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The major objective of this study was to determine the
origin of dryland salinity near Nobleford, Alberta, using field and
laboratory techniques. Evaporite mineralogy, soil solution and
groundwater chemistry of one saline seep were studied in detail.
The s0il solution and groundwater chemistry were dominated by Na and
SO, ions. Dissolution of gypsum and bassanite contributed SO,
ions to the soil solution, whereas Na ions were probably derived
from the bedrock, or dissolution of mirabilite and cation exchange
in the drift. Gypsum, bassanite, and calcite were the only
evaporite minerals identified within the soil profile. Simulations
with a geochemical model (SOLMNEQ) revealed that more soluble
minerals such as mirabilite and epsomite could only precipitate in
soil solutions of extremely high ionic strength. The mineral
sequence observed in the soil profile could not be solely explained
by mineral precipitation, as predicted by the Hardie-Eugster model.
However, the common-ion effect involving decalcification and gypsum
and/or bassanite precipitation may be an important factor.

Four saline seeps in the study area were investigated using
hydrogeological methods to ascertain possible sources of excess
water contributing to soil salinization. These sources were:
artesian discharge from shallow and deep bedrock aquifers; flow
through the upper, weathered bedrock zone; confined flow through
coarse-textured drift deposits; and infiltration of surface water

at lower elevations. Greater quantities of groundwater were



discharged st saline seeps via local flow at shallow depths (< 20 m)
than from artesian discharge from deep bedrock aquifers (30 - 69 m).
The generation and transport of soluble salts to saline
seeps on the lower slopes of bedrock ridges was generally from
relatively shallow depths (< 20 m), and from short distances away (<
2,000 m). In closed topographic depressions (such as the Studhorse
Lake basin), however, salts may be transported from the deeper
bedrock (30 - 69 m), but only over a lo~y -~ f time or if

fracture-dominated flow was assumed to have .._ ‘red.
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1. INTRODUCTION

Dryland salinity is considered to be the major soil
degradation problem in the prairie provinces of Canada (Prairie Farm
Rehabilitation Administration 1983; Sparrow 1984). The widespread
occurrence and growth of saline seeps has become one of the most
serious conservation problems in the Great Plains region of North
America (Miller et al, 1981). Dryland salinity causes the loss of
productive agricultural land and a general deterioration of the
environment. The total annual loss of crop revenue from salinity
alone in the prairie provinces is estimated to be at least $260
million (Sparrow 1984).

It is generally accepted that water-soluble salts, partic-
ularly the sodium salts, are responsible for the low fertility of
salt-affected soils. In defining the units of the World Map of
Salt-Affected Soils, two classes of soils were recognized: (1) a
saline class dominated by neutral chloride and sulfate salts; and
(2) an alkali class dominated by exchangeable sodium, and/or by
sodium bicarbonate and sodium carbonate salts capable of alkaline
hydrolysis (Szabolcs 1978). Saline soils are also commonly referred
to as solonchak or white alkali soils; whereas alkali soils are
referred to as black-alkali or Solonetzic soils. Saline seeps are a
type of saline soil. Seeps are areas of recently developed salinity
in non-irrigated soils that are wet some or all of the time, often
with white salt crusts where crop or grass production is reduced or

eliminated (Miller et al. 1981).



Most of the research on the evaporite mineralogy of saline
soils has focussed on the identification and characterization of
these minerals in salt crusts or efforescences (Keller et al. 1986a
and b), or within the soil profile (Tursina and Yamnova 1986).
Other studies have attempted to predict the mineralogical sequence
as saline groundwaters migrate upward to the soil surface (Hardie
and Eugster 1970; Timpson et al. 1986; Skarie et al. 1987).

The solubility of evaporite minerals is the major factor
controlling their occurrence. It is difficult, however, to predict
evaporite mineral precipitation or dissolution because of a lack of
reliable thermodynamic data (4G = standard free energy of
formation values) for these minerals. In addition, researchers may
use different thermodynamic data bases that have slightly different
4G%¢ values. Consequently, Ksp (solubility product constant)
values calculated for minerals from aG%¢ data may vary and can
result in inconsistent predictions of mineral precipitation and
dissolution.

Another problem is predicting mineral precipitation or
dissolution in soil solutions or groundwaters of high ionic
strength. Many geochemical models that use the extended Debye-
Hiickel equation to calculate activity coefficients are inaccurate
for solutions of high ionic strength (Harvie and Weare 1980).
Recent geochemical models use Pitzer equations to accurately
determine activity coefficients in solutions of high ionic strength
(Crowe 1988).

Although considerable information is being revealed about

the identity and morphology of evaporite minerals in saline soils,



few studies have tried to relate evaporite mineralogy to the hydro-
logical and chemical conditions under which these minerals form.
Kovda (1947) recognized that soil salinization is a complex process
involving the groundwater, soil solution and solid phase of the
soil. Most research, however, has focussed on the study of each
phase as a separate entity. Considerable work needs to be done on
the effect of groundwater and soil solution chenistry on evaporite
mineralogy.

Determining possible sources of excess water in saline
soils requires a knowledge of both hydrniogy and nydrogeology.
Unconfined flow systems may be local, intermediate or regional; and
are driven by gravity-induced flow by differences in the elevation
of the water table (Téth 1962). Geological heterogeneity, however,
can result in anomalous groundwater discharge, particularly from
confined groundwater flow in highly porous lenses (Toth 1962), or
via permeable aquifers (Freeze and Witherspoon 1967). Frequently,
discharge from confined aquifers may be unrelated to the contour of
the land.

Local, unconfined groundwater flow (Stein 1987), and
artesian discharge from confined glacial and bedrock aquifers (Henry
et al. 1985) have both been implicated in causing dryland salinity.
The two-year crop/fallow rotation has been cited as the major
cultural factor causing increased shallow groundwater flow and
saline seeps (Brown et al. 1983). Reclamation usually consists of
lowering the shallow water table in the discharge area, or pre-

venting excess water from entering the recharge area (Miller et al,.

1981).



Few s0il scientists have examined the problem of dryland
salinity from a regional hydrogeological perspective. Conse- ly,
many studies simply attempted to prove the hypothesis that loca.
groundwater flow was causing soil salinity. Many studies failed to
ascertain any contribution from intermediate or regional, unconfined
groundwater flow, or from artesian diicharge from deeper confined
aquifers. As pointed out by Pawluk (1982), much of the confusion
regarding salinization reflects devotion by pedologists to the study
of physico—chemical properties and/or morphology within the pedon,
with little regard given to the dynamics of the land system as a
single unit of study.

Part of the problem has been that soil scientists studying
soil salinity have not had sufficient training in hydrogeology.

This is evident in the literature by frequent misuse of basic
groundwater terminology. Toéth (1984) has noted that certain funda-
mentai concepts have been poorly understood or rejected outright by
workers who had entered hydrogeology from other disciplines.

Many workers have also considered the unweathered till or
bedrock as a lower impermeable boundary to groundwater flow, thus
ignoring or rejecting the concept of regional hydraulic continuity.
Regional hydraulic continuity, however, is not a self-evident
property of the rock framework, and the proposition that it even
exists is opposed by some earth scientists (Toth 1984). The role of
fracture-dominated flow in transporting water and salts has also not
been adequately addressed in the study of soil salinity. This is

probably because fracture-flow is a poorly understood process.



Few soil salinity studies have utilized flow net construc-
tions of groundwater flow on a regional scale. This has resulted in
an incomplete understanding of the hydraulics of groundwater flow.
In addition, most flow nets have generally been of a qualitative
nature (equipotential lines). In the future, there needs to be more
emphasis on quantitative flow nets (streamlines) (van Schilfgaarde
1981), that will reveal vhere specific quantities of groundwater are
moving in the flow region. This should be a high priority in soil
salinity research.

Soil salinization results from a combination of hydro-
geological, cultural and climatic factors (Miller et al. 198l).
Research has shown how important these factors are, but also how
difficult it is to fully document them (Hendry and Schwartz 1982).
Recent work by Stein (1987) has shown that dryland salinity cannot
be explained by the relatively simple conceptual models proposed in
the past. The Blackspring Ridge study revealed the complexity and
variety of the causes of salinity. Now, research is required to
adequately define the interactions of these causes of salinity.

Various theories have been proposed to account for the
primary source of salts (mainly sulfate) within drift deposits of
the Great Plains region of North America. These include: brine
squeezing (Cherry 1972), oxidation of organic sulfur (Wallick 198l;
Hendry et al. 1986), oxidation of pyrite (Mermut and Arshad 1987),
and groundwater discharge from deep regional groundwater flow
(Pawluk 1982). Redistribution of soluble salts occurred when post-

glacial groundwater flow systems adjusted to the new topography

(T6th 1984).



The excess salts in saline soils that are derived froa the
redistribution of salts say originate from drift or bedrock
deposits, or both. As groundwster moves slong its flow paths in the
satursted zone, incresses of total dissolved solids and most of the
major ions normally occur (Freeze and Cherry 1979). Consequently,
groundvater tends to evolve chemically toward the composition of
seawater (Chebotarev 1955). Primary chemical processes enrich the
groundwater in dissolved minersl matter by a direct attack of water
on rock, whereas secondary processes modify the cheaical character
of the water (Toth 1984).

Various chemical and isotopic species may reveal the
possible sources of soluble salts in saline soils. High Na
concentrations are generally indicative of a bedrock source of salts
(Greenlee et al, 1968; Eilers 1973; Stein 1987). The oxygen
isotopic composition of sulfate has been suggested as a possible
indicator of sources of salt (Hendry and Krouse 1987). In addition,
high Br and I contents are associated with relatively deep forsation
vaters (Hitchon et al. 1971), and may indicate a bedrock source of
salts.

This study will attempt to approach the probleam of dryland
salinity using an interdisciplinary approach and from a regional
perspective. The three papers in this study attempt to address the
following objectives:

1) To investigate the nature and distribution of evaporite minerals
in a saline seep from southern Alberta and to ascertain the
relationships between the evaporite minerals and soil solution

and groundwater chemistry.



2) To ascertain the possible sources of excess wvater causing high
water tables and dryland salinity in a study area in southern
Alberta.

3) To determine if the excess salts in saline soils of this study

ares are originating from the drift and/or bedrock deposits.
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2. EVAPORITE MINERALOGY, AND SOIL SOLUTION AND GROUNDWATER
CHEMISTRY OF A SALINE SEEP FROM SOUTHERN ALBERTA

2.1 INTRODUCTION

Early research by Kovda (1947) showed that soil
salinization is a complex process involving groundwater, and the
solution and solid phase of the soil. Knowledge of the interactions
between evaporite minerals and the chemistry of the soil solution
and shallow groundwater will help in understanding the nature of
soil salinity, and subsequently aid in the reclamation of these
soils.

Precipitation of evaporite minerals is controlled by the
solubility of each mineral. Consequently, as saline groundwater
migrates upwards to the soil surface, less soluble evaporite
minerals such as calcite and gypsum precipitate wit® .he soil
profile (Timpson et al. 1986; Skarie et al. 1987), whereas more
soluble Na-Mg-type evaporites precipitate on the soil surface as
efflorescence (Keller et al. 1986a and b).

When salinization occurs on a larger scale within closed
basins, playas or saline lakes may occur (Last and Schweyen 1983).
A model based on mineral precipitation was developed by Hardie and
Eugster (1970) to predict the evaporite mineral sequence for
evolution of closed-basin brines; and has been successfully used to

predict mineralogical changes in saline soils in North Dakota

12
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(Timpson et al. 1986; Skarie et al. 1987). Mineral precipitation,
however, is only one of several solute fractionation mechanisas
involved in the geochemical evolution of saline water (Eugster and
Jones 1979).

Erroneous interpretations may result when the composition
of evaporite minerals is inferred from water extracts. Conse-
quently, the solid phase should be investigated directly to
determine the actual minerals present (Tursina and Yamnova 1986).
In Europe and Russia, considerable work has been done on the
morphology of evaporite minerals. The scanning electron microscope
has been used to study the morphology of evaporite minerals in
efflorescences (Driessen and Schoorl 1973; Gumuzzio et al. 1982);
vhereas micromorphological techniques have been used to examine the
morphology of evaporite minerals within the soil profile (Barzanji
and Stoops 1974; Eswaran et al. 1981; Tursina and Yamnova 1986).
Similar studies have been conducted in North America (Nettleton et
al, 1982).

The objective of this study was to investigate the nature
and distribution of evaporite minerals in a seep from southern
Alberta, and to ascertain the relationship between the evaporite

minerals, soil solution and shallow groundwater chemistry.
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2.2 MATERIALS AND METHODS

2.2.1 Site Description and Sampling
The soil pedon examined in this study is frcrm a side-hill,

saline seep, about 48 km northwest of Lethbridge, Alberta (NW 1/4
Sec. 34, Tp 10, Rg 23, W4 M). The soil was classified as a saline
Gleyed Regosol; however, the dominant soil in this area is an Orthic
Dark Brown of the Lethbridge and Whitney Soil Series (Alberta
Institute of Pedology 1977). The parent material at the site
consists of the following sequence of layers with increasing depth:
glaciolacustrine (0-160 cm), glaciofluvial (160-175 cm), glacio-
lacustrine (175-200 cm) and morainal (200+ cm). The vegetation
(non-virgin) at the site is a mixture of tall wheat grass (Agropyron
elongatum) and crested wheat grass (Agropyron cristatum).

A backhoe was used for digging a fresh soil pit to
facilitate soil sampling during the spring and summer of 1985. Bulk
soil samples were collected from all recognizable horizons and
layers. A monolith box 7 ¢m x 7 cm x 50 cm was used to sample the
soil pedon from the surface to 50 cm; thereafter, small Kubiena
boxes 8 cm x 6 cm x 5 cm were used to obtain soil monoliths from
selected horizons for preparation of thin sections. Evaporite
crystals were sampled in the field and stored in vials prior to
analyses. Shallow groundwater samples for chemical analyses were
taken from an observation well 2.94 m in depth every one or two
weeks from May 23 to August 16 in 1985. Soil moisture was measured
using the neutron scattering method, and soil temperature was

measured using psychrometers and thermistors.
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2.2.2 Laboratory Msssuremeats

The following chemical analyses were performed on the
groundwater samples taken from the well and on the saturation
extracts of the bulk soil samples: Ca, Mg, Na and K (Chang and van
Schaik 1966), SO; (American Public Health Association 1980), CO43
and HCO3 (Bower and Wilcox 1965), C1 (Adriano and Doner 1982), and
electrical conductivity (EC) and pH (Rhoades 1982). The percent
CaCO3 equivalent was determined using the method of Burdy and
Bremner (1972).

X-ray analyses were conducted on selected bulk soil
samples, on evaporite crystals removed from impregnated soil
monoliths, and on evaporite minerals obtained from the soil pit.

The X-ray diffractograss were prepared using Coka radiation at 50 kv
and 25 mA, and at a scan speed of 1020 min~l. Soil monoliths

vere air-dried in the laboratory, impregnated with epoxy resin and
cut into 7 x 5 cm thin sections using procedures described by Brewer
and Pawluk (1975). Surface morphology of the unimpregnated salt
minerals was investigated using the scanning electron microscope.

The solution-mineral equilibrium model SOLMNEQ (Kharaka and
Barnes 1973) was used to calculate the ion activity product (IAP) of
the solution species composing the evaporite mineral of interest.
Analytical concentrations of soluble cations (Ca, Mg, Na) and anions
(S04, C1, HCO3, CO3), and a groundwater or soil temperatur: 759C,
were used as input parameters. The Kgp of the mineral wa® e
lated separately using thermodynamic data obtained from ™'<a

compiled by Robie et al. (1978). Calculated K,p values . '50C
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of selected evaporite minerals used in this paper are listed in
Table 2.1. The IAP calculated using SOLMNEQ was then compared to
the mineral's Kgp value in Table 2.1 to obtain the saturation

index (S1) value (log IAP/K,p). In logarithaic form, SI < O,

SI = 0, and SI > O refer to undersaturation, saturation, and super-

saturation, respectively, with respect to the mineral in question.

2.3 RESULTS AND DISCUSSION

2.3.1 Grousdwater Chemistry
The groundwater was dominated by Na and SO4 during the

period May 23 to August 16, 1985 (Table 2.2). The range in Na and
SO, concentration was from approximately 77 to 135 mmole (1)L‘1.
and from 94.2 to 142.8 mmole (t)L‘l, respectively. The mean EC of
the groundwater was 11.3 dS m-1l, and the pH ranged from 7.2 to
8.6. The relative concentrations of the cationic and anionic
species followed the order Na >> Mg > Ca >> K, and S04 >> HCO3 >
Cl > CO3, respectively. The depth to water table from May, 1985,
to May, 1987, ranged from 1.68 to 2.34 m.

The type of evaporite mineral possibly forming below the
water table was investigated using the solution-mineral equilibrium
model SOLMNEQ (Kharaka and Barnes 1973). Three simulations were run
using SOLMNEQ. The input data consisted of the groundwater chemical
and temperature values for the three sampling dates shown in Table
2.2. The ion concentrations in the groundwater at these times

generally represented the range in values encountered.
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The simulations predicted that the groundwater was under-
saturated with respect to bassanite, epsomite, mirabilite, and
thenardite, undersaturated to nearly saturated with respect to
gypsum and anhydrite, and saturated to moderately supersaturated
with respect to calcite (Table 2.3). SI values for the groundvater
in this study indicated that calcite, and possibly gypsua and

anhydrite, could theoretically precipitate below the water table,

2.3.2 Soil Solution Chemistry

The dominant ion species in the soil solution, from
saturation paste extracts of the soil profile, were Na and SO,
(Fig. 2.1). The relative concentrations of the cationic species
followed the order Na >> Mg > Ca in the upper pedon (< 160 cm), and
Na >> Mg = Ca in the lower pedon (160-220 cm). K concentrations
were < 2 mmole (i.)l.‘1 and were not considered. The relative
concentrations of anionic species followed the sequence SO; > Cl
> HCO3 + CO3, except in the surface horizon (0-7 cm) where
HCO3 + CO3 > C1.  The relatively high HCO3 and CO3 concen-
trations in the surface horizon may be related to high root
respiration, organic matter decay, and dissolution of calcite at
this depth.

The similarity between the ionic composition of the soil
solution and groundwater suggested a genetic connection via the
capillary fringe. The quantities of the various ion species
increased upward from a depth of 220 cm to a maximum 1in the 13 to

24 cm horizon, then decreased to a minimum in the surface 0Oto7cm
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horizon (Fig. 2.1). The shape of the salt profile reflected net
upward movement of water and salts; however, some downward leaching
occurred as evidenced by depletion of soluble salts in the surface
horizon.

The degree of ion pairing was calculated for the soil
solutions (saturation paste extracts) of two selected soil horizons
(13-24 and 175-184 cm) and for the groundwater, using SOLMNEQ. The
simulations predicted that the degree of ion pairing for the
cationic species was relatively high for Mg, slightly less for Ca,
and low for Na (Table 2.4). Sulfate had the highest degree of ion
pairing for the anionic speries. This was followed by HCO3. Ion
pairing of Cl was < 1%; these values are not shown in Table 2.4.
The dominant pair species were neutral CaS0,° and MgS04°.

Similar findings were reported by Alzubaidi and Webster (1983) and
Timpson and Richardson (1986).

The high degree of ion pairing of Mg and Ca relative to Na
(Table 2.4) indicated that the sodium adsorption ratio calculated
from analytical data (SARP) likely underestimated the sodicity of
the soil solution. A more accurate SAR value was obtained when
corrections for ion pairs and ion complexes were made to the SARp,
and only the activities of the free ionic species were used in the
calculation of the theoretical SAR; (Sposito and Mattigod 1977;
Alzubaidi and Webster 1983; Timpson and Richardson 1986). The SAR
corrected for ion pairing (SARy) gave a considerably higher
estimate of the sodicity status of the soil solution than the

uncorrected SARp (Table 2.5).
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The exchangeable sodium percentage (ESP) is another index
of soil sodicity. This value (ESP = ESR x 100) vas estimated from
the SARp of the solution using the equation ESR = -0.01 + 0.015
(SARp) (U.S. Salinity Laborastory Staff 1954). This theoretical
approach is considered to be more accurate than measuring the ESP
experisentally. A maximum ESP of 68.3%1 was determined for the 24 to
30 cm horizon (Table 2.5) indicating high quantities of exchangeable
Na*+ in the upper profile of this soil. The EC, pH, and SAR values
in this profile (Table 2.5) would qualify this soil as a saline-
sodic soil. Sommerfeldt and MacKay (1982) also reported saline-sodic

soils at this study site.

2.3.3 Evaporite Miseralogy

X-ray analyses of evaporite crystals and bulk soil samples
vere used to identify the types of evaporite minerals present.
Gypsum (CaSO;+2H70) and bassanite (CaSO;°1/2H20) were
the only two sulfate minerals identified (Table 2.6). The presence
of calcite was verified by measuring the percent CaCO3 equivalent
(Table 2.5). Gypsum was found only in the lower profile (> 160 cm)
wheress bassanite was present in both the upper (0-30 cm) and lower
profile (> 88 cm). Calcite occurred in all horizons. Nettleton et
al, (1982) found that gypsum was the only sulfate mineral in some
gypsiferous soils in the western United States. The presence of
both gypsum and bassanite in soils has also been reported (Eswaran
et al. 1981; Tsarevskiy et al. 1984; Bullock et al. 1985).

Timpson et al. (1986) found that the sequence calcite-

gypsum-and mixed Na-Mg-(SO;) minerals occurred from the lower to
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upper profiles of four saline seeps in North Dakota, and proposed
that the mineralogical changes could be explained by the Hardie-
Eugster model of closed-basin brine evolution (Hardie snd Eugster
1970). Similar findings were reported by Skarie et al. (1987). In
contrast, the mineral sequence observed in this study cannot be
explained by the Hardie-Eugster model. Slight downward leaching, an
absence of a salt crust on the soil surface, vegetation (pasture),
depth of water table, and the soil profile located on the upslope
periphery of the seep may have been important factors why the
mineral sequence observed here could not be predicted using the
Hardie-Eugster model. In addition, a msjor limitation of the
Hardie-Eugster model is that mineral precipitation is the only
mechanisa considered; and vhen saturation occurs, the solids are
removed from interaction with the brine. However, as noted by
Eugster and Jones (1979), additional mechanisms may also be
involved. These include selective dissolution of efflorescent
crusts and sediment coatings, sorption, de-gassing, and redox
reactions.

A possible mechanism that may be partially responsible for
the mineral sequence observed in this study may be calcite
dissolution and gypsum and/or bassanite precipitation (common-ion
effect). The O to 7 cm and 175 to 200 cm depths were depleted of
carbonates (Table 2.5). The depletidn of carbonates in the surface
and deeper horizons may be related to the presence of numerous
gypsum and/or bassanite crystals at these depths. Previous

researchers have proposed that growing gypsum crystals acquire their
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calciua from carbonate minerals, as evidenced by distinct zones of
decalcification adjacent to growing gypsum crystals that were
observed in thin section (Barzanji and Stoops 1974; Tursina et al.
1980). This phenomena was slso observed in thin sections of this
study (Plate 2.1).

To determine what evaporite minerals could theoretically
form in the upper and lower soil profile, the soil solution
chemistry derived from saturation paste extracts of two selected
soil horizons (13-24 cm and 184~200 cm) were used as input data for
SOLMNEQ. In addition, to simulate increasing evapotranspiration
(ET) and/or concentrations in the 13 to 24 ca horizon, simulations
wvere run using concentrations 2x and 4x the concentrations of the
saturstion extract values. These concentration factors seea
ressonable because in this horizon the saturation percentage value
for water was sbout 2.4x the value of the lowest soil moisture
reading during this study. Soil in the 184 to 200 cm depth was
constantly saturated during this study; therefore, the use of
saturation paste extract values (1x) for this horizon is justified.

The model predicted that calcite could form in the 13 to 24
cm depth (Table 2.7). SI values for anhydrite, gypsum, and
bassanite in the 13 to 24 cm depth showed a trend towards mineral
precipitation with increasing ET and/or concentrations. The SI
values for epsomite and mirabilite also showed a trend towards
saturation with increasing concentration factor suggesting that
these two minerals mav possible form, but only if the ionic strength

of the soil solution increases significantly. Precipitation of
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these minerals, however, is dependent on temperature; winter
temperatures will favour precipitation of mirabilite over epsomite
(Timpson et al., 1986). In the 184 to 200 cm depth. SI values for
calcite, anhydrite, and gypsum were close to saturation, suggesting
that these minerals may possible form, SI values for the remaining
sulfate minerals did not indicate precipitation.

Last and Schweyen (1983) reported similar findings for
saline lakes of the Great Plains region of North America. Lake
vaters were supersaturated with respect to calcite and gypsum; and
had ionic strengths similar to the soil solutions used here
(0.1-1.5). Only lake waters with ionic strengths between 1 and 5
showed supersaturation with respect to Na2SO4 minerals whereas
an ionic strength of 4 was necessary for supersaturation with
respect to MgySO, minerals. This suggests that soil solutions
must contain extremely high concentrations of Na, Mg, and S0,
before evaporite minerals comprising these species can precipitate.

As noted by Stoops et al. (1978), even though a large
number of evaporite minerals are theoretically possible, the number
encountered in soils is low. Na2SO4 minerals such as mirabilite
and thenardite were not identified in this study; however, G. J.
Beke (personal communication) has identified the occurrence of
mirabilite at a depth of approximately 1 m in a soil near Enchant in
southern Alberta.

Although the most common crystal habit of CaSO, was
lenticular (Plate 2.2 b,g) rod-like (Plate 2.2 c), granular (Plate
2.2 d,f), and tabular (Plate 2.2 h) shapes also occurred. The
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CaSO, crystals in the upper profile (0-24 ca) wvere found mainly in
craze planes. In the lower profile (175-200 cm) the crystals were
found in craze planes, vughs, and channels. Bassanite was also
observed in the upper profile as coatings along root channels,

The size of the gypsum and bassanite crystals was
determined on thin sections using an image analysis systesm. The
pean maximum diameter of the bassanite crystals was 0.02 ma (medium-
coarse silt) in the 0 to 24 cm depth, and the mean maximum diameter
of the gypsum and bassanite crystals was 0.14 mm (medium sari) in
the 175 to 184 cm depth, The crystals ranged in size from - dium
silt to very fine sand in the upper profile, and from very fine sand
to very coarse sand size in the lower profile. Gypsum and/or
bassanite crystals generally range from coarse clay to coarse sand
size, and typically increase in size with depth (Barzanji and Stoops
1974; Eswaran et al. 1981; Nettleton et al. 1982; Tsarevskiy et al.
1984; Bullock et al. 1985; Tursina and Yamnova 1986).

In this study the finer bassanite crystals in the upper
horizons were associated with variable soil moisture that ranged
from very dry (< permanent wilting point) to near-saturated or
saturated conditions, with variable soil temperatures, and with high
concentrations of soluble Na. In contrast, larger bassanite and
gypsum crystals in the lower horizons were associated with near-
saturated or saturated conditions, with relatively constant soil
temperatures, and with relatively low concentrations of soluble Na,
Gypsum crystals of small size have been attributed to large

temperature and solution volume changes, high soluble concentrations
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of Na and a high degree of supersaturation (Edinger 1973). In
contrast, large gypsum crystals have been attributed to accretion
under stable hydrochemical conditions that allow uninterrupted
growth (Edinger 1973), such as would occur with solute precipitation
from groundwater (Tsarveskiy et al. 1984).

Various forms of gypsum and/or bassanite were observed in
this study: aggregated closely-packed clusters (Plate 2.2 a,g), non-
aggregated loosely-packed clusters (Plate 2.2 c), gypsans (Plate 2.2
d), clusters within roots (Plate 2.2 e), and cluster-rosettes (Plate
2.2 £f). Previous studies have reported that these various forms of
CaSO, reflect either a recent or relic, water-salt regime (Tursina
et al. 1980; Tsarevskiy et al. 1984; Tursina and Yamnova 1986).

The surface morphology of the evaporite minerals was
examined using the SEM (Plate 2.3). Lenticular or discoid crystals
were the most common (Plate 2.3 a,b,c,d), although some prismatic
forms were also observed. Similar findings have been reported by
Stoops et al. (1978) and Eswaran et al. (1981).

An increase in weathering through dissolution of the evapo-
rite minerals was observed with an increase in depth; from initial
stages represented by weathering of crystals edges (Plate 2.3 b),
through an intermediate stage showing weathering along cleavage
planes (Plate 2.3 d), to development of "comb-like" features (Plate
2.3 e,f). Increased cracking and de-lamination, and the development
of fissures and a "comb-like" shape reflects increased weathering or
dissolution of gypsum crystals in soils (Stoops et al. 1978;

Tsarevskiy et al. 1984; Tursina and Yamnova 1986).
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2.4 SUMMARY AND CONCLUSIONS

The chemistry of the groundwater was dominated by Na and
SO4. Simulations with a geochemical model predicted that calcite,
and possibly gypsum and anhydrite, could theoretically precipitate
below the water table. Bassanite, gypsum, and calcite, however,
were the only evaporite minerals identified below the water table.
The presence of "comb-like" weathering features on the surfaces of
bassanite and gypsum crystals found below the water table indicated
that dissolution of these minerals may be a major source of soluble
Ca and SO, in the groundwater. Possible sources of the relatively
high concentrations of Na in the groundwater may have been the more
soluble NaySO; minerals that are transient in nature, cation
exchange within the drift, or Na influx from groundwater flow
systems. The contribution of soluble salts from groundwater flow
will be assessed in subsequent papers.

The chemical comrnaition of the su.l solution and
groundwater were similar, suggesting that soluble salts in the soil
pedon were derived from the shallow groundwater. Additional
evidence was the observed increase in soluble salts from a depth of
220 cm to a maximum in the 13 to 24 cm horizon. Slight downward
leaching of soluble salts also occurred, as evidenced by a depletion
of ionic species in the surface horizon. Net upward movement of
wvater and salts in this profile, and only slight leaching, was
consistent with minimal pedogenic development (shallow solum) and

this profile meeting the limits of a saline Gleyed Regosolic soil.
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Greater ion pairing of Mg and Ca relative to Na suggested
that the SAR, may underestimate the sodicity of a soil solution.

A more accurate measure of the SAR is obtained when the SARy is
used. Because Mg and Ca tend to form related MgS0,° and

CaS0,° ion pairs, and Na* remains in the free ionic form in
solution, sodium adsorption should be high. This was reflected by a
maximum ESP value of 68.3% in the 24 to 30 cm depth. Evidence of
slight dissolution of bassanite was observed in the surface horizon
and evidence of strong dissolution of bassanite and gypsum was
observed in the lower profile, suggesting that dissolution of
bassanite and gypsum may be a major source of Ca and SO; in the
soil solution of the pedon.

Evaporite mineral composition in the solid phase appeared
to be dominated by gypsum and bassanite. The evaporite mineral
sequence observed in this profile cannot be accounted for by the
Hardie-Eugster model. The descrepancy may be due to various site
factors which prohibit the application of the Hardie-Eugster model,
and/or to the fact that when saturation occurs in the model, the
solids are removed from interaction with the brine. The evidence
fron this study suggested that dissolution of calcite and
precipitation of gypsum and/or bassanite (common-ion effect) may be
an important mechanism controlling the mineral sequence observed
here. In addition, an increase in CaSO; crystal size with depth
could be related to a shift from dynamic to stable hydrochemical
conditions. Discrepancies between what minerals were actually

identified and what minerals the geochemical model SOLMNEQ predicted
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to be theoretically possible can be attributed to various factors.
These include the models thermodynamic data base and equation
(extended Debye-Hiickel) used to calculate the activity coefficients;
and limitations in sampling, preserving and identifying the more
soluble evaporite minerals which may be present in the soil in small
amounts but are difficult to detect using X-ray and micromorpho-
logical techniques. Evaporite mineralogy is extremely dynamic and

varies seasonally and even daily.
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Table 2.1. Chemical formulae and solubility product constants of
selected evaporite minerals.

Chemical Log Ksp
Mineral

formula (@ 25°C)
Calcite CaCO3 -8.30
Gypsum CaSQO, - 2H20 -4.33
Anhydrite CaSO, -4.12
Bassanite CaSO, - 0.5H,0 -3.53
Epsomite MgSO, - 7H 2O -2.07
Mirabilite Na,SO, - 1OH20 -1.17
Thenardite Na2304 -0.27
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Table 2.2. Chemistry and temperature of the groundwater at three
selected sampling dates in 1985.

—Concentration in mmole (*) /L

Chemistry

and temperature May 23 June 20 July 25
Na 77.0 121.8 135.0

Ca 1.8 16.9 14.6

Mg 11.2 24.6 24.6

K 0.4 0.7 0.4
SO, 94.2 1152 142.8

co, 1.2 1.7 1.0
HCO, 8.9 16.6 10.0

Cl 3.7 5.0 4.3

~ EC@Sm) 83 e 1.8
PH 8.6 7.8 7.2

Temp. (°C) 9.0 9.0 12.0
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Table 2.3. Saturation indices of the groundwater with respect to caicite
(cakc.), gypsum (gyp.), anhydrite (anhy.), bassanite (bass.), epsomite
(epso.), mirabilite (mirab.), and thenardite (then.), atthree selected
samplingdates in 1985.

loglAP/Ksp *

Date Calc. Gyp. Anhy. Bass. [Epso. Miab. Then

May23 049 -1.31 -1.52 211 -2.80 3.21 4.1

June20 093 036 057 -1.16 249 -2.87 3.77

Juy25s 004 039 060 -1.19 245 -272 3.62

+ at 25°C
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Table 2.4. Percent ion pairing in the s0il solution of the 13 to 24 cm
and 175 to 184 cm horizons, and in the groundwater.

Depth Mg Ca Na SO, HCO,
(cm) % ion pairing —

13-24 v. § 56.7 15.8 37.8 26.5

175-184 $ a 424 2.1 11.6 5.7
2905 * 54.3 48.7 5.4 229 1.4

+Groundwater
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Table 2.5. Selected chemical properties of the soil horizons.

Honzon Depthin pH EC CICO: m; SA;«, £SE
™ H,0 ggm 911009

Apksgj 0-7 7.5 2.8 3.7 4.3 52 5%
AC 7-3 80 215 9.8 333 4% ) 49 0
Ccasa!l 13- 8.6 328 220 429 59.2 63¢
Ccasa2 31-0 86 211 22.7 46.2 61.9 68 3
Ccasal -~-49 8.6 15.6 20.5 39.7 S52.4 58.6
Cksal 8-6 87 13.2 14.5 S 44.5 508
Cksa2 -8 8.5 124 13.1 28.6 36.9 419
Cksal 88-160 8.5 1.1 14.3 24.8 3.7 36.2
ICksag 160~ 175 8.2 9.4 12.7 24.0 30.0 35.0
MCksg 175- 184 8.3 4.7 5.8 20.4 2423 29.6
NCksa 184 - 200 8.0 7.8 3.3 17.8 21.5 25.3
IVCks 200 + 8.4 57 11.7 23.0 27.8 338

¢ SAR, « practicsl

A S“' * theoretical
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Table 2.6. Occurrence of evaporite mineral in soil horizon,;
(+) denotes presence and (-) denotes absence.

Horizon Depth Gypsum Bassanite Calcite
(cm)
Ag'isgj 0-7 - + +
AC 7-13 - + +
Ccasat 13-24 - + +
Ccasa2 24-30 - + +
Ccasa3 30-49 - - +
Cksat 49-63 - - +
Cksa2 63-88 - - +
Cksa3 88-160 - + +
liCksag 160-175 + + +
HICksg 175-184 + + +
liCksa 184-200 + + +
IVCks 200+ + + +
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Table 2.7. Saturationindices (at25°C) of selected evaporite mineralsinthe
13t0 24 cm, and 184 to 200 cm horizons.

loglAP/Ksp *
Depth Conc. .
13-24 ix 1.05 -0.09 -1.74 0.12 -0.68 1.77 -2.63
13-24 2x 1.55 0.26 -1.38 047 -0.33 -1.20 -2.02
13-24 4x 2.10 0.63 -0.99 084 0.04 0.71 -1.43
184200 1x 0.28 -0.40 -2.77 -0.19 -0.99 3.27 4.16

+ The concentration factor refers to 1x, 2x, and 4xthe concentration ofthe
saturation paste extract.
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Plate 2.1. Photographs of thin section slides showing:

(a)

(b)

nearly complete decalcification (darker areas on
photograph) of the surface horizon (0-7 cm) with
a few remaining zones of crystic plasma (lighter
area of zone | on photograph).

decalcified zones (darker areas of zones |, 2, and
3 on photograph) associated with the presence of
bassanite crystals in the 7 to 13 cm horizon.






Plate 2.2. Micrographs (crossed nicols) of bassanite and/or

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

gypsum crystals in the soil showing:

aggregated cluster of bassanite in the 0 to 24 cm horizon
(2.5x).

enlargement of (a) showing lenticular crystals (40x).

non-aggregated cluster of bassanite in the 0 to 24 cm
horizon illustrating rod-shaped crystals (10x).

gypsans of bassanite coating both walls of a root channel
in the 0 to 24 cm horizon (ICx).

clusters of bassanite crystals within a root of the 0 to
24 cm horizon (2.5x).

cluster-rosette of bassanite from the O to 24 cm horizon
(10x).

large lenticular gypsum and/or bassanite crystals from the
175 to 184 cm horizon (10x).

massive tabular gypsum and/or bassanite crystals from the
175 to 184 cm horizon (2.5x).






Plate 2.3. Scanning electron micrographs of soil

(a)

(b)

(c)

(d)

(e)

(f)

bassanite and/or gypsum crystals showing:

lenticular or discoid bassanite crystal from the
0 to 7 cm horizon,

weathering along crystal edges of bassanite in the
0 to 7 cm horizon.

lenticular bassanite or gypsum crystal in the 175
to 184 cm horizon.

initiation of "comb-like" features on bassanite
and/or gypsum crystals from the 175 to 184 cm
horizon.

well-developed "comb-like" features of bassanite
and/or gypsum from the 184 to 200 cm horizon.

enlargement of (e) showing weathering along
cleavage planes.






3. SOURCES OF EXCESS WATER CAUSING DRYLAND SALINITY
NEAR NOBLEFORD, ALBERTA

3.1 INTRODUCTION

Dryland salinity has been identified as a major soil
degradation problem in the Great Plains region of North America
(Prairie Farm Rehabilitation Administration 1983). Saline soils are
caused by high water tables and a surplus of salts. The excess
water and salts are determined by a combination of hydrogeological,
cultural and climatic factors.

Discharge from shallow groundwater flow through permeable,
coarse-textured drift deposits (Greenlee et al. 1968; Brown et al.
1983; Stein 1987), lignite layers (Doering and Sandoval 1976), or
fractured and weathered till (Hendry and Schwartz 1982) has been
shown to be a possible source of excess water contributing to high
water tables and soil salinization. In addition, discharge from
shallow groundwater flow in the weathered zone immediately below the
drift-bedrock contact has been reported as another possible source
of excess water (Halvorson and Black 1974; Sommerfeldt and MacKay
1982; Hendry 1983; Forster 1984; Chan and Hendry 1985; Stein 1987).
In contrast, discharge from deeper bedrock aquifers under artesian
conditions can cause shallow water tables and extensive areas of
saline soils (Meyboom 1966; Doering and Benz 1972). Henry et al.

(1985) reported that groundwater discharge from glacial and bedrock
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aquifers was a factor in soil salinization at 15 sites in
Saskatchewan.

The two-year crop/fallow rotation has been cited as the
major cultural factor causing incressed shallow groundwater flow and
saline seeps in the North American Great Plains Region (Halvorson
and Black 1974; Miller et al, 1981; Hendry and Schwartz 1932; Brown
et al. 1983). Several researchers (Halvorson and Black 1974;
Sommerfeldt and MacKay 1982) have reported water percolating below
the root zone in summerfallow fields. Other management practices
that cause water and snow accumulation can also locally contribute
to saline seep growth (Sommerfeldt and MacKay 1982). A major
hydrologic factor contributing excess water for soil salinization
is infiltration of surface runoff water at lower elevations.
Sommerfeldt and MacKay (1982) identified surface runoff as a major
source of excess water in the lowland of a (losed drainage basin
near Nobleford, Alberta. Stein (1987) also reported that surfac-
runoff water from spring snowmelt and post-growing season rainfall
were the primary sources of excess water causing high water tables
in low-lying portions of the lacustrine plain at the base of
Blackspring Ridge near Vulcan, Alberta.

Reclamation of saline soils caused by shallow groundwater
flow may involve lowering the high water table in the discharge area
and/or decreasing the quantity of water entering the local recharge
area by various management practices (Brown et al. 1983). Recla-
mation of saline soils caused by discharge from deeper drift and
bedrock aquifers can be accomplished by pumping the water from the

aquifer to decrease the pressure head (Doering and Benz 1972).
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The objective of this study was to ascertain the possible
sources of excess water causing high water tables and dryland
salinity in s study area in southern Alberte. Subsequent
recommendations could then be made as to suitable management

practices for dealing with the sources of excess water in these

saline soils.

3.2 MATERIALS AND METHODS

3.2.1 Site Location and Physiography

The study area is located in southwestern Alberta near the
village of Nobleford, about 48 km northwest of Lethbridge, Alberta
(Plate 3.1). A large bedrock ridge covered by a thin veneer of
glacial drift, and trending approximately southwest to northeast
through Nobleford, bisects the study area. North of the ridge, the
topography gently decreases towards Keho Lake which is about 31 m
lower in elevation than the ridge. Immediately south of the bedrock
ridge the topography decreases sharply. Thereafter (south of
Monarch Branch Canal), the topography decreases gently to the south-
ern limit of the study area which is about 53 m lower in elevation
than the bedrock ridge. Closed topographic basins exist around Keho
Lake, Studhorse Lake (saline slough northwest of Nobleford), and a
small depressional area near the southern limit of the study srea.
The remainder of the study region has undulating topography with

nearly level to very gentle slopes (Class 2 and 3), except for the
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southern portion of the bedrock ridge which has very gentle to
gentle slopes (Class 3 and 4).

The dominant soi! in this ares is an Orthic Dark Brown of
the Lethbridge and Whitney Soil Series (Alberta Institute of
Pedology 1977). In the northern portion of the study area, saline
soils are found west of Keho Lake and adjacent to the saline
Studhorse Lake. Dark Brown Solodized Solonetz soils of the Kehol
Soil Series have also been found in the basin around Studhorse Lake
(Alberta Insti:ute of Pedology 1977). In the southern portion of
the study area, saline soils (mainly due to side-hill seepage) are
found immediately south of the bedrock ridge southeast of Nobleford,
and just downslope from the Monarch Branch Canal. In addition, some
minor areas of saline soils (including Solonetzic soils) are
scattered throughout the southern portion of the study area.
Salinity was recognizable by a salt crust on the soil surface, by
salt-tclerant vegetation such as Salicornia rubra (samphire),
Hordeum jubatus (wild barley) and Kochia scoparia (kochia), and by
poor crop growth and/or bare patches in cropped fields. Gererally,
the dominant farming practice in the study area vas dryland, cereal-
crop production.

The climate of the region is semi-arid and continental.
Long-term (1949-1987), mean annual total precipitation for the
region is approximately 410 mm, 70 percent of which falls from April
to September. Long-term (1951-198V0), mean monthly total evaporation
from a class "A" pan for this region ranges from between 78 mm
(October) and 184 mm (July); mean annual total evaporation is

approximstely 943 mm.



3.2.2 Field Methods

Two cross-section lines (A~ and B-Lines) and one cross-
section line (C-Line) were chosen for regional and local
investigations of groundwater flow, respectively (Plate 3.1). The
three lines were generally perpendicular to the topographic
gradient, traversed the bedrock ridge and major areas of salinity.

Test drilling and geologic sampling of drift and bedrock
materials for the local investigation at Sites Cl and C2 were
performed using Alberta Environment's B40OL rotary drilling rig.

This rig utilizes a 10.2-cm 0.D. continuous-flight auger and a push-
pull sampling technique. Test drilling and geologic sampling for
the regional investigations of the A- and B-Lines were performed
using Alberta Environment's conventional rotary drilling equipment.
All test holes were initially drilled using air; however, mud was
used when test holes began yielding water. Spontaneous potential,
resistivity, and gamma logs were run at Sites A4, Bl and B2.
Spontaneous potential and resistivity logs were run at Site Al. The
lithology of the samples from all test holes were described in the
field.

Piezometers installed at Sites Cl and C2 consisted of
either 3.8-cm or 5.1-cm I.D. PVC pipe and well screen (Schedule 40),
solvent welded, with well screens (0.05 cm slot diameter) ranging in
length from about 1.4 to 3.0 m. Piezometers installed on the A- or
B-Lines consisted of 4.9-cm I.D. PVC pipe or well screen (Schedule
80), with threaded connections and with well screens (0.03 cm slot

diameter) ranging in length from about 0.66 to 1.45 m. The
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piezometers were installed in open boreholes, a sandpack was added
to cover the well screen and the intake zone sealed with peltonite.
In addition, benseal was added after the peltonite for boreholes on
the A- and B-Lines. The remairder of the borehole was backfilled
with drill cuttings.

Water table wells were constructed of 3.8- or 5.1-cm I.D.
PVC pipe (Schedule 40 or 80). The casing was perforated with a
hacksaw along its length below ground, installed in the open
borehole, and backfilled with drill cuttings. A bentonite plug was
placed at the ground surface to prevent entry of surface runoff
water.

Several shallow piezometers and water table wells from
previous studies (Sommerfeldt and MacKay 1982; Forster 1984; Chan
and Hendry 1985) were utilized for this study. Site B3 corresponded
to Site 8 in the study by Sommerfeldt and MacKay (1982). Sites Al
and Bl corresponded to piezometer nests 352 (water table well 1320)
and 366 (water table well 1331), respectively, in the study by
Forster (1984). Sites A4, A5 and A6 corresponded to the test holes
5220-M, 5221-M and 5224-M, respectively, in the study by Chan and
Hendry (1985). The piezometers in this study were designated by
symbols such as A1-76. This means that this piezometer was located
at Site Al and the piezometer tip was 76 m below the ground surface.
A total of 46 piezometers ranging in depth from 3 to 99 m, and a
total of 12 water table wells ranging in depth from 3 to 7 m, were
utilized in this study.

All piezometers were developed by filling the pipes with
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vater to overflowing. Water in the pipes and some formation water
were then removed 'sing an air compressor (Sommerfeldt and Campbell
1975). All water table wells were developed by filling with water
and subsequent ba.ling. Bail or slug tests were performed on all
piezometers, and the hydraulic conductivity calculated from recovery
data using the methodologv of Hvorslev (1951).

The water levels in the piezometers and water table wells
vere recorded every one to two weeks from May to October during
1985, 1986 and 1987; and approximately every one to two months dur-
ing the winter of these three years. A battery-operated Spohr tape
graduated in centimeters was used to locate the water level from the
top of the groundwater installation. The accuracy of the sounder
used to measure the water levels was approximately +25 mm. The water
table was estimated from the presence or absence of water in piezo-
meters at nests where the water table well was dry. Water samples
for tritium analyses were taken from piezometers in May 1987.

Soil moisture was measured using the neutron scattering
method. Initially, an access tube of 122 cm length was used;
however, shortly thereafter this was replaced by a longer access
tube of 300 ¢m S0 as to obtain m..sture readings to at least the
water tab.e. Moisture readings were taken sequentially at 23 and 30
cm, at 15 cm intervals to 122 cm, at 150 cm and then at 50 cm
intervals to 300 cm. The moisture status of the following depths
are reported in this study (23, 46, 76, 133, 200, and 250 cm).
Generclly, readings were every one or two weeks from May to October

during 1985 and 1986.
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Electrical cnrnductivity was measured at various intervals
along the A- and B-Line sections using a Geonics EM-38 ground
conductivity meter. The readings were taken with both transmitter
and receiver ends in contact with the ground surface; the vertical
and horizontal readings representing the O to 120 cm and 0 to 60 cm
depth intervals, respectively. EM-38 values (dS n-1) reported in

this study are direct readings taken by the probe in the field.

3.2.3 Laboratory Methods

Vertical and horizontal saturated hydraulic conductivities
were determined with semi-disturbed cores using modified Tempe cells
(Sommerfeldt et al. 1984). The percent soil water at saturation,
field capacity (-33 kPa), and permanent wilting point (-1500 kPa) of
semi-disturbed cores, and particle size distribution (hydrometer) of
the soil horizons and layers at Sites Cl and C2 were determined by
methods outlined by McKeague (1978). Bulk density values of semi-
disturbed cores were used in the conversion of gravimetric to
volumetric moisture values. Tritium analysis was performed by the
Environmental Isotopes Section at the Alberta Environmental Centre
at Vegreville, Alberta. Most of the water samples were enriched to
increase the precision of low level tritium measurements.

A finite-difference groundwater flow model (McDonald and
Harbaugh 1984) was used to construct steady-state, two—-dimensional
qualitative flow nets (equipotential distribution) in the regional
investigation of groundwate. flow in the A- and B-Line cross-

sections. A finite-element computer code (Frind 1971) was used to
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generate a steady-state, two-dimensional quantitative flow net
(stream functions) in the local investigation of groundwater flow in
the C-line cross-section. The finite-element computer code can be
easily altered to calculate stream functions, as outlined by Frind
and Matanga (1985). Conversion and use of the modified code in the
Geology Department at the University of Alberta has been documented

by Freeman (1981) and Ophori (1986).

3.3 RESULTS AND DISCUSSION

3.3.1 Geology

3.3.1.1 Surficial geology

Surficial deposits in the study area consisted of glacio-
lacustrine, till, and glaciofluvial materials. A veneer or thin
blanket of till covered the bedrock ridge near Nobleford. Till was
also found in the upland areas of the northern portion of the study
area. The till consisted of a fine-loamy to fine-silty lacustrine
blanket or veneer over fine-loamy morainal material (Alberta
Institute of Pedology 1977). The remainder of the study area was
covered by glaciolacustrine deposits that ranged in texture from
fine-loam to clay. Glaciofluvial deposits were found below the
surface glaciolscustrine materials in some southern portions of the
study area. The thickness of the overburden in the study area was
extremely variable, ranging from < 1 m on the bedrock ridge to 20 to

30 m in the southernmost region of the study area.
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On the A-Line cross-section (Fig. 3.1), till deposits wvere
found at Site Al and to just north of Site A3. The dominant texture
of these materials was silty clay loam; hovever, textures ranged
from loam to clay. These deposits ranged in thickness from 2 to 9 m.
Forster (1984) previously reported that the upland areas adjacent to
the Keho Lake basin consisted of a thin blanket or veneer of coarse
to moderately coarse-textured drift, and that fine clay, clay loam
and sandy clay loam materials were found at lower elevations closer
to the lake.

In the closed basin surrounding Studhorse Lake near Site
A3, glaciolacustrine deposits were found. The texture of these
materials was dominantly silty clay loam in soils surrounding the
slough, but increased in texture to clay loam or heavy clay towards
the dry lake bottom. These lake deposits were generally < 6 m in
thickness.

The veneer of till on the flanks and top of the bedrock
ridge extending south of Site A3 to just north of Site A5 ranged in
texture from sandy loam to clay., The sandy loam materials were
found where weathered sandstone was close to the soil surface. The
till was generally < 5 m in thickness, and was only 43 cm thick at
Site A4.

The glaciolacustrine deposits at and south of Site A5 were
dominantly silty clay loam in texture and ranged in thickness from
4 m to a maximum of about 8 m. The underlying fluvial deposits
consisted of poorly sorted, fine clayey sands interbedded with

coarse sands and gravels (Chan and Hendry 1985).
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On the B-Line cross-section (Fig. 3.2), the glacio-
lacustrine deposits in the Keho Lake basin near Site Bl were
dominantly silty clay loam in texture and generally < 12 m in
th <ir:ss. Till deposits extending from just south of Site Bl, and
traversing Sites B2 and B3, were dominantly clay loam in texture. A
trend of increasing coarser texture (sandy clay loam to sandy loam)
with depth was observed at Sites B2 and B3 and may be related to the
shallower, weathered sandstone at these sites. The thickness of the
till ranged from < 2 m at Site B2 to a maximum of about 12 m on the
northern flank of the bedrock ridge. Glaciolacustrine deposits at
the southernmost portion of the B-Line near Site B4 were dominantly
silty clay loam to clay in texture and generally < 18 m in
thickness.

On the C-Line cross-section (Fig. 3.3), the surficial
deposits consisted of glaciolacustrine, fluvial or till deposits.
Two thin layers of fluvial sandy and gravelly material extended from
north of Site Cl, through Site Cl, and merged to one layer at Site
C2. At Site Cl the texture of the glaciolacustrine material
overlaying the shallowest fluvial layer was dominantly loam, with
some clay loam lenses. The till material between the two fluvial
layers at Site Cl had a dominant texture of clay loam with some
minor lenses of sandy clay loam.

At Site C2 there was only one fluvial layer observed, and
it was located immediately above the drift-bedrock contact. The
glacial material a“ove this sand and gravel layer at Site C2 was

characterized by finer-textured material (loam to clay loam)
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overlaying coarser-textured materials (sandy loam to sandy clay
loam). Sommerfeldt anc acKay (1982) have previously reported the
presence of coarse-textured materials extending southward from the
kame near Site Cl. They have also identified thin layers of sand
within finer-textured material in the area near Site C2. Similar
findings have also been reported by G. J. Beke (personal

communication).

3.3.1.2 Bedrock geology

Bedrock of the area consisted of non-marine shale,
sandstone, mudstone, siltstone, bentonitic sandstone, coal, and
carbonaceous shale strata of the St. Mary Formation (Figs. 3.1, 3.2
and 3.3). The Bearpaw and Blood Reserve Formation may also occur in
this area (Geological Survey of Canada 1967); however, these
formations were not encountered during drilling operations.
Generally, the dominant geology encountered was interbedded strata
of the above bedrock units. These layers of alternating strata,
usually < 2 m in thickness, were dominated by shale and to a lesser
extent sandstone. Other bedrock strata, however, also occurred
within this geologic unit. Potential aquifers within the relatively
impermeable interbedded shale and sandstone units consisted of the
upper weathered bedrock (shale or sandstone), sandstone strata, and
carbonaceous shale and/or coal strata.

The weathered zone of the uppermost bedrock was recog-
nizable by fracturing and oxidizing staining, and by the brown or

tan color of the bedrock material. In contrast, the color of the
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unweathered bedrock below was more gray. The weathered zone ranged
from approximately 5 to 18 m below the ground surface. Similar
findings in this study area have been reported by Forster (1984),
and Chan and Hendry (1985).

The permeable sandstone strata found in this study area
ranged in thickness from about 2 to 12 m. Some of the shallower
sandstone strata were fractured. Many of the sandstone beds were
lenticular in nature. This is a feature characteristic of the St.
Mary Formation (Geological Survey of Canada 1967). The carbonaceous
shale and/or coal beds found on the C-Line cross-section (Fig. 3.3)
were generally < 2 m thick; however, significant quantities of
water were encountered upon drilling through these strata.

The dip of the permeable sandstone and carbonaceous shale
and/or coal aquifers was determined by extrapolating structure
contours on the base of the Cretaceous Fish Scale Formation (Energy
Resources Conservation Board 1969). For the A-Line cross-section
(Fig. 3.1), the dip was level between Sites A3 and A4. North of
Site A3, and south of “ite A4, the beds inclined upwards at a rate
of approximately 4 m km-l. For the B-Line cross-section (Fig.
3.. , the beds were level in the central portion of the section and
inclined upwards at a rate of about 19 m km~! and 11 m km~1
under the northern (Site Bl) and southern (Site B4) portions of the

section, respectively.
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3.3.2 Hydrogeology

3.3.2.1 Hydraulic conductivity

The saturated hydraulic conductivity (Ks) values determined
from response tests on piezometers in various geologic materials are
shown in Fig. 3.4, These values represent horizontal Ks values,
except those from piezometers B3-6 and B3-16 which represent
vertical Ks values. The Ks values for the glaciolacustrine deposits
ranged from 2.8 x 10-11 to 1.2 x 10-8 m s~1 (n=5). The
geometric mean was 6.0 x 10-10 p s=1, [n addition, Ks values
were determined with semi~disturbed cores using modified Tempe
cells. Horizontal Ks values (geometric means) for the cores ranged
from 8.3 x 10-10 to 3.4 x 1076 m s=1 (n=39). The geometric
mean was 1.1 x 10-8 m s~1. The vertical Ks values ranged from
1.4 x 10~9 to 3.8 x 10-6 m s~1 (n=37). The geometric mean was 1.2 x
10-7 m s~1, All glaciolacustrine core samples were taken from
Sites Cl and C2; and the higher Ks values probably reflected the
coarser textures of the materials found in this area.

Forster (1984) reported that lacustrine deposits of the
Keho Lake basin had horizontal Ks values that ranged from 1010 ¢o
1012 m s-!. 1In contrast, Buckland et al. (1986) found that for
the medium to fine textured glaciolacustrine deposits in the
southern portion of the study area (southeast of Site A5), the
horizontal Ks values (geometric means) ranged from 3.0 x 10-7 to 2.3
x 106 m s-1, and vertical Ks (geometric means) ranged from 9.3 x

10-8 to 4.4 x 10-0 m s-1 (n=144). In addition, Ks values for
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than the values for the 1.0 to 2.0 m depth.

No ks values were determined for till deposits in this
study; hovever, several previous studies have reported Ks values
for till in southern Alberta. Hendry (1982) found that Ks of the
weathered till matrix was approximately 10-10 g s-1, In
contrast, the Ks values of small- and large-scale fractures in the
till were on average 5 x 109 and 2 x 107 m s71, respectively.
Geometric mean Ks values of approximately 10-8 a s~1 have been
determined for weathered tills in southern Alberta (Hendry 1983;
Stein 1987); and values of 9.1 x 10-10 g s~1 have been 1eported
for unweathered tills (Stein 1987).

The horizontal ks values of the various geologic strata in
the St. Mary Formation were extremely variable, ranging from
approximately 10-12 to 10~5 m s~1 (Fig. 3.4). In comparison,

Chan and Hendry (1985) reported Ks values that ranged from 10-10 ¢o
10-6 m s-1 for this formation.

The hydraulic conductivity of the fractured and/or weathered
sandstone strata ranged from 1.1 x 10-7 to 6.4 x 1075 m s~1. The
geometric mean was 3.5 x 1076 m s-1. Forster (1984) found that Ks
values for weathered sandstone ranged from 6.2 x 10-7 to 2.8 x 10~4
m s-1, Stein (1987) reported a geometric mean value of 1.0 x 10-6
m s-1 for similar strata within the equivalent Horseshoe Canyon
Formation.

The unweathered and/or bentonitic sandstone exhibited Ks

values from 1.3 x 10-9 to 1.1 x 1076 n s~1. The geometric mean
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was b.] x 1078 m s~1. Forster (1984) found values ranging from
6.0 x 1013 to 7.1 x 1008 m s~1, and Stein (1987) reported a
geometric mean value of 7.6 x 10-10 m s-! for this strata. In
addition, Chan and Hendry (1985) noted Ks values of 10-10 g s-1
for bentonitic sandstone.

Interbedded shale, sandstone, siltstone and mudstone was the
dominant strata of the St. Mary Formation. The Ks values for this
unit were extremely variable, Two groups of values were visible
after plotting on Fig. 3.4; there was a low Ks and a high Ks group.
The low Ks group had values that ranged from 2.1 x 10-12 to 4.4 x
109 m s~1. The geometric mean was 3.9 x 10-11 g s-1.

Generally, these low Ks values vere from the deeper piezometers (> 50
m). In contrast, the high Ks group had values that ranged from 8.1 x
10-8 to 5.8 x 1075 ® s~1. The geometric mean value was 3.2 x

107 m s~1. All four of the piezometers in this high Ks group

were at depths < 50 m. Higher Ks values at shallower depths most
likely reflected weathering and/or fracturing of the upper bedrock.

The Ks values of the carbonaceous shale and/or coal strata
ranged from 7.4 x 108 to 1.1 x 1076 m s~1. The geometric mean
was 1.7 x 1077 m s-1. These four values were all from Sites Cl
or C2. Similar Ks values for these strata have been cited by Stein

(1987).

3.3.2.2 Qualitstive flow nets of regional investigations
The equipotential distribution along the A- and B-Line

cross-sections was simulated using a finite-difference groundwater
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flow model (MacDonald and Harbaugh 1984). The model grids for the
A- and B-Lines consisted of 24 rows and 45 columns, and 22 rows and
50 columns, respectively (Figs. 3.5 and 3.6). Boundary conditions
were specified hydraulic head values. These head values remained
constant during the computer simulation. Hydraulic head values for
the upper water table boundary were taken from water table wells in
the field. Hydraulic head values between observation wells were
interpolated. Hydraulic head values along the two vertical
boundaries and along the bottom boundary were derived from field
measurements of hydraulic head in piezometers. Head values between
piezometer nests were interpolated.

The hydraulic conductivity values assigned to each hydro-
stratigraphic unit are listed in Table 3.1. The Ks values assigned
to the geologic units in the simulations were generally within the
range of values determined in this and other studies. An anisotropy
factor (kp/ky) of 10:1 was assigned to both the bedrock and
drift derosits for the simulations in this study.

Using a trial and error procedure, adjustments were made to
the specified hydraulic head boundary along the water table, and to
the Ks values assigned to various hydrostratigraphic units, until a
reasonable fit was attained with measured head values determined
from piezometers. The difference between the calculated and
measured pressure heads for the best-fit simulations are presented
in Table 3.2.

The simulated equipotential distribution for the A-Line

cross-section is shown in Fig. 3.1. The field hydraulic head value



63

of the deepest piezometer at Site A3 was asssumed to be representa-
tive of head values at this depth within the Studhorse Lake basin.
This assumption appeared reasonable as the simulated equipotential
distribution wvas in relatively close agreement with the flow net
manuall: contoured using only field hydraulic head data.

Groundwater flow in the A-Line cross-section was
characterized by: predominantly downward flow beneath the bedrock
ridges (Sites A2 and A4), and in the Keho Lake basin at Site Al;
lateral flow in the southern lowlands between Sites A5 and A6, and a
large stagnant and/or sink area of upward flow beneath Studhorse
Lake at Site A3. The large sink area below Site A3 appeared to
receive water from lateral flow in the upper bedrock. The source of
this shallow flow was the bedrock ridges to the north (Site A2) and
south (Site A4). This zone of active, shallow groundwater flow was
within the weathered and/or fractured shale, This stratum was also
found to contain many layers or lenses of highly permeable
carbonaceous shale and/or coal. A hydraulic conductivity value of
106 m s-] was assigned to this upper weathered shale unit for
che simulation.

The sink area was also characterized by a hydraulic head
value in the deepest piezometer at Site A3 (970.0 m) that was
considerably greater than the head values in the deepest piezometers
underneath the adjacent bedrock ridges at Sites A2 (934.8 m) and A4
(953.9 m). This suggested that the high hydraulic head value at
depth below Studhorse Lake at Site A3 can probably not be accounted

for by groundwater flow within 91 m of the ground surface in the



A-Line section. This inferred a possible deeper source of ground-
water flow beneath Site A3. The Studhorse Lake basin has been
mapped previously as a major artesian basin (Tokarsky 1973).

The major areas of saline soils along the A-Line cross-
section were found at Sites Al, A3 and south of Site A5S. The EM-38
readings plotted on Fig. 3.i illustrated the near-surface salinity
(0-120 cm) i the Studhorse Lake basin at Site A3 (> 2 dS m~1),
and in the lowlands south of Site A5 (> 2 dS p~1). Slight
salinity (1 dS m~1) was indicated at Site Al. The salinity at
Site Al appeared to have been caused by shallow flow through the
upper weathered bedrock from the adjacent bedrock ridge to the south
(Site A2). This was evident by the equipotential distribution in
Fig. 3.1. The soil salinity within the Studhorse Lake basin at Site
A3 can probably be attr:buted to shallow flow through the upper
weathered bedrock and/or to deeper discharge (> 91 m) from
regional flow or confined aquifers under artesian conditions. The
upward hydraulic gradient below this basin may have also acted as a
hydraulic perch by keeping the water table close to the soil
surface. Soil salinity in the lowlands south of Site A5 was
probably due to shallow flow in the upper weathered bedrock and/or
to leakage from the Monarch Branch Irrigation Canal that is located
just south of Site AS. Chan and Hendry (1985) reported similar
findings. In addition, discharge from confined aquifers under
artesian conditions may be a possible source of excess water in
these lowlands as this area has also been mapped as a major artesian

basin (Tokarsky 1973).
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The correlation between the vertical Dercy flux and EM-38
readings was generally poor, except for the Studhorse Lake basin
(Fig. 3.1). The high degree of soil salinity within the lake basin
was associated with a total discharge in the basin of approximately
3.7 w3 yr-1 (1.2 om yr'l). The total discharge was calculated
as the area under the horizontal zero line in the recharge-discharge
profile of the basin.

The simulated equipotential distribution for the B-Line
cross-section is shown in Fig. 3.2. Generally, groundwater flow was
downward throughout the northern portion of th:. section (Site Bl to
B3), lateral flow predominated south of Site B3, and upward flow
occurred below Site B4. The saline soils found along the B-Line
occurred in the southern portion of the section. This was evident
by high EM-38 readings (> 2 dS m-!). Immediately south of the
bedrock ridge was an extensive area of soil salinity and saline
seeps (Site B3). Some small patches of soil salinity were also
found further south at lower elevations between Sites B3 and B4.

T ~» equipotential dis-ribution indicatea that the soil
salinity f. in the lowlands at and between Sites B3 and B4 was
probably caused by shallow groundwater flowing in the upper
weathered bedrock. A shallow and relatively thick, sandstone
aquifer that was truncated, and subcropped below Site B3, was found
to be permeable (Ks = 10~5 m s=1). This aquifer may be a major
conduit for groundwater flow and a source of excess water causing
soil salinization in this area. The bedrock ridge also had a very

thin overburden overlaying extremely weathered sandstone. The



soils also tended to become coarser in texture with depth, because
of the influence of the weathered sandstone material. In additionm,
there was a sharp bresk in topographic gradient (from steep to
shallow) just upslope from Site B3. These conditions would be
conducive to shallow, local flow systems originating from the
bedrock ridge. The correlation between the vertical Darcy flux and

E%-38 readings was generally poor for the B-Line section.

3.3.2.3 Quantitative flow net of local investigation
A finite—element code (Frind 1971) was modified to

calculate stream functions for the C-Line cross-section (Fig. 3.3).
Initially, however, a finite-difference code (McDonald and Harbaugh
1984) :=hat facilitated easy adjustment of input parameters was used
to derive acceptable hydraulic cunductivity values for the hydro-
stratigraphic units on the C-Line cross-section. The hydraulic
conductivity values for the best-fit simulation of the C-Line
section using the finite-difference code are shown in Table 3.1.
These hydraulic conductivity values were then used as input
parameters for the simulation of the stream functions using the
finite-element code.

The finite-element grid for the C-Line consisted of 906
linear-triangular elements and 496 nodes. Boundary conditions
consisted of a combination of no-flow and specified flux boundaries.
The former were specified as constant values of stream functions and
were equal to zero. Specified flux values at a node alcng the water
table boundary were calculat:d as the hydraulic head difference

between adjacent nodes on the boundary, divided by two.



t/

For the simulation, all boundaries except the water table
were assumed to be no-flow. The water table was a specified flux
boundary. The vertical no-flow boundaries below Site B2 and just
south of Site C2 seemed reasonable because Site B2 was located on a
groundwater divide on top of the bedrock ridge, and south of Site (2
was in a local depression. The lower horizontal boundary was taken
just below a relatively thick and highly permeable (Ks = 1075 m
s‘l) sandstone layer. Relatively impermeable, interbedded shale
and sandstone occurred below this sandstone stratum. Groundwater
flow was probably dominantly lateral in this sandstone stratum,
thereby satisfying the conditions of parallel flow adjacent to the
lower impermeable boundary.

T -:wlation of tae stream functions on the C-Line
cross-section revealed that a possible source of excess groundwater
at the saline seep (Site C2) was from confined groundwater discharge
from highly permeable (Ks = 10-3 m s~!) sandstone strata at the
6 and 12 m depths. The source of the groundwater appeared to he
from a local recharge area just south of Site B2, The shallow
overburden (< 2 m) and highly weathered sandstone in this recharge
area would be conducive to significant potential recharge.

Two stream tubes contributed to groundwater discharge at
Site C2 (Fig. 3.3). The quantity of gioundwater that discharged was
calculated to be approximately 25.6 m3 yr'l (88 mm yr'i).
Discharge from this shallow, local flow system was much greater than

artesian discharge from deep bedrock aquifers below the closed
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topographic depression (3.7 m~3 yr=1; 1.2 om yr-1) at Studhorse

Lake (Fig. 3.1).

3.3.2.4 Tritium content of groundwaters from saline areas

The tritium concentration of groundwater samples from
piezometers and water table wells in saline arcas (Sites Al, A3,
B3, and C2) are shown in Table 3.3. The tritium content of
precipiiation at Ottawa, Canada, before 1953 was < 20 TU (Freeze
and Cherry 1979). Since the half-life of tritium is 12.3 years,
the tritium content of groundwate: cecharged by precipitation prior
to 1953 should have a tritium conce: . ration of < 2 TU. Relatively
deen piezometers (> 30 m) rhat exhibited high tritium values
(> 2 TU) were likecly due to incomplete flushing of the d.  lling
water and/or surface water used to develop the piezometers. This
was probably the case for piezometer A1-76 (Table 3.3).

The tritium data for the groundwater sa.nles from piezo-
meters at Site Al showed likely contamination of the piezometer at
70 m (A1-76) and pre-1953 water at 9 and 24 m (A1-9, Al-24). At
Site A3, adjacent to Studhorse Lske, stratification of the
groundwater with respect to tritium was evident. Pre-1953 water (<
2 TU) occurred at 30 and 69 m (A3-30, A3-69), whereas post-1953
water (46 TU) was present at , m (A3-5W), just below the water
table. This stratification of post-1953 shallow groundwater
overlaying pre-1953 deeper groundwater was also evident at Sites B3
and C2. Stein (1987) previously found zones of high tritium

content in the upper 2 to 3 m of the satuvated zone in areas of
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groundwater discharge, and attributed this condition to recharge to
the water table by infiltration of precipitation and snowmelt
water. The tritium results from this study supported these

previous findings.

3.3.2.5 Vater table levels

The water table levels determined from observation wells
in this study area ranged from 1.14 to 7.11 m. The shallowest and
deepest water tables were found in the scutherrn lowlands at Site
A6, and below the bedrock ridge at S:* A4, re-pu.tively.

Tie water table levels at S. . Ul a . C2 are shown in
©ig. 3.7. The war~r table in the sali. ' cep (Site C2) exhibited
marked fluctuati~ . -. ain the range 1.68 to 2.34 m. Sharp
increases in the w. . .able level at Site C2 were attributed to
above-average pre..;.cation during that or the previous month.
This was evident by water table peaks in September 1985, September
and November 1986, and in July 1987. This phenomena was also
observed in water table wells om the A- and B-Lines (Appendix
6.4). Precipitation-induced, *ime lag responses of water tables
are a ¢ommonly reported phenomena (Maclean and Pawluk 1975; Stein
1987).

The water table in the bedrock ridge at Site Cl ranged
from 5 to 2 m below the ground surface during this study. In the
fall (September 13 to October 25, 1985) and spring (May 13, 1986),
the water table was 5.2 to 5.3 m from the soil surface. At this

time, water was present in the well at 5 m, but no water was
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present in the piezometers at 24 or 25 m (Cl-24, C1-25). This
indicated the presence of a perched water table.

On the A-Line cross-section, the water table level on the
northern bedrock ridge at Site A2 ranged from 3 to 14 m. On the
southern bedrock ridge at Site A4, the water table ranged from 7 to
20 m for most of the study; however, from July 9 to August 7,
1986, the water table was at 7 m. The water table on the flank of
the bedrock ridge at Site AS ranged from 3 to 8 m for most of the
monitoring period, exce; from July 16 to September 12, 1986, when
the water table was from 2.5 to 2.8 m below the ground surface.

The water table levels at the saline Sites Al and A3 ranged from 4
to 9 m and 2.6 tc 3.8 m, respectirely. In the southern lowlands at
Site A6, the water table ranged f: @ 1.1 to 2,0 m below the soil
surface,

The water table on the bedrock ridge at Site B2 was from
5 to 3/ m» below the soil surface, as determined =~ the presence or
absence of water ir the well or piezometers. The water table at
Sites Bl and B3 ranged from 3 to 6 m below the ground surface. At
Site B4 the water table was from 2.8 to 3.5 m below '~ ground

surface,

3.3.2.6 Vater levels in piezometers

Hydrographs for the piezometers used in this study are
given in Appendix 6.4, Basic time lags (To) were > 200 days for
some piezometers (Al1-76, A2-84, A4-99, 56, 20, Bl-6 and B1-9).

This indicrted that these piezometers may not have fully recovered
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to their equilibrium water levels, In addition, the piezometer
screen at A4-39 was suspected of being plugged and the bentonite
seal on AS5-8 was broken during development, rendering this
piezometer inoperative.

The water levels in piezomecers could generally be grouped
into two categories: piezometers that exhibited static to slight
fluctuations (Al, A2, A4, A6, Bl and B2), and piezometers that
showed marked fluct.ations (A3, AS, A6, B3, B4, Cl and C2). Some
of the water level fluctuations were likely due to precipitation
events. This was evident in piezometers at Sites Cl and C2. Stein
(1987) reported similar findings.

A comparison of the hydraulic head in piezometers within
confined aquifers and the elevation of the top of the aquifer was
performed to ascertain if the aquifers existed under artesian
conditions. If the water level in a well in a confined aquifer is
At the top of the aquifer. the aquifer is said to exist under
artesian conditions (Freeze and Cherry 1979). Estimates of
artesian conditions were calculated as the difference hetween the
hydraulic head in a piezometer within a confined aquifer and the
elevation of the top of tne aquifer. The calculated values for
confined sandstone, carbonaceous shale and/or coal strata, and a
fluvial aquifer, are shown in lable 3.4.

Four sandstone aquifers in the A-Line cross-section that
ranged from 24 to 69 m in depth below ground surface had pressure
heads that ranged from 12 to 50 m above the top of the sandstone

strata. Artesian conditions were lowest (12 m) in the Keho Lake
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basin at Site Al (A1-24) and increased sc.thward to a maximum value
(50 m) at 69 m below the flank of the bedrock ridge at Site AS.
Artesian conditions were also found at the 20 m depth, in the
fluvial deposit overlain by finer-textured lacustrine material, in
the southern lowlands at Site A6. The artesian conditions here,
however, were much weaker (3 m) than in the sandstone aquifers.

In contrast, an opposite trend was observed for artesian
conditicns in sandstone aquifers on the B-Line. Here artesian
conditions were greatest (34 m) at the 41 m depth in the Keho Lake
bas.n at Site Bl, and then decreased southward, to pressure heads
of only 2 m above the shallow aquifer (6 m), just south of the
bedrock ridge at Site B3.

Sandstone aquifers below the saline seep at Site C2 showed
the (reatest artesian conditions at the 30 m depth. The pressure
heai values in two piezometers at this depth were 21 m above the
top of the aquifer. In contrast, artesian conditicns at the 6 and
7 m depth within the sandstone strata were only 4 m.

carbonaceous shale and/or coal aquifers were also present
along the C-Line cross-section. Artesian conditions at the 34 and
35 m depth below the bedrock ridge at Site Cl were 17 and 16 m,
respectively. At the 24 m depth, the pressure head was ' v 7m
above the aquifer. Similar artesian conditions were also found at

the 10 m depth at Site C2.
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3.3.3 Soil Moisture Regime

3.3.3.1 Soil moisture regime on the bedrock ridge

The soil moisture regime on the bedrock ridge at Site (1
was investigated to ascertain if drainage of soil water was causing
local recharge from the ridge, and contributing excess water to the
saline seep downslope at Site C2. The soil moisture regime at Site
Cl during the spring to fall periods of 1985, 1986 and 1987, in
relation to precipitation, is shown in Fig. 3.8.

Soil moisture at 23 cm during the three years was gener-
ally below field capacity (-33 kPa). For short periods, however,
soil moisture was above field capacity. This occurred in May to
June and September to October of 1985, in May and October of 1986,
and near the end of July 1987. Soil moisture at 46 cm was at or
above field capacity during 1985. Soil moisture at 46 cm in 1986
and 1987 was generally below tield capacity, except from the middle
of May to the end of June of 1986, when it wus above field
capacity. Soil moisture at 76 cm was above field capacity during
1985, from May to July 1986, and in June and early July 1987. 5Soil
moisture at 122 and 200 cm during the three years was below tield
capacity. In contrast, soil moisture at 250 cm was greater than at
122 and 200 cm, and was generally above field capacity during the
study.

High soil moisture at 250 cm may be related to the
presence of a fluvial sand and gravel layer at this depth, An
observation well penetrating this confined fluvial layer revealed

the presence of a perched water table in the fall of 1985
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(Fig. 3.7). The perched water table and high s0il water content of
this fluvial layer indicated that literal saturated flow may have
occurred within this confined glacial aquifer.

The soil water balance at the 76 cm depth was calculated
to obtain a general approximation of how much water was draining
downward and/or laterallv, and possibly contributing excess water
to the saline seep downslope (Site C2). The limitations of calcu-
lating the water balance at one specific depth were recognized;
however, other methods that determine the water balance for the
entire soil prciile also incorporate many assumptions. The water
balance at the 76 cm depth was chosen because decreases in soil
moisture storage at this depth should reflect deep drainage out of
the soil profile, a.l may possibly indicat¢ .tential for
recharge to the water table.

The drainage component for the 76 cm depth was calculated
usiny the equation:

D = P- aS - Et (1)
where D is drainage, P is precipitation, AS is the change in soil
moisture between two successive measurements, and Et is the actual
evapotranspiration.

Time periods when soil moisture declined (- AS) were used
to determine the drainage component for the 76 cm depth. Only
decreases in soil moisture that occurred above field capacity
(-33 kPa) were used in the calculation. The AS values were taken
from Fig. 3.8. Daily precipitation values for the se'acted time
periods were taken from the meteorlogical station records for the

Lethbridge Airport. Daily Class "A" pan evaporation values (Ep)



measured at the study site were converted to potential evapotrans-
piration values (Et,) by using Kp coefficients of 0.7 and 0.8
(Doorenbos and Pruitt 1977); Et, values were then converted to
actual evapotranspiration values (Et) by using a kc coefficient of
0.9 (Penman 1943).

The soil water balance at 76 cm for the three years of
this study is shown in Table 3.5. The assumption was made that
when the deep drainage was a negative value, decreases in soil
moisture were due only to evapotranspiration, and deep drainage was
assumed to be zero. Net downward and/or lateral drainage was 91.7,
8.5, and O mm in 1985, 1986, and 1987, respectively. I[n compari-
son, Maule and Chanasyk (1987) used the field capacity method and
reported total drainage values of 95 and 93 mm under fallow and
barley within the Plack soil zone near Edmonton, Alberta. Deep
drainage in this study was highest in the fall during periods when
precipitation was high and evapotranspiration was low. A high
drainage component (91.3 mm) during September, 1985, may partially
explain the perched water table at a shallow depth (5.2 m) during
this time period. A high soil water cont.nt found in the fluvial
sand and gravel layer at 2.50 m below the ground surface may be

further evidence of deep drainage on the bedrock ridge.

3.3.3.2 Soil moisture regime at the saline seep

The soil moisture regime for the saline sezp at Site C2 is
shown in Fig. 3.9. Soil moisture at 23 cm during the three-year
monitoring period ranged from above field capacity (-33 kPe, .c

less than the permanent wilting point (-1500 kPa). Soil moisture
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at 23 cm during 1985 was generally below field capacity, except
from the middle of May to late June, and in September when it was
above field capacity. Soil moisture at 23 cm in 1986 was generally
between field capacity and the permanent wilting point, except for
short periods in late May and early October, when it was above
field capacity. In contrast, soil moisture at 23 cm during 19¢’
was generally less than the permanent wilting point. In late N...,
however, soil moisture increased to field capacity for a very hr-ief
period. Soil moisture at 46 and 76 cm during the three years was
alwvays greater than field capacity. This reflected relatively wet
conditions at these depths., Soil moisture at 122 ca during the
three years was either slightly below or at saturation. This
s: agested that the top of the capillary fringe was close to 122 cm.
Sci]l moisture at 200 and 250 cm indicated constantly saturated
conditions during this study.

Increases in soil moisture at specific depths could be
relgted to above-average precipitation during that month. Thi: was
evident by the simultaneous increase in soil moisture at 23, 46 and

76 cm in September of 1985, and at 23 cm in July of 1987.

3.3.4 Air Photo History of Salime Soils
Black and white aerial photographs were examined to

ascertain any historical trends in the development of soil salinity
at Sites Al, A3, B3, and C2.. Photographs for five different years

(1951, 1961, 1970, 1977, and 1985) were used (Plates 3.2, 3.3, and

3.4). Soil salinity was recognizable by white areas on the

photographs,
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Salinity was first apparent near Sites C2 and B3 in 1961
(Plate 3.2); however, these sites were not saline until 1970. The
extent of salinity decreased ¢° both sites in 1977 and increased
again in 1985, but only at Site E3.

Ponding of surface water was evident in the depressional
lowland near Sites C2 and B3 in 1951 and 1970 (Plate 3.2 a and c).
The ponded water in 1951 can probably be attributed to above-
average precipitation during 1951 (Fig. 3.10). Sommerfeldt and
Ma Kay (1982) previously determined that some of this surface
runoff accumulated in the lowland was recharging the water table
below. Similar findings were also reported by Stein (1987).

The surface expression ot the coarse-textured fluvial
materials encountered at a shallow depth (250 cm) on the bedrock
ridge at Site Cl was visible on the air photograph in 1961 (Plate
3.2 b). These sand and gravel fluvial deposits trended from slight-
1y northwest to southeast through Site Cl and into the lowlands
below the bedrock ridge. Results from this study suggested that it
wvas highly probable that these fluvial materials were conducting
water laterally through the glacial deposits as confined flow.

No soil salinity was visible on the aerial photographs for
the five different years at Site Al; however, some white areas
visible east of Site Al in 1961 and 1970 may possibly have
indicated salinity (Plate 3.3 b, c). Surface salinity was most
apparent in the Studhorse Lake basin (Site A3) after 1951 (Plate
3.4 b, ¢, d, e).
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Soil salinity was visible near or at Sites Al, A3, B3, and
C2 in 1961. This suggested that salinization of these sites became
visible on the soil surface sometime between 1951 and 1961. Pre-
cipitation records indicated that between 1951 and 1961, 7 of the
11 years had total annual precipitation values that were above the
long-term (1949-1987) n:an (Fig. 3.10). The salinity visible on
the soil surface in 1961 may have been related to the relatively

high precipitation between 1951 and 1961.

3.4 SIMMARY AND CONCLUSIONS

Various possible sources of excess water could have
contributed to the development of saline soils and saline seeps in
this study area (Sites Al, A3, B3, and C2). The most likely source
of excess water at Site Al was from shallov groundwater flow
through the upper highly weathered bedrock from the adjacent
bedrock ridge at Site A2, The weathered zone of the upper bedrock
was approximately 15 to 17 = thick at Sites Al and A2,
respectively. The qualitative flow net (Fig. 3.1) showed that
lateral groundwater flow occurred through this weathered zone.

This weathered zone was fractured and contained thin layers of
carbonaceous shale and/or coal, and had & relatively high hydraulic
conductivity (106 m s=1). In addition, it was possible that
latural flow from the bedrock ridge occurred through thin layers of

sandy glacial material. The finer textured glacial materials
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downslope at Site Al would create a damming effect resulting in an
increase of excess water at Site Al. This phenomenon was previously
reported by Forster (1984). Other contributing factors here could
have been the shallow overburden (1 to 2 m thick) and the sharp
break in topography (from steep to shallow) from the bedrock ridge
at Site A2 to the lower slope position at Site Al. The water table
at Site Al during this study, however, was from 4 to 9 m below the
ground surface. This suggested that either very little soil
salinization orcurred during this study because of the relatively
deep water table, or that excess water originated above the water
table as lateral, unsaturated flow through coarse textured glacial
deposits. Little soil salinization occurs under dryland conditions
when the water table is greater than 3 m from the soil surface
(Peck 1978). 1In addition, previous research has shown that there
is a strong lateral component to unsaturated flow on a hillslope,
even in the absence of apparent sublayers of much lower
permeability (McCord and Stephens 1987).

There were three possible sources of excess water at Site
A3 adjacent to Studhorse Lake. These included: discharge from
deep confined aquifers under artesian conditions; lateral and
shallow groundwater flow through the upper highly weathered bedrock
zone; and infiltration of surface runoff and/or precipitation
water. The qualitative flow net (Fig. 3.1) revealed that the high
hydraulic head values found at depth below the Studhorse Lake basin
could not be accounted for by the flow net within 91 m of the

ground surface. Discharge from deeper confined aquifers under



strong artesian conditions was indicated by water levels in the
piezometers above the level of the water table (near-flowing
artesian conditions). The quantity of groundwater that discharjed
within the Studhorse Lake basin was calculated to be about 3.7 3
yr-l (1.2 mm yr-1). Studhorse Lake has also been mapped as a
sajor artesian basin (Trkarsky 1973). Lateral and shallow
groundwater flow through the upper highly weathered bedrock zone
was indicated by the qualitative flow net (Fig. 3.1). This lateral
flow appeared to have originated from the bedrock ridges at Site A2
and Site A4. Infiltration of surface and precipitation water was
indicated by the tritium data (Table 3.3). This was evident by
stratification of post-1953 shallow groundwater overlaying pre-1953
deeper groundwater. These three possible sources of excess water
at Site A3 resulted in a shallow water table that ranged from 2.6
to 3.8 r below the soil surface.

There were four possible sources of excess water at Site
B3. These were: lateral and shallow groundwater flow through the
upper weathere: bedrock zone; lateral flow through coarse-textured
glacial deposits; infiltration of surface and precipitation water;
and discharge from a shallow but relatively thick sandstone
aquifer. Lateral and shallow groundwater flow through the upper
bedrock was indicated by the qualitative flow net (Fig. 3.2).
There was a trend of increasing coarser texture (sandy clay loam to
sandy loam) with depth in the shallow glacial deposits covering the
adjacent bedrock ridge near Site B2. The sandy loam materials just

above the bedrock contact reflected the influence of the highly
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veathered sandstone capping the bedrock ridge. Lateral flow of
vater say have occurred through these sandy loam glacisl materials.
Infiltration of surface and precipitation water was indicated by
the tritium data (Table 3.3). It was also possible that the
relatively thick and permeable (10'5 m s~1) sandstone aquifer
subcropping just downslope from Site B3 may have contributed excess
vater via discharge under artesian conditions. The water table at
Site B3 was from 3 to 6 m during the study. This suggested that
probably little salinization occurred during this time, or that
excess water from lateral flow in the coarse textured glacial
materials and/or infiltration of surface and precipitation water
were likely the major sources of excess water during this study.
Other contributing factors to excess water at Site B3 could have
been the relatively thin overburden (1 to 4 m) capping the bedrock
ridge, and the sharp break in topographic gradient (from steep to
shallow) from the bedrock ridge to the lower slope position at
Site B3.

There were three possible sources of excess water at the
saline seep at Site C2. These included: infiltration of surface
and precipitation water; confined flow through sand and gravel
fluvial layers; and discharge from shallow, confined sandstone
aquifers under artesian conditions. Infiltration of surface and
precipitation water was indicated by the tritium data and by the
presence of ponded water visible on air photographs in 1951 and
1970. Lateral flow through confined sand and gravel fluvial layers

from the bedrock ridge to the north at Site Cl was indicated by a
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perched water table in a well penetrating a shallow fluvial layer
at Site Cl, and by a relatively high soil water content in this
sand and gravel layer. During periods of abuve-average
precipitation, temporarily saturated conditions may have existed in
these fluvial layers, and contributed excess water downslope via
lateral flow. Evidence for discharge from shallow confined sand-
stone aquifers under artesian conditions was provided by the
quantitative flow net (Fig. 3.3). The local recharge area for this
flow appeared to be just south of Site B2 on the bedrock ridge.
Artesian conditions in the sandstone aquifer at the 30 m depth
below Site C2 were observed. The pressure heads here were 31 m
above the top of the aquifer. The quantity of groundwater
discharging from the sandstone aquifers was approximately 25.6 a3
yr-1 (88 mm yr-1). The contribution of excess water at Site C2
resulted in a water table that ranged from 1.68 to 2.34 m, and &
top of a capillary fringe that was at approximately 1.22 m.

The results from this study were used to develop five
models that represented the various possible sources of excess
water contributing to high water tables and soil salinity (Fig.
3.11). These five possible sources of excess water were:

1. Discharge below closed topographic depressions from deep, con-
fined bedrock aquifers under near-flowing artesian conditions.

2. Discharge from shallow, confined bedrock aquifers (sandstone,
carbonaceous shale and/or coal) under artesian conditions.

3. Shallow groundwater flow through the upper highly weathered
bedrock 2zone.
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4. Lateral confined flow through sand and gravel fluvial layers
(or coarse textured glacial materials) under temporarily
saturated conditions.

5. Infiltration of surface water and pre~ipitation at lower
elevations.

Managing soil salinity becomes feasible when the possible
sources of excess wa..r contributing to high water tables are
known. Shallow groundwater flow through the upper weathered
bedrock or through permeable glacial materials can be dealt with
using traditional management practices that emphasize utilization
of excess water in the local recharge area. These practices may
include continuous cropping the recharge area, interceptor cropping
using alfalfa, and draining water from toprgraphic depressions in
the recharge area. Infiltration of surface and precipitation water
at lower elevations in the discharge area, however, may require
special management techniques to minimize runoff from snowmelt and
precipitation to lower elevations. Some of these management
practices have been suggested by Sommerfeldt and MacKay (1982).
Pumping water from deep bedrock aquifers to decrease the pressure
head within the aquifer is not economically feasible; however,
pumping may be a possible alternative for shallower aquifers

(Doering and Benz 1972).
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Table3.2. Difference in pressure head (t; )
between field value from piezometer ( ', )
and calculated value ( 't ) from best - fit
simValons of A— B - de-Limefou sections
usu 1Q the finite — diﬁoronce model.

Piezometer ‘1: - "I';- ‘1’(
(m)
A2 -14 +4.7
A2 -42 +0.1
A3 - 30 +0.4
A4 - 20 +3.8
A4 - 56 +2.9
AS5-8 +0.1
A5 - 30 +1.7
B2 - 34 -0.4
B2-63 +1.9
B3-6 0
B3-16 +1.4
C1-24 +1.2
Ct1-25 +1.3
C1-35ab +0.2




Table 3.3 . Tritium activity (TU = Tritium Units) of
groundwater samples taken in May 1987, from
piezometers and water —table wells in saline
areas.

C2-6

Piezometer or Well Activity(TU)
A1 -76 10(+/-1)
Al -24 <2
A1-9 <2
A3 -69 2(+/-1)
A3 -30 <2
A3 -5W 46 (+/-1)
B3-16 <2
B3-6 18(+/-1)
C2-30a <2
C2-10 7(+/-1)
C2-7 10(+/-1)
C2-3W 1M(+/-1)
C2-30b <2
Cc2-9 11(+/-1)

11 (+/-1)
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Table 3 .4. Artesian conditions (hydraulic head of piezometer in aquifer
minus the elevation of the top of the aquifer) in three different types of
confined aquifers within the study area.

Piezometer Sandstone Fluvial  Carbonaceous shale

and/ or coal
—— Artesian conditions (meters)
Al1-24 12 - -
A2-42 19 - -
A3 -30 23 - -~
AS5-69 50 - -
A6-20 - 3 -
B1-41 34 - -
B2 -34 11 - -
B3-6 2 -

C2-30a.,b 21 - -
cC2-7 4 - -
C2-6 4 -

C1-34 - - 17
C1-35 - - 16
Ci1-24 - - 7
C2-10 - - 7
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Figure 3.8. Soil moisture status at Site C)! from spring to fall
in relation to time (months) and precipitation (mm).
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Five models representing possible sources of excess

water contributing to soil salinity in the Nobleford study area.



Plate 3.1. Study site locations, topography, and areas
of saline soils (s) near Nobleford. The air photo is
from 1985, and the scale is 1:30,000.
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4. THE ORIGIN OF SOLUBLE-SALTS CAUSING DRYLAND SALINITY
NEAR NOBLEFORD, ALBERTA

4.1 INTRODUCTION

Soil salinization results from a combination of excess
water and excess soluble salts (hereafter referred to as salt). If
the source of the excess water is from within the glacial drift,
this implies that the salts would be derived from the drift. If
the source of the excess water is from the bedrock, however, then
the source of the salts could be from the bedrock and/or the drift.
Research on soil salinization has focussed on the possible sources
of excess water contributing to high water tables because manage-
ment practices are most directly applicable to preventing the
buildup of excess water. Knowledge of the source of salts, however,
can provide additional information regarding the origin of soil
salinity.

Some workers have proposed that the source of the salts
causing soil salinization is the drift. Ferguson and Bateridge
(1982) reported that up to 90 t ha~l of salt was leached from
soils in recharge areas, on glacial till in Montana. They attri-
buted the increased leaching of salts and development of saline
seeps to the crop-fallow system of farming. Except for the upper
meter, the entire till profile contains an extremely abundant

supply of water-soluble salts that are capable of maintaining
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existing saline seeps for the next 25 to 100-plus years (Miller et
al, 1981).

In southern Alberta the main salt reservoir has been
reported to be glacial till (Hendry and Schwartz 1982). The
content of water-soluble salts typically ranges from 15 to 30 meq
100 g-! of air-dried till, with Na and SO, most abundant. Fev
studies, however, have determined the salt reservoir in the
underlying bedrock in this region.

In a study in southern Manitoba, Eilers (1973) found that
most of the soluble salts in the soil snd groundwater of the study
area vere derived from the glacial till. Soils in one ares,
however, were affected by Na salts from the underlying Riding
Mountain Formation. Henry et al. (1985) reported that discharge
from glacial and bedrock aquifers under artesian conditions was a
factor in soil salinization in Saskatchewan. They found that the
source of near-surface salts could have been the aquifers and/or
weathered till. In a study of the origin of saline soils at
Blackspring Ridge in southern Alberta, Stein (1987) found that
excess salts vere derived from glacial and/or bedrock sources.
Mixing and subsequent evaporation of drift and shallow bedrock
sources was suggested as a ~ossible mechanisa.

Various chemical constituents have been used as tools to
identify the source areas of soluble salts. High concentrations of
Na and Cl1 ions in saline soils generally reflect a bedrock source
(Greenlee et al. 1968; Eilers 1973; Henry et al. 1985; Stein

1987). Sulfur and oxygen isotopes of soluble sulfates have slso
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been used as indicators of sources of salt. Buylov (1976) and
Kovda et al. (1980) found that the sulfur isotopic composition of
sulfates from saline soils and deep artesian groundwaters of
bedrock origin were similar. This suggested a hydraulic connection
between the soil and artesian waters. Hendry and Krouse (1987)
noted significant differences‘in the oxygen isotopic composition of
soluble sulphate from weathered till and the underlying bedrock.
They suggested that by comparing these isotope values to the values
of soil sulfates, the source of the sulfate causing the salinity
may be revealed. This technique, however, has not been applied to
saline soils.

The oxygen isotopic composition of soluble sulfates is
potentially more useful as a tracer than the sulfur isotope because
the half-time of exchange between 180 in the sulfate and the
180 in the associated groundwater is about 10,000 years (Lloyd
1968; Mizutani and Rafter 1969); at the temperature and pH of the
groundwaters of southern Alberta (Hendry and Krouse 1987).

The objective of this paper was to determine the origin of
excess soluble-salts in selected saline soils in an area of dryland
salinity in southern Alberta. The origin of the salts (drift and/
or bedrock) will be assessed by using sulfur and oxygen isotopes,
hydrochemical data, and chemistry of the soil, drift and bedrock

materials.
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4.2 MATERIALS AND METHODS

4.2.1 Site Descriptioa

The study area is located in southwestern Alberta near the
village of Nobleford, about 48 km northwest of Lethbridge, Alberta.
The location, site instrumentation and physiography of the study

area have been previously described in Section 3.2.1.

4.2.2 Field Methods

Test drilling and installation of piezometers and water
table wells at ten sites along the A-, B- and C-Lines was performed
as outlined in Section 3.2.2. Bulk soil samples were collected
from all recognizable horizons and layers at the ten sites, and
also from five selected saline and Solonetzic soils throughout the
study area. Drift and bedrock materials were described and sampled
during auger or rotary drilling. At Sites Cl and C2, drill
cuttings from the auger were sampled whenever a change in geology
occurred. At sites along the A- and B-Lines, cuttings from the
rotary drill were generally sampled every 3 m.

Groundwater samples were taken from piezometers or water
table wells only after pumping or bailing considerable standing
water from the pipe. The pi was measured in the laboratory the
same day samples were taken. Groundwater samples were taken to the
laboratory and stored at 4°C for later chemical and/or isotope

analyses,
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4.2.3 Laboratory Methods

Soil, drift and bedrock samples were air-dried and crushed
to pass a 2-mm sieve. Chemical analyses were performed on satura-
tion paste extracts from horizons and layers of the two soil
profiles at Sites C1 and C2; and on the drift and bedrock samples
from the auger drilling at Sites Cl and C2. Chemical analyses were
also performed on 1:5 (soil:water) extracts of soil, drift and
bedrock samples from the rotary drilling at sites on the A- and
B-Lines. The following chemical analyses were performed on the
saturation paste extracts, 1:5 (soil:water) extracts, and the
groundvater samples: Ca, Mg, Na, and K (Chang and van Schaik
1965); SO, (American Public Health Association 1980); CO3 and
HCO3 (Bower and Wilcox 1965); Cl (Adriano and Doner 1982); and
electrical conductivity (EC) and pH (Rhoades 1982). Concentration
of Br and I in the groundwaters were determined by neutron
activation analyses,

Sixteen soil, drift and bedrock samples, ten groundwater
samples and five samples of evaporite crystals (visually identified
as probably gypsum and/or bassanite) were analyzed for the oxygen
and sulfur isotopic composition of the SO4. In addition, ten
groundwater samples were analyzed to determine the oxygen isotopic
composition of the water. Isotope analyses were performed in the
Department of Physics (Dr. H.R. arouse) at the University of
Calgary.

The sulfate in each solid sample (soil, drift or bedrock)

was dissolved using a 1:10 (soil:water) ratio. The aqueous S04
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in each sample of groundwater and 1:10 extract was then precipi-
tated as BaSO; using the Gravimetric Method with Ignition of
Residue Technique (426A), as outlined by the American Public Health
Association (1980). BaSO; and evaporite crystals were analyzed
for 5 34S and 8 180 using techniques outlined by Shakur (1982).
The analytical precisions for the 534S and 5180 analyses vere
+ 0.3 and + 0.5Z., respectively.

Stable isotope abundances were reported in the 8 notation.
This refers to how the abundance ratio of two isotopes in a sample
differ in parts per thousand (%.) from that of an internationally
accepted standard:

Rsample -1

§ sample * x 1,000 (1)

Rgtandard

where R is the abundance ratio (180/160 or 345/325), The
standard for reporting $ 345 values was troilit eS) from the
Canyon Diablo Meteorite (CDT). The standard for reporting§ 189

values was Standard Mean Ocean Water (SMOW).

4.3 RESULT: AND DISCUSSION

4.3.1 Sulfur and Oxygen Isotope Chemistry

The results of the isotope analyses are presented in
Tables 4.1, 4.2 and 4.3. The mean § 34S (S0,) values for drift
(x = 0.25%., n=4) and bedrock (x = 1.22%., n=16) were relatively
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similar for all three sites. This precluded the use of the sulfur
isotope as a possible tool to identify the source of soil sulfates,
because the sulfur isotope values of the two possible source areas
(drift and bedrock) were similar. In contrast, other workers
(Wallick 1981; Shakur 1982; Hendry et al. 1986) have reported
greater differences in § 34g (SO4) values between the drift and
Cretaceous bedrock from other locations in Alberta. They found
that & 34s (S04) values were close to or above 0%. in the

bedrock, and decreased to greater .egative values (-10 to -20%.) in

the overlaying drift.
The mean & 180 (S0,) values for drift (x = -8.0%., n=4)

and bedrock (x = 1.1%., n=16) showed a greater difference than the
8345 (S0,) values; however, the difference was not sufficient to
serve as a basis for ascertaining possible source areas of salt.
Hendry and Krouse (1987) reported that the & 180 (s0,) values of
groundwater from weathered till (x = -14.6Z., n=29) were signifi-
cantly less than groundwater from the Cretaceous bedrock (x = 0.2%.,
n=6) at two study areas in southern Alberta; and proposed that this
technique could be applied elsewhere to ascertain source areas of
salts.

This technique, however, can only differentiate between
drift and bedrock sources of salt at locations where the drift and
bedrock exhibit different & 180 (SO,) values. This would result
when the drift was derived from bedrock some distance away. Similar
8180 (S0,) values in the drift and bedrock in the Nobleford

study area indicated that the drift was probably derived from the
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local, underlying bedrock. Similar oxygen isotope values in both
the drift and bedrock prevented differentiation of either geologic
unit as the primary source of salts.

Some interesting trends, however, were observed in the
isotope data (Tables 4.1, 4.2 and 4.3). These were variable
5180 (S04) values, and relatively constant 8343 (S04) values,
of soluble sulfates and evaporite crystals (gypsum and bassanite)
from different depths. The 5180 (S0O,;) and 8345 (S04) values of
soluble sulfates were plotted versus depth, and clearly illustrate
these trends (Fig. 4.1, 4.2 and 4.3).

The & 34S (SO4) profiles in Fig. 4.1, 4.2 and 4.3
exhibited relatively constant values with depth. Values were
slightly above or below 0%.. Shakur (1982) and Hendry et al. (1986)
reported a trend of increasing 5 34g (SO4) values with increasing
depth from the till to the bedrock. They found that &34S (S04)
values in the till were generally between -10 to -20%. whereas
values in the bedrock typically increased to near O or slightly
positive values. An enrichment in 8345 (S04) at depth in the
bedrock was attributed to microbial reduction, as the lighter
3230, is preferentially converted to sulfide during bacterial
reduction of sulphate. Reduction cf sulfates may partially explain
the & 34s (S04) values close to or above 0 found in this study.
The presence of HoS gas, which is indicative of sulfate reduction,
was detected in some of the piezometers during the study.

The 6180 (S04) profiles exhibited extremely variable
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values with depth (Fig. 4.1, 4.2, 4.3). Negativeslao (S04)
values (-8 to -10%,) found at shallow depths or in permeable
aquifers (30 m at Site A3; 10 m at Site C2) may have indicated
interaction with light meteoric water during transport of sulfate in
solution and/or reoxidation of sulfides. These processes can
result in negative 5180 (S04) values because of incorporation of
oxygen from meteoric groundwater which is depleted in 180, The
189 (H90) values of the groundwater in this study ranged from
-15.3 to -21.5% (Tables 4.1, 4.2, 4.3). Shakur (1982) found
negative 5180 (S04) values near -11%, in shallow strata in
southern Alberta, and attributed the isotope depletion to re-
oxidation of ascending sulfides and incorporation of groundwater
with negative 5180 (H20) values near -20%0. Similar findings
were also reported by Hendry et al. (1986).

Dif ferent § 180 (S04) and 5180 (H20) values found in
this study indicated that $ 180 was not in isotopic equilibrium
between SO; and H20. This phenomena was also found in non-
weathered tills at two locations in southern Alberta, and was
attributed to a lack of contact time between the porewater and the
sulfate (Hendry et al. 1986, personal communication).

The 5 180 and §34S values of sulfates were plotted on a
scatter diagram (Fig. 4.4) to determine if values for soil, drift,
bedrock and evaporite crystals exhibited characteristic "isotopic
signatures”. The scatter of the isotope values was mainly due to
the wide variability in §180 (S0;) values (-11 to 17%.). The

§34s (S04) values exhibited much less scatter (-3 to 8%.).
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Isotope values showed little scatter for the soil and
drift, moderate scatter for evaporite crystals, and the most scatter
for bedrock (Fig. 4.4). The 5180 (SO;) values were negative
(-9 to -4%.) in the soil and drift, both negative and positive (-11
to 12%.) in the bedrock, and positive (2 to 17%Z,) in evaporite
crystals (gypsum and/or bassanite) from the soil and drife. In
comparison, Hendry et al. (1986) found considerable scatter in both
5180 and 534S values of soluble sulfates from till and bedrock
in southern Alberta. They found differences in 345 petween the
bedrock (-3 to 2%,) and till (-15 to 17Z.); and high variability in
the 180 of the tills (-17 to 3%.).

Negative 5180 (S04) values may have been related to
interaction with light meteoric groundwater, and/or to reoxidation
(Shakur 1982). A possible explanation for the enrichment in 5180
content of the evaporite crystals (Fig. 4.4) may be repeated cycles
of dissolution-reprecipitation. The enrichment may occur during
crystallization, when 345 and 180 are favoured in gypsum by
1.65 + 0.12 and 3.6 + 0.9%., respectively (Thode and Monster 1965;
Lloyd 1967; Holser et al. 1979).  Shakur (1982) also reported an
enrichment in & 180 content of evaporite crystals (mainly
gypsum).

The isotope values of soil and drift samples on the scatter
diagram (Fig. 4.4) showed a tendency toward linear behaviour.
The slopes of such lines may indicate specific processes contri-
buting to that linear behaviour. Mixing of two waters with SO4 of

different isotopic compositions, crystallization of sulfate minerals
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(slope = 2), adsorption of sulfate by sediments (slope = 0.7), and
sulfur redox reactions (slope = 0.25 or variable), have been cited
as four possible mechanisms that may be related to linear behaviour
(H.R. Krouse, personal communication). The linear behaviour of the
soil and drift, isotope values in Fig. 4.4, had slopes indicative

of crystallization of sulfate minerals.

4.3.2 Hydrochemical Facies of Soil, Drift and Bedrock
The groundwater chemistry of bedrock and drift deposits,

and chemistry of soil saturation paste extracts from saline soils
(Sites Al, A3, B3 and C2), were plotted on Piper diagrams to
determine if the ion facies of the soil was more similar to the
drift or bedrock materials (Fig. 4.5 to 4.8). At Sites Al, A3 and
B3, the ion facies of the soil saturation extracts were more
similar to the ion facies of the groundwater from the drift
compared to the ion facies of the groundwater from the bedrock.
This suggested that the source area for soluble salts in these
three soils was derived mainly from the groundwater of the drift.
In contrast, the ion facies of the soil saturation extracts and
groundwater from the drift and bedrock were similar at Site C2
(Fig. 4.8). This inferred that the soluble salts in the soil were
derived from the drift and/or bedrock groundwaters.

If mixing of both drift and bedrock groundwaters occurred,
then the apparent mixture (soil) must plot on straight lines
between the plottings of its two inferred components (Piper 1944).

This phenomena was not apparent in the Piper diagram at Site C2
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(Fig. 4.8) or at any of the other saline sites (Fig. 4.5 to 4.7).
Stein (1987) has shown by geochemical modelling, however, that
saline, shallow groundwaters may result from mixing and evaporation
of shallow drift and bedrock groundwaters. Wallick (1981)
suggested that because of groundwater movement induced by post-
glacial hummocky topography, water from drift aquifers mixed with
water from deep bedrock aquiters in discharge areas. This resulted
in mixed groundwaters with a range of intermediate compositions.

Ihe ion facies of the soil saturation extracts were Ca +
Mg, Na - SO; at Sites Al and B3; Na, Ca + Mg - HCO3, S04 and
Ca + Mg, Na - HCO3, SO; at Site A3; and Ca + Mg, Na - HCO3,

SO, and Na, Ca + Mg - SO; at Site C2. Five other saline and
Solonetzic soils in the study area exhibited Na, Ca + Mg - SO
ion facies (Appendix 6.7). The facies classification scheme
outlined by Back (1961) was used in this study.

If it could be assumed that these saline soils were
saturated and connected to the underlying groundwater flow system
when discharge of salts occurred, then a comparison of the anion
facies can be made to the Chebotarev (1955) sequence to reveal if
the anions reflected local, intermediate or regional groundwater
flow. The anion facies of saline soils was either HCO3, SO,
or SO;,. This inferred local or intermediate flow systems in this
study area.

The ion facies of all groundwater samples taken from the
drift were plotted on one Piper diagram (Appendix 6.7). All

groundwaters plotted within the SO4, HCO3 or SO; anion facies,
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but - -hibited variable cation facies. Groundwater from the bedrock
of the A- and B-Lines (Appendix 6.7) showed a trend of plotting
mainly within the Na cation facies; however, some waters plotted
wvithin the Na, Ca + Mg and Ca + Mg, Na facies. The anion facies of
the bedrock were mainly of the HCO3, SO, or S04, HCO3 type.
Groundwaters from the bedrock at Sites Cl and C2 (Appendix 6.7)
were generally dominated by Na or Na, Ca + Mg cation facies, and
S04, HCO3 or SO, anion facies.

The ion facies of the soil saturation extracts were most
similar to the ion facies of the groundwater from the drift at
Sites Al, A3, and B3 (Fig. 4.5 to 4.7). This implicated the drift
deposits as the major source of soluble salts contributing to soil
salinity at these sites. In contrast, the ion facies of the soil
saturation extracts were similar to both the ion facies of the
drift and bedrock at Site C2 (Fig. 4.8). This suggested that the
drift and/or bedrock were possible sources of salt contributing to
soil salinity at this site. In addition, the groundwater in this
study area did not evolve to the Cl, SO; or Cl anion facies which
is characteristic of deep, regional groundwater flow systems.
Local and/or intermediate flow systems probably dominated in this
area. Stein (1987) reported similar trends in the ion facies of

drift and bedrock groundwaters.

4.3.3 Hydrochemistry of the Groundwater

The concentrations of the major ions (Na, Ca, Mg, SO,

HCO4 and C1) in the groundwaters from water table wells and
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piezometers along the A-, B- and C-Lines were plotted on Stiff
diagrams to ascertain the distribution patterns of the ions and to
possibly reveal information regarding potential source areas of
salts. These results are shown in Figs. 4.9, 4.10 and 4.11.

A common trend observed in all three sections was an
increase in the quantities of soluble salts in the groundwater with
a decline in site elevation. In contrast, Sommerfeldt and Mackay
(1982) found no such trend in the same study ares and attributed
this condition to poor lateral continuity of the groundwater from
high to low elevations. Maclean (1974) found that both TDS and Na
+ K increased with a decline in site elevation and attributed this
to an increase in the length of flow paths and/or time of contact
between water and rock.

On the C-Line cross-section (Fig. 4.9), the patterns of
the Stiff diagrams showed that the most likely sources of ground-
water contributing to high Na and SO; ion concentrations (Na =
118.6; SO, = 130.1 mmole (+) L~1) at the saline seep (Site C2)
vere from shallow groundwaters (6 - 10 m) at Site C2, and from
saline groundwaters at the 24 to 35 m depth at Site Cl. These
groundwaters typically had high concentrations of Na (78.7 - 138.0
amole (+) L-1) and SO4; (76.5 - 129.1 mmole () L-1) ions.
Groundwaters at Site B2 had low concentrations of all ions,
indicating slight mineralization of the groundwater. The
relatively non-saline (2.0 - 2.7 dS n-1) groundwater here would

have contributed little to salinity downslope at Site C2.
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The Stiff disgrams along the C-Line illustrated that the
excess salts at the saline seep were most likely derived from very
short distances away and from relatively shallow depths. Because
Site Cl was a local recharge area and the shallow groundwater here
was highly saline (7.8 - 11.8 dS m-1), the evidence pointed to
this site as & likely source of salinity. Local groundwater flow
was also indicated by the flow net of the C-Line section
(Fig. 3.3). Stein (1987) reported that the majority of dissolved
salts within the groundwater flow region of a local investigation
vere generated and transported within the shallow region less than
30 m below the water table. In addition, generation of SO; was
found to have occurred over very short distances of vertical
travel,

Along the A-Line section (Fig. 4.10), there was a notice-
able trend of highest concentrations of ions occurring in the
shallowest piezometers. Relatively low ion concentrations were
found in deeper groundwaters, especially in the deeper piezometers
at and between Sites A4 and A6. Similar findings in this study
area were previously reported by Sommerfeldt and Mackay (1982);
however, they also found that some groundwaters with high EC values
were sandwiched between waters of low EC. In contrast, Wallick
(1981) found an increase in TDS of groundwaters with increasing
depth from drift to bedrock in east-central Alberta. Maclean
(1974) reported that shallow groundwaters in t“e drift within the
upper study area near Vegreville, Alberta, had the highest TDS

values.
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The shallowest piezometer at Site Al (9 m) exhibited the

highest Na (222.8 mmole (+) L-1) and SO4 (251.3 mmole (1)

L-1) concentrations of all groundwaters = -pled in this study.

The most probable source of the high Na and SO, salts causing

soil salinity at Site Al was the saline (EC = 9.2 dS al)
groundwvater at the 14 m depth (shallowest piezometer) at the
adjacent Site A2, Groundwater flow modelling indicated that the
most likely source of excess water at Site Al was from shallow
groundwater flow through the drift or upper weathered bedrock zone,
within 15 to 17 m of the soil surface. These previous findings
agreed with the hydrochemical evidence presented here. The soil
salinity at Site Al was att Huted to the highly saline groundwater
in the upper, weathered bedr..i.

At Site A3, the * . {agrams showed that the most
probable source of salts was the saline (EC = 6.8 dS a-1) ground-
water just below the water table. Previous work has revealed
strong artesian discharge from depth (30 and 69 m) below this site.
The groundwater in the piezometers at 30 m and 69 m at Site A3,
however, contained relatively low concentrations of soluble ions
(EC = 3.4 and 3.1 dS m~!, respectively). Therefore, the source
of the excess salts at Site A3 was probably from the shallow drift
and/or upper weathered bedrock. Repeated cycles of leaching of
salts from the soil following wet periods, and upward flow
gradients induced by evapotranspiration during dry periods, may
also partially explain the high salinity of the shallow groundwater
in the closed basin at Site A3.
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The soil salinity downslope from Site A5 also appeared to
be caused by shallow groundvater. These saline (EC > 6.3 dS m~1)
groundwaters exhibited relatively high concentrations of Na and
S04 (> 50 mmole (+) L-1). 1In contrast, the deeper groundwaters
had relatively low quantities of Na and SO; ions (<50 mmole (+)
L-1). These deeper waters of low salinity (EC <4 dS n-1) formed
an extensive zone from below Site A4 to Site A6. This area was
therefore characterized by a shallow groundwater zone of high
salinity, and a deeper zone of low salinity.

On the B-Line section (Fig. 4.11), shallow growndwater
typically had the highest concentrations of Na and S04 ions.

This was evident by highly saline (EC = 10.8 dS n~1l) water from
the shallowest piezometer (6 m), in a permeable sandstone aquifer
at Site B3.

Significant Ca + Mg concentration: ‘> 20 mmole (4) L-1)
were also present in these groundwaters. The Ca + Mg in the
sandstone aquifer at Site B3 may be indicative of fracture flow.
Stein (1987) proposed that significant Ca + Mg in groundwater of
the upper bedrock zone wvas caused by fracture-dominated flow
because such flow would result in restricted cation exchange
processes that deplete Ca + Mg and increase Na in the groundwater.
Skarie et al. (1987) found that Ca concentrations of sulfatic
groundwaters and soil saturation extracts were limited to the
solubility of gypsum in water (28 mmol (+) L-1)., 1In contrast, it
was likely that the Ca + Mg found in the lacustrine material (Site

Bl) reflected the higher salt reservoir of these :ations in the
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drift. Similar findings have been previously reported (Maclean
1974; Wallick 1981; Stein 1987).

The source of the soil salinity at Site B3 was probably
from the permeable sandstone aquifer at 6 m below the soil surface.
The groundwater at this depth had considerable quantities of both
Na and SO; ions (107.3 and 153.5 mmole (4) L-1, respectively).

In addition, the groundwater at the 16 m depth also had significant
concentrations of Na and SO, ions (94.5 and 60.3 mmole (+) L-1,
respectively).

In summary, shallow groundwater in the drift and/or upper
bedrock constituted the main salt reservoir for Na and SO;4 ionms.
Deeper bedrock groundwaters typically had much lower ion

concentrations.

4.3.4 Soluble-Salt Profiles in Recharge and Discharge Areas

The concentrations of the major ions in 1:5 (soil:water)
or saturation paste extracts were plotted versus depth for three
sites located in recharge areas (Sites A2, B2 and Cl), and for
three sites located in discharge areas (Sites Al, A3 and C2). The
results are shown in Figs. 4.12 to 4.17. The following trends were
observed:

1) Leaching of soluble salts from the upper profiles of two cf the
three recharge sites (Sites B2 and C1) was indicated by an
increase in salts with depth (Fig. 4.13, 4.14). Slight leaching
was only evident at Site A2 (Fig. 4.12).

2) Redistribution of soluble salts to the saline soils at two
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4)

5)

6)

7
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discharge sites (Sites A3 and C2) was reflected by maximun
soluble salt accumulations within 3 m of the soil surface
(Fig. 4.16, 4.17). At Site Al, redistribution of salts towards
the soil surface was indicated by an increase in soluble salts
with decreasing depth to a maximum at the 6.1 to 9.1 m depth
(Fig. 4.15).

The highest concentrations of Ca + Mg ions were typically found
within 10 to 20 m of the soil surface. The salt reservoir of
Ca + Mg generally coincided with the presence of drifte.
Concentrations of Na were extremely variable; however, low
concentrations often correlated with drift and higher concen-
trations with bedrock. The exception was Site C2 where
concentrations of Na were highest in the drift.

Concentrations of SO, ions were usually highest within 10 to
20 m of the ground surface.

Concentrations of HCO3 were low at shallow depths (< 10 - 20
m), whereas higher concentrations were found at greater depths
in the bedrock. A decrease in SO; and increass in HCO3 in

the deeper bedrock was probably due to sulfate reduction.
Concentrations of Cl were low and relatively constant at all
sites (C1 ion salt profiles shown only for Sites Cl and C2).

The observed trends in the six salt profiles were used to

ascertain p:tential sources of the soluble salts in the three

saline soils or discharge areas. The assumption was made that the

saximum accumulations of soluble salts near the soil surface at

Sites C2, Al and A3 represented salts that had been redistributed
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by groundwater flow. This assumption seemed reasonable considering
that the shape of the salt profiles reflected discharge conditions.

Cation concentrations in the salt accumulation layer near
the soil surface at Site C2 were higher in Na compared to Ca + Mg
(Fig. 4.17). This suggested a bedrock source of Na. Previous
workers have reported that high Na concentrations indicated a
bedrock source for this cation (Eilers 1973; Maclean 1974; Pawluk
1982; Stein 1987). Wailick (1981) found that high Na concentrations
in groundwaters were ouly found in deeper drift and bedrock at
depths greater than 30 m. In contrast, the high concentrations of
SO, near the soil surface at Site C2 suggested a shallow source
for SO;. The salt profile therefore implicated both shallow
drift and/or deeper bedrock as possible sources of salt.

Other evidence found in this study also supported both a
shallow and deeper source of salts at Site C2. A shallow gravel
layer (2.5 m) at a local recharge area (Site Cl) just upslope from
the saline seep at Site C2 was found to possibly have been
conducting soil water laterally to the seep. As shown in the salt
profile at Site Cl1 (Fig. 4.14), the soluble salts above 2.5 m were
depleted. Soluble salts leached from the drift, above the gravel
layer at Site Cl, would then be transported laterally via the
gravel layer to the seep at Site C2. The small but significant
concentrations of Ca + Mg and high SO, values near the soil
surface at Site C2 may have reflected such a process because these
ions are typically found in greatest quantities in shallow drift

deposits. Ferguson and Bateridge (1982) have reported considerable
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leaching of soluble salts from drift deposits and attributed this

phenomenon to the practice of grain-fallow farming. This was the

farming practice in use at Site Cl. The isotope and hydrochemical
data of the groundwater also pointed to a shallow source of salts

from within 10 m of the soil surface.

In contrast, groundwater flow modelling revealed that
groundwater was discharged from two confined sandstone aquifers (at
6 and 12 m depths) below Site C2. A high concentration of soluble
salts between 7.6 and 9.1 m (Fig. 4.17), and artesian discharge
from the sandstone aquifer at 12 m, suggested that the 7.6 to 9.1 m
depth may have been a major salt reservoir. The groundwater at
10 m, however, was already considerably mineralized before the
water passed upwards through the shallower salt accumulation layer
(7.6 to 9.1 m). Therefore, groundwater discharged from the
sandstone aquifer at 12 = was already saline, and salts may have
originated from somewhere else.

The cation concentration in the salt accumulation layer
near the soil surface at Site A3 had higher concentrations of Ca +
Mg relative to Na (Fig. 4.16). This suggested a shallow source of
salts. Further evidence was the high concentrations of S04 in
this layer. The isotope data also pointed to a shallow source of
salts (< 5.5 m). The isotope data, however, also showed that
another possible source of salinity was from a sandstone aquifer at
30 m. Hydraulic heads in the piezometers at 30 and 69 m were both
above the water table level. This reflected strong artesiarn

discharge from these two depths. Although the groundwater was
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relatively non-saline at 30 m (EC = 3.4 dS a-1), the 180 (SO4)
value here showed a genetic connection to similar values in the
soil. Groundwater at 69 m was also low in soluble salts (EC = 3.1
dS m-1). Similar EC values between 30 and 69 m indicated little
mineralization of the groundwater as it ascended between these two
depths.

Over a long period of time, however, even groundwaters
that contain relatively low concentrations of soluble salts may
contribute significant quantities of soluble salts to the soil
surface. The rate of salt flux to the water table from 30 and 69 m
at Site A3, and the time required for soil salinization, was
calculated to investigate this hypothesis. The equation utilized
by Stein (1987) was used to calculate the salt flux at Site A3.

This equation is:

Qg = 3.16 x 107 ah (TDS) (3)
zdi/ki

where Qg is the salt flux in kg yr'lm‘z. sh is the head loss (m)
across thickness d (m), TDS is the total dissolved solids (kg m~3)
of the source water, dj is the thickness of each individual layer
(m), and ky is the hydraulic conductivity (m s~1) of each
individual layer.

The head loss ( Ah) was 0.9 and 0.1 m at 69 and 30 m,
respectively. The TDS values were 1.9 kg n~3 and 2.2 kg m=3 at
69 and 30 m, respectively. The vertical k;j values used for the
various layers ranged from 10-7 to 10~9 to 10-11 m s~1 for

weathered and non-weathered interbedded shale and sandstone, and
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10-9 m s-! for sandstone layers. The salt fluxes calculated
for the 69 and 30 m depth using equation 3 were 2.53 x 10~3 and
1.02 x 104 kg yr-1 m~2, respectively. These were extremely
low fluxes. Stein (1987) reported salt flux values that ranged
from 0.03 to 2.4 kg yr-1 n~2. The low vertical hydraulic
conductivity values of the layers at this site were mainly
responsible for the low fluxes determined here.

Because groundwater under such strong artesian pressure
may ascend through fracture-dominated flow, this process was
assumed to have occurred at Site A3, and the vertical kj values
of the entire stratigraphic column were increased to a value of
107 m s-1. This value was typical for fractured bedrock in
this area. Assuming fracture-dominated flow, the recalc.lated salt
fluxes were 0.08 and 0.02 kg yr=1 m~2 at 69 and 30 m,
respectively. These salt fluxes are considerably higher than those
values found for non-fracture flow. This indicated the strong
dependency of salt fluxes on the hydraulic conductivity of the
individual layers in the stratigraphic column. Stein (1987) noted
that where low K geologic layers were absent in areas of upward
flow, salinity often developed.

The time required to salinize the upper 1 m depth above
the water table at Site A3, to an ;2 of 4 dS m~1l, was also
calculated. Chang et al. (1983) found the following relationship

between TDS (mg L-1) and EC (dS m-l):

TDS = 765.1 EC1.08 (4)
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Use of this equation yielded a TDS value of approximately
3,450 mg L-1 (3.45 kg m~2) for an EC of 4 dS m~l. The time
required to obtain this salt load (using the initial salt fluxes
for non-fracture flow), was determined to be about 1.4 x 10° and
3.4 x 104 years at the 69 and 30 m depths, respectively; and
about 44 and 150 years at the 69 and 30 m depths, respectively
(using salt fluxes for fracture-flow). Stein (1987) determined
various salt flux values and calculated that 1.5 to 480 years were
required for soil salinization to an EC of 4 dS o1, Henry et al.
(1985) calculated that observed salt loads for three sites in
Saskatchewan could accumulate in time periods from 500 to 5,300
years.

Previous calculations, assuming fracture-flow, showed that
the groundwater at 69 m could contribute the highest salt load, and
in a shorter period of time, than groundwater from 30 m. This was
probably due to the greater head loss at 69 m (0.9 m) compared to
30 m (0.1 m). Although much of the evidence pointed to a shallow
source of salts at Site A3 (< 5.5 m or from 30 m), calculations
that assumed fracture flow continuity from 69 m revealed that, over
time (44 years), salts could accumulate to significant levels (4 dS
n~1) in this soil.

The cation concentration in the salt accumulation layer
(3.1 - 15.2 m) at Site Al was highest in Na relative to Ca and Mg
(Fig. 4.15). This suggested a major contribution of salts from the
bedrock. Significant quantities of Ca + Mg cations, and high S04

concentrations, however, pointed to a shallow ¢ nuice. Isotopic
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data, groundwater flow modelling and hydrochemistry results
revealed that shallow groundwater was most likely dissolving salts
as water moved laterally through the upper weathered bedrock zone
within 15 to 17 m of the soil surface. Ponding of surface runoff
by a railroad track located between Sites Al and A2, and subsequent
lateral flow in the drift, may have also been a contributing factor
to soil salinity at Site Al. No upward hydraulic head gradients
were found in the piezometers below this site. Therefore, the

source of salts at Site Al appeared to be from shallow depths

(< 20 m).

4.3.5 Bromine and Iodine Conteat of Groundwaters

The halogens Br and I have been suggested as possible
indicators of a deep origin of soil salinity. These two elements
are typically found in high concentrations in formation waters of
the western Canada sedimentary basin (Billings et al. 1969), partic-
ularly in association with oil and gas fields, and in association
with Devonian salt deposits (Br only) (van Everdingen 1968; Hitchon
et al. 1971). Billings et al. (1969) cited mean concentrations for
Br and I of 292 and 15 mg L-1, respectively, in formation waterc.
Hitchon et al. (1971) found that for five samples of formation
waters from the Upper Cretaceous bedrock of Alberta, Br and I
concentrations ranged from 13 to 92, and 4 to 39 mg L1,
respectively. In addition, these same authors reported that 34
water samples from the Upper Devonian Formation had Br and I

concentrations that ranged from 20 to 1,120 and 1 to 30 mg L-1,

respectively.
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The Br and I contents of groundwaters sampled in this
study are reported in Table 4.4. The concentrations of both Br and
1 were extremely low or non-detectable in all but one sample
(B2-91). The detection limits of Br and I were 0.05 and 0.005 ppm,
respectively. Surprisingly, the one sample that had significant
concentrations of Br (9.7 ppm) and I (5.1 ppm) was from groundwater
at a depth of 91 m below Site B2. This site was located at the
groundwvater divide on a large bedrock ridge, and groundwater flow
beneath this site was downward. If Br and/or I were ascending from
oilfield brines or formation waters derived from the Devonian
formation, then the accumulations of these halogens would have been
expected in discharge basins such as Keho or Studhorse Lake. This,
however, was not the case. This was noteworthy because the Keho
Lake basin is a major oilfield area; and strong artesian discharge
vas evident from the 69 m depth adjacent to Studhorse Lake. The Br
and I data inferred a shallow source of salts affecting the saline
soils in this stud: basin. Previous data seemed to substantiate

this.

4.4 SUMMARY AND CONCLUSIONS

Similar §34S (SO,) values between drift and bedrock
deposits, but different 5180 (S04) values, indicated that the
latter isotope may be a useful tool in identifying the source of

salts causing soil salinization. Mean §180 (SO4) values of
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soil, drift and bedrock, however, were not as useful as plotting
the isotope values versus depth. This was because 8180 (S04)
values may vary significantly within these three deposits.

Plots of §34S versus § 180 of SO, showed definite
trends. Soil, drift and bedrock soluble-sulfates and evaporite
crystal sulfates plotted in defined regions on the scatter diagram.
A slight linear behavior of the soil and drift values was evident.
Mixing, crystallization of sulfate minerals, and sulfate reduction
were proposed as three possible mechanisms contributing to the
linear behavior. Calculations of the theoretical 5180 values of
soil sulfates using an equation for mixing, revealed that mixing of
shallow drift and deeper sources of salt may have contributed to
the observed 5 180 values for soil sulfates. Sulfate reduction
was indicated by 8345 (SO,) values close to or above O0Z..
Enrichment of 180 (SO;) of evaporite crystals relative to
soluble-sulfates from similar depths was observed. This was
attributed to the crystallization process and/or to bedrock sources
that exhibited similar 8180 (S04) values.

The ion facies of soil saturation paste extracts were
compared to the ion facies of drift and bedrock groundwaters to
ascertain possible source areas of salt. The soil and drift anion
facies were mainly of the SO;, HCO3 or SO;4 type (variable cation
facies); whereas bedrock groundwaters were mainly of the Na or Na,
Ca + Mg cation facies (variable anion facies). Mixing of bedrock
and drift groundwaters was not indicated on the Piper diagrams.

The SO4, HCO3 or SO4 anion facies of soil saturation extracts
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suggested that, according to the Chebotarev sequence, these aniona
vere redistributed by local or intermediate groundwater flow
systeas. Generally, the ion facies of soil saturation extracts
were most similar to the ion facies of groundwater from the drift.
This suggested a shallow origin of salinity.

The concentrations of soluble salts in the groundwaters
were plotted on Stiff diagrams. Excess salts at saline seeps were
most likely generated from very short distances away and from
relatively shallow depths. The shallow groundwater in the drift
and/or upper bedrock contributed the main salt reservoir for Na and
SO, ions. Deeper groundwaters had much lower concentrations of
these ions.

The soluble-salt profiles of 1:5 (soil:water) and
saturation paste extracts showed leaching of near-surface salts in
recharge areas, and accumulations of salts in discharge areas.
High concentrations of Ca, Mg and SO4 ions were found mainly
within 10 to 20 m of the soil surface. The Na content was
variable, but typically increased in the bedrock. The HCO3 ion
content increased with depth, and Cl contents were low and
relatively constant. High Ca + Mg and SO4 ion concentrations in
the drift, and high Na ion contents in the bedrock, were used as
possible indicators of the sources of salts.

Calculations of salt fluxes from the 30 and 69 m depth at
Site A3 showed that, because of the low vertical hydraulic con-
ductivities of various aquitards, salt fluxes would be extremely

low (10’“ - 105 kg yr'l n‘z). and soil salinization would
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take a very long time (104 to 107 years). By assuming
fracture-dominated flow, however, significant quantities of salts
(0.08 ~ 0.02 kg yr-1 m~2) may be transported from the deeper
bedrock in relatively short periods of time (44 to 150 years).

All the evidence presented in this paper was considered in
trying to identify possible sources of salt at Sites A3, Al and C2.
The source of salinity at Sites Al and C2 was drift and/or bedrock
from shallow depths (< 20 m); whereas the source of salinity at
Site A3 was the drift and/or bedrock, at depths < 69 m from the
soil surface. Low or non-detectable Br and I contents in the
groundwaters of this study area inferred the absence of any
contribution from deep groundwater flow. This suggested that

shallow flow systems were dominant in this area.
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Table 4.1. Sulfur and oxygen isotopic composition of soluble sulfates, evaporite crystals, and
wmmmmmmwmmus&um

Depth(m)or  Sultateform SO, 8H4s % '

depth and lon Conc. (s0,) (S0,) (HO)

piezometer mmole()/L  (cpT)  — (SMOW) —

Soil ———— Permil —

0-0.13 evap. crystal 1.07 7.6

0-0.13 soluble sulfate 6.5(s) 2.03 5.4

0.13-0.27  soluble sulfste 4.4() 1.44 6.8

Mean 1.74 6.1

Glacial

1.60-1.80 evap. crystal 2.54 16.6

3.05-6.1 soluble sultate 7.5(9 0.47 9.0

5(A3-5W soluble suliste 68.1(9 1.23 7.5 21.5

Mean 0.38 8.3 21.5

Bedrock

6.1-9.1 soluble sultate (S/SS) 2.2(5 1.66 6.2

27.4-30.5  soluble sultate (SS) 3.109 0.90 5.3

30(A3-30) soluble sultate (SS) 22.6(9 ©0.39 8.5 19.5

67.1-70.1  soluble sultate (Sh) 3.1(5 1.25 7.6

69 (A3-69) soluble sultate (Sh) 12.0(g) 0.09 0.8 186.3
0.67 3.5 17.4

%W;ss-w;sn-sm
s =saturation pasie extract; g =groundwater; 5= 1:5(soil:waler) extract
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Table 4.2. Sulfur and oxygen isotopic composition of soluble sulfates, evaporite crystals, and

groundwaters from the soil, drift. and bedrock deposits at Site C2.

Depth (m) or Sulfateform SO, 8s 5% 5%
doptham:' lon Conc. (s0,) (so,) (H20)
' mmole()/L  (cDT) — (SMOW) —
Sod Per mil ————
p-v.07 evap. crystal 1.60 14.0
0.07-0.13 soluble sutfate 355.8() 1.583 3.8
0.13-0.2 4 soluble sulfate 492.0(s) 1.03 3.8

Mean 1.39 3.8

Glacial

1.60-1.75 soluble sulfate 113.4() 1.06 7.6
1.80-2.00 evap. crys‘al -1.85 2.6
3(C2-3w) soluble sultate 130.1(g) 1.11 7.5 19.4
Mean 0.11 7.6 19.4
Bedrock

3.7-4.0 soluble sulfate(SiS) 35.8(5) 1.11% 7.5 .
7(C2-7) soluble sultate(Sh) 126.6(9) 0.94 8.6 .18.9
10(C2-10)  solblesullate(SW/C)  105.0(9) 0.81 10.8 -19.7
10.1-10.7 soluble sulfate(Sh/C) 23.1(5) 0.09 1.1 .
28.3-30.0 soluble sultate(SS) 18.5(9) 1.60 8.5 .
30(C2-30a) solublesuliate(SS) 35.9(9) 7.62 0.1 19,4
Mean 2.03 1.2 1¢.3

SiS=Siltsione; Sh=Shale; Sh/C =Shale/Coal; SS =Sandstone

s =saturation paste extract; g =groundwater; 5=1 :5(soil;water) extract
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Tabie 4.3. Sulfur and oxygen isotopic composition of soluble sulfates, evaporite crystals, and
groundwaters from the soil, drift, and bedrock deposits at Site Al

Depth (m) of Sulfateform $O, 5% swo swo
depth and lon Conc. (S0,) (50,) (H,0)
plazometer mmole()/L  (COM)  — (SMOW) —
Soil Permil ——-——-
0-0.15 soluble sultate 58.0(s) -1.98 -8.8
0.15-0.30 soluble sulfate 73.7(s) 3.13 -8.9

Mean 2.56 -8.9

Giacial

1.80-2.00 evap. crystal 1.86 11.5

Mean 1.86 11.5

Bedrock

3.10-6.10 soluble sulfate (Sh) 11.9(5 0.01 5.3 .
9(A1-9) soluble sulfate (SS) 251.3(9) 2.02 6.5 18.5
21.3-24.4 soluble sulfate (SS/Sh) 7.4(5 0.60 N.S. .
24(A1-24) soluble sultate (Sh) 10.6(9 2.97 9.8 -20.0
76(A1-76) soluble sultate (Sh) 43.7(@) 0.47 2.1 16.0
Mean 0.97 1.0 -18.2

Sh=Shale; SS=Sandstone; $S/Sh=Sandstone/Shale
s=saturation paste extract; g=groundwater, 5=1 :5(s0il:waler) extract
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Table 4.4. Bromine and iodine concentrations of groundwaters in the
Nobieford study area.

Piezometer or Well Bromine (ppm) lodine (ppm)

Al -9 0.41 <0.005
A1 -76 0.11 0.041
A2 - 24 <0.05 0.007
A2 - 42 <005 <0.005
A2 -84 0.06 0.022
A3 - 5W 0.05 <0.005
A3 -30 <0.05 <0.005
A3 -69 0.05 0.005
A4 - 20 <0.05 0.00S5
A4 -56 0.06 <0.005
Al -99 <0.05 0.006
82 - 34 0.07 <0.005
B2-63 0.07 0.011
82 -91 9.7 5.1
B83-6 0.06 0.018
83-16 <0.05 <0.005
C1-3W <0.05 <0.005
C1-7 <0.05 0.005
Ct1-10 <0.05 <0.005
C1-25 <0.05 <0.005
C1-30a 0.05 <0.005

C13Sa <0.05 <0.005
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Figure 4.1. Sulfur and oxygen "sotopic composition of soluble-
sulfates in relation to depth ., at Site A3.
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Sulfur and oxygen isotopic composition of soluble~

Figure 4.2.
sulfates in relation to depth (m) at Site C2.
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Figure 4.3. Sulfur and oxvgen isotopic composition of soluble-
sulfates in relation to depth (m) at Site Al,
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Figure 4.5. The relationship between the ion facies of
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from the drift and bedrock deposits at Site Al (Piper
diagram).
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S. SUMMARY AND SYNTHE:.:o>

“

S.1 DISCUSSION AND SUMMARY

The objective of this study was to determine the origin of
dryland salinity. The approach used was to examine the evaporite
mineralogy, soil solution and groundwater chemistry of one saline
seep in detail, and to determine the possible sources of excess
water and salts causing soil salinization at various sites within
the study area.

The mineralogy and chemistry of one saline seep (Site C2)
was studied in detail. The ionic composition of the soil 3olution
and groundwater was dominated by Na and SO4 ions. dlution of
CaSO; evaporite minerals (gypsum and bassanite) occurred both
above and below the water table and may be a major source of soluble
S04 ions.

Gypsum, bassanite, and calcite were the only evaporite
minerals identified in this soil profile. Simulations with a geo-
chemical model (SOLMNEQ) revealed that the more soluble Na and Mg
minerals such as mirabilite and epsomite may theoretically form in
this soil, but only in soil solutions of extremely high ionic
strength. This would occur in very dry soils, in soil solutions
containing high concentrations of soluble salts, or possibly during
the winter (mirabilite oanly).

The common-ion effect involving calcite dissolution and

171
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gypsum and/or bassanite precipitation may be an important factor
controlling the occurrence of evaporite minerals. This process is
relevant to soil salinity. Decalcification adds the common-ion Ca
to the soil solution or groundwater. This causes precipitation of
gypsum and/or bassanite, thereby decreasing soil or groundwater
salinity with respect to the S04 ion.

Many of the microcrystalline bassanite crystals in the
upper soil horizons were found as coatings or infillings along root
channels. It is hypothesized that high partial pressures of carbon
dioxide associated with root respiration may have enhanced
decalcification and precipitation of bassanite along root channels.
This suggests that plant roots may increase the common-ion effect,
and decrease the concentration of soluble sulfate. Seeding saline
soils with plants with extensive root systems should not only
utilize excess water, but also decrease the quantity of SO ions
in solution. This is assuming that abundant carbonates are present
in the saline soil, which is usually the case.

A genetic connection between the soil solution and ground-
water was inferred by the similar ion chemistry (dcuinantly Na and
SO, ions), and by the increase in soluble-salts with decreasing
depth to a maximum at the 13 to 24 cm depth. Net upward movement of
water and salts in this seep was consistent with this soil being
classified as a saline Gleyed Regosolic soil. This soil profile had
very minimal pedogenic development that reflected the influence of
groundwater discharge and a shallow water table (1.68 - 2.34 ).

Some pedogenic processes (decalcificatic:), however, were active in
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the soil. Decalcification was reported in this first paper and
pedogenic carbonates have been previously identified in this soil by
Miller et al., (1987).

An interesting question is whether or not this saline
Gleyed Regosolic soil could develop into a Solonetzic soil? Three
conditions must generally be met before solonization can proceed
(Pawiuk 1982). These are: (1) salt accumulations in saline soils
must contain a significant content of sodium ions; (2) the clay
mineral suite requires a significant component of expandable
constituents; and (3) there must be a net adjustment in
environmental conditions to favor gradual desalinization.

The first condition was met because the saline seep at Site
C2 was sodic (SAR > 15). Greater ion pairing of Ca and Mg relative
to Na in the soil solution of this profile also favored increased
sodicity. A maximum ESP of 68.3% was determined for the 24 to 30 cm
dej.th. The second condition was also met because this soil
contained clay minerals (sandy loam to clay loam textures); and
expandable clays such as montmorillonite are a significant component
in drift deposits overlaying Cretaceous bedrock in southern Alberta
(Pawluk and Bayrock 1969). The third condition was most likely the
reason why solonization has not proceeded in this soil. Gradual
desalinization of this profile was evident by leaching of soluble-
salts from the surface horizon by surface water, by vegetation and
an absence of a salt crust on the scil surface, and by tile drainage
of the seep downslope. However, Jesalinization has not been

sufficient to initiate formation of a Solonetzic B horizon
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(solonization). This is primarily due to a shallow water table
(1.68 to 2.34 m) inhibiting leachina >f excess soluble salts from
the soil.

Solonetzic soils were found in this study area. Dark Brown
Solodized Solonetz soils were found adjacent to Studhorse Lake (Site
A3) and Dark Brown Solonetz soils were found southeast of Site AS.
Areas where Solonetzic soils were found have also been mapped as
ma jor artesian basins (Tokarsky 1973). Groundwater discharge from
confined bedrock aquifers may keep the water table close to the soil
surface, and may also be a major source of sodium, thereby
encouraging the formation of Solonetzic soils.

The second paper in this study examined the possible
sources of excess water causing soil salinization at four saline
seeps (Sites Al, A3, B3 and C2). The results were used to derive
five possible models representing various sources of excess water.
Discharge below closed topographic depressions from deep (30 and
> 69 m) confined bedrock aquifers, under near-flowing artesian
conditions, was evident in the Studhorse Lake basin (Site A3). The
volume of gfoundwater discharge was found to be 3.7 m3 yr'l (1.2
mn yr-1). Discharge from shallow (< 20 m), confined sandstone
aquifers was another possible source of excess water (Sites C2, B3).
The volume of groundwater discharged from two sandstone aquifers
below Site C2 was calculated to be 25.6 a3 yr‘l (88 mm yr‘l).
Therefore, greater quantities of groundwater were discharged from
shallow depths via local flow systems than from artesian discharge

from deeper bedrock aquifers.
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Shallow groundwater flow through the upper weathered
bedrock zone was also found to be a possible source of excess water
(Sites Al, A3, B3). It was not clear, however, if this flow was
unconfined or confined. Evidence for confined flow through
coarse- .extured drift deposits was found at Site Cl. This included
a perched water table and a high soil water content in the sand and
gravel layer. Net downward and/or lateral drainage of soil water
from the drift overlaying the fluvial layer at Site Cl may have been
a possible source of excess water contributing to confined saturated
flow through these coarse-textured deposits. Net downward and/or
lateral drainage of wacer from the soil profile at Site Cl was
determined to be approximately 122.1, 87.2 and 2.0 mm in 1985, 1986,
and 1987, respectively. Similar geological conditions were also
observed at Sites Al and B3.

Finally, infiltration of surface water from snowmelt and
precipitation was also found to be a possible source of excess water
at Sites A3, B3 and C2. This confirmed similar findings by
previous workers (Sommerfeldt and MacKay 1982; Stein 1987). This
contribution may be significant because saline soils at lower
elevations have shallow water tables; and the possibility of a water
table rise (recharge) is greater for shallow rather than deep water
tables (Freeze and Cherry 1979). The role of surface water in soil
salinization has been underestimated in the past, probably because
the emphasis has been on groundwater as the major cause of salinity.

All four saline seeps investigated had more than one

possible source of excess water. Site Al had two possible sources
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of excess water, Sites A3 and C2 had three, and Site B3 had four
possible sources of excess water. This illustrated the complexity
and variety of the causes of salinity. These findings are in
agreement with those of Stein (1987), who found that the relatively
simple salinity models presently being used cannot be applied to
such a complex system because of the many different causes of
salinity and the unknown interactions between these sources.

The possible sources of excess salts at thr-< saline seeps
(Sites Al, A3 and C2) was addressed in the third paper. The
generation and transport of soluble-salts occurred from relatively
shallow depths (< 20 m) and from short distances away at Sites Al (<
1,000 m) and C2 (< 2,000 m), The main salt reservoir for Ca, Mg and
SO, ions was the drift and upper bedrock (< 10-20 m), whereas Na
was derived mainly from the bedrock.

The generation and transport of salts at Sites Al and C2
followed the classic seep model. Surface water infiltrated into the
drift on the bedrock ridge and leached soluble-salts downward. The
water and salts percolated to a shallow, coarse-textured drift
layer, and then flowed laterally downslope under temporarily
saturated conditions (perched water table). Excess water and salts
may have also been transported laterally through the upper weathered
bedrock zone.

Groundwater that discharged from shallow bedrock aquifers
was also considerably mineralized. This was the case for the sand-
stone aquifer at 12 m below Site C2. Thus, salts may be derived

from shallow bedrock aquifers as well as drift deposits. In
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addition, salts may possibly be derived from deep bedrock aquifers
via fracture-dominated flow. Calculations of salt fluxes and times
required for soil salinization at Site A3 revealed that, only by
assuming fracture-dominated flow, could significant salt be trans-
ported from considerable depth (69 m). It was calculated that the
soil at Site A3 could become salinized to an EC of 4 dS m~l in as
little as 44 years, if fracture-flow was assumed.

The 5180 content of soluble sulfates from the soil, drift
and bedrock were similar. This suggested that salts in saline soils
within the Nobleford area were derived from the drift and/or
bedrock. Similar oxygen and sulfur isotope values in the drift and
bedrock indicated that the drift was probably derived from the
local, underlying bedrock.

Some other interesting trends, however, were observed in
the isotope data. These were the heterogeneous b 18¢ contents, and
homogeneous 6 345 contents of soluble sulfates and evaporite
crystals in the soil, drift and bedrock. Negative 5185 (504)
values of soluble sulfates may be due to interaction with lighter
meteoric groundwater, and/or reoxidation of sulfides; whereas
positive8180 (SO4) values of evaporite crystals may be due to
repeated cycles of dissolution-reprecipitation. The latively
constant83l‘S (S04) values (close to or above 0%,) may possibly

be explained by reduction of sulfate.
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5.2 SYNTHESIS

The focus in this section is vo combine the significant
findings of the three papers in this thesis so as to form a
synthesis of the origin of dryland salinity near Nobleford,

Alberta. During the development of this thesis, two conceptual
models for the origin of salinity became apparent. The first model
was applicable to saline seeps associated with bedrock ridges (side-
hill seeps) (Fig. 5.1); the second model was applicable to saline
seeps found in closed topographic depressions (Fig. 5.2).

The model for side-hill seep (Fig. 5.1) shows the various
possible sources of excess water and salt contributing to the
formation of a saline seep. Considerable excess water at the seep
may originate from surface runoff water to lower elevations and/or
infiltration by precipitation. Excess water that percolates below
the root zone in the local recharge area on the bedrock ridge
acquires Ca, Mg, and SO4 ions from within the drift, and then
moves laterally downslope via perched water tables through permeable
coarse-textured fluvial layers to the seep. Excess water and salts
(Ca, Mg, Na, SO;) may also be transported laterally through the
upper weathered bedrock zone. Finally, local flow systems may
contribute excess water and salts (mainly Na) by concentrating flow
laterally through permeable, sandstone aquifers.

At side-hill seeps the excess water and salts were derived
mainly from shallow depths (< 20 m) and from short distances away

(< 2,000 m). This finding has favourable implications with respect
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to development of management practices for preventing the buildup of
excess water in the seep area. Management practices are much more
difficult and costly when the source ot excess water is from
considerable depth.

Soil water and groundwater flowed through the drift and
bedrock and contributed excess salts to the side-hill seep. The
ionic composition of the soil solution and shallow groundwater at
the seep were dominated by Na and SO, ions. The most likely
source of Na in the seep was from groundwater discharge from the
bedrock; however, dissolution of mirabilite, and exchange reactions
with clay minerals within the soil and drift, may also have
contributed some Na. The source of the SO4 ion in the seep was
most likely from dissolution of gypsum and/or bassanite found within
the soil and drift.

The conceptual model for formation of saline seeps within
closed topographic depressions (Fig. 5.2) differs from the side-hill
seep model (Fig. 5.1), mainly in the contribution of artesian
discharge from deeper (30 to 69 m) bedrock aquifers. As noted by
Freeze and Cherry (1979), the primary control on artesian conditions
is topography; this is reflected in the large numbers of flowing
wells that occur in valleys of rather marked relief.

Excess water in the closed depression may be derived from
infiltration of precipitation and/or surface runoff water.
Percolation of this water through the soil and drift above the water
table results in dissolution of Ca, Mg, and SO4 ions found within

the drift. In addition, excess water and salts (Ca, Mg, Na, SO4)
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may have originated from lateral flow through the upper, weathered

bedrock zone.

Artesian discharge from depth (30 or 69 m) could salinize
the soil above to an EC of 4 dS m~l, but only over a long period
of time (10% to 107 years). If fracture-dominated flow was
assumed, salinization could occur wvith*. - % to 150 years. The
crucial factor determining water an- . wovement upw.td ~ -m depth
is probably the hydraulic conductivity ot the intervening -=2°' ;aic
strata. Similar findings have been reported by Stein (1987). The
accumulation of Ca, Mg, and SO;4 ions near the soil surface,
however, suggested that the most likely source of excess salts in
the closed topographic depression was from depths < 10 m. Generally,
much greater quantities of groundwater flow through shallow depths
as local “lov compared to groundwater discharge from deep bedrock
aquifers.

An interesting question is what were the soil moisture
conditions under which the evaporite minerals were found? Bassanite
was only found in the upper soil horizons (0 to 30 and 88 to 160 cm
depths), whereas both bassanite and gypsum were found at depths >
160 cm. Bassanite was associated with extremely variable soil
moisture conditions that ranged from very dry (< -1,500 kPa) to
saturated (0 kPa). In contrast, gypsum was found only in horizons
that were saturated. Thus, the water of hydration of CaSQ
minerals may be an indirect indicator of soil moisture conditions:
bassanite reflecting extremely variable soil moisture levels and

gypsum reflecting saturated conditions.
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The evaporite minerals exhibited a unique "isotopic
signature”: variable but enriched 5180 (S04) values and
constant 8§ 34S (SO4) values. The high 5180 content of gypsum
and bassanite may possibly be due to repeated cycles of dissolution-
reprecipitation. Precipitation of CaSO; favours enrichment of
sulfur and oxygen isotopes, particularily the latter isotope.
Dissolution would tend to occur when the soil was wet, and re-
precipitation when the soil was dry. Bassanite in the upper horizon
of this study showed evidence of slight dissolution; whereas
"comb-like" features on gypsum found below the water table reflected
strong dissolution. Seasonal sampling of evaporite minerals would
be required to ascertain the dissolution or reprecipitation status
of evaporite minerals throughout the year.

In summary, generation, transport and accumulation of
soluble salts, and formation of side-hill seeps occurred from local
flow systems at relatively shallow depths (< 20 m). In closed
topographic depressions, excess water and salts may originate from
artesian discharge from depth (30 to 69 m); however, the volume of
water discharged is relatively small, and only over a long period of
time or by assuming fracture-flow can the soil be salinized.
Greater quantities of groundwater were discharged from local flow
systems at shallow depths compared to artesian discharge from deep

bedrock aquifers.



184

5.3 CONCLUSIONS

l.

5.

Dissolution of gypsum and bassanite -ontributed Ca and S04
ions to the soil solution and shallow groundwater of a saline

seep soil,

The more soluble Na and Mg evaporite minerals such as mirabilite
and epsomite were not identified in the saline seep investi-
gated. These minerals may possibly precipitate in the upper
soil horizons, but only in soil solutions of extremely F.gh
ionic strength (dry and/or highly saline soils), or possibly

during the winter (mirabilite only).

Possible sources of solubie Na in the soil solution and shallow
groundwater of the saline seep investigated were groundwater
discharge from the underlying bedrock, dissolution of

mirabilite, or cation exchange within the drirt.

The mineral sequence observed in a saline seep could not be
explained by the Hardie-Eugster model of closed-basin brine
evolution. The common-ion effect involving decalcification and
gypsum or bassanite precipitation, however, may partially

explain the mineral sequence observed.

The common-ion effect may decrease soil salinity with respect to

the SO, ion and may be enhanced by root respiration.
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An increase in CaSO, crystal size with depth could be related
to the following changes with depth: a shift from variable to
constant soil moisture and temperature conditions, and a shift

from higher to lower soluble Na concentrations.

Greater ion pairing of Ca and Mg relative to Na in the soil
solution and shallow groundwater of a saline seep favored

increased sodicity.

Net upward movement of water and salts in a saline seep profile
was consistent with this soil being classified as a saline
Gleyed Regosolic soil. This soil probably could not evolve
into a Solonetzic soil because it lacks a significant quantity

of expandable clay minerals.

Five possible sources of excess water were found to have
contributed to soil salinity in the study area: artesian
discharge from shallow and deep bedrock aquifers; shallow flow
through the upper weathered bedrock zone; confined flow through
coarse-textured drift deposits; and infiltration of surface

wvater at lower elevations.

Major contributing factors to soil salinity at some sites
were: a sharp break in topographic gradient (from steep to
shallow); a change from coarse to finer textured drift
deposits, from upper to lower slope positions; and thin drift

deposits (< 2.5 m) on the bedrock ridges.
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Greater quantities of groundwater were discharged at saline
seeps on bedrock ridges (side-hill seeps, from local flow at
shallow depths (< 20 m), compared to artesian discharge from
deep (30 to 69 m) bedrock aquifers below closed topographic
depressions. Significant quantities of soil water may have
drained downwards and/or laterally on the bedrock ridges, and
contributed to perched water tables and high soil water
contents in coarse-textured drift layers. Lateral, confined
flow through these permeable fluvial layers would therefore
contribute excess water and salts to saline seeps on the lower

slopes of the bedrock ridges.

The oxygen isotopic technique for assessing possible source
areas of salt (drift or bedrock) was applied in this study;
however, the two source areas could not be differentiated
because the 5180 content of soluble sulfates in the drift and
bedrock were similar. Therefore, possible sources of soluble
salts in the saline soils studied were the drift and/or
bedrock. The similar 5180 and 3 34S contents of soluble
sulfates in the drift and bedrock inferred that the drift was

derived from the local, underlying bedrock.

Some other interesting trends, however, were observed in the
isotope data. These were the heterogeneous 5180 content and
homogeneous 8345 content of soluble sulfates and evaporite
crystals from the soil, drift and bedrock. An explanation for

these trends is not known.
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A comparison between the ion facies of saline soils (saturation
extracts), and associated groundwaters from the drift and
bedrock, revealed that at some saline seeps, the source of
salts wvas the drift. At other seeps, however, the source of
salts vas the drift and bedrock. The dominance of S04, HCOq
or SO4 type, anjion facies in t.e soil and drift groundwaters,
suggested the presence of local or intermediate flow systems
(inferred from Chebotarev sequence). No mixing of drift and

bedrock groundwaters was evident on the Piper diagrams.

The ion composition and concentrations of the groundwater
showed that the shallow groundwater was the major reservoir for
Na and SO; ions. Deeper groundwater had relatively low
concentrations of soluble salts. The salts in the saline seeps
were generated and transported over relatively short distances

(< 2,000 m), and trom shallow depths (< 20 m).

The soluble-salt profiles of the lithology showed leaching of
salts from soils in recharge areas and redistribution of salts
to saline soils in discharge areas. High Ca, Mg and S04 ion
contents appeared to be derived from the drift and shallow
bedrock (< 10~20 m). Sodium ions generally originated from the

bedrock.

The Br and I contents of the groundwaters in the study area
were generally low or non-detectable. This implied a

relatively shallow source of salinity in the study area.
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18. Calculations of salt fluxes and times required for soil
salinization showed that, only by assuming fracture-dominated
flow from considerable depth (69 m), could any significant salt

be transported to the soil surface by artesian discharge.

S.4 RECOMMENDATIONS FOR FUTURE RESEARCH

Various recommendations for future research arose during

the progress aiud completion of this study.

1. Evaporite mineralogy, soil solution and groundwater chemistry
should be examined seasonally to characterize the dynamic

nature of the minerals and chemistry.

2. Recently developed geochemical models that can accurately
simulate soil solutions and groundwaters of high ionic strength
should be applied to this type of study to improve predictions
of evaporite mineral dissolution and precipitation. In
addition, reliable thermodynamic data bases are needed for the

evaporite minerals.

3. There is a need to quantify the possible sources o excess
water contributing to soil salinity and to characterize the
interactions between these sources. This could be done using a

water balance approach.
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There is a need to determine the role of fracture-flow in the
transport of salts. As shown in this study, significant
quantities of salts can be transported from depth if fracture-

flow is assumed.

The deep drainage component of the soil water budget on
different textured, drift deposits in local recharge areas
should be determined. This would yield valuable information
about potential groundwater recharge and would provide a data
base for management practices designed to prevent percolation of

excess soil water in local recharge areas.

The groundwater contribution from bedrock aquifers should be
quantified. More information is needed to answer the question
of whether deep drilling (> 30 m) is required in dryland
salinity investigations. The results from this study revealed
that, except for major closed topographic depressions, the
origin of water and salts was from relatively shallow depths (<
20 m). This suggests that deep drilling is probably not
required; however, more benchmark sites should be examined to

answer this question.

In the Nobleford study area, similar 189 (and 3“8) contents
of soluble sulfates in both the drift and bedrock prevented
identification of possible source areas of salts (drift or

bedrock) contributing to soil salinity. The oxygen isotope
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technique proposed by Hendry and Krouse (1987), however, should
be applied at other geographic locations where the 180 content
of sulfates in the drift and bedrock are different. Possible
source areas of salt (drift or bedrock) could then be

dif ferentiated.

8. Some interesting trends were observed in the isotope data.
These were the large variability in 5180 (S04) values, and
relatively constant 5345 (SO4) values of soluble sulfates
and evaporite crystals (gypsum and bassanite). An explanation

for these trends is unknown, and merits future research.
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6. APPENDIX



6.1.

Lithologic drill logs
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Legend

Sh=shale

SiS=siltstone
SS=sandstone
cSh=carbonaceous shale
bSS=bentonitic sandstone

mudS=mudstone
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6.2. Piezometer and water-table
well completion details.
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6.3. Hydraulic conductivity (horizontal)
values of piezometers.



Horizontal

Geologic Unit Piezometer hydraulic
conductivity(m/s)
Shale(high K -8
values) B1-69 6.0x 10
-7
AS - 30 1.3x10
-7
A6 - 41 1.8x 10
-6
B3-16" 5.8x 10
-7
B4 -30 1.7x10
-7
Geometric Mean 3.2x 10
Shale (low K -9
values) B2 - 91 1.4x 10
-12
A1 -76 2.1x10
-10
A2 -84 1.6x10
-10
A3 -69 9.3x10
-11
A4 -99 4.1x10
-12
A4 - 56 4.3x 10
-11
A4 - 20 2.5x10
-9
B2-63 44x10
-1
Geometric Mean 3.9x10

* Vertical hydraulic conductivity

[ %]
tw



222

Horizontal
hydraulic

Geologic Unit Piezometer conductivity(m/s)
Carbonaceous -8
shale and/orcoal C1-35 7.4x 10
-6
C1-34 1.1x10
-8
Ct1-24 9.5x 10
- -7
C2-10 1.1x10
-6
C2-9 20x 10
-7

Geometric Mean 3.0x10
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. _ Horizontal
Geologic Unit Piezometer hydraulic

conductivity (m/s)

Sandstone -8
(unweathered and/ A3 — 30 8.1 x10
or bentonitic) -7
A1 -24 4.3x10
-7
A2-42 1.3x10
-9
A5-69 1.3x10
-6
B1-41 1.1 x10
-8
B1-19 1.1 x10
-8

Geometric Mean 46 x10
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Horizontal

i i i rauli
Geologic Unit Piezometer cogguactivicty (m/s)
Lacustrine -11

B1-9 2.8x10
-11
B1-6 49%10
-10
A6 -7 8.6 x10
-9
B4-18 5.5x 10
-8
B1-11 1.2x10
-10
Geometric Mean 6.0x10
Sandstone -7
(fractured and/or B2 - 34 8.9x10
weathered -7
C1-25 1.1x10
-5
C2-30a 1.1x10
-7
C2-30b 24x10
-6
c2-7 50x10
-5
Cc2-6 1.4x10
-5
A1 -9 6.4 x10
-8
A5-8 6.3x10
-5
B3-6 3.0x10

Geometric Mean




6.4.

Hydrographs
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6.5.

Tritium .ontent of groundwaters.

| "]

&



Tritium activity (TU = Tritium Units) of water samples taken in
May, 1987, from A — line piezometers and water —table wells .

Piezometer or Well Activity (TU)
A1 -76 10(+/-1)
Al -24 <2
Al1-9 <2
A2-84 20(+/-1)
A2-42 16 (+ —-1)
A2-14 95(+ -8)
A3-69 2(+/-1)
A3-30 <2
A3 -5W 46(+/-1)
A4 -99 28(+/-7)
A4 -56 53(+/-8)
A4 -39 46(+/-8)
A4 -20 18(+/-8)
A5-69 20(+/-7)
A5-30 <2
A6 - 41 <2
A6 -20 16(+ —1)
A6 -7 6(+/-1)
A6 -3W 41(+/-2)




Tritium activity (TU = Tritium Units) of water samples taken in
May, 1987, from B —line piezometers and water table wells.

Piezometer or Well Activity (TU)
B1-69 2(+/-1)
B1-41 2(+/-1)
B1-19 <3
B1-11 <2
B1-9 <2
B1-6 <2
B2-91 o(+/-1)
B2-63 <17
B2 - 34 29(+/-9
B3-16 <2
B3-6 18(+/-1)
B4-30 <20
B4-18 <20
B4 -4W

58(+/-10)




Tritium activity (TU = Tritium Units) of water samples taken in
May, 1987, from C — line piezometers and wells.
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Piezometer or Well Activity (TU)
C1-35a <2
Ct-25 <2
C1-24 <2
C1-35b 3(+/-1)
C2-30a ' <2
c2-10 7(+/-1)
c2-7 10(+/~-1)
C2-3w 11(+/-1)
C2-30b <2
c2-9 1M(+/-1)

c2-6 11(+/-1)




6.6.
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Chemistry of saturation paste extracts
from soil profiles.
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Depth EC pH Na X Ca Mg M, €y

Hor1zon (cm) (dS m})  (H0) - - - - - S - - - mmole (o) L7V
Site B2. Orthic Dark Brown Chernozem

Ap 0o- 8 0.7 7.8 3.8 0.3 4.0 0.6 4.6 0,0
Be 8- 16 0.% 7.6 0.6 0.13 4.1 0.5 4.1 0.0
Ck 16- 49 0.4 7.9 1.3 .12 2.7 0.5 4.0 0.0
11Ck 49- 42 0.6 8.0 1.3 0.13 2.5 2.6 1.9 0.0
Site B3. Saline Calcareous Dark Brown Chernozem

Apks o- 8 6.0 7.8 21.6 0.93 31.7 46.1 87.%5 0.0
Baksa 8- 19 9.2 8.0 47.0 0.48 25.6 76.7 {19.1 0.4
Cksa 19- 96 11,1 8.3 70.2 0.64 25.2 68.5 103.4 0.0
Site B4. Orthic Dark Brown Chernozes

Ap o- 13 1.3 7.7 6.3 0.48 5.4 2.6 9.0 0.0
Ba 13- 33 1.1 1.5 1.8 0.76 7.0 2.7 7.2 0.0
Ck 33-110 0.7 8.0 1.6 0.12 2.8 2.8 4.0 0.0
Site Cl. Orthic Dark Brown Chernozes

Apl 0-10 1.3 1.7 2.1 0.95 8.5 1.6 4.9 0.0
Ap2 10- 21 0.4 7.7 0.6 0.27 3.3 0.7 1.0 0.0
Bal 21- 44 0.4 7.7 0.8 0.04 2.3 1.0 1.2 0.0
Bm2 44- 59 0.4 7.8 0.5 0.03 3.0 0.8 1.0 0.0
BC $9- 72 0.5 7.9 0.7 0.06 3.3 1.0 1.9 0.4
Ccal 72-115 0.4 8.3 0.8 0.04 1.8 1.2 1.1 0.0
Cca2 115-152 0.9 8.6 5.2 0.05 1.5 2.9 6.0 0.0
Ck 152-180 0.8 8.8 6.6 0.9% 0.2 1.3 4.0 0.0
Site C2. Saline Carbonated Gleyed Regosol

Apksag ) o- 7 2.8 1.5 13.5 1.84 0.1 9.9 12.5 1.5
AC 7- 13 23.5 8.0 246.6 1.66 27.8 81.7 1355.8 0.2
Ccasal 13- 24 32.5 8.6 347.6 0.59 35.8 95.2 492.0 0.0
Ccasa2 26- 30 21.1 8.6 256.2 0.23 17,1 446 2989 0.0
Ccasal 30- 49 15.6 8.6 181.2 0.21 13.5 28.1 199.0 0.4
Cksal 49- 63 13.2 8.7 149.4 0.22 12.0 2.9 19%.8 0.0
Cksa2 63- 88 12.4 8.5 .133.8 0.26 15.5 28B.6 149.4 0.0
Cksal 88-160 11.1 8.5 114.6 0.29 16.4 26,4 132.G 0.0
[Cksag 160-175 9.4 8.2 97.2 0.37 19.0 1319 1i%.6 0.0
I1Cksg 175-184 4.7 8.3 42.5 0.18 4.0 6.1 4r1.0 0.0
[1Cksa 186-200 7.8 8.0 75.0 0.3 24.M 12.0 95,0 0.0
IVCks 200+ 5.7 8.4 53.1 0.16 9.0 9.7 M. 0

WXy 1l
5.9 0.2
3.8 0.4
1.4 0.1
6.6 0.2
6.2 1.3

i 2.9
1.9 14.1
1.4 0.1
4. U.
2.9 0.6
4.3 0.6
2.6 0.2
1.6 0.2
2.3 0.2
1.7 0.2
3.5 0.2
3.2 0.2
4.0 0.2

14,2 i.4
R.6 H.9
3.7 1.4
i.2 10.2
2.0 6.8
1.7 0.6
1.6 9.3
1.4 9.3
1.7 2.7
. 1.1
1h 1.
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Depth EC pH Na K Ca Mg SO, CO0y  HCOs3 Cl
Hor 1zon (cm) (dS @~l)  (H0) - - - - - - - . .o mmole (¢) L-} -7 - - T o -

EC 10-11-23-4. Saline Orthic Derk Brown Chernozem

Ap 0- 13 199.1 1.43 16.7 3}.1 229.9 0.9 4.9 146.9
Rm 13- 28 440.9 1.31 30.5 174.6 615.2 0.0 3.2 444
Ck 28+ 635.9 1.19 9.2 487.0 1095.1 0.0 5.1 101.4
NE 27-10-23-4, Saline Rego Dark Brown Chernozem

Apk 0- 15 89.8 13.62 29.5 43.3 159.6 1.0 1.6 9.2
Cusa 15— 45 263.8 2.99 75.3 45.8 353.8 0.0 3.3 21.1
Ckl 45— 65 185.8 0.63 11.5 65.4 264.5 0.0 2.1 16.2
Ck2 65~ 90 160.7 0.38 5.3 53.0 208.3 U.0 2.1 13.2
NW 21-10-23-4. Alkaline Solonetz or Solonet:z

Ap 0- 3 24.9 1.13 5.5 4.5 21.0 0.7 13.1 0.9
8n 3- 16 93.1 0.5 13.5 7.7 128.2 0.0 4.4 0.7
Bn) lo- 40 532.3 0.4 16.3 9.0 649.7 0.0 4.0 2.?
Cksa e 622.7 0.49 12.1 190.3 823.2 0.0 4.2 1.5
WC 10-11-23-4. Solodized Solonetz

Ap 0- 10 137.8 3.62  17.5 27.2 165.2 0.0 7.2 16.5
Ae 10- 13 269.1 3.12 18.4 41.3 302.5 0.0 4.4 172.8
8nt 13- 32 345.4 3.52 11.8 138.0 483.) 0.0 3.0 21.8
Cksa 32¢ 486.7 4.92 33.5 322.5 830 : 0.0 2.3 22,0
SE 29-10-23. Saline Orthic Dark Brown Chernozes

Apsa 0- 10 23.0 4.60 10.7 24.8 81.0 0.0 6.5 1.1
Basa 10- 15 55.8 0.% 11.4 27.5 109.0 0.0 2.2 2.9
Baksa 15~ 25 145.7 0.14 16,1 41.0 200.4 0.0 2.1 2.8
Cca 25- 50 331.2 0.27 21.0 90.2 546.5 0.0 2.9 11.8
Ck 30+ 392.6 0.48 21.4 144.7 43)6.3 0.0 2.6 10.8
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6.7. Piper-diagrams
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Cl ==

Piper diagram-ion facies of groundwaters from the bedrock
along the A-Line section.
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Piper diagram-ion facies of groundwaters from the drift and
bedrock at Site Bl.
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Piper diagram-ion facies of groundw.aters from the drift
bedrock at Site B4.

and
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Piper diagram-ion facies of groundwaters from the bedrock
at Site CI.
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- Ca Cl -

Piper diagram-ion facies of groundwaters from the bedrock
at Site A2.
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6.8. Groundwater chemistry.
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6.9.

Lithologic chemistry of saturation
paste extracts from Sites Cl and C2,
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10.

Lithologic chemistry of I:5 (soil:water)
extracts from sites on the A- and B-Lines.
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6.11. Soil moisture status at Sites
Cl and C2.
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.12,

Soil moisture status at saturation,
field capacity (-33 kPa), and

permanent wilting point (-1,500 kPa)

in the soil horizons at Sites Cl and C2.
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Horizon Depth

T Moisture (v/v)

(cm) Saturation - 33 kPa -1,50 kPa

Site Cl

0- 21 47.17 34.58 22.19
21 - 44 51.56 30.45 19.88
72 - 115 45.17 28.19 19.35
115 - 152 48.67 32.20 20.82
152 - 180 44.97 29.96 17.54
Site C2

o- 7 46.78 36.78 31.39
13 - 24 48.95 37.55 30.50
30 - 49 45.69 28.15 17.90
63 - 88 41.82 24.60 13.06
175 - 184 38.12 34.19 23.17
184 - 200 37.77 26.71 17.49
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