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Noble gases, in particular 3He/4He (R) ratios, were measured together with tritium activity in groundwa-
ter from eskers and moraines of the Abitibi-Temiscamingue region of northwestern Quebec (eastern
Canada). These high-latitude glaciofluvial landforms contain precious freshwater resources that need
to be quantified. Here we provide estimates of residence time for groundwater in glaciofluvial sediments
forming the Saint-Mathieu–Berry (SMB) and Barraute eskers, the Harricana moraine and in the underly-
ing fractured bedrock aquifer. The 3He/4He ratios range from 0.224 ± 0.012 to 1.849 ± 0.036Ra, where Ra
is the atmospheric 3He/4He ratio (1.386 � 10�6). These results suggest the occurrence of 3He produced by
decay of tritium and terrigenic 4He produced by decay of U and Th. Calculated 3H/3He apparent ages of
groundwater from the SMB esker and the Harricana moraine range from 6.6 ± 1.1 a to 32 ± 7.4 a.
Terrigenic 4He (4Heterr) was found in the deeper wells of the SMB esker and in the wells tapping water
from the deeper fractured aquifer located below the eskers and moraines and confined by postglacial
clays. The amount of 4Heterr ranges from 3.4 � 10�9 to 2.2 � 10�6 cm3STP g�1 and shows a clear gradient
with depth, suggesting addition of a 4Heterr flux entering the bottom of the eskers. Modeled 4Heterr fluxes
range from 2.0 � 10�8 cm3STP cm�2 yr�1 at the Harricana moraine to 6.6 � 10�7 cm3STP cm�2 yr�1 in the
southern section of the SMB esker. Calculated fluxes are highly variable and 5–165 times lower than the
helium continental crustal flux, suggesting local helium sources, with helium being driven upward
through preferential pathways such as local faults. Maximum U–Th/4He ages obtained for the groundwa-
ter in the fractured bedrock range from 1473 ± 300 a to 137 ± 28 ka, suggesting the occurrence of several
generations of fossil meltwater trapped under the clay plain after the last two glaciations.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Continental areas of the Northern Hemisphere, notably Canada,
were severely affected by ice cover during the late Pliocene and
Pleistocene. A wide range of glacial and deglacial landforms were
formed during this period, notably eskers, which consist in long,
linear and relatively narrow ridges composed of stratified sand
and gravel. Eskers were mainly deposited within ice-walled tun-
nels by highly organized meltwater flow systems (e.g., Banerjee
and McDonald, 1975; Shilts et al., 1987; Clark and Walder, 1994).
Moraines also represent heterogeneous accumulations of sand
and gravel that were generally deposited at or near the ice margin
during ice retreat. From a hydrogeological perspective, these land-
forms (eskers and moraines) may be considered equivalent entities
due to their similar composition (sorted granular material).

The last deglaciation in the Abitibi-Temiscamingue region,
Quebec (Fig. 1), was marked by the breakup of the ice margin into
two lobes, as recorded by the Harricana interlobate moraine, a large
body of sand and gravel oriented north–south that extends for sev-
eral hundred kilometers (Veillette, 1996; Dyke, 2004). Ice retreat
resulted in the deposition of eskers that show two different trends:
those oriented NW–SE to the west of the Harricana moraine, and
those oriented NE–SW to the east of this major landform (Veillette
et al., 2004, 2007). Meltwater produced during the deglaciation also
led to the development of Lake Ojibway, a large proglacial lake that
inundated the area. As a result, thick accumulations of fine-grained
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rhythmites (clay and silt) cover entirely or partially most eskers,
thereby forming confined or semi-confined aquifers, with porosity
reaching up to 30% near the core of the landform. The groundwater
has generally very low salinity and excellent organoleptic character-
istics as drinking water, which is commercialized as the bottled
water ESKA� near the city of Amos. Accordingly, these eskers and
the Harricana moraine represent an important water resource in
this area, as its quality is superior to slightly salty groundwater from
the fractured bedrock. The hydraulic regime of these systems is not
fully understood, mainly because of the spatial complexity and
heterogeneous character of these glaciofluvial deposits (Boulton
et al., 1995, 2009).

The hydrogeology of this area has been recently the focus of a
study by the Université du Québec en Abitibi-Témiscamingue (UQAT)
(Cloutier et al., 2011, 2013). The goals of this study were to better
understand the hydraulic regime of eskers and moraines, and to
assess their potential as a long-term source of drinking water in
the region, as well as to evaluate their vulnerability to pollution
(Cloutier et al., 2013). Except for a few unpublished 14C ages
(Riverin, 2006) and 3H measurements (Castelli, 2012), there are
no chronological constraints on the groundwater of this region.
The aim of this work was to fill this gap by producing 3H/3He
and U–Th/4He residence times based on noble gases measurements
of groundwater, and to provide a basis for future high-resolution
groundwater age surveys.

2. Geology and hydrogeology of the studied area

The study area (Fig. 1a) has a surface area of 860 km2 and
includes the municipalities of Amos, Barraute, La Motte and Landri-
enne, in Abitibi-Temiscamingue, Quebec, Canada. This region lies
on crystalline bedrock of the Canadian Shield, more specifically
in the Abitibi greenstone belt of the Superior Province, which is
upper Archean in age (2.85–2.65 Ga). The bedrock is composed of
mafic to intermediate volcanic rocks intercepted by lenses of felsic
volcanic rocks and metasediment belts (wacke, conglomerates and
iron formations). These lithologies are intruded by Archean granitic
and tonalitic plutons (and later by Proterozoic diabases) and cross-
cut by gneissic rocks (Weber and Latulippe, 1964). Precambrian
metamorphic rocks constitute an aquifer characterized by a low
hydraulic conductivity whose potential increases locally with
fractures and fissures (Cloutier et al., 2007).

The Abitibi-Temiscamingue region was completely covered by
the Laurentide Ice Sheet during the last glacial cycle and deglacia-
tion began at �9 ka (Dyke, 2004). Progressive thinning of the ice
margin led to the isolation of the Hudson Bay ice dome and the
New-Quebec ice dome, in between which a major complex of
glaciofluvial sediments was deposited (the Harricana interlobate
moraine; Fig. 1) along with a dense network of eskers (Veillette
et al., 2003). Subsequent ice retreat occurred away from the
Harricana glaciofluvial sediment complex, toward the northwest
and northeast, in contact with the waters of glacial Lake Ojibway
(Veillette, 1994; Roy et al., 2011). These deglacial landforms are
composed of heterometric and chaotic accumulations of pebble,
gravel and sand derived from the glacial erosion of the local
Archean bedrock (Veillette et al., 2004). The study area is crossed,
from west to east, by three major glaciofluvial bodies: the
Saint-Mathieu–Berry (hereafter denoted as SMB) esker, the
Harricana interlobate moraine and the Barraute esker (Fig. 1a).
The SMB esker is 120 km in length, 25–45 m thick, and 1–5 km
wide. The Harricana moraine is the most voluminous in the region,
with a total length of 278 km and a maximum width of 4.4 km.
The Barraute esker is 20 km in length, with height and width
resembling the SMB esker.

Eskers and moraine are deposited on the Precambrian bedrock,
sometimes separated by glacial deposits (tills). Glacial deposits
can be continuous with a thickness of several meters or discon-
tinuous with a thickness of less than 1 meter (Cloutier et al.,
2013). Often isolated patches of tills are found in glacially
scoured bedrock depressions, protected from glacial erosion. The
extension of these deposits under the eskers is difficult to
evaluate because they are often mixed with glaciofluvial
deposits (Cloutier et al., 2013).

The presence of Lake Ojibway left a strong imprint on the land-
scape (Roy et al., 2011). Thick accumulations of fine-grained
glaciolacustrine sediments cover most deglacial features (eskers
and ice-marginal deposits, such as moraines). The vast expanses
of Ojibway clay form a very low permeability unit, which might
confine totally or partially the esker’s aquifers (Veillette et al.,
2004). The Ojibway clay plain is broken in places by rare bedrock
knobs (hills) and the crests of some eskers or the Harricana moraine
(Fig. 1a). Eskers deposited near the former lake level may be
reworked into beaches onto their crests or flanks, whereas eskers
deposited in deep-water conditions may be associated with
subaqueous outwash fans.

This particular depositional environment led to a classification
of eskers of the Abitibi-Temiscamingue region into four types
(A–D) on the basis of the depositional setting and sedimentological
characteristics of the confined and unconfined eskers (Veillette
et al., 2004, 2007; Nadeau, 2011). In the study area, eskers are of
type C, which consists in eskers and moraines partially confined
by clay (SMB and Harricana), and of type D that consists in
eskers completely buried by clay (parts of SMB and Barraute).
This classification may vary for a given esker, mainly due to
changes in the clay cover along its length. Direct recharge from
precipitation occurs in partially confined aquifers (eskers type C)
while recharge areas of buried landforms (such as Barraute esker)
remain to be fully determined. For example, the Harricana
moraine, located about 10 km to the west of the buried Barraute
esker, could correspond to its recharge zone (Veillette et al.,
2007). This moraine, partially covered by clays and characterized
by a high permeability, is directly recharged by rainfall. According-
ly, water from this formation is expected to be young. South of this
moraine, the elevated zone of Mont Video (Fig. 1a) could be a
preferential recharge zone for both the Harricana moraine and
the nearby Barraute esker (buried). In the SMB esker, two types
of flow were documented (Riverin, 2006). One is longitudinal
and controlled by the topography of bedrock, with water moving
from the southern and northern elevated zones toward the center
of the esker. The second flow is transversal to the esker and
originates from infiltration toward the edge of the esker and is
subsequently diffused into bogs or contact zones between clay
and gravel.

Groundwater flows rapidly within the highly porous (porosity
�25–30%) and permeable gravel aquifers formed by eskers. A
detailed geochemical study of springs associated with eskers
showed that the water is mainly of Ca–HCO3 type, with average
total dissolved solids (TDS) of 87 mg L�1 (Castelli et al., 2011).
However, the bedrock is locally fractured and local aquifers show
higher salinities reaching 760 mg L�1 (Table 1). Riverin (2006) esti-
mated qualitatively groundwater residence times for the SMB
esker. Tritium (3H) measurements and uncorrected 14C ages point-
ed to the presence of an active (top part of the aquifer) and a less
active (lower portions of the confined aquifer) flow zones. Based on
uncorrected 14C ages, these zones might contain modern (1–25 a),
intermediate (300–6000 a) and fossil groundwater (>6000 a)
(Riverin, 2006).

3. Sampling and analytical methods

A total of fifteen groundwater samples (Fig. 1a; Tables 1 and 3)
were collected in the study area during the summers of 2011



Fig. 1. (a) Schematic geographical map of the study area with the localization of samples in Saint-Mathieu–Berry and Barraute eskers (white dots), in the Harricana
interlobate moraine (black dots) and from the fractured rock aquifer under the clay plain (gray squares); (b) with 3H/3He groundwater apparent ages and U–Th/4He ages (in
bold).
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(12 samples) and 2012 (3 samples). In the fractured bedrock aqui-
fer underlying the clay plain, one sample was collected from the
municipality well of Landrienne and two others located in the
same aquifer were collected from domestic wells (101CH and
55HB; Fig. 1a). Two wells drilled by the Ministry of Environment
of the Province of Quebec (MDDEP-S and MDDEP-P) and one well
drilled by UQAT (PACES 1-03) were sampled from the Harricana
moraine. The municipal well of Barraute was sampled from the
Barraute esker. The Amos municipal well and seven wells drilled
and instrumented by UQAT were sampled from the SMB esker
(TSAM-P1, P2, TSSM-P1, P3, P5, PACES 1-12, 1-13). One of them,
TSSMP-3, is a flowing artesian well.

Wells in the fractured bedrock (Landrienne, 55HB and 101CH)
have no casing. All other MDDEP and UQAT drilled wells have a
casing and short screens of 1.5 m long, except for well TSSM-P5
(3 m) and Barraute (4.6 m; Table 2). Amos municipality is a
multidrain well (Feldman-type), consisting of 8 horizontal drains
departing from the base of the vertical borehole with lengths
variable between 7.2 and 45.8 m and a diameter of 0.2 m. Screens
cover between 70% and 90% of the drain’s length.



Table 1
Noble gas concentrations and He, Ne and Ar isotopic ratios in groundwater of Amos region, Abitibi-Temiscamingue.

Well name Coordinates Coordinates Altitude Well
depth

TDS T pH 4He 20Ne 36Ar 84Kr 132Xe (3He/4He)meas
20Ne 2Ne 21Ne/22Ne 38Ar/36Ar 40Ar/36Ar

Longitude Latitude (m) (m) (mg L�1) (�C) cm3STP g�1 � 10�7 (3He/4He)AIR

UTM NAD 83
Z17

R/Ra

Saint-Mathieu–Berry esker
Amos

municipality
706095 5379631 312.3 23.34 106 9.4 8.3 0.59 1.83 13.56 0.521 0.0362 1.849 ± 0.036 9.91 0.03 0.0278 ± 0.0002 0.1880 ± 0.0010 294.4 ± 1.0

PACES 1-12 707125 5370880 337.9 53.51 103 5.8 8.6 12.87 2.06 n.d. n.d. n.d. 0.225 ± 0.004 n.d n.d. n.d. ± n.d. n.d. ± n.d. n.d. ± n.d.
PACES 1-13 707122 5370884 337.9 22.87 86 6.0 8.9 0.69 2.86 n.d. n.d. n.d. 1.007 ± 0.012 n.d n.d. n.d. ± n.d. n.d. ± n.d. n.d. ± n.d.
TSAM-P1 706783 5379259 310.0 10.50 92 13.7 8.5 0.54 1.79 12.56 0.469 0.0318 1.193 ± 0.064 9.90 0.03 0.0278 ± 0.0002 0.1854 ± 0.0006 294.5 ± 0.7
TSAM-P2 706782 5379258 310.6 16.46 128 12.2 8.3 1.03 2.37 15.38 0.576 0.0381 1.099 ± 0.022 9.86 0.02 0.0276 ± 0.0002 0.1882 ± 0.0012 294.5 ± 0.7
TSSM-P1 705807 5370919 314.6 26.80 92 7.8 8.7 0.67 1.64 12.76 0.489 0.0337 1.117 ± 0.027 9.88 0.03 0.0275 ± 0.0002 0.1865 ± 0.0009 294.7 ± 0.7
TSSM-P3 705166 5371107 309.1 27.61 96 6.3 8.9 4.54 2.00 13.73 0.520 0.0349 0.351 ± 0.014 9.85 0.02 0.0278 ± 0.0001 0.1857 ± 0.0008 295.2 ± 0.9
TSSM-P5 707580 5370894 331.8 29.03 96 5.0 7.5 2.05 1.87 14.29 0.539 0.0374 0.709 ± 0.033 9.91 0.02 0.0275 ± 0.0001 0.1873 ± 0.0006 293.7 ± 0.7

Barraute esker
Barraute

municipality
747825 5369108 305.0 22.86 251 5.7 7.9 1.18 2.20 15.50 0.597 0.0408 0.935 ± 0.022 9.87 0.02 0.0280 ± 0.0002 0.1874 ± 0.0010 293.6 ± 0.6

Harricana moraine
MDDEP-S 735432 5377299 375.1 41.76 226 13.1 8.3 0.54 2.02 15.10 0.596 0.0423 1.118 ± 0.025 9.85 0.02 0.0277 ± 0.0002 0.1875 ± 0.0010 295.0 ± 0.8
MDDEP-P 716109 5375475 375.3 70.56 185 8.0 8.1 0.47 1.66 12.71 0.492 0.0341 1.207 ± 0.021 9.92 0.02 0.0277 ± 0.0002 0.1880 ± 0.0010 296.5 ± 1.2
PACES 1-03 294017 5385992 375.0 64.40 115 6.5 8.4 0.55 1.89 n.d. n.d. n.d. 1.586 ± 0.018 n.d n.d. n.d. ± n.d. n.d. ± n.d. n.d. ± n.d.

Clay plain
Landrienne

municipality
724345 5382191 318.0 89.60 351 6.4 7.1 1.24 2.80 17.47 0.653 0.0429 0.946 ± 0.024 9.84 0.03 0.0281 ± 0.0002 0.1878 ± 0.0010 295.4 ± 0.7

55HB 714669 5377299 316.0 109.80 763 7.8 7.2 42.79 2.54 17.94 0.706 0.0473 0.224 ± 0.012 9.85 0.02 0.0281 ± 0.0002 0.1896 ± 0.0009 294.8 ± 0.8
101CH 716109 5375475 302.0 35.05 527 8.0 7.8 2.34 2.70 18.16 0.709 0.0492 0.520 ± 0.019 9.84 0.01 0.0277 ± 0.0002 0.1869 ± 0.0008 295.7 ± 0.7
Atmospheric value 1.000 9.7 0.0290 0.1880 295.5

Note: uncertainties on noble gas isotopic concentrations at University of Michigan (1r) are ±1.5% (4He), 1.3% (20Ne), 1.3% (36Ar), 1.5% (84Kr) and 2.2% (132Xe).
Uncertainties on 4He and 20Ne concentrations at University of Tokyo are (1r) ±3%.
n.d. = not determined

4
C.Boucher

et
al./Journal

of
H

ydrology
524

(2015)
1–

14
/2

±

. ±

. ±
±
±
±
±
±

±

±
±

. ±

±

±
±

7



ble 2
uifer and well physical parameters together with 3H/3He and U–Th/4He ages.

Well name Screen Aquifer Water
table

Lithology Aquifer 3H ± 3Hetri ± 4Heeq
4Heea DNe Excess air 4Hterr ± 3H/3He ± U–

Th/4He
±

length (m) thickness level at screen type TU TU (%) cm3STP � 10�3 cm3STP
g�1 � 10�8

age age

z0 (m) m a a

Saint-Mathieu de Berry esker
Amos municipality 0.2 26.33 7.96 Gravel � 12.72 1.05 33.68 1.48 4.52 0.13 2.18 0.24 ± 0.28 1.23 0.12 23.0 1.2 12.5 0.5
PACES 12-1 1.5 53.83 21.79 Sand Unconfined � � � � 120.92 12.11 � � 57.6 1.1
PACES 13-1 1.5 53.83 21.81 Sand Unconfined � � 8.44 0.90 1.73 0.17 � � 24.2 0.4
TSAM-P1 1.5 37.13 1.28 Sand,

gravel
Confined 11.07 0.93 9.33 2.00 4.44 0.23 4.03 0.44 ± 0.30 0.70 0.07 10.9 1.9 62.4 2.0

TSAM-P2 1.5 37.13 1.59 Sand,
gravel

Confined 13.14 1.03 23.45 1.67 4.56 1.80 23.66 3.44 ± 0.50 3.89 0.39 18.2 1.2 272.4 9.4

TSSM-P1 1.5 28.40 1.59 Sand,
gravel

Confined 12.21 1.03 18.45 1.34 4.48 �0.37 �7.02 �0.70 ± 0.29 3.00 0.26 15.2 1.2 3.1 0.1

TSSM-P3 1.5 28.40 �1.00 Diamicton Confined 3.10 0.04 15.73 7.74 4.50 0.72 11.29 1.38 ± 0.33 40.16 4.02 32.0 7.4 27.4 0.5
TSSM-P5 3.0 29.03 16.15 Diamicton Confined 12.83 1.03 37.55 4.72 4.54 0.21 3.50 0.40 ± 0.45 15.76 1.58 24.3 2.0 10.5 0.2

Barraute esker
Barraute municipality 4.6 23.80 1.85 � � � � 23.21 1.96 4.60 1.12 15.86 2.14 ± 0.39 6.06 0.61 � � 64.8 2.7
Barraute municipality 8.7 0.2

Harricana moraine
MDDEP-S 1.5 74.06 36.70 Sand,

gravel
Unconfined 12.23 1.05 5.51 0.94 4.60 0.50 7.81 0.96 ± 0.25 0.34 0.03 6.6 1.1 121 9

MDDEP-P 1.5 74.06 36.51 Sand Unconfined 11.49 0.95 9.87 0.80 4.47 �0.29 �5.46 �0.55 ± 0.22 0.82 0.05 9.9 0.9 41.0 1.9
PACES 1-03 1.5 74.06 36.57 Sand,

gravel
Unconfined � � 21.76 0.92 0.76 0.08 � � 91.0 4.9

18.16 2.07

Clay plain
Landrienne

municipality
Unscreened 89.6 1.50 Basalt Confined � � 18.16 2.07 4.64 2.99 33.13 5.70 ± 0.71 4.81 0.48 � � 1473 292

55HB Unscreened 97.3 7.25 Basalt Confined � � 32.34 77.33 4.73 1.92 23.48 3.66 ± 0.60 421.21 42.17 � � 137,000 28,000
101CH Unscreened 10.7 � Basalt Confined � � 10.49 3.80 4.73 2.39 27.66 4.57 ± 0.44 16.23 1.62 � � 207 6
101CH 28 1
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In UQAT and MDDEP wells, water for noble gas measurements
was collected using a Waterra� Inertial Pump System which con-
sists of a foot valve fixed at the bottom of a high-density polyethy-
lene tube with a variable diameter of 5/8–100 and an electric
actuator pump Hydrolift-2�. In municipal wells, the water was
collected directly at the wellhead. Water from domestic wells
was collected at the closest water faucet, taking precautions to
avoid intermediate reservoirs where the water could undergo
degassing. Water was purged from wells and piezometers until
measurement of main chemo-physical parameters (e.g., conduc-
tivity, pH, and temperature) stabilized. Water was subsequently
allowed to flow through armored PVC tubes connected to a
14 cm3, 3/800 diameter, refrigeration-type copper tube. After a few
minutes the open tube was sealed using two steel clamps.

Water samples were measured for noble gas compositions at the
Noble Gas Laboratory at the University of Michigan, except for three
samples that were collected during the summer of 2012 (PACES 1-
03, PACES 1-12 and PACES 1-13). Helium isotopic ratio was mea-
sured at Tokyo University. Water samples at University of Michigan
were connected to a vacuum extraction system and noble gases
were quantitatively extracted for inletting into a MAP-215-50 mass
spectrometer. Extracted gases were passed over two Ti sponge get-
ters to remove reactive gases, and sequentially allowed to enter the
MAP-215-50 mass spectrometer using a cryogenic separator. The
cryogenic separator temperatures were set at 35, 65, 200, 215,
and 270 K for analysis of He, Ne, Ar, Kr, and Xe, respectively. The
4He, 20Ne and 40Ar were measured using a Faraday detector while
all other noble gas isotopes were measured using an electron mul-
tiplier in ion counting mode. During neon isotope analysis, a liquid
N2 cold trap was applied to minimize peak interferences and appro-
priate mass peaks were monitored to correct for interferences of
40Ar++ and H2

18O+ on 20Ne and CO2
++ on 22Ne. The interference correc-

tions for 20Ne and 22Ne were typically�1.1% and 0.17%, respectively.
Before each sample analysis, a calibrated amount of air standard
was analyzed following the same procedure as the sample measure-
ment for checking sensitivity of the MAP215-50 mass spectrometer.
The blank correction was applied to all measured peaks, but was
negligible. Isotopic abundances for each sample were normalized
to the air standard after blank correction. Elemental abundances
of 4He, 22Ne, 36Ar, 84Kr, and 132Xe have typical uncertainties of
1.5%, 1.3%, 1.3%, 1.5% and 2.2%, respectively and all uncertainties
are at ±1r level. Additional details on the noble gas analytical pro-
cedure at University of Michigan can be found in Ma et al. (2005).

The three samples collected in summer 2012 (PACES-03, PACES
1-12 and 1-3; Table 1) were analyzed at the Atmosphere and Ocean
Research Institute (AORI) at the University of Tokyo for helium iso-
topes and 20Ne. These samples were degassed offline using a
dedicated line evacuated with a turbo-molecular pump. Extracted
gas was collected in a lead-rich glass ampoule. The ampoule was
connected to a stainless steel line for purification on a Ti-getter
and cryogenic separation of He from other noble gases. The helium
aliquot was then analyzed for the 3He/4He isotopic ratio using a
Helix SFT calibrated against the HESJ standard (Helium Standard
of Japan; Matsuda et al., 2002). Precision on the 3He/4He ratio of
HESJ is typically ±0.2% (2r) (Sano et al., 2008). Prior to being cryo-
genically adsorbed, the amount of 4He and 20Ne was measured on a
Pfeiffer QMS Prisma™ 80 connected to the preparation line with a
typical precision of ±3% (1r).

Water samples for tritium (3H) analysis were collected using 1 L
Nalgene� bottle filled up to prevent degassing and sealed before
shipment to the Environmental Isotopes Laboratory (EIL) of the
University of Waterloo. Liquid scintillation counting (LSC) is the
technique used by EIL for quantification of tritium. Samples being
analyzed for tritium are concentrated 15 times by electrolysis and
subsequently counted. Detection limit for enriched samples is 0.8
TU (Heemskerk and Johnson, 1998).
To calculate radiogenic 4He production rates from the sedi-
ments of the aquifers, U and Th were measured by neutron activa-
tion at the Slowpoke Laboratory of the University of Montreal, in
sediments and rock fragments from the top of the Harricana mor-
aine, a few tens of meters from the position of MDDEP-S and -P
wells (Fig. 1a). U and Th concentrations ranged from 0.2 to
0.84 ppm and from 0.34 to 3.52 ppm, respectively.

4. Results

Table 1 reports the concentrations of major noble gas isotopes
(4He, 20Ne, 36Ar, 84Kr and 132Xe) and He, Ne and Ar isotopic ratios
except for the three samples analyzed at the University of Tokyo
for which only He isotopes and 20Ne were measured. 4He concen-
trations range from 4.7 to 5.5 � 10�8 cm3STPg�1, values that are
close to the concentration at solubility equilibrium with the atmo-
sphere (ASW or Air Saturated Water; Smith and Kennedy, 1983), to
4.28 � 10�6 cm3STP/g�1 which was measured in groundwater col-
lected from the deepest well in the fractured bedrock aquifer (55
HB; Fig. 1; Table 1). Measured 3He/4He ratios (R) normalized to that
of the atmosphere (Ra = 1.386 � 10�6; Lupton, 1983) range from
1.849 ± 0.036 times (Amos municipality well) to 0.224 ± 0.012
times the atmospheric ratio (55HB; Table 1).

20Ne/22Ne ratios in most samples are slightly higher than
the atmospheric value of 9.768 (Sano et al., 2013)
(9.83 < 20Ne/22Ne < 9.91), but are inversely correlated with
40Ar/36Ar ratios, which vary between 294.4 and 296.5 (Table 1)
(atmospheric value is 295.5; Ozima and Podosek, 1983), indicating
mass-dependent fractionation of Ne and Ar of atmospheric compo-
sition (Marty, 1984). The 38Ar/36Ar ratios range from 0.1854 to
0.1896 (atmospheric value of 0.1880; Ozima and Podosek, 1983)
and do not display a correlation with the 40Ar/36Ar ratios. Kr and
Xe isotopic compositions are entirely atmospheric and they have
been not reported.

Table 2 reports technical specifications of the sampled wells
(e.g., depth, screen length, and aquifer thickness), calculated
helium components dissolved in water (4Heeq, 4Heea, 4Heterr and
3Hetri) and measured tritium content (3H in TU, corrected of the
time interval between 3Hetri and 3H analyses), which are needed
for calculating apparent 3H/3He ages and U–Th/4He ages (see dis-
cussion). 4Heeq is the dissolved helium in solubility equilibrium
with the atmosphere (4Heeq). 4Heea is the atmospheric helium in
excess of the solubility equilibrium concentration. The latter,
known as the ‘‘excess air component’’ result from air bubbles
entering the water table and dissolved in groundwater (Heaton and
Vogel, 1981). DNe (%) ([Ne]measured/[Ne]atmospheric equilibrium� 1)� 100
expresses the total amount of excess air (Table 2; Aeschbach-
Hertig et al., 2001). These parameters (4Heeq, 4Heea and DNe (%);
Table 2) have been estimated from calculation of Noble Gas
Temperatures (NGT) based on Ne, Ar, Kr and Xe concentrations in
groundwater and applying the UA (Unfractionated Air) model of
excess air incorporation in groundwater (Stute and Schlosser,
1993) through an error-weighted, nonlinear inverse technique
(Ballentine and Hall, 1999).

The 4Heterr is the terrigenic helium produced by U and Th
decay in Earth’s crust or derived from the mantle and it is
calculated as 4Heterr = 4Hetot � (4Heeq + 4Heea), where 4Hetot is the
total initial amount of helium, as reported in Table 1. Finally, tritio-
genic 3He derived from decay of post-bomb tritium in young water
(3Hetri) has been calculated using the equation (Schlosser et al.,
1989):

3Hetri ¼ 4Hetot � Rtot � Rterrð Þ � 4Heeq � Req � Rterr
� �

�
4He

20Ne

� �
ea

� 20Netot � 20Neeq
� �

� Rea � Rterrð Þ ð1Þ
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where �R� refers to the 3He/4He ratio. Rtot is the measured
3He/4He ratio. Rea is the 3He/4He ratio for the ‘‘excess air’’ compo-
nent and it is assumed to be atmospheric (Rea = Ratm = 1.386 � 10�6;
Lupton, 1983). Req is the 3He/4He ratio at ASW condition and it is
equal to a ⁄ Ratm (1.36 � 10�6) with a representing the fractionation
factor of 0.983 (Benson and Krause, 1980). Rterr corresponds to the
time-integrated 3He/4He ratio from 3He and 4He crustal production.
Finally, the (4He/20Ne)ea ratio of the ‘‘excess air’’ component is also
assumed to be atmospheric and equal to 0.3185.

5. Discussion

5.1. Helium component separation

Helium components dissolved in Amos groundwater can be
visualized in a Weise-plot (Weise and Moser, 1987; Fig. 2). In this
plot, the excess-air-corrected helium isotopic ratio ((3Hetot–3Heea)/
(4Hetot–4Heea)) is plotted versus the ratio between the Heeq

concentration and the normalized excess-air-corrected helium
concentration (4Heeq/(4Hetot–4Heea)). In the following discussion,
as well as Fig. 2, all 3He/4He values (R) have been normalized to
Ratm (1.386 � 10�6). Addition of 3Hetri will shift the (3Hetot–3Heea)/
(4Hetot–4Heea) ratio up from its initial ASW isotopic composition at
the recharge (Req; Fig. 2). Addition of 3Heterr produced by nucle-
ogenic reactions with Li (Morrison and Pine, 1955) and 4Heterr from
a-decay of U and Th in crustal rocks will shift ratios to the lower
left corner of the plot with a 4Heeq/(4Hetot–4Heea) value of zero
(i.e., containing only 4Heterr) and a Rterr value corresponding to
the time-integrated ratio from 3He and 4He crustal production
(typically 0.02–0.03Ra; e.g., Andrews and Lee, 1979). Mixing
between the different end-members will be represented by a
straight line of equation Y = mX + b (e.g., Stute et al., 1992):

3Hetot � 3Heexc
� �

4Hetot � 4Heexcð Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Y

¼ Req � Rterr þ
3Hetri
4Heeq

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

m

�
4Heeq

4Hetot � 4Heexc|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
X

þ Rterr|{z}
b

ð2Þ
Fig. 2. Weise-plot for groundwater samples from Saint-Mathieu–Berry (SMB) and
Barraute eskers (white dots); from Harricana moraine (black dots) and from the
fractured aquifer under the clay plain (gray squares). The dashed line represents the
mixing line between water containing atmospherically derived helium at air
saturated water conditions or ASW (3He/4He ratio = Req = 0.983Ra) and water
enriched in terrigenic helium, represented by the helium composition of sample
PACES 12-1. The plain line represents the mixing between water containing 35 TU
3Hetri (equivalent to 8.47 � 10�14 cm3STP g�1 of 3Hetri) mixed with water enriched
in terrigenic helium 4He, here represented by the helium composition of sample
55HB.
All groundwater samples plot between two mixing lines (Fig. 2).
The first passes through the ASW end-member (Req) and the sam-
ple PACES 12-1. The Y-intercept of this mixing line (corresponding
to Rterr) is 0.1765. The second mixing line passes through the
waters of Amos municipality, TSSM-P5 and 55HB wells with a Y-in-
tercept of 0.2198. This straight line corresponds to a groundwater
containing 35 TU tritiogenic 3He mixed with an older groundwater
enriched in terrigenic helium. For X = 0 term ‘‘b’’ of Eq. (2), we
assumed an average (±std dev) Rterr value of 0.198 ± 0.031.

The obtained Rterr value is higher than the expected crustal val-
ue of 0.02–0.03Ra and clearly denotes the presence of 3Heterr

excesses. These 3Heterr excesses could be caused either by the addi-
tion of 2.4% of mantle helium to the groundwater or from an
enhanced contribution of nucleogenic 3He from lithium decay in
crustal rocks. Production of the Rterr with a value of 0.2Ra by in situ
nucleogenic processes would require reservoir rocks to contain Li
concentrations between 600 and 2200 ppm, depending on U and
Th concentrations in these same rocks (Andrews and Lee, 1979).
These lithium concentrations, not unusual in this area, are far
greater than the average upper crust value of 20 ppm (Ballentine
and Burnard, 2002). The crystalline basement underneath the
eskers contains pegmatite intrusions known to be very rich in lithi-
um. For example, 20 km southeast of the SMB esker (area of Mont
Video, see Fig. 1a), Canada Lithium Corp. has carried out a feasi-
bility study for mining carbonate phases in a pegmatitic intrusion
containing up to 1.2 wt.% (12,000 ppm) lithium (http://
www.canadalithium.com/fr/QuebecLithium.asp). Thus, we cannot
exclude that groundwater flowing through the crystalline base-
ment underneath the eskers has interacted with these Li-rich ore
bodies, charging them with 3Heterr.

Fig. 2 shows that groundwater flowing in eskers and in the clay
plain contains a mixture of 3Hetri and terrigenic helium. It is possi-
ble to take advantage of these helium components to estimate
groundwater residence times and to reconstruct the age of esker
aquifers using both the 3H/3He (e.g., Tolstikhin and Kamenskiy,
1969; Takaoka and Mizutani, 1987) and U–Th/4He dating methods
(e.g., Torgersen and Clarke, 1985).

5.2. 3H/3He apparent groundwater ages

Natural background of tritium (3H) is derived from spallation
reactions with N in the troposphere. This relatively low back-
ground has undergone a remarkable change during the 60s. Indeed,
fallout of anthropogenic tritium from atmospheric nuclear weapon
tests conducted to a peak record of tritium content in precipitation
during this period (e.g., Clark and Fritz, 1997). Tritium has been
normally used, coupled to tritium records in precipitation, to esti-
mate groundwater age. Nevertheless, since tritium is returned to
its natural background, the exact time of 3H delivery to the aquifer
is difficult to well evaluate based only on the initial tritium
concentration. Thus, since 3He is produced by tritium decay with
a half-life (T1/2) of 12.32 ± 0.02 years (Lucas and Unterweger,
2000), the coupled measurements of these two elements can be
useful to partially remedy to this problem. Indeed, it has the
advantage to be independent of the initial tritium concentration
of the water sample. If the amount of 3H and 3Hetri are measured,
the 3H/3He apparent age (t) can be calculated using the following
equation:

t ¼ T1=2

ln 2
� ln 1þ

3Hetri
3H

� �
ð3Þ

The main difficulty and source of uncertainties in the calculated
3H/3He groundwater age is the separation of 3Hetri from the other
helium components (‘‘ea’’, ‘‘terr’’ and ‘‘eq’’), which is addressed
using Eq. (1). Uncertainties in 3H/3He apparent were calculated
as propagated error, which takes into account all the uncertainties

http://www.canadalithium.com
http://www.canadalithium.com
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for each variable used in Eqs. (1) and (3). The total uncertainty of
the 3H/3He ages ranges from 5.3% (Amos) to 23% (TSSM-P3) of
the calculated age. The source of the larger uncertainty in the
3H/3He ages of TSSM-P3 derives from the poor fitting to the UA
model with consequent larger uncertainties in the calculated
‘‘eq’’ and ‘‘ea’’ helium components (Table 2). The youngest
3H/3He ages were measured for the Harricana moraine (6.6 ± 1.1
a for MDDEP-S and 9.6 ± 0.9 a for MDDEP-P) while the SMB esker
groundwater showed older apparent 3H/3He ages from 10.9 ± 1.9
a (TSAMP-1) to 32.0 ± 7.4 a (TSSM-P3) (Table 2 and Fig. 1b).

The calculated 3H/3He ages are valid if one assumes that the
tracer traveled from the recharge area to the well without hydro-
dynamic dispersion or mixing, i.e., following a piston flow (PFM)
behavior. This is the case for tracers measured from shallow, short-
screened monitoring wells in unconfined aquifers with a small
recharge area or confined aquifers, as it is the case for the shallow-
er SMB and Harricana wells (Table 2). We cannot rule out disper-
sion or water mixing, in particular for the deeper wells or the
Amos municipality well, which is a horizontal multi-drain well
with long screens. Binary mixing is certainly occurring in the
eskers as indicated by the presence of tritiogenic 3He and radio-
genic 4He in the same water parcel (Fig. 2). An important limiting
case is the addition of pre-bomb water virtually free of tritium.
This water will dilute both tritium and 3Hetri with very small
effects on the ratio and thus on the calculated age.

The 3H/3He ages formally calculated from Eq. (3) are ‘‘apparent’’
ages. Indeed it might be affected by mixing and dispersion, which
makes complicated their quantitative interpretation. To test whether
or not calculated 3H/3He apparent ages have been significantly
affected by mixing or hydrodynamic dispersion, we compared
the reconstructed initial tritium content (3Hinit = 3H + 3Hetri) with
its historical record in precipitation at the closest station to
Amos, i.e. Ottawa (Fig. 3; IAEA/WMO, 2004b). With the exception
of TSSM-P3 artesian well, all samples fit well with the average tri-
tium input curve. TSSM-P3 falls below the mean monthly input
curve and can be explained by a binary mixing with pre-bomb
water (Aeschbach-Hertig et al., 1998). The dashed curve in Fig. 3
represents a two-component mixture of 30% of water recharged
Fig. 3. Comparison of the initial tritium content (3Heinit = 3H + 3Hetri) of the
groundwater samples against the tritium record in rainfall (gray dots) recorded at
the IAEA Ottawa station (IAEA/WMO, 2004b; data: http://www-naweb.iaea.
org/napc/ih/IHS_resources_isohis.html). The plain line represents the monthly-
averaged Ottawa tritium rainfall curve, reported as reference. The dashed line
below the Ottawa 3H reference curve represents a two-component mixture of 30%
of water recharged during a single year within the observed period and 70% of 3H-
depleted pre-bomb water. The dash-double dotted curve above the Ottawa 3H
reference curve represents the tracer isotopic signal smoothed by hydrodynamic
dispersion. Symbols are as in Fig. 2.
during a single year within the observed period and 70% of pre-
bomb water. It is worth noting that sample TSSM-P3 is the one
containing the most radiogenic 4He, among those which 3H has
been measured (Table 1). Although the other SMB and Harricana
wells plot close to the average tritium input curve, they could also
be affected by dispersion (Fig. 3). The dash-double dotted curve
represents the isotopic signal smoothed by dispersion using a sce-
nario with a mean residence time s of 15 years and a dispersion
coefficient PD of 0.9. The curve was obtained by using a modified
version of the software BOXMODEL (Kinzelbach et al., 2002) that
we adapted to the reference tritium precipitation curve of Ottawa.
However, this is not a unique solution and several other curves can
be plotted using different residence time s and dispersion
coefficient PD. This situation underlies the limitation of using such
a plot for data fitting very closely to the mean annual tritium
rainfall curve (e.g., Aeschbach-Hertig et al., 1998).

To understand if our hydrological system can be approximated
to PFM, we plotted the apparent 3H/3He ages versus the distance
below the water table (Fig. 4). Three well nests can be distin-
guished geographically in the area (Fig. 1b), and for which
3H/3He ages have been calculated (Table 2): Amos municipality,
TSAM-P1 and TSAM P2 tapping water in the same aquifer in the
northern part of the SBM esker; TSSM-P1 and -P3 in the central
western flank of the SMB esker; and the two wells MDDEP-S and
MDDEP-P drilled at different depths on the top of the Harricana
moraine (Fig. 1a). Well TSSM-P5 is tapping water from the same
aquifer than TSSM-P1 and P3 but is located on the other flank of
the SMB esker. The low water table measured in this well
(�16 m against 1.5 m for the other two wells; Table 2) indicates
likely that flow is directed from the center of the esker toward
its flanks (Riverin, 2006), following two distinct hydraulic
gradients.

If these wells are intercepting a water system that reproduces a
PFM behavior in an unconfined aquifer and in which recharge is
spatially uniform, then a simple logarithmic relationship exists
between the 3H/3He ages (t) and the vertical velocity (V0) at the
water table (Vogel, 1967):

V0 ¼
z0

t
ln

z0

z0 � z

� �
ð4Þ

where z0 is the thickness of the aquifer (m) and z the distance below
the water table. It is apparent that the age profile obtained for well
Fig. 4. Groundwater 3H/3He apparent ages plotted against the depth of the sampled
wells of SMB esker and Harricana moraine. Plain and dotted lines represent the
simulated groundwater ages following the Vogel (1967) model, fitting the
experimental data by adjusting the vertical velocity (V0) (see text for details).
Symbols are as in Fig. 2.

http://www-naweb.iaea.org
http://www-naweb.iaea.org
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nests TSAM-P1, -P2 and Amos municipality can be fitted rather well
by extrapolating the travel time (t) from Eq. (4). This leads to a ver-
tical velocity of 0.98 m yr�1 (Fig. 4), using an average aquifer thick-
ness of 33.5 m (Table 2). Using the aquifer thickness z0 and distance
below the water table z calculated for each of these three wells indi-
vidually leads to, the following vertical velocities V0: 0.97 m yr�1 for
TSAM-P1, 1.04 m yr�1 for TSAM-P2, and 1.00 m yr�1 for Amos. Well
nests TSSM-P1 and -P3 age profiles fit also well for a vertical velo-
city V0 of 4.18 m yr�1 and an aquifer thickness of 28.4 m, though
larger uncertainties must be considered for these numbers taking
into account those on the TSSMP-3 3H/3He age (Table 2). Finally,
the deeper MDDEP-P well requires V0 = 4.75 m yr�1 (Fig. 4) for a
aquifer thickness of 74 m. Shallower wells MDDEP-S and TSSM-P5
are close to the age profile of well nests TSAM-P1, -P2 and Amos,
suggesting similar vertical velocities. These have been estimated
at 0.83 m yr�1.

To test whether the calculated velocities for the shallower wells
are plausible and the apparent 3H/3He ages can be confidently
assumed to be close to actual PFM residence time, the expected
recharge rate (r) was calculated using the following relationship
(Solomon et al., 1993):

r ¼ V0 � / ð5Þ

where V0 is the vertical velocity (as calculated from Fig. 4) and / is
the aquifer effective porosity (25–30%). The resulting recharge rates
for the shallower wells (V0 = 0.98 m yr�1; Fig. 4) range from
245 mm yr�1 to 294 mm yr�1, a range of values that agrees well
with average recharge rates of 222–306 mm yr�1 calculated
through hydraulic balance considerations (Cloutier et al., 2013). In
contrast, recharge rates calculated for the deeper wells TSSM-P1,
TSSM-P3 (V0 = 4.19 m yr�1) and MDDEP-P (V0 = 4.57 m yr�1) range
from 1047–1257 to 1142–1371 mm yr�1, a range of values which
exceeds the total recharge input, estimated between 854 and
930 mm yr�1 (Cloutier et al., 2013). For the deeper wells, ground-
water flow probably deviates from the PFM with dispersion effects
or 3He diffusive loss that render apparent 3H/3He ages younger than
the real ones. It is worth noting that Riverin (2006) suggested the
presence of two types of flow in the southern part of the SMB esker,
close to wells TSSM-P1, P3 and P5, one longitudinal to the axis of
the esker and the other transversal. This situation can favor the
occurrence of turbulence and some dispersive effect due to
mechanical mixing when the mainstream is divided into several
water flow components.

5.3. U–Th/4He ages of the older water component

Measured groundwater samples contain a small amount of ter-
rigenic 4He (3.36 � 10�9–4.21 � 10�6 ccSTP gH2O; Table 2). Higher
terrigenic 4He amounts are present in wells tapping water from
the fractured basement beneath the clay plain (55HB and 101CH;
Fig. 2) or in the deeper wells of the SMB esker (PACES 1-12 and
TSMP-3) in contact with the basement or the basal till.

In the absence of an external mantle source, terrigenic 4He is
exclusively produced from a-decay of U and Th in the aquifer rocks
and subsequently released into the water (e.g., Andrews and Lee,
1979). To explain the presence of this radiogenic helium compo-
nent, we can assume that (i) groundwater is recent (3H/3He ages
reflect the average residence time of water) and accumulate 4He
in situ, i.e., from a source internal to the aquifer (e.g., Solomon
et al., 1996); or (ii) esker groundwater is a mixture of two water
components, one tritiated freshwater recharged recently in the
system (6–32 years old) and an older pre-bomb groundwater com-
ponent which has accumulated large amounts of terrigenic 4He.
This older component could reside either in the esker aquifer, pos-
sibly in the less permeable and conductive basal glacial till (though
its presence is limited to the well TSSMP3 and -P5, southern part of
SMB; Cloutier et al., 2013 and Table 2) or just below, in the basal
fractured bedrock aquifer.

If the first hypothesis is correct, we can then calculate the in situ
production rate of 4He (P4He

in cm3STP grock
�1 yr�1), extrapolating it

from the U–Th/4He age equation of Torgersen and Clarke (1985):

P4He ¼
4Heterr
� �

t �K4He � 1�/
/

	 

� qrock

ð6Þ

where (4Heterr) is the measured radiogenic 4He concentration in
groundwater (cm3STP g�1); K4He thickness of the aquif is the He
retention factor (4Hereleased/4Heproduced), taken as 1 (Sano et al.,
1998); (1 � ///) is the void ratio where / is the effective porosity
in %, assumed equal to 25–30%; and q is the aquifer matrix density
(assumed to be 2.65 gcm�3). The term ‘‘t’’, the accumulation time is
here assumed equal to the calculated 3H/3He ages (Table 2).

Results show that the P4He should range between 6.40 � 10�11

and 2.03 � 10�9 cm3STP grock
�1 yr�1. These helium production rates

are 480–15,000 times higher than that expected from in situ
production from the U and Th content measured in the aquifer
matrix, i.e., 1.33 ± 0.64 � 10�13 cm3STP grock

�1 yr�1. This latter has
been calculated using the production equation (Andrews and Lee,
1979):

P4He ¼ 1:1� 10�13 U½ � þ 2:88� 10�14 Th½ � ð7Þ

where [U] and [Th] are concentrations (ppm). Here we used U and
Th concentrations from 0.2 to 0.84 ppm and from 0.34 to 3.52 ppm,
as measured by neutron activation in glaciofluvial rock samples col-
lected in the area. Pinti et al. (2011) calculated a higher P4He

for the
Superior Province magmatic and metamorphic rocks that mainly
constitute the esker aquifer matrix (6.41 � 10�13 cm3STP grock

�1 yr�1).
This production rate is undistinguishable from that of the upper
continental crust (6.43 � 10�13 cm3STP g�1 yr�1; Ballentine and
Burnard, 2002). Using a production rate of 6.41 � 10�13 cm3STP
grock
�1 yr�1, the measured amount of terrigenic 4He in the SMB and

Harricana groundwater is still 100–3000 times higher than the
U–Th in-situ production.

Solomon et al. (1996) carried out helium diffusion experiments
on aquifer rocks of Sturgeon Falls, Ontario, and on an esker com-
posed of volcano-metamorphic rock debris of the Canadian Pre-
cambrian Shield, thus similar to the SMB esker and the Harricana
moraine. They showed that old protoliths of these Precambrian
rocks release 4He at rates greater than those supported by
steady-state U–Th production. The resulting apparent production
rate for the rocks composing the Sturgeon Falls aquifer would be
300 times greater than that expected from U and Th decay, i.e.,
7.5 � 10�11 cm3STP grock

�1 yr�1 (Solomon et al., 1996). This value is
close to our lower estimates of the P4He

(6.40 � 10�11 cm3STP
grock
�1 yr�1). However, in order to account for the higher amounts

of terrigenic 4He found in the Amos area, a 4He production rate
of 2.03 � 10�9 cm3STP grock

�1 yr�1, is required, i.e., two order of mag-
nitude higher than that found at Sturgeon Falls (Solomon et al.,
1996).

Although an internal source of radiogenic helium is an appeal-
ing hypothesis to be confirmed through helium diffusion experi-
ments, it is likely that terrigenic helium is introduced in the
eskers by an upward flux entering the base of the aquifer.
Fig. 5(a–d) shows the 4Heterr and the R/Ra ratio against the depth
of the sampled well and the water salinity (TDS in mg L�1; Table 1).
It is clear that the 4Heterr amount increases with depth, creating
two distinct concentration gradients (Fig. 5a): one including all
the SMB water samples and one from the fractured bedrock
(101CH); the other including the samples from the fractured bed-
rock 55HB and Landrienne and those from the Harricana Moraine
(PACES 1-03, MDDEP-P and -S). In the SMB, the helium gradient



Fig. 5. Helium concentration and helium isotopic (3He/4He) gradients versus the depth of sampled wells (a–b) and the total dissolved salinity (TDS) of groundwater (c–d).
Symbols are as in Fig. 2.
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can be interpreted as upward flux of helium progressively diluted
and dispersed by flowing freshwater essentially depleted in 4Heterr,
but which contains a 3Hetri component (Fig. 5b). In the case of the
Harricana moraine, the terrigenic 4He concentration gradient is
accompanied by a salinity gradient suggesting that helium is trans-
ported in slightly saline water phase up into the moraine, where
helium and salinity inputs are subsequently diluted by freshwater.
The source of salt is groundwater located in the fractured bedrock
under the clay plain (55HB and 101CH; Table 1) (Figs. 5c–d).

In order to quantify both flux from below and accumulation of
4Heterr in a confined aquifer, Torgersen and Ivey (1985) proposed a
simple model assuming that steady-state flow and transport is
reached in the system. The advection–dispersion equation describ-
ing their model is given by:

vx
@C
@x
þ DT

@2C
@z2 ¼ P ð8Þ

where vx is the horizontal flow velocity, C is the 4Heterr concentra-
tion, x is the distance from the recharge, z is the relative vertical
position inside the aquifer, DT is the coefficient of hydrodynamic
transverse dispersion (Freeze and Cherry, 1979) that take into
account the vertical dispersivity and the molecular diffusion of
the solute (here 4Heterr) in the porous medium. P is a source term
and in our case it represents the accumulation of 4He in the water
resulting from in situ production P4He

. The prescribed boundary con-
ditions for this model are (1) a 4Heterr concentration that initially is
zero for all depths in the aquifer; and (2) a constant flux J0 of 4Heterr

entering the aquifer across the bottom boundary z0. Torgersen and
Ivey (1985) gave the analytical solution of the differential Eq. (7):

C¼Ptþ J0t
z0q/

þ J0t0

DTq/

3 z
z0

	 

�1

6
� 2

p2

X1
m¼1

�1ð Þm

m2 exp �DT m2p2t
z2

0

� �
cos

mpz
z0

� �2
4

3
5
ð9Þ

where z0 is the thickness of the aquifer, q is the water density, / is
the porosity, J0 is the upward 4He flux entering the bottom of the
confined aquifer, and t is the groundwater age. Because the exact
recharge distance of SMB and Harricana wells is not well known,
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we calculated the 4Heterr concentrations (C) and present them as a
function of 3H/3He groundwater ages (t) (Fig. 6a–d).

It is worth noting that there is a logarithmic correlation between
the 3H/3He ages and the concentration of 4Heterr (Fig. 6a–f), as
observed in several other aquifers (e.g., Castro et al., 1998, 2000;
Castro and Goblet, 2005; Ma et al., 2005). This correlation indicates
that the accumulation of 4Heterr in the aquifer is a function of the
water residence time. Further, for each well nest identified above
(Amos, TSAM-P1 and P2; TSSM-P1, -P3, -P5; MDDEP-S and -P),
the higher 4Heterr concentrations are found in the deeper wells,
i.e., wells approaching the bottom of the aquifer (z/z0 ? 1;
Fig. 6a–f). This observation supports the hypothesis of an external
upward 4He flux entering the bottom of the aquifer (Fig. 5a).

Simulated 4Heterr fluxes using Eq. (8) were calculated using z
and z0 data from Table 2. DT was assumed equal to 0.13 m2 yr�1.
This value has been obtained from measurements of transverse
dispersion performed in homogeneous sandstone (Freeze and
Cherry, 1979) and it is roughly constant for a wide range of
velocities (varying from 0.32 to 16 m yr�1; Castro et al., 2000).
Simulation results are reported for the well nest Amos, TSAM-P1
and -P2, the nest composed of TSSAM-P1, P3 and P5 and the nest
MDDEP-S and -P (Fig. 6a–f). Simulations were carried out for
porosity values varying from 25% to 30%, which give us a minimum
and maximum 4Heterr flux J0 estimate for each well nest. 4Heterr

fluxes range from 8.0–8.5 � 10�8 cm3STP cm�2 yr�1 (Fig. 6a–b) to
5.8–6.6 � 10�7 cm3STP cm�2 yr�1 (Fig. 6c–d) in the SMB esker.
Much lower 4Heterr fluxes, on the order of 2.0–2.7 � 10�8

cm3STP cm�2 yr�1, are derived for the Harricana moraine due to
dilution by freshwater as mentioned earlier (Fig. 6e–f).

Calculated 4He fluxes are 5–165 times lower than the average
helium continental crustal flux of 3.3 � 10�6 cm3STP cm�2 yr�1

(O’Nions and Oxburgh, 1983) and even lower if compared to the
helium flux from the Canadian Precambrian Shield (5.83 � 10�6 -
cm3STP cm�2 yr�1; Torgersen, 2010). Helium fluxes similar to
those estimated for the Amos region are present in shallow aqui-
fers of the Paris Basin (Castro et al., 1998; Marty et al., 1993), Aus-
tria Molasse basin (Andrews et al., 1985) and in the extensional
Eastern Morongo basin in California (Kulongoski et al., 2005).

The variability in the magnitude of helium degassing fluxes in
the Amos region could indicate localized sources of helium
emplaced at lower depths, as observed in other continental set-
tings (e.g., Kulongoski et al., 2005) as well as different recharge
levels in different areas. The helium source could be local Archean
and Proterozoic magmatic plutons such as the monozogranitic
intrusion of La Motte (Fig. 1a), which contain up to 18 ppm U
and 9.5 ppm of Th in localized quartz veins (Mulja et al., 1995). Ter-
rigenic helium could be driven toward the surface by tectonic acci-
dents (faults) such as those affecting the southern part of the SMB
esker (TSSM-P1, -P3 and -P5 well nest).

Estimated 4Heterr fluxes can be cross validated by calculating U–
Th/4He ages of groundwater in SMB and Harricana eskers, and to
obtain independent water ages for the wells in the clay plain.
The U–Th/4He age ‘‘t’’ is calculated using equation (e.g.,
Torgersen and Clarke, 1985; Kulongoski et al., 2003):

t ¼
4Heterr
� �

P4He �K4He � 1�/
/

	 

� qrock þ

J0
zx/qwater

ð10Þ

The density of rock (qrock) and water (qwater) are assumed to be
2.65 and 1 g cm�3, respectively. zx is the depth (m) at which this
flux enters the aquifer, taken as the distance from the mid-screen
in the well casing to the contact with the basement (Kulogonski
et al., 2005). For the unscreened bedrock wells Landrienne,
101CH and 55HB we used the total thickness of the bedrock
aquifer, i.e., 89.6 m (Landrienne), 10.67 m (101CH) and 97.30 m
(55HB), respectively (Table 2). Porosities of 25–30% and calculated
helium fluxes (Fig. 6a–f) were used in these calculations. For the
basal fractured aquifer, Cloutier et al. (2013) assume porosities of
less than 10% (here taken as a maximum value). The P4He

produc-
tion rate is assumed to range between 1.33 ± 0.64 � 10�13

cm3STP grock yr�1 (this study) and the local crustal value of
6.40 � 10�13 cm3STP grock yr�1 (Pinti et al., 2011).

The apparent 4Heterr gradients in Fig. 5a suggests that clay plain
wells Landrienne and 55HB are affected by the same helium flux
than that entering the bottom of the Harricana esker (2.0–
2.7 � 10�8 cm3STP cm�2 yr�1) but different levels of freshwater
input as seen in many other aquifers with Harricana having the
highest freshwater dilution levels (e.g., Castro et al., 2000, 2005;
Patriarche et al., 2004). On the other hand, modeling results suggest
that Barraute and 101CH, which are part of a different system, have
a helium flux comparable to those estimated in the SMB esker (8.0–
8.5 � 10�8 cm3STP cm�2 yr�1 to 5.8–6.6 � 10�7 cm3STP cm�2 yr�1).

Calculated U–Th/4He ages are reported in Table 2 and Fig. 1b.
Uncertainties have been calculated as propagated errors including
those for helium fluxes, in situ production rates and porosity
(Table 2). However, model age errors can be considerably higher,
over 50% (Torgersen and Clarke, 1985) depending on natural
parameter variations, including porosity, rock density, U and Th
concentration distribution and helium fluxes, which are a first
order approximation due to the simplifications implemented in
the model (Ma et al., 2005).

Calculated U–Th/4He groundwater ages for the SMB esker range
from 3.0 ± 0.1 a (TSSM-P1) to 272 ± 9 a (TSAM-P2). Most wells dis-
play U–Th/4He ages within the same order of magnitude of those
estimated by 3H/3He.

Calculated U–Th/4He ages for the Harricana wells are higher
(41.0 ± 1.9–121.2 ± 9.4 a) than the calculated 3H/3He ages
(6.6 ± 1.1–9.9 ± 0.9 a; Table 2). It is very common to obtain ages
that do not agree using different methods (see e.g., Castro and
Goblet, 2005). Assuming fluxes of 0.8–6.6� 10�7 cm3STP cm�2 yr�1,
equal to those estimated for the SMB esker, we obtain ages similar
to those calculated using the 3H/3He method.

The U–Th/4He method can be useful to determining groundwa-
ter residence times of the buried Barraute esker and those in the
fractured bedrock under the plain (Landrienne, 55HB and 101CH)
for which tritium data is not available. Groundwater from the
fractured basement displays ages varying between 1473 ± 292 a
for the Landrienne municipality well to 137 ± 28 ka for the most
saline and deep groundwater form well 55H. Domestic well
CH101 groundwater has U–Th/4He ages from 28 ± 1 a to 208 ± 6
a; Barraute groundwater exhibits U–Th/4He ages between
8.7 ± 0.2 and 65 ± 3 a (Table 2). The wide range of calculated
U–Th/4He water ages for these two last wells is depending on
the chosen helium flux which is highly variable in the area
(8.0 � 10�8–6.6 � 10�7 cm3STP cm�2 yr�1; Fig. 6). These variable
fluxes can also account for the mismatch between 3H/3He ages
and U–Th/4He ages for the younger waters (Table 2).

The Barraute esker is buried and does not receive direct
recharge. Veillette et al. (2007) suggested that the Barraute
recharge might originate from water infiltrated through the
Harricana moraine, in particular from the elevated area of Mont
Video (Fig. 1), 10 km west of the Barraute esker. The piezometric
map produced by Cloutier et al. (2013) shows a major hydraulic
gradient (0.014 m/m) between Mont Video and Barraute esker.
Assuming a travel time between these two structures of 9–65 a,
horizontal flow velocities of 3.5–4.9 � 10�6 ms-1 can be derived.
For porosities ranging between 10% (if the flow is through glacial
tills and fractured bedrock) and 25–30% (if flow is through buried
granular aquifers), the calculated average horizontal hydraulic
conductivities Kx range between 3.48 � 10�5 and 7.5 � 10�4 ms.



Fig. 6. Evolution of the 4Heterr concentrations in groundwater plotted as a function of the calculated 3H/3He apparent ages. Plain curves (a–f) represent the simulated
evolution of the 4Heterr concentration in groundwater as a function of age for the three well nest geographically identified in the study area, i.e., Amos, TSAM-P1 and -P2 (a–b);
TSSM-P1 and -P2, (TSSM-P5) (c–d); MDEEP-S and MDDEP-P (e–f), and for aquifer porosities of 25–30%. Dashed and dash and dot curves represent the simulated evolution of
the 4Heterr concentration in groundwater as a function of age based exclusively on in situ production using P4 He

rate of 1.33 � 10�13 and 6.40 � 10�13 cm3STP g rock yr�1,
respectively.
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Cloutier et al. (2013) calculated hydraulic conductivities Kx

for till deposits, fractured bedrock and esker/moraine of
9.3 � 10�7–1.4 � 10�4 ms�1, 5.0 � 10�9–4.3 � 10�5 ms�1 and
4.9 � 10�6–3.2 � 10�1 ms�1, respectively. Hydraulic conductivities
calculated for the aquifer between Barraute and Mont Video are in
the upper end of the estimates by Cloutier et al. (2013) suggesting
that there is a continuum between the granular structure of the
Harricana moraine and that of the Barraute esker, allowing for fast
recharge.

U–Th/4He age estimations suggest that older waters reside in
the fractured bedrock below the glaciofluvial formations.
Maximum U–Th/4He ages in the fractured bedrock aquifer range
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from 1472 ± 292 a for groundwater tapped by the Landrienne
municipality well up to 137 ± 28 ka for the most saline and deepest
groundwater found in domestic well 55HB (Fig. 1b). These ages
suggest that the Superior Province bedrock aquifer could have
preserved isolated pockets of fossil meltwater following the penul-
timate (Illinoian, marine isotope stage, MIS, 6) and last glaciations
(Wisconsinan, MIS 2) (Lisiecki and Raymo, 2005). This postglacial
water, which accumulated large amounts of radiogenic 4He may
have mixed with younger, post-bomb water enriched in tritiogenic
3He, flowing rapidly in the aquifers closer to the top of the esker
structures.

6. Conclusions

Noble gas isotopic compositions of groundwater circulating in
eskers (SMB and Barraute) and interlobate glaciofluvial sediments
(Harricana moraine) of the Amos region in northwester Quebec
show the presence of anthropogenic, terrigenic and atmospheric
helium. These helium components reflect the occurrence of
large-scale mixing between different water bodies having evolved
in different geological environments. The esker aquifers contain at
least two types of groundwater. The first one flows through the
highly porous and permeable sandy and gravely layers forming
these glaciofluvial landforms. It contains variable amounts of
post-bomb tritiogenic 3He and 3H/3He ages point to modern water,
recharged recently (<32 years). The second type of groundwater
may be considered fossil, likely consisting of glacial meltwater
trapped within the fractured volcano-metamorphic bedrock aqui-
fer that underlie the eskers and moraines. These fossil waters
mix with the younger waters at the top of the eskers, releasing con-
siderable amounts of radiogenic 4He. Exchange between these two
groundwater masses are clearly evidenced by (helium) concentra-
tions, isotopic and salinity gradients (Fig. 5a–d), and have been
modeled here as helium fluxes entering the base of the esker and
moraine aquifers (Fig. 6a–f).

These results further document the stratification of the water in
the aquifers present in these deglacial landforms, as suggested by
Riverin (2006), whereby old water (P6000 a based on uncorrected
14C ages and P1000 a based on U–Th/4He ages; this study) may be
found in the confined (basal) part of the eskers and modern
water in the unconfined (upper) part of the eskers, close to the
top of the structure. Noble gases were also used to constrain the
water ages present and the occurrence of possible mixing between
the different water masses.

Calculated groundwater ages have important implications for
the sustainable management of this precious freshwater resource.
This resource needs to be preserved from overexploitation since
the deeper portion of these aquifers is not renewed on a human
timescale (P1000 a old). Furthermore, short water residence times
clearly indicate that the resource is at risk of being contaminated in
addition to being subjected to climatic stresses. It is worth noting
that in this region, eskers are the sites of numerous activities, such
as sand and gravel extraction and old urban and sanitary waste
repositories. If these sites are not properly managed, pollution
from chemicals through highly permeable aquifers where flow is
rapid could seriously compromise the groundwater resource.
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