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The dominant transport mechanisms controlling the migration of contaminants in geologic media are
advection and molecular diffusion. To date, defining which transport mechanism dominates in saturated,
non-lithified sediments has been difficult. Here, we illustrate the value of using detailed profiles of the
conservative stable isotope values of water (δ 2 H and δ 18 O) to identify the dominant processes of contaminant transport (i.e. diffusion- or advection-dominated transport) in near-surface, non-lithified, saturated
sediments of the Interior Plains of North America (IPNA). The approach presented uses detailed δ 18 O
analyses of glacial till, glaciolacustrine clay, and fluvial sand core samples taken to depths of 11–50 m
below ground at 22 sites across the IPNA to show whether transport in the fractured and oxidized sediments is dominated by advection or diffusion. Diffusion is by far the dominant transport mechanism in
fine-textured lacustrine and glacial till sediments, but lateral advection dominates transport in sand-rich
sediments and some oxidized, fine-textured lacustrine and glacial till sediments. The approach presented
has a number of applications, including identifying dominant transport mechanisms in geomedia and
potential protective barriers for underlying aquifers or surface waters, constraining groundwater transport
models, and selecting optimum locations for monitoring wells. These findings should be applicable to
most glaciated regions of the world that are composed of similar hydrogeologic units (i.e. low K clay
till layers overlain by higher K coarse-textured aquifers or weathered clay till layers) and may also be
applicable to non-glaciated regions exhibiting similar hydrogeologic characteristics.
Keywords: advection; diffusion; groundwater; high-resolution profiling; hydrogen-2; oxygen-18; stable
isotope tracer technique

1.

Introduction

Assessing the potential for contaminant migration in groundwater at a particular site relies on a
detailed characterization of the hydrogeology. This characterization is often carried out through
relatively complex, expensive, and time-consuming field programmes of drilling, field testing
(hydraulic conductivity, K), and monitoring (e.g. hydraulic head, geochemistry), with the resulting data often interpreted through the use of numerical models to evaluate potential processes
and rates. We propose an additional tool for site assessment within the glaciated Interior Plains
of North America (IPNA) based on our recent experience with new sampling and analytical
methods for the stable isotopes of water (δ 2 H and δ 18 O) [1,2]. The premise of this approach is
that high-resolution depth profiles (0.5–1.0 m vertical spacing) of conservative 2 H and 18 O can
*Corresponding author. Email: jim.hendry@usask.ca
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be used to characterize zones in which solute transport is dominated by advection or diffusion.
To this end, high-resolution profiles of δ 2 H and δ 18 O along with textural observations were collected across a broad range of saturated, near-surface profiles from the IPNA. These data were
then used to identify three classes or types of transport settings for sites that encompass typical
near-surface hydrogeologic conditions within the IPNA.
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2.

Hydrogeology and solute transport

The IPNA covers a large portion of central North America (Figure 1). Multiple glacial advances
across the region created thick, laterally extensive, clay-rich glacial till deposits. These deposits
are typically tens to hundreds of metres thick, laterally extensive, and characterized by low K. As
such, they are considered regional aquitards [3–5]. Coarse-textured layers of sands and gravels
occur as local and regional intra- or inter-till aquifers or buried-valley aquifers [3,6–8]. Sand- to
clay-rich glaciolacustrine and fluvial sediments often overlie these glacial deposits, frequently
acting as unconfined aquifers [5,9].
As a result of a semi-arid (i.e. drying cycles) and cold climate (i.e. freezing cycles), oxidation
and extensive fracturing is evident in near-surface clay-rich deposits (upper 5–15 m of the glacial

Figure 1. Extent of semi-arid glaciated plains in North America and location of study areas from which core profiles
were collected. Black and white circles represent location of study sites and location of major cities in Saskatchewan for
reference, respectively from Winter (1989)[10].
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Figure 2. Hydraulic conductivity with depth at the St. Denis National Wildlife area [5], the Allan site [14], and the
Birsay site [13]. Dashed lines indicate the range in depth to contact between oxidized and unoxidized sediments (7 m at
St. Denis, 5–6 m at Allan, and 3.6–4.4 m at Birsay).

deposits). In oxidized and fractured zones, K generally ranges from 10−8 to 10−5 m/s with the
greatest values approaching those of coarse-textured deposits. Below these zones, the bulk K of
these sediments decreases as the extent of fracturing diminishes; the bulk K is generally < 10−9
m/s in unoxidized zones and can approach that of the matrix K (10−10 –10−11 m/s) at greater
depths, reflecting the presence of limited or no fractures [11–14]. The transition in K with depth
across a near-surface, oxidized–unoxidized zone is illustrated in Figure 2.
The differences in K between the upper oxidized zone and the deeper unoxidized clay till
result in two different patterns of water movement, as described by van der Kamp and Hayashi
[5]. Recharge events in the IPNA are most commonly associated with spring snowmelt, in which
runoff accumulates in smaller depressions, recharges, and then moves relatively rapidly (up to 0.1
m/day) laterally within the surficial, high K zones (oxidized clay-rich and coarse-textured media).
In these zones, solute transport is dominated by lateral advection and mechanical dispersion. In
contrast, the deep, vertical movement of groundwater through unoxidized clays is extremely
slow, often less than a few metres per thousands of years such that the dominant solute transport
mechanism is molecular diffusion. This trend is evidenced by depth profiles of conservative
tracers, including the stable isotopes of water (δ 2 H and δ 18 O) [15–17].

3.

Conceptual model

The conceptual model for water and solute migration in the IPNA is based on our understanding of how profiles of conservative natural tracers in bulk samples, such as the stable isotopes
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(a)

(b)

Figure 3. Schematic diagrams of vertical profiles of conservative tracers: (a) advection-dominated transport in a permeable media located between the water table and the top of a fine-textured media in which transport is dominated by
diffusion and (b) advection-dominated transport in an oxidized and fractured fine-textured zone located below the water
table and diffusion into the underlying poorly fractured fine-textured zone. The water table is identified by the inverted
triangle and solid horizontal line. Red horizontal arrows reflect lateral advection in higher K zones. Black vertical arrows
reflect direction of diffusion of δ 18 O. Dashed lines represent base of permeable sand in (a) and base of fractured, oxidized
zone in (b).
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of water, reflect the presence of relatively high lateral flow (advective-dominated transport) as
opposed to low vertical flow (i.e. diffusion-dominated transport). These conditions occur where
a saturated, coarse-textured, or highly fractured oxidized clay zone is located above poorly
fractured, unoxidized clay-rich sediments (Figure 3).
Diffusion-dominated transport profiles of conservative tracers in non- or poorly fractured
fine-textured deposits exhibit characteristic curvilinear concentration-depth profiles (Figure 3(a)
and 3(b)), approaching straight lines between end member values under steady-state conditions [15,16,18]. In contrast to diffusion-dominated transport profiles, bulk concentration-depth
profiles through coarse-textured zones or highly fractured oxidized zones are dominated by
advective transport (Figure 3(a) and 3(b)) and exhibit near vertical profiles attributed to
well-mixed conditions in lateral flow velocity fields [1].

4.

Sample collection and analyses

Continuous core samples were collected to depths of 11–50 m below ground (BG) at 22 locations
at 4 study sites (Birsay, Weyburn, Allan, and Lethbridge) across southern Alberta and southern
Saskatchewan, Canada (Figure 1). The core samples (typically 400 g) were collected at 0.15–1.0
m depth increments. Once collected, the outside of all core samples was immediately shaved
®
to remove any surface contamination, and the samples were then placed in double 1 L Ziploc
plastic bags, the air squeezed from the bags, and all bagged samples placed in Coleman 45.4 L
(48 qt) coolers for transport to the laboratory, where they remained in coolers at room temperature
until processed.
The δ 2 H and δ 18 O values were measured on 769 core samples using the method of Wasse®
naar et al. [2]. The general procedure involved inflating the inner Ziploc bag containing the
core samples with dry air for equilibration with the pore water vapour. The samples were then
left to equilibrate for three days on the lab bench prior to being analysed using a Picarro
L1102-i water isotope analyzer. Water standards were measured after every four samples.
About 30 % of the core samples were duplicated for quality assurance and quality control.
Anomalous results were re-analysed. Acceptable precisions for these analyses were ± 2.1 and
± 0.4 ‰ for δ 2 H and δ 18 O, respectively, relative to the Vienna Standard Mean Ocean Water
reference [2].
The percentages of sand, silt, and clay of each core sample were measured on 305 samples
using 1 of 2 methods: a Mastersizer 2000 equipped with a hydro MU attachment or the Gee
and Bauder [19] hydrometer method. Analyses were performed on < 3 g of dried, crushed,
and sieved sample ( < 2 mm). Results of the laser diffraction particle size analysis were calibrated using the sieve-hydrometer method (American society for testing and materials D442–63)
[19–21].

5.

Results and discussion

A cross plot of all δ 2 H and δ 18 O values from the core samples exhibited a strong linear relationship (δ 2 H = 6.3, δ 18 O-35; n = 768, R2 = 0.90; data not presented). This linear relationship
allows this discussion to focus on the δ 18 O profiles, knowing that the same observations also
apply to the δ 2 H data. Core samples were characterized as glacial till, lacustrine, or fluvial
during drilling based on field observations. The contact between the oxidized and unoxidized
clay-rich sediments was determined visually (brown vs. grey). The grain-size characteristics of
each medium are summarized in Table 1.
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Table 1.

Summary of grain-size analyses.
Till
Sand
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N
Mean
SD
Max
Min

Silt

138
138
28.8
37.5
18.4
16.8
77
77.7
0.04
7

Lacustrine

Fluvial

Clay

Sand

Silt

Clay

Sand

138
32.9
11.9
64
14

87
10.9
10.7
50
0.1

87
57.6
18.4
81.5
14

87
31.4
14.2
64
6.6

59
85
8.5
97
58

(a)

Silt

Fractured till
Clay

59
59
10
4
8.2 2.9
37
12
2
1

Fractured lacustrine

Sand

Silt

Clay

Sand

Silt

Clay

4
33.3
19
60
15

4
26.3
9.8
37
17

4
40.5
14.1
53
21

17
11.6
13.4
50.7
1.74

17
65
17.7
77.6
17

17
23.3
10.7
53
6.42

(b)

Figure 4. Profiles of particle size and associated δ 18 O in Type I sites featuring coarse-textured media. The location of
the water table is identified by the inverted solid triangle and solid horizontal line. The open circles, solid triangles, and
open squares in (a) represent the sand, silt, and clay content, respectively.

The measured δ 18 O-depth profiles were, for the most part, consistent with those described in
the conceptual models (Figure 3). Similar profiles were collected and categorized as being from
one of three different types, as discussed below. Depth profiles of δ 18 O that were not consistent
with those described by the conceptual models could be attributed to a number of causes. These
include heterogeneous till sequences containing sand lenses and streaks [1], multiple-layered
glacial till formations with associated weathered, fractured zones [22,23], sample analysis errors
associated with contamination of the core during the drilling process, and alteration of the
isotopic composition of the core prior to analyses (e.g. evaporative water loss prior to testing) [4].
5.1.

Type I: coarse-textured deposits

Type I sites feature surficial sands deposited in lacustrine and fluvial environments. An example
of the grain-size distribution and δ 18 O profile for this type of site is presented in Figure 4. The
samples from the Type I site presented are uniformly coarse-textured and have a near-constant
δ 18 O profile over the depth of investigation (15 m). The texture and isotope patterns imply relatively high advective transport with a high degree of mixing associated with dispersion and
strong, likely lateral, flow within the sands. This site is underlain by lacustrine clay at 20 m BG.
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(a)

(b)

(c)

(d)
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Figure 5. Profiles of particle size and associated δ 18 O in Type II sites featuring fine-textured oxidized and fractured
zones overlying non-fractured and reduced zones. (a) and (b) show the presence of an advection-dominated upper zone
overlying a diffusion-dominated lower zone, whereas (c) and (d) reflect only a diffusion-dominated system even in the
presence of an upper oxidized zone. The location of the water table is defined by the inverted triangle and solid line.
The depths to the base of the oxidized zones were observed to be 6.8–5.6 m BG in (a) and (b), respectively (dashed
lines). The open circles, solid triangles, and open squares in the left-hand plate represent the sand, silt, and clay content,
respectively.

5.2.

Type II: fine-textured oxidized and fractured deposits

Type II sites feature clay-rich glacial and lacustrine deposits. Examples of the two isotopic profiles and associated grain-size data collected from Type II environments are presented in Figure 5.
The depths to the base of the oxidized zones in Figure 5(a) and 5(b) were 6.8 and 5.6 m BG,
respectively. In both cases, textural data suggest the K of these sediments should be low.
The depth of active water and solute migration, as reflected by the δ 18 O profile in Figure 5(a),
coincides with the depth of the oxidized zone; this suggests a high K zone similar to that depicted
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(a)

(b)

Figure 6. Profiles of particle size and associated δ 18 O in Type III sites featuring interlayered fine- and coarse-textured
media. The location of the water table is defined by the inverted triangle and solid horizontal line. The open circles, solid
triangles, and open squares in the (a) represent the sand, silt, and clay content, respectively. Tops and bottoms of sand
layers from 0 to 2.4 m BG and 7 to 10.9 m BG are represented by dashed lines.

conceptually in Figure 3(b) and measured in Figure 2. In this zone, the profile appears well mixed
and reflects advective-dominated transport conditions. Below the oxidized zone, the curvilinear
nature of the δ 18 O profile suggests that transport is diffusion-dominated. In contrast, the δ 18 O
profile in Figure 5(b) suggests limited advective transport in the oxidized zone in spite of a
similar thickness to that in Figure 5(a). The profile is dominated by downward diffusion.
The two end members presented in Figure 5 reflect the range in the influence of fracturing
on transport in the Type II profiles. These profiles also highlight the potential error in assuming
that all oxidized fine-textured zones are dominated by advection. These data suggest that the
application of high-resolution profiles of the isotopes of water can define when solute migration
in an oxidized, fine-grained zone is dominated by advection. Our profiles also show that transport
in an oxidized zone can range from being advectively to diffusively dominated transport over
short distances at the same site (data not presented).
5.3.

Type III: interlayered fine- and coarse-textured deposits

Type III sites are complex and incorporate aspects of both Type I and II sites. The Type III site
presented in Figure 6 consists of an upper unconfined sand aquifer (0.25–2.4 m BG; mean sand,
silt, and clay contents of 71.7, 25.3, and 2.7 %, respectively) and a deeper confined sand aquifer
(7.0–10.9 m BG; mean sand, silt, and clay contents of 82.8, 15.0, and 2.2 %, respectively) separated by an unoxidized silt-rich lacustrine unit and underlain by unoxidized sandy-silt lacustrine
unit (mean sand, silt, and clay contents of 4.7, 69.1, and 26.3 %, respectively). This site highlights how soil texture can be used to delineate between the portions of the profile that appear
well mixed (e.g. constant isotope profiles with depth) and those that are diffusion-dominated. The
presence of finer textured soils, however, cannot be used to differentiate between diffusion- and
advection-dominated systems because some fine-textured soils have elevated K values as a result
of weathering (e.g. fractures). The discontinuity in the δ 18 O values between the confined aquifer
and the adjacent silt aquitards provides further insight into the dynamic nature of the lateral flow
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Figure 7. Trilinear plot of grain-size analyses for all high-resolution core profiles in which transport mechanisms were
clearly discernible based on the shapes of the δ 18 O profiles. All fluvial samples were advection-dominated. Glacial till
and lacustrine sediments that exhibited diffusive transport (curvilinear shaped) profiles are plotted in colour, while glacial
till and lacustrine silt that were fractured and exhibited advective transport are shaded grey.

within the aquifer relative to the diffusion-dominated system within the adjacent aquitards (from
2.4 to 7.0 m and 10.9 to 20 m BG).
5.4.

Correlation to grain size

Grain-size data for core samples from all sites were plotted in a trilinear texture plot (Figure 7)
using colour and symbol coding to designate differing size fractions and geologic media (e.g.
fluvial, lacustrine, and glacial till). Generally, advection-dominated transport was exhibited by
the fluvial samples and diffusion-dominated transport by the lacustrine and glacial till samples.
Advection was the dominant transport mechanism in sand–clay dominated sediment (with sand
content > 80 %) and sand–silt dominated sediment (with sand content > 50 %). Grain-size data
for core samples from lacustrine (n = 20) and glacial deposits (n = 4) that exhibited advectiondominated transport patterns covered the range in grain sizes for the lacustrine and glacial till
samples that exhibited diffusive transport in Figure 7 (data not presented). This observation
suggests that fracturing is not limited to specific grain-size distributions in the lacustrine and
glacial till samples, and that grain-size distribution alone is not enough to determine advection
or diffusion as a dominant transport mechanism.

6.

Conclusions

High-resolution δ 18 O and δ 2 H profiles can be used to define the dominant solute transport
mechanisms (i.e. vertical diffusion or lateral advection) in near-surface, non-lithified, saturated
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sediments of the IPNA. Downward diffusion is the dominant solute transport mechanism in most
of the fine-textured lacustrine and glacial tills that dominate the IPNA, while advective transport
dominates the sand-rich fluvial sediments. This isotope-based method can be used to define the
presence (or absence) and depth of lateral advective transport in the oxidized, fine-grained lacustrine and glacial tills. Our results show that it should not be assumed a priori that oxidized zones
are dominated by lateral advection [11,24,25], as isotopic profiles show that transport in these
zones can be dominated by downward diffusion.
The findings of this study highlight the value of collecting detailed isotope profiles at relatively low cost to define the dominant mechanisms of transport in the near-surface environment.
The findings have a number of practical applications for hydrogeologists, including identifying
dominant solute transport mechanisms in saturated geomedia, characterizing potential natural
protective barriers for underlying aquifers or surface waters, constraining groundwater transport models, as well as defining the optimum locations for monitoring wells (i.e. locate them
in dynamic groundwater flow zones as opposed to diffusion-dominated zones). The method
described in this study should be considered in other glaciated regions of the world and possibly
in non-glaciated hydrogeologic environments that exhibit similar hydrogeologic characteristics.
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