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Abstract 

We deployed a deep permafrost observatory in a borehole at the High Lake Project Site (67°22’N, 110°50’W), 
Nunavut, Canada with the aims of (1) investigating the physical and chemical limitations on microbial life within such 
environments, (2) developing life-detecting technologies for the exploration of life on Mars and (3) constraining the 
hydrological and thermal parameters relevant to the evolution of permafrost and groundwater flow in these 
environments. The High Lake Project Site is located in an Archean mafic volcanic belt, with permafrost extending 
down to 458 ± 5 m depth. The borehole, drilled to a total depth of 480 m, provides multifunctional monitoring 
capability: subpermafrost geochemical sampling, thermal profile, and estimation of hydraulic and thermal formation 
properties. The primary sampling objectives are delineating salinity gradients, gas concentration, pH, pe, microbial 
abundance, community structure and activity, as well as isolating pristine subpermafrost brine for future studies. A 
multimode fiber-optic cable, along with a heat-trace cable, was installed to perform distributed temperature-
perturbation sensor (DTPS) measurements along the entire length of the borehole. Following successful installation of 
the borehole observatory, we acquired a thermal perturbation dataset and obtained estimates for formation thermal 
conductivity and heat flux. 
 
Keywords: borehole observatory; climate change; geothermal profile; microbial sampling; permafrost 
instrumentation; permafrost thickness 

 
Introduction 

Given that global climate models predict the greatest 
increases in temperature at Arctic latitudes, permafrost is 
increasingly looked upon as a harbinger of climate change 
(Anisimov et al., 2007).  Borehole thermal profiles provide 
information on past ground-surface temperature histories 
(GSTH) not available from atmospheric temperature records 
collected prior to the twentieth century (Lachenbruch & 
Marshall, 1986, Harris & Chapman, 1997). To invert 
thermal profile data for estimating GSTH, thermal 
properties need to be constrained. Prior studies have either 
used laboratory measurements performed on drill cores or 
cutting fragments, or have used estimates based on 
lithologic descriptions (Taylor et al., 2006; Majorowicz & 
Safanda, 2001).  

 Understanding a permafrost site’s hydrogeological and 
thermal conditions is important for predicting the 

destabilization of permafrost by construction activities, 
assessing mine inflows, contaminant transport risks, and for 
the design of tailing and waste rock impoundments (Harris, 
1986). Given that the economic activities in arctic Canada 
are predominantly (diamond and metal) mining, as well as 
oil and gas exploration and production, engineering the 
necessary infrastructure and assessing the impact that 
infrastructure has on the natural environment requires 
understanding both present site conditions and evolving 
climatic conditions. 

In the summer of 2007 we installed a multifunctional 
borehole observatory at the High Lake Project Site 
(67°22’N, 110°50’W), in Nunavut Territories, Canada, with 
the aim of acquiring a broad spectrum of environmental 
data. Within the permafrost, a distributed thermal 
perturbation sensor (DTPS) was used to measure the 
thermal profile; based on these temperature data, we can 
estimate formation thermal conductivity. Beneath a 
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pneumatic packer located above the base of the permafrost, 
a U-tube geochemical sampling system acquired fluid 
samples for delineating gas concentration, pH, pe, microbial 
abundance and community structure and activity, as well as 
isolating pristine subpermafrost brine for future studies 
(Freifeld et al., 2005). A pressure-temperature sensor 
collocated with the U-tube sampling inlet facilitated 
estimation of hydraulic conductivity.  

This paper presents the thermal and hydrologic data 
collected following installation of the U-tube and DTPS and 
contains a preliminary interpretation of these data. One of 
the unique results of our field program was our method of 
using in situ data to estimate formation thermal conductivity 
with high spatial resolution. This approach—resulting in 
better estimates of formation thermal conductivity, as 
contrasted to using laboratory derived values—can reduce 
uncertainty in prediction of GSTH when inverting borehole 
temperature measurements. 

 
High Lake Site and Observatory Description 

Site description 
The High Lake Project Site, shown in Figure 1, is located 

in an Archaen Mafic volcanic belt, with permafrost 
extending down to 460 m on a mining exploratory lease 
originally purchased by Wolfden Resources and currently 
operated by Zinifex Canada Inc. All of the work was 
conducted within a 75 mm diameter borehole, designated 
HL03-28. HL03-28 was initially drilled in 2003 to a length 
of 335 m (depth 304 m) as part of Wolfden Resource’s 
characterization of base metals for potential economic 
extraction from the High Lake volcanogenic massive sulfide 
deposit. In July 2006, our project team cored continuously 
to lengthen HL03-28 to 535 m. After removing an ice 
blockage that formed in the borehole during the previous 
season, we installed a permanent borehole observatory. 

 
Borehole observatory 

The High Lake borehole observatory targeted both the 
permafrost region for geothermal investigation and the 
subpermafrost formation for estimation of hydrologic 
properties and collection of fluid samples. The 
instrumentation at the bottom of the borehole, consisting of 
a pneumatic packer, a U-tube sampling system with a 
sample fluid reservoir, and a pressure-temperature sensor, 
are collectively referred to as the bottom hole assembly 
(BHA). The fluid, electrical, and fiber-optic lines running 
between the BHA and the surface are referred to as the 
deployment string. 

 Figure 2(a) shows a schematic of the High Lake BHA. 
With an overall length of 14.9 m, the BHA is composed of 
(from top to bottom) a fluid reservoir for packer inflation, a 
pneumatic packer (Baski Model MD18, Denver, CO, USA), 
a sample fluid collection reservoir, a pressure-temperature 
sensor (In-situ Level Troll 500, Fort Collins, CO, USA) and 
a U-tube inlet composed of a 40 � m sintered stainless steel 
filter and a check valve.  

Prior to deployment of the BHA, the fluid reservoir was 
filled with 3 L of propylene glycol. Propylene glycol was 

chosen because of its low freezing point and its inability to 
permeate through the rubber packer gland. To inflate the 
packer, we applied a N2 head to the reservoir (using a 6.4 
mm stainless steel tube), forcing the fluid into the packer 
and inflating the packer gland. The central mandrel of the 
packer served as a conduit for transport of sampled fluid 
and electrical signals between the surface and the BHA. 

 

 
Figure 1. High Lake Project Site Location in Nunavut Territories, 
Canada. Permafrost base map from NRC Atlas Website, 
http://atlas.nrcan.gc.ca/ 
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Figure 2. (a) High Lake bottom hole assembly showing the 
sequence of components from bottom to top (left to right on the 
schematic). (b) Conceptual layout of a U-tube sampler. The 
Sample Collection Reservoir formed the “U” portion of the U-tube 
at High Lake. 

 
A traditional U-tube sampler, as shown in Figure 2(b), is 

composed of a looped tube, forming a “U” that is open to 
the formation via a check valve. To recover a sample, 
compressed N2 gas, applied to the drive leg, forces the 
check valve to close, and fluid is transported up the sample 
leg to the surface. At High Lake, the inlet filter and check 
valve were both located beneath a 7 L sample collection 
reservoir. Using a small 6.4 mm diameter inner tube 
terminating 10 cm from the bottom of the sample collection 
reservoir (to form a sample leg), the outer large diameter 
cylinder served the function of the traditional U-tube drive 
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Figure 3. High Lake thermal profiles acquired using a distributed temperature sensor. Heating was initially conducted at a rate of 16.8 W/m 
for 43 hours, followed by heating at 20.5 W/m for 21 hours. Following the geothermal gradient, the thermal profiles go from coolest 
(shallowest) to warmest (deepest). 

 
independent sample lines that ran up to the surface. 

The DTPS deployed at High Lake consisted of an HDPE 
jacketed multimode fiber-optic cable that runs from the top 
of the packer fluid reservoir up to a Distributed Temperature 
Sensor (DTS; Agilent Technologies Manufacturing GmbH 
& Co. KG, Model N4385A, Böblingen, Germany) located 
at the surface. The DTS uses a laser backscattering 
technique to measure temperature with a 1 m spatial 
resolution along the length of the fiber. An overview of the 
DTS technology as applied to environmental monitoring can 
be found in Selker et al. (2006). Parallel to the fiber-optic 
cable is a two-conductor 14 AWG direct burial (outdoor) 
cable shorted at the bottom, which provides uniform heating 
along the length of the well when current is applied.  

Following the wellbore completion process, the 
temperature was allowed to equilibrate for 1 month before 
thermal data were collected. To conduct the DTPS 
measurement, we first acquired a baseline thermal profile. 
While energizing the heater cable, additional thermal 
profiles were obtained at 15-minute intervals to record the 
thermal transient during heating. After 64 hours of 
monitoring the heating, the generator was turned off, and 
cooling was monitored for an additional 58 hours. Figure 3 
shows a limited subset of the hundreds of thermal transients 
recorded. 
 

Results 

Fluid sampling 
Immediately after deployment of the borehole 

observatory, the U-tube was operated five times over a span 
of three days, recovering a total of approximately 60 L. 

Although samples were still contaminated with CaCl2 
saturated drilling fluids used during the removal of the ice 
plug a few days earlier, the salinity declined 5 fold with the 
purging of wellbore fluids. The sampling lines eventually 
froze, despite the fact that heat was being applied at a rate of 
20 W/m in an attempt to keep the sample lines flowing. The 
thermal data (discussed later in detail) show borehole 
temperatures approaching –7°C and moderate to high 
formation thermal conductivity, indicating the potential for 
rapid heat loss of the sampling system. In retrospect, an 
insulated hose encompassing both the sampling lines and 
the heat-trace cable would have ensured the continued 
operation of the sampling system. 

 
Hydraulic conductivity 
During operation of the U-tube sampling system, the 
bottomhole pressure was continuously recorded using a 
pressure/temperature sensor located near the inlet of the U-
tube sampling system (Figure 4). The U-tube sampling 
event corresponds to a sharp increase in pressure (over 
several minutes) immediately followed by a rapid decrease 
in pressure, as the compressed gas is vented from the 
sampling tubing. As fluid reenters the borehole, the 
downhole pressure rebounds. As shown in Figure 4(b), the 
increase in pressure occurs in two distinct phases: (1) a slow 
pressure increase immediately after sampling and venting of 
the sample lines, which corresponds to filling of the 
downhole sample reservoir, and (2) a quicker increase, 
which corresponds to filling of the small-diameter sampling 
lines that run up to the surface. 

To estimate the hydraulic conductivity of the formation 
beneath the packer, we apply Thiem’s equation. Assuming a 
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homogeneous confined radial aquifer, the hydraulic 
conductivity is: 

( ) R
r

LHrh
Q

K ln
)(2 -

=
p

,  (1) 

where Q is the volumetric flux into the borehole, L the 
length of the packed-off interval, r the radius of the well, R 
the radius to a fictitious constant head boundary (assumed to 
be 2 m), and h(r) (determined in the next section to be 349 
m H2O) and H are the heads at these two locations. To apply 
Thiem’s equation, which requires steady-state conditions, 
we assume that the head, H, within the sample reservoir 
represents a pseudo-steady head of 18 m (Figure 4b)—
justified because the change in head (3 m over several 
hours) is small compared to h(r)-H. Q, is assumed equal to 
the flux into the sample reservoir, determined as the product 
of the change in the fluid height within the sample reservoir 
(per unit time) and the reservoir’s cross-sectional area. 

Given the geometry of the High Lake borehole, the 
hydraulic conductivity K is estimated to be 2.3 ´  10-11 m/s. 
This exceptionally small conductivity is typical of 
unfractured igneous rocks.  
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Figure 4. (a) Pressure response during U-tube sampling events as 
measured near the U-tube inlet. (b) Following acquisition of a U-
tube sample and sample line N2 gas venting, the pressure rebounds 
slowly as the sample reservoir fills, followed by a quicker rebound 
during filling of the small diameter sample lines. 

Permafrost thickness and hydrostatic head 
Our results provide the best measured thickness of 

permafrost in this region, as other nearby estimates by the 

Geological Survey of Canada are from much shallower 
boreholes (e.g., Taylor et al., 1998). A linear extrapolation 
through the lower 120 m of fiber-optic temperature sensor 
data, with the addition of the discrete data point measured 
by the Level Troll pressure-temperature sensor (Figure 5), 
indicates that the base of the permafrost is at 458±5 m, 
where the depth uncertainty is based upon propagating a 
temperature error of ±0.1°C into the depth estimate. A small 
correction (+0.025°C) has been applied to account for the 
thermal perturbation created near the base of the well during 
the wellbore completion process, following the method 
suggested by Lachenbruch and Brewer (1958). By plotting 
the temperatures measured after wellbore completion as a 
function of Loge(t/(t-s)), where t is the time elapsed since 
wellbore completion and s is the duration of the thermal 
perturbation (assumed to be 1.25 days), we correct for the 
effect of  cooler water being introduced deeper in the 
borehole during the completion process (Figure 6).  

The steady-state subpermafrost hydrostatic pressure can 
also be estimated by plotting pressure as a function of 
Loge(t/(t-s))—referred to as a Horner Plot in well test 
literature. Using the pressure data from the Level Troll 
pressure-temperature sensor, we determined the hydrostatic 
pressure at a depth of 430 mbgs to be 3420 kPa. This is 
equivalent to a freshwater head of 349 m, or a water table at 
81 mbgs.  
 
Thermal perturbation measurements 

The DTPS experiment was conducted over a span of five 
days, with 63 hours of heating and 58 hours of cooling 
(Figures 3 and 5). To interpret the acquired thermal 
transients, we used a one-dimensional radial model 
explicitly incorporating the fluid-filled borehole and steel 
casing, surrounded by rock with homogeneous thermal 
properties, to invert cooling data. The formation of ice, 
which was observed to occur at depths shallower than 30 
mbgs during cooling (as indicated by the thermal transients 
remaining stable near the freezing point of the borehole 
fluid [-4.5°C] for several hours), was not explicitly 
incorporated, but will be in future analyses. Heating data are 
not used, because small variations in spatial distance 
between the fiber-optic cable and the heating cable create 
large differences in temperatures. During cooling, however, 
during cooling, conduction of heat tends to homogenize 
temperatures near the wellbore, making the simulations 
insensitive to the exact separation between the heating cable 
and monitoring fiber.  

Figure 7 shows modeled cooling transients as a 
function of rock thermal conductivity, with data shown for 
selected depths. The model data are shown as lines and the 
measurements are shown as points. Using the one-
dimensional radial model to invert the DTPS data, thermal 
conductivity is estimated along the wellbore with a spatial 
resolution equivalent to the 1 m resolution of the DTS 
(Figure 8). The results shown in Figure 8 are consistent with 
the borehole lithology and literature values (Clauser and 
Huenges, 1995), in which lower thermal conductivity felsic 
metavolcanic strata overly mafic metavolcanic strata. The 
exceedingly high thermal conductivities are attributed to 

(a) 

(b) 
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zones in which the core was observed to consist of at least 
50% pyrite.  
 
Heat flux 

Using the baseline temperature profile (Figure 5) and the 
thermal conductivity profile (Figure 8), the vertical heat flux 
can be estimated in the vicinity of the wellbore. Using 
averaged values for thermal conductivity within the felsic 
metavolcanic units at a depth of 50 to 100 m, we estimate a 
heat flux of 30 mW/m2, whereas at a depth between 300 and 
400 m, the heat flux is much greater, 70 mW/m2. The value 
of 70 mW/m2 is considerably greater than the average value 
of 46±6 mW/m2 reported for two wells 320 km south of 
High Lake by Mareschal et al. (2004) at Lac du Gras, 
Nunuvut, CA. It is also greater than the value of 54.1 
mW/m2 estimated by inversion of thermobarometric data by 
Russell & Kopylova (1999) at the Jericho Kimberlite Pipes 
located 230 km southwest of High Lake. The much higher 
heat flow at High Lake can probably be attributed to the 
effect of the massive volcaniclastic sulphide deposit that can 
act as a conduit for conduction of heat to the surface. 

The reduction in the estimated heat flux observed at the 
shallower depths (50 m to 100 m) at HL03-28 is consistent 
with other studies investigating GSTH. This change in heat 
flux is apparent in Superior Province temperature logs 
(Shen & Beck, 1992), temperature logs from three borehole 
in northern Quebec (Chouinard et al., 2007), and also in 
temperature profiles reported in the Canadian Arctic 
Archipelago (Taylor et al., 2006). However, without more 
detailed information on the three-dimensional shape of the 
High Lake ore body, which could influence lateral heat flux, 
and/or the regional history of snow cover, which would 
impact vertical heat flux (Stieglitz et al., 2003) it is 
impossible to know how much of the observed warming can 
be attributed solely to changes in GSTH.  
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Figure 5. Thermal profiles acquired using a DTS. The lowest 
profile is the baseline prior to heating and cooling. The arrow 
points to a temperature measurement provided by the downhole 
Level Troll pressure-temperature sensor. 
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Figure 6.  Temperatures measured in HL03-28 at a depth of 430 m 
following the wellbore completion process, as suggested by 
Lachenbruch & Brewer (1959) to determine undisturbed 
conditions. The temperatures extrapolated along the dotted line 
indicate the well is still 0.025°C cooler than at equilibrium. 
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Figure 7. One-dimensional thermal simulations of DTPS testing 
showing modeled cooling transients along with select 
measurements. Time is measured from start of heating.  
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Figure 8. Thermal conductivity as a function of depth using a 1-D 
model to invert DTPS data. The results are consistent with 
lithology, in which shallow tuffs are underlain by ore-bearing 
mafic intrusives. 
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Conclusions 

We have deployed a multifunctional borehole observatory 
at the High Lake Project Site, which includes a bottomhole 
assembly for subpermafrost geochemical sampling using a 
U-tube sampler located beneath a packer, and a 
pressure/temperature sensor for monitoring hydrologic 
conditions. The deployment lines contained a distributed 
thermal perturbation measurement system, consisting of a 
fiber-optic cable for distributed temperature measurements, 
and a heat trace cable to uniformly heat the wellbore.  

Given the interest in using borehole temperature profiles 
as an indicator of paleoclimate, we have demonstrated a 
methodology for using the DTPS data for estimating 
formation thermal conductivity as a function of depth with 
meter-scale resolution. Having in situ estimates for thermal 
properties can reduce uncertainty in inverting borehole 
temperature profiles, leading to more accurate delineations 
of ground surface temperature history (GSTH). Future work 
using the High Lake data set will estimate the GSTH using 
the detailed thermal conductivity profile and the measured 
baseline temperature profile. 
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