. The bottle and
contents were then removed from the glovebox, and auto-
claved to ensure all components of the medium were steri-
lized. As MM7 (the trace vitamins media) cannot be
autoclaved without it degenerating the vitamins, 1mL of
MM7 was filter-sterilized and then added to the 1 L
stock bottle.

Chemglass Life Sciences anaerobic culture tubes (CLS-
4209) were used for the enrichment cultures. Tubes were
left in the transfer antechamber of the anaerobic chamber
under the anaerobic gas mixture over night to ensure
degassing was complete, before being introduced to the
main chamber. About 9mL of culture medium were then
added to each vial inside the anaerobic chamber. Any add-
itional components (e.g., pre-autoclaved nails or Durham
tubes) were added for the appropriate metabolisms, and
additions specific to each investigated metabolism were also
added (details in Table 5). Table 5 describes all the micro-
bial metabolisms investigated as well as the “signal” used to
determine if there was a positive response for this metabol-
ism (“Assay”).

Table 4. Cell count results from the Kidd Creek fracture water FW 12261 (in
triplicate), FW 12299 (in duplicate), and service water (SW) (in duplicate) from
the 2.4 km level of the mine.

Samples Cell density (cells/mL)

12261 – 1 7.7� 104

12261 – 2 6.2� 104

12261 – 3 1.9� 104

12299 – 1 1.2� 103

12299 – 2 2.2� 103

SW – 1 3.6� 105

SW – 2 5.2� 105
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MPN inoculations and dilutions

For fracture fluid FW 12261 and for the service water (SW),
in each case, 1mL of sample fluid was added to the 9mL
prepared culture media tubes described above, for each of
10 metabolisms tested. The culture tubes were then sealed
with Bellco Blue butyl stoppers crimped sealed with an alu-
minum cap (after the method of Telling et al. 2018; Ward
et al. 2004). There were three replicates for each tube, which
involved three subsequent dilutions from 10�1 to 10�3 for
each setup. For dilutions, a 1mL syringe and 21 gauge nee-
dles were used to pierce the blue butyl stoppers. About 1mL
was taken from Vial A and injected into the next dilution
vial using the same technique as for the first dilution. This
diluted the sample 10� from the previous dilution (to 10�2

from the original sample). This process was repeated for the

third and final dilution (resulting in 10�3 from the original
sample). The needle was not allowed to touch the liquid or
the walls to prevent mixing lower dilution samples with
more diluted samples. A new sterile syringe and a new ster-
ile needle were used for each step. Controls were prepared
by setting up tubes identical to the FW and SW sample rep-
licates but for which the source waters and culture medium
were first filtered through a 0.2-mm filter. Table 6 provides a
visualization of the experimental set-up and number and
distribution of MPN tubes and controls. Each metabolism
had 24 tubes associated with it – for a total of 240 tubes in
the experiments overall.

The responses in the MPN tubes were tracked and scored
based on a positive “yes” or negative response “no” scale as
per standard MPN methods (Oblinger and Koburger 1975;
Pedersen 2000). The Most Probable Number (MPN) method
is a statistical method that provides quantitative cell count
approximations based on whether a certain vial with a given
concentration of sample will have a response during cultiva-
tion experiments of the type described above (Oblinger and
Koburger 1975; Pedersen et al. 2014). The approach is based
on serial dilution tests to measure the concentration of tar-
get microbial metabolism and is particularly useful for low
concentration organisms and those environmental samples
in which particulate matter may interfere with other count-
ing techniques (Blodgett 2010). The MPN approach also

Table 5. MPN cultures tubes designed to assay for positive growth responses for a variety of anaerobic metabolisms.

Tested metabolism Electron donor
Electron
acceptor Additions per 1 L of media Headspace gas Assay for positive growth

General fermentative
heterotrophs

Glucose,
peptone

Glucose,
peptone

10 g glucose, 5 g peptone,
0.1 g yeast extract, 2 drops
bromocresol purple

CO2, N2 Visual: acidification – media
turns yellow. Also gas
production by floating of
Durham tubes

Autotrophic
Fe(III)-reducers

H2 Fe3þ Ferric citrate 12.3g/L (50mM) H2, CO2, N2 Visual: positives turn from
orange to green to colorless

Autotrophic
SO4

2� reducers
H2 SO4

2� Sodium sulfate (20mM),
iron nail

H2, CO2, N2 Visual: blackening of iron nail

Autotrophic
methanogens/
acetogens

H2 CO2 H2, CO2, N2 H2, CO2, N2 GC and/or IC detection:
methane, hydrogen, acetate

Heterotrophic
Fe(III)-reducers

Acetate, lactate,
pyruvate

Fe3þ Ferric citrate (50mM), sodium
acetate (10mM), sodium
lactate (10mM), sodium
pyruvate (10mM)

CO2, N2 Visual: positives turn from
orange to green to colorless

Heterotrophic
SO4

2� reducers
Acetate, lactate,

pyruvate
SO4

2� Sodium sulfate (20mM),
sodium acetate (10mM),
sodium lactate (10mM),
sodium pyruvate (10mM),
iron nail

CO2, N2 Visual: blackening of iron nail

Heterotrophic
methanogens

Acetate,
methanol

Acetate,
methanol

Sodium formate (40mM),
sodium acetate (10mM),
methanol (10mM)

CO2, N2 GC detection: methane

Anaerobic
alkane oxidizing
SO4

2� reducers

C1–4
alkanes

SO4
2� Sodium sulfate

(20mM), iron nail
CO2, N2, C1–4

alkanes. Over-
pressurize with C1–4
alkane mix to 1.8 atm
after autoclaving

Visual: blackening
of iron nail. Highest dilution
positives can be assayed for
SO4

2- depletion (IC) and
C1–4 alkanes (GC)

Anaerobic alkane oxidizing
Fe(III) reducers

C1–4 alkanes Fe3þ Ferric citrate (50mM) CO2, N2, C1-4 alkanes.
Over-pressurize with C1-
4 alkane mix to 1.5 atm
after autoclaving

Visual: positives turn from
orange to green to
colorless. Highest dilution
positives can be assayed for
C1–4 alkanes by GC

Nitrogen fixers Enzymatic
assay

Enzymatic
assay

0.2mL of C2H2 injected into
the headspace (PC2H2

¼ 1 kPa)

C2H2, CO2, N2 GC detection: ethylene

Details of each assay preparation, headspace gas composition, and positive growth indicator after the method of Telling et al. (2018).

Table 6. 1, 2, and 3 are replicates of the same metabolism.

FW12261 Service water (SW)

1A 2A 3A 1A 2A 3A
1B 2B 3B 1B 2B 3B
1C 2C 3C 1C 2C 3C
1D 2D 3D 1D 2D 3D

Lighter shading represents 10� dilution from the source material (where dark-
est shading represents 10�1, and the lightest shading represents a dilution
of 10�3). The white shading represents the controls (filtered source water in
media). Each metabolism therefore has 24 tubes associated with it – for a
total of 240 tubes in the experiments overall.
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provides a complementary and alternative method of deter-
mining not only the presence of extant life (“who is there”)
but “who is active.” This complementary approach is par-
ticularly useful in extreme environments where low biomass,
high salinity, and high particulate content in fracture fluids
make standard molecular methods of DNA extraction more
of a challenge. MPN response is based on a positive/negative
dichotomy of possible results from the test and is known as
incidence data. The potential for false negatives is inherent
due to the possible lack of response related to stress
imposed by the experimental context. The statistical method
is represented by the following equation which is solved by
iteration (Blodgett 2010):

Xk

j�1

gjmjð Þ= 1� exp �kmj
� �� � ¼

Xk

j�1

tjmj (1)

where K denotes the number of dilutions, gj denotes the
number of positive (or growth) tubes in the jth dilution, mj

denotes the amount of the original sample put in each tube
in the jth dilution, and tj denotes the number of tubes in
the jth dilution. MPNs typically use three serial dilutions
and a decimal series (each dilution has one tenth as much
of the sample as the previous dilution) (Table 6) and this
approach was used in this study. Upper and lower detection
limits were 1100 cells/mL and 3 cells/mL, respectively (after
the method of Blodgett 2010) (Table 7). The upper limit
simply means the dilution method cannot distinguish
between a response >1100 cells/mL (all responses> than
this value count as a maximum positive response for the
relevant metabolism). Cell counts undertaken in this study
(Table 4), therefore, provide a more quantitative estimate of
the total cells, while the MPN results identify the dominant
metabolic responses.

Results and discussion

“Follow the Water” has been a core concept applied in
planetary sciences and the astrobiological related exploration
of Mars. Arguably it is a concept that has been less consist-
ently integrated into investigations of subsurface life on

Earth to date. While intuitively simple – life requires water
to survive – paradoxically a thorough understanding of the
hydrogeologic environment is sometimes an afterthought in
subsurface microbiology – relegated to “metadata” incorpo-
rated at the later stages of investigation and interpretation.
Yet it is clear that certain key hydrogeochemical measure-
ments, integrated into the early stages of an investigation,
may serve as critical guides to design and execute sampling
strategies as well as providing a vital contextual framework
for interpretation. One somewhat underdeveloped tool in
the subsurface microbiology arsenal is d18O and d2H. With
the advantages of being inexpensive, simple to collect, and
routinely available both in research and commercial labora-
tories worldwide, we demonstrate here why d18O and d2H
measurements should be a much more comprehensively
applied first line investigative tool for subsurface
microbiology.

Figure 2 demonstrates the global pattern of d18O and
d2H values known as the Global Meteoric Water Line
(GMWL) (Craig 1961). Worldwide, waters of “meteoric” ori-
gin fall along this classic global trend with a canonical slope
of 8 where “meteoric” refers to water that has been in
“contact with the atmosphere” or more specifically, in the
case of meteoric groundwater, whose d18O and d2H values
still reflect the conditions associated with their recharge
from surface. As recharge is largely an isotopically conserva-
tive process, groundwaters that have recharged in the recent
geologic past (tens to thousands of years) continue to reflect
their meteoric origin via signatures that still fall along the

Table 7. Viable most probable numbers of microbial cells in fracture water
(FW) and service water (SW).

Tested metabolism Time points SW FW 12261
(days) (cells mL�1) (cells mL�1)

Heterotrophic SO4
2� reducers 13 240 43

32 >1100 43
76 >1100 93

Autotrophic SO4
2� reducers 13 3.6 23

32 >1100 >1100
76 >1100 >1100

Alkane-oxidizing SO4
2� reducers 13 >1100 >1100

32 >1100 >1100
76 >1100 >1100

General fermentative heterotrophs All <3 <3
Autotrophic Fe(III) – reducers All <3 <3
Heterotrophic Fe(III) – reducers All <3 <3
Autotrophic methanogens/acetogens All <3 <3
Heterotrophic methanogens All <3 <3
Anaerobic alkane-oxidizing Fe(III) reducers All <3 <3
Nitrogen fixers All <3 <3

Figure 2. The d18O and d2H signatures for fracture waters from this study
(open blue squares) and for service water (black squares) sourced from a local
surface lake, plotted with respect to the Global Meteoric Water Line (GMWL)
from Craig (1961). Additional d18O and d2H values shown for Kidd Creek (KC)
(unpublished, and from Li et al. 2016; Warr et al. 2018) and for additional sites
on the Canadian Shield: Sudbury (from Warr et al. 2018), Yellowknife, and
Thompson (both from Frape et al. 1984). Hatched lines show approximate mix-
ing lines between service waters (on GMWL) and fracture waters for Sudbury,
Thompson and Yellowknife. More extensive sampling of Kidd Creek service
water allows identification of possible mixing space between service water and
fracture waters at the Kidd Creek Observatory (shaded triangle). This data dem-
onstrates there is no evidence of mixing with mine service waters impacting
the fracture waters 12299 and 12261 in this study. Error bars are smaller than
the plotted symbols.
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GMWL line. In contrast, in crystalline rocks of Precambrian
age throughout the world, fracture fluids typically lie above
the GMWL – attributed to the effects of a variety of low
temperature water–rock reactions (WRI) (Frape et al. 1984;
Li et al. 2016; Onstott et al. 2006). While d18O and d2H sig-
natures are not a dating tool, as the deviation above the
GMWL increases with the extent of WRI, typically the fur-
ther above the line, the older the fluid residence time – and
so deviation above the GMWL can be used to some degree
as an initial proxy for residence time (Heard et al. 2018;
Lippmann-Pipke et al. 2011; Ward et al. 2004). In all cases,
mixing between fluids of different origin (meteoric and non-
meteoric) can produce mixing trends that reflect the relative
contribution of each end-member to the groundwater sys-
tem under-investigation.

Geochemistry and isotopic signatures of fracture waters
and service water

Figure 2 shows the d18O and d2H values for fluids under
investigation in this study – FW12261, FW12299, and ser-
vice water (SW) (Table 1), compared to values from the lit-
erature for other sites on the Canadian Shield. The Kidd
Creek service water sample from this study falls along the
GMWL, consistent with the fact that mine service waters are
of surface origin drawn from a lake near the property,
pumped to depth and recirculated for mine operations.
Figure 2 demonstrates the range of d18O and d2H values for
the service water used on the 2.4 km level of the mine – and
shows the classic signature discussed above for surface lake
waters. Specifically, the SW shows a range from values fall-
ing directly on the GMWL, to values falling slightly below
the line and reflecting a slope of 7 – a typical “lakewater”
slope, rather than the GMWL canonical slope of 8. The
shaded triangle represents where fracture waters would lie if
mixing with, or contamination by the SW end-member is
occurring in the fracture waters discharging from the bore-
holes at Kidd Creek. As an example, Figure 2 shows in
green the d18O and d2H values for SW and FW from a pre-
vious study at a mine in Sudbury, Ontario (Warr et al.
2018). In this case, a subset of fracture waters can be identi-
fied that are contaminated with mine SW, as they lie in an

intermediate position along the hatched mixing line for
this site.

In contrast, the samples for both fracture waters at
2.4 km at Kidd Creek, monitored over the past 9 years, are
all located far above the GMWL. The Kidd Creek fracture
waters all show the elevation above the GMWL characteris-
tic of saline waters and brines from deep Precambrian set-
tings throughout the world. In fact, the fracture waters at
Kidd Creek are the most depleted samples with regard to
d18O and most enriched with regard to d2H ever recorded –
consistent with the ancient noble gas residence times calcu-
lated for these fluids (Holland et al. 2013; Warr et al. 2018).
The d18O and d2H values for 12299 and 12261 on the date
of sampling are indicated on Figure 2 and clearly demon-
strate the isotopic composition of these fracture waters are
distinctly different from those of the SW. None of the FW
in this study falls within the shaded wedge that would indi-
cate an impact due to mixing with, or a remnant of service
water used during drilling. The large amounts of water that
have discharged from these boreholes since the time of drill-
ing completion (estimated to be >1.3� 106 L, and
>4.3� 105 L from 12299 and 12261, respectively) have
flushed out any contaminating fluid and hence these sam-
ples represent indigenous uncontaminated groundwater
end-members.

This finding is further supported by the very different geo-
chemistries observed for the FW and SW samples (Tables 2
and 3). The geochemical results demonstrate that in terms of
cation and anion chemistry (Table 2 and Figure 3) and dis-
solved gases (Table 3), the two fracture waters are the same
within analytical uncertainty, consistent with their similar
d18O and d2H values. Examination of the core logs for these
two boreholes in fact show that the boreholes are near paral-
lel (beginning at approximately the same point, they diverge
by only 0.5m per meter of borehole length) so that, for
instance, at a distance of 100m length, they remain only
50m apart. The logs indicate the first 100m are also the most
highly fractured sections of these two boreholes and most
likely to be the source of the fluids entering the holes. Given
the almost identical isotopic and geochemical chemistry of
12299 and 12261, it is likely that in fact these two boreholes
are drawing fluids from the same fracture network (a finding
that has also been postulated based on the comparable noble
gas compositions of the waters from each borehole published
previously by Warr et al. 2018).

Importantly, the geochemical results for the service water
are very different from the fracture waters (Table 2 and
Figure 3) and demonstrate that the SW end-member, repre-
senting the contaminating influence of the mine, is substan-
tially different and readily distinguishable from the
indigenous fluids. While the fracture waters are Ca–Na–Cl
brines with high levels of bromine and no detectable nitrate,
nitrite or phosphate, the service water is considerably less
saline, with a total dissolved solids (TDS) value of only
2.9 g/L compared to 192–220 g/L for the FWs. In particular,
the service water has notably higher concentrations of
nitrate and sulfate compared to the FWs. Overall, the d18O
and d2H values, dissolved gas, and ion chemistry

Figure 3. Ternary plot of major geochemical ions (Ca2þ, Cl�, SO4
2�) demon-

strates the similar geochemical features of the two fracture waters (12299 and
12261) and the distinct differences in the geochemistry of the service water.
Along with the isotopic and geochemical details in Tables 1 and 2, these data
confirm there is no mixing with service water impacting the two fracture fluids
12299 and 12261.
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demonstrate that while both FW and the SW were collected
from the same level of the mine (2.4 km below surface), they
represent distinct end-members in terms of geochemistry
and isotopic composition. There is no evidence of a contri-
bution of service water to the fracture water samples. This
hydrogeological and geochemical information provides
essential constraints and context for the microbiological
investigations of cell counts and MPNs in this study.

Cell counts identify extant microorganisms

Working in the Witwatersrand Basin, Lin et al. (2006) and
Chivian et al. (2008) provided multiple lines of evidence to
document the degree to which the fracture waters they
investigated 2.8 km below surface in the Mponeng gold
mine were cut off from the photosphere. As in this paper,
these multiple lines of evidence included d18O and d2H val-
ues, water geochemistry and noble gas-derived residence
times that demonstrated the fracture waters in Mponeng
were distinct from the service mining water end-member.
Biomass indicators, specifically extractable DNA, were sev-
eral orders of magnitude higher for service water versus the
fracture water, consistent with the low cell count densities of
103–104 typically found in the deep subsurface (Lin et al.
2006). Based on both culture-based, 16s ribosomal DNA,
and metagenomics, sulfate-reducing bacteria (SRBs), and in
particular, autotrophic hydrogen-utilizing SRBs were demon-
strated to dominate the microbial community (Lin et al.
2006; Chivian et al. 2008).

For the samples in this study, cell counts show a similar
pattern to that observed in Lin et al. 2006 (Table 4).
Specifically, the SW samples contained cell counts of 105

cells/mL, an order of magnitude greater than any of those
from the fracture waters. In contrast, the FWs had cell
counts of 103 (12299) to 104 cells/ml (12261), comparable to
those reported from the Mponeng gold mine in South
Africa (Lin et al. 2006), calculated by Li et al. (2016) for
Kidd Creek, and characteristic of deep terrestrial micro-
biomes (Bomberg et al. 2016; McMahon and Parnell 2014).

Most probable number results reveal presence of sulfur-
reducing metabolisms

Based on what has been found in deep subsurface sites like
Mponeng, and on the indirect evidence from Li et al. (2016)
for sulfate-reducing bacteria active in the Kidd Creek frac-
ture waters in the geologic past, a key goal for this study
was to determine if sulfate-reducing microbes exist in the
fracture waters of Kidd Creek in the present day. Given the
anaerobic nature of these fluids (Holland et al. 2013; Li
et al. 2016), this study focused on anaerobic microbial
metabolisms (Table 7). Only the three sulfate-reducing
metabolisms yielded positive responses, although those
responses were different for the fracture water versus the
service water. For alkane-oxidizing sulfate reducers there
was a strong positive MPN response in both fracture water
and service water (Figure 4(A,B)). In fact, at 13 d the most
probable number of cells for both FW and SW for alkane-
oxidizing sulfate reducers was greater than 1100 cells/mL,
which represents the upper detection limit for the MPN
technique employed in this suite of experiments (Table 7).
For both SW and FW, the results indicate a strong positive
response from the alkane-oxidizing SRBs throughout the
experiments. For the SW, the second major response at 13 d
was for heterotrophic sulfate reducers (Table 7). Throughout
the experiments, the SW MPNs for this metabolism had also
exceeded the detection limit (> 1100 cells/mL), indicating a
strong MPN response. In contrast, the MPN response for
heterotrophic sulfate reducers for the fracture water (FW)
was substantially different. At all time points, the FW only
elicited a minor response of 43–93 cells/mL (Table 7). The
greatest difference between responses in the service and frac-
ture waters is that the fracture water consistently shows only
a very small response for heterotrophic sulfate reducers
(Figure 4(B)), while for the SW, there was a substantial
response for the heterotrophic sulfate reduction pathway
throughout (Figure 4(A)).

In contrast to the SW results, the FW metabolisms are
dominated by alkane-oxidizing sulfate reducers and auto-
trophic sulfate reducers (Figure 4(B)). The positive response
for sulfate reduction metabolisms, and especially the

(B) Fracture Water Responses 

Alkane-Oxidizing SR 

Heterotrophic SR 

Autotrophic SR 

(A) Service Water Responses 

Alkane-Oxidizing SR 

Heterotrophic SR 

Autotrophic SR 

Figure 4. Most Probable Number (MPN) results (in % proportion of total sulfate-reducing metabolism responses), based on the number of responses found in each
growth vial for each dilution after 32 d post-inoculation (see text, Table 7) for service water (SW), and for fracture water FW 12261 (A,B), respectively). The upper
detection limit for each response is 1100 cell/mL; hence, the cell count results (Table 4) provide the best estimate of total cells/mL, while the MPN results elucidate
the dominant metabolic responses. The major differences in response for SW versus FW 12261 are that heterotrophic SRBs are only a minor component of 12261,
which is instead dominated by alkane oxidizing and autotrophic SRBs.
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dominance of autotrophic over heterotrophic sulfate-reduc-
ers in the FW, is consistent with findings from other subsur-
face ecosystems at depths of 2–3 km investigated to date
where autotrophic metabolisms dominate over heterotrophic
metabolisms despite the presence of some labile DOM in
the fluids (Kieft et al. 2018; Li et al. 2016; Lin et al. 2006).
Given that Li et al. (2016) used naturally occurring sulfur
isotope signatures to propose that SRBs must have been pre-
sent in Kidd Creek fracture waters on geologic timescales,
one of the important outcomes of this study is that these
results demonstrate sulfate-reducing bacteria continue to
exist in the Kidd Creek fracture water in the present day.
The combined data of distinct hydrogeologic and isotopic
characteristics of the fracture water versus the service water;
the significantly lower cell count biomass density in the frac-
ture waters versus the service water; and the differential
response in MPNs for sulfate-reducing metabolisms in the
two types of fluids; all provide lines of evidence to suggest
there is an extant indigenous microbial population in the
Kidd Creek fracture waters. The identification of sulfate-
reducing organisms in these fluids, both in the geologic past
(Li et al. 2016) and in the present day (this study) is an
important finding extending our understanding of the deep
subsurface biosphere. Understanding when these fracture
fluids were colonized by life remains an outstanding ques-
tion but can begin to be constrained by application of a var-
iety of groundwater dating approaches.

Understanding groundwater residence times

The Kidd Creek Observatory is the site where fracture
waters with the longest groundwater residence times ever
discovered have been found. Based on the world’s highest
radiogenic concentrations of the noble gas elements helium,
neon, argon and xenon in free fluids, coupled with U, Th,
and K contents of the host rock, the linear accumulation
method of groundwater dating provides mean residence
times for the fracture fluids from the 2.4 km level of 0.9–1.5
billion years (Holland et al. 2013; Warr et al. 2018) for sam-
ples collected in 2008–2010. As this discovery dramatically
extended our concepts of the timescale on which ground-
waters can be preserved in the crust, it is important to
understanding these findings in the context of what is meant
by groundwater “age.” Bethke and Johnson (2008) provided
an insightful review – discussing the evolution of the defin-
ition of groundwater age from one focusing on “the interval
of time that has elapsed since groundwater at a given loca-
tion in a flow regime entered the subsurface via recharge,”
to a more quantitative definition that currently prevails and
is less dependent on assumptions of 1-dimensional piston
flow. Specifically, the definition of groundwater age now
prevalent incorporates the concept of “age” as a cumulative
property of a water system that reflects the average age of
all the various components that have contributed to the sys-
tem. Hence, a complete model of the residence time of a
groundwater system is best achieved by applying multiple
lines of evidence including dating systems that can constrain
both the “youngest” components and the “oldest”

contributions to the system (in addition to critical parame-
ters such as porosity and hydraulic conductivity estimates
and their spatial distribution and scale) (Bethke and
Johnson 2008 and references therein).

In the Kidd Creek fracture fluids for instance, while the
mean groundwater residence times range from 0.9 to 1.5
Ga, the oldest components can be identified based on 129Xe
excesses reflecting interaction with the Archean atmosphere
2.64 billion years ago, and preserved in the ancient fluids
(Holland et al. 2013). Identification of the youngest contri-
butions in this system is more challenging, though as dem-
onstrated by the d18O and d2H data in this paper, as well as
the noble gas data from Holland et al. (2013), a contribution
from modern groundwater or atmosphere can be quantita-
tively ruled out. A key question remains, however, whether
the youngest contributions to these fracture waters are from
fluids millions of years, or “merely” hundreds of thousands
of years old. This question is particularly relevant to the
investigation of subsurface life, as conceivably any microbial
life in these fluids could be as young as the youngest contri-
buting fluid. Groundwater dating tools using 81Kr, 36Cl, and
129I (with half-lives of 229,000, 301,000, and 1,570,000 years,
respectively) are being applied to this system as a step in
constraining this aspect but will require careful characteriza-
tion of the background in these U- and Th-rich crystalline
rocks where additional subsurface sources of 36Cl (via neu-
tron capture by stable 35Cl; Lehmann et al. 1993) in these
Ca–Cl-rich brines; and of 81Kr and 129I (via subsurface fis-
siogenic production (Andrews et al. 1989; Purtschert et al.
2017) make such applications non-routine.

Constraining the timing of subsurface ecosystems

A conservative time limit for the habitability of these sys-
tems is the time period when this geologic setting last
exceeded the known thermal limits to life. These host rocks
would have been sterilized by the last major regional meta-
morphic event at 2.67–2.69 Ga (Bleeker et al. 1999;
Thurston et al. 2008). Hence, a thermal regime compatible
with life was possible any time in the past two billion years
once the rocks cooled to estimated temperatures below
100 �C (Li et al. 2016). As noted above, however, life could
likely be as young as the youngest fluid contribution and
hence recent results by Warr et al. (2018) are particularly
relevant. By monitoring the temporal changes in noble gas-
derived residence times for the same suite of fracture waters
as the original Holland et al. (2013) study, the 2018 study
documented shifts in mean residence time from > 1 billion
years, to values between 149 and 658 million years, consist-
ent with expected changes in the age distribution of fluids
feeding the fractures as they drain. Over time, the total frac-
ture fluid receives a decreasing proportion of the oldest
components and the younger fluids make up a larger pro-
portion of the total fluid, resulting in a reduced mean resi-
dence time (Warr et al. 2018). This temporal monitoring
suggests that some of the fracture fluids feeding the Kidd
Creek systems might be only as old as 150–650 million
years. In the Witwatersrand Basin, fluids with a similar
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range of residence times (on the order of hundreds of mil-
lions of years; Heard et al. 2018; Lippmann et al. 2003;
Lippmann-Pipke et al. 2011) have been shown to host indi-
genous microbial ecosystems (Chivian et al. 2008; Lin et al.
2006; Lau et al. 2016; Ward et al. 2004) dominated by
hydrogen utilizing sulfate reducers. The identification of
extant microorganisms in these deep ancient fluids on the
Canadian Shield suggests that such isolated microbial eco-
systems may be common in the globally distributed crystal-
line rocks of the Precambrian Shields that had been
previously shown to be a vast habitable zone of the contin-
ental lithosphere (Sherwood Lollar et al. 2014). This finding
extends our understanding of the deep biosphere on Earth
and has important implications for the search for extant and
extinct life on Mars, and other planets and moons in the
solar system (NASEM 2018). The results raise the important
question of how long fracture fluids can be stored in the
subsurface on geologic timescales and how long either extant
microbial ecosystems, or biomarkers of past life, can be pre-
served (NASEM 2018). As we continue to monitor these
fracture fluids, to apply additional methods to constrain the
youngest fluid component contributing to these waters, and
to integrate results from the genomic and metagenomics
samples currently under analysis by the participating teams,
we anticipate any variations in the microbiological popula-
tions over time for these fracture waters, a comparison of
the packered (“corked”) 12299 fracture fluid versus the
openly flowing system 12261, and comparison to previously
characterized deep microbial communities from the
Witswatersand Basin and elsewhere, will extend our under-
standing of deep subsurface life in these ultra-deep and as
yet unexplored parts of our planet, and inform our explor-
ation for signs of life elsewhere in the solar system.

Conclusions

Culture-based and non-culture-based analyses have demon-
strated that sulfate-reducing organisms are often dominant
in deep subsurface ecosystems (Chivian et al. 2008; Lin et al.
2006; Schrenk et al. 2013). Hydrogen-utilizing autotrophic
sulfate-reducing bacteria (SRBs) in particular have been
identified in microbial ecosystems in deep subsurface envi-
ronments in the gold mines of the Witwatersrand Basin of
South Africa (Onstott 2016). In deep subsurface commun-
ities in Fennoscandian bedrock fluids or the Sanford
Underground Research Laboratory (SURF) in the former
Homestake Gold Mine, South Dakota USA, alkane-oxidizing
SRBs were also found, suggested to be utilizing small carbon
molecules from serpentinization reactions or organic-rich
graphite zones in the host rock (Osburn et al. 2014;
Purkamo et al. 2015; Schrenk et al. 2013). For the Kidd
Creek deep fracture waters, a previous work on sulfur iso-
tope signatures provided indirect evidence for a longstand-
ing indigenous population of sulfate-reducing bacteria in the
fracture fluids (Li et al. 2016). In this study, the combination
of cell counts and MPN results, and the distinct differences
between the results of the microbiological investigation of
the fracture waters versus the mine service waters, provide

multiple lines of evidence for the presence of an indigenous
population of sulfate-reducing bacteria in the highly saline
fracture fluid. The geochemical differences between the frac-
ture and service water at Kidd Creek show that each fluid
source has a distinct isotopic and geochemical signature.
Hence, this study has provided the foundational data and
approach for distinguishing between possible contaminant
fluid end-members (service water) and the indigenous frac-
ture fluids of the Kidd Creek Deep Fluid and Deep Life
Observatory. The approach provides a best practice example
of developing hydrogeochemical parameters to differentiate
fluids in complex deep subsurface systems, and for evalu-
ation of potential cross-contamination and mixing using
basic geochemistry and isotopic (d18O and d2H) measure-
ments. Together these multiple lines of investigation provide
the interpretational framework (chemical, hydrogeologic,
and microbiologic) that is essential to the on-going genomic
and metagenomics investigations being carried out by mul-
tiple international partners at the Observatory. In future
work, results from the genomic and metagenomics samples
from the Kidd Creek Observatory will help confirm indige-
neity and determine the detailed characteristics of the sub-
surface ecosystem.
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