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Abstract

The objectives for this thesis are to assess 8%4S as a tracer of anthropogenic
sulphate in groundwater and to document geochemical interactions that take
place as a result of industrial sulphate loading. During four separate sampling
excursions, groundwater samples were obtained from 13 piezometers which
surround the elemental sulphur storage blocks at an Alberta sour gas plant.
Each sample was analyzed for 334Sgyiphate, 8'®Osulphate, 8'®Owater, 8D, major
aqueous species, alkalinity, pH, temperature and dissolved oxygen. Hydraulic
head measurements were taken to define the groundwater flow field. In the
study area, anthropogenic sulphate has a %S of approximately +18%. (CDT),
while natural groundwater sulphate is depleted to about -12%.. &34S is a
conservative tracer at this site. Groundwater sulphate concentrations increase
as 90%4S approaches +18%,, suggesting that elevated sulphate concentrations
are due to sulphur released by sour gas processing. Acidic waters generated

by the gas plant are neutralized by rock-water reactions.
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CHAPTER 1: BACKGROUND

1.1 _Infr ion

Since the early 1900's, sour (H2S containing) gas plants in Alberta have been
introducing industrial sulphur into the natural environment mainly as sulphur
dioxide emissions. In addition, stock-piled elemental sulphur can be transported
off-site as wind borne particulates, with surface runoff, and/or by leaching into
the groundwater system. The principal mechanisms by which sulphate enters

groundwater are illustrated in Figure 1.1.

‘reduced sulphur species
:oxidized in emissions stack

oxidized sulphur species
in precipitation

windblown elemental
sulphur eventually
oxidized and leached
into groundwater

- s .. — oxidation and leaching
/ plant site runoff of elemental sulphur from
: with high sulphate the storage blocks

concentrations

Figure 1.1: This cartoon illustrates the main processes which result in

sulphate contamination of groundwater near sour gas plants.



Whereas, sulphur in oxygenated, shallow groundwater is found mainly as
sulphate, in anoxic systems anaerobic bacterial reduction to sulphide can
occur. Groundwater beneath or adjacent to sour gas processing facilities can
have sulphate concentrations greater than 3000 mg/l. This is 2500 mg/!| higher
than the recommended Canadian water quality standard (CCREM, 1987). In
addition to the deterioration of water quality, sulphuric acid can significantly
alter water chemistry through water and rock interactions. Sulphuric acid
comes from the oxidation of sulphur compounds, such as S° (stock piled

elemental sulphur) or SO2 and H2S (emissions from the stack).

Natural aqueous sulphate concentrations in shallow groundwaters in Alberta
can exceed 1200 mg/l (Tokarsky, 1974). Because high concentrations of
sulphate in groundwater may not indicate industrial contamination, high
concentration alone is not adequate to establish whether sulphate is of natural
or anthropogenic origin. In many situations, stable sulphur isotopes provide a

means to distinguish between natural and anthropogenic sulphate.

Sulphur is found in various forms and valence states (from -2 to +6). It has four
stable isotopes that are found on the earth surface with the following average
percentages: %28-95.02%, %%8-0.75%, 3*S-4.21%, and *8-0.02%. The relative
amount of each isotope in a substance varies due to fractionation. Fractionation

occurs because of mass differences between the isotopes.

Stable isotope abundances are reported using & (del or delta) values in parts

per thousand (%.) or per mil (equation 1.1). The & value expresses R, the ratio
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of the number of heavy to the number of light atoms in a sample to that of an

internationally accepted standard. For sulphur the abundance ratio (R) is

expressed as **S/*2S, for oxygen '°0/'°0 and for hydrdgen it is D/H.

(1.1) 5. % = [®) -1] * 1000.

sample sample/ (R)standard

The international standard used for sulphur is troilite from the Cafion Diablo
meteorite (CDT). For oxygen and hydrogen, an approximation to Standard

Mean Ocean Water is used as distributed by the IAEA (V-SMOW).

Variations in relative sulphur isotope abundances are primarily due to redox
reactions in the bacterial sulphur cycle. Dissimilatory sulphate reduction,
summarized in the reaction below, is 32S and 16O selective (e.g. Chambers and

Trudinger, 1979).

(1.2) CH50 + 128042 = 1/2HS™ + HCOj3™ + 1/2H*

Because biological sulphate reduction is isotopically selective, the remaining
S04 pool becomes 34S and 180 enriched. Although the presence of bacteria
can enhance sulphide oxidation rates, the process is negligibly isotope

selective (e.g. Krouse, 1980).

In Alberta, anthropogenic sulphate originating from sour gas processing
facilities that process HoS from carbonate hosted reservoirs of Paleozoic age is
relatively enriched in 34S compared to the surrounding environment. This

enrichment mainly reflects derivation of the H,S from thermochemical reduction
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of ancient marine anhydrite (e.g. Krouse et al, 1987). Therefore, H3S
processed at sour gas plants has 8%S values ranging from +15 %o to +35 %o. In
contrast, natural terrestrial sulphate in Alberta glacial deposits is relatively
depleted in 34S. Typical 8S values range from +2 %o to -35 %o (Krouse, 1981,
Hendry et al., 1986, van Donkelaar, 1991).

1.2 Past Work

The discussion of past work is limited to the use of 8%*S as a tracer of
anthropogenic sulphur in Alberta and the use of §%*S as a tracer of industrial

sulphate in groundwater worldwide.

For nearly two decades, 5°4S values have been used in Alberta to trace
anthropogenic sulphate in the atmosphere (Krouse and Case, 1983),
precipitation (Norman, 1992), vegetation (Krouse, 1977), soils (Krouse and
Case, 1981; 1983) and surface waters (van Donkelaar, 1991). The
characteristic isotopic abundance of anthropogenic sulphur is retained by the
oxidized sulphate since the transformation from S° or SOz to sulphate has
negligible S-isotope selectivity (e.g. McCready and Krouse, 1982). In addition
to traéing anthropogenic sulphate, §**S and §'°0 data from glacial tills and
pristine groundwaters (Hendry et al., 1986; 1989), natural springs (Staniasek,
1992, Krouse, 1976) and pristine rivers (Hitchon and Krouse, 1972) have
provided clues to the origin of natural aqueous sulphate in Alberta. Case

studies in Alberta are discussed in Krouse and Grinenko (1991).
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Although 8%'S has not been used to trace anthropogenic sulphate in Alberta

groundwaters, it has been used elsewhere. For example, researchers in
southern Ontario (Robertson et al., 1989) and eastern Poland (Trembaczowski,
1991) took advantage of the difference between natural and anthropogenic
sulphur §*S to identify sulphate sources in groundwater. In both of these
studies, as well as the pristine groundwater studies mentioned earlier,

biological sulphate reduction was recognized as an important process.

Sulphate reduction by microorganisms can have a significant impact on the
8**S of remaining sulphate. The preferential reduction of 328160, by sulphate
reducers has been well documented, as has the resulting 8**S enrichment in
the remaining sulphate (e.g. Krouse, 1970; Rees, 1973). This leads to the
question: is relative 3¢S enrichment of aqueous sulphate indicative of sulphate

from an industrial source or is it due to sulphate reduction by microorganisms?

1.3 _Thesis Objectives

The objectives of this thesis are to:

1. Explore the reliability of sulphur isotope abundances as tracers of
anthropogenic sulphate in groundwater using four independent
approaches:

a)  measure §°*S and §"°Osulphate and look for enrichment due

to preferential **S'°04 reduction,
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b) measure the dissolved oxygen content of groundwater in-

situ to assess the suitability of the system for sulphate
reduction,
c) perform hydrogenase enzyme test for the activity of
sulphate reducing bacteria (SRB) (Bryant et al., 1991),
d) incubate samples under warm (25°C) anoxic conditions
and test for change in 83“Ssu|phate after seven months.
2. Use §*S to trace anthropogenic sulphate in groundwater in a case study.
3. Use geochemical and isotopic information to investigate how
groundwater chemistry near a sour gas plant has changed due to high

anthropogenic sulphate concentrations.

A site was chosen to reach the thesis objectives. Three main criteria for site

selection were:

1. sulphate contamination of groundwater from sour gas (H2S) processing
2. reliably installed piezometers in place
3. permission from the facility owners.

The study site is in south western Alberta. The owners agreed to participate in
the study if the site remained anonymous. The sour gas plant facility has been
in operat'ion since the earlier 1960's and elemental sulphur, produced at the
plant, is stored as blocks (= 10 m high, 350 m X 100 m). When the price for

sulphur is low, more of the elemental sulphur is stored.



1.4 Methods

Table 1 lists the groundwater data acquired and the rationale for each
acquisition. Sampling took place over a year, during the months of July 1992,

November 1992, March 1993 and June 1993.

1.40 Field Methods

Except for piezometer nest 13 (Twin Butte, 1984), piezometers installed by
KOMEX International (1991), were used to characterize groundwater flow and
chemistry. A piezometer schematic is shown in Figure 1.2. The piezometer
casings are topped with a heavy metal screw top which prevents contamination
from the surface. In addition, the piezometer tube has a tightly fitted plastic cap.
The sand grain size is between 10 and 20 thousandths of an inch, the screen
slots have a 20 thousandths of an inch (0.5 mm) separation and width. The
polyvinyl chloride (PVC) pipe itself was schedule 40 strength (proportional to

pipe wall thickness).

The main objective of groundwater sampling was to characterize and collect
representative samples of the aquifer water. This meant allowing for sufficient
flushing (bailing), preventing cross-contamination between sample points and

analyzing or preserving the samples as quickly as possible.

Aquifer samples were obtained using a ball seal PVC bailer. The bailer was
thoroughly wiped with paper towels and rinsed with distilled water between
sample selection. To insure a representative aquifer sample, piezometers were

either bailed dry or at least five hole volumes of water were removed before
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water sample collection, (Classen, 1982). Hole volumes were calculated by

knowing the depth to the standing water, the inside diameter of the liner and
the final depth of the piezometer. Sterile Nalgene® sample containers were

rinsed several times with the aquifer water being sampled. These waters were

then taken to the field lab for on-site analysis and sample preservation.

TABLE 1: Summary of Data Acquired and Rationale

DATA

RATIONALE

shydraulic head

«dissolved oxygen
& temperature

8'%0 & 8D

'534

S

‘Swosulphate

sions
shydrogenase test

oX-ray diffraction

«X-ray fluorescence

characterize groundwater flow direction and gradients

assessment for bacterial activity consideration and computer

modeling of mineral saturation indices

characterization of groundwaters, enrichment / depletion
due to water / rock interactions, evaporation /
condensation

trace anthropogenic sulphate, check relations with other
ions and stable isotopes

identify oxygen source in sulphate, check relations with
other stable isotopes

characterize groundwaters and understand alteration due
to water/rock interactions

test for activity of sulphate reducing bacteria
estimate semi-quantitatively the of minerals present in
subsurface samples

estimate of total sulphur in soil samples
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Figure 1.2: piezometer schematic

1.41 Field Sample Preservation

Water alkalinity and pH were measured on unfiltered samples immediately after
collection using an Orion 960 auto-titrator. Two 60 ml Nalgene®
(polypropylene) bottles of water were used for anion, 8D, §'°0 and cation
determination. Water was filtered (0.45 um) using a Nalgene® 15 psi hand
pump mounted on a 250 m! reservoir. To reduce cation complexing during
storage and transport the samples for cation analysis were acidified to a pH of 2

with HCI. Anion water samples were also used for 8D and §'°0 analyses.
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BaClz crystals were added to filtered water samples in 100 ml glass bottles.
This precipitated out SO4 as BaSOg4, which is very stable. The samples were
acidified (pH 2) to remove any BaCOs which may have also precipitated,

(Staniasek, 1992). The presence of BaCO3 can effect 8'°0 analysis.

1.42 Laboratory

The July 1992 and November 1992 anion concentrations were measured at
ambient temperature using a High Pressure Liquid Chromatograph
(Departmen;t of Geology and Geophysics). The flow rate through the Water
I.C.Pac Anion HC column was 2 ml/min. A borate gluconate buffer was used in
the column. The March 1993 and June 1993 anion data were measured at the
Institute of Sedimentary and Petroleum Geology (ISPG) in Calgary. The
instrument and the procedures at the ISPG are identical to those at University of
Calgary. Cation concentrations were analyzed using the acidified samples, on

a Perkin Elmer 5000 atomic absorption spectrophotometer.

The analysis for SwOsugphate followed the method of Shakur (1982). BaSOQy4 is
used for 8'®Osyiphate analyses because other minerals such as CaSO4 may
yield SO2 when heated with graphite. The BaSO4 precipitate was mixed with
pure graphite (1:1 admixture) and heated to approximately 1000°C. COp
evolved from this reaction and was captured for §'°0 analysis. Any CO evolved
was converted to COg2 using a high voltage discharge cell. A detailed

description of the procedure can be found in Shakur's Ph.D. Thesis p.51 (1982).
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5%*S analysis was performed using the methods of Yanagisawa and Sakai

(1983) and Ueda and Krouse (1986). BaSOj4 precipitate was collected on 0.45
m Millipore® filter paper, air dried and combined with vanadium pentoxide and
silicon dioxide (1:20 BaS04:V205/SiO2). This mixture was placed in a glass
tube, topped with quartz fibers and copper and heated at 900°C for 30 minutes
(hot copper reduces SOz to SO2). Carbon dioxide was removed from evolving
gas using a liquid N2 pentane trap and water was frozen out with a dry ice bath.
The SO2 gas which evolved was immediately analyzed in a dual collector mass
spectrometer built with V.G. Micromass 602 components (V.G. Micromass Ltd.

Winsford, U.K.).

810 of water was measured using a modified CO2 equilibration technique of
Epstein and Mayeda (1953). First, a 5 ml of sample water was equilibrated in
evacuated tubes with reference CO2 gas over night (>9 hours). Then the
equilibrated CO2 gas was analyzed on a triple collector 903 Micromass mass
spectrometer (components from V.G. Micromass Ltd. Winsford, U.K.). This value

was compared with the reference COo relative abundance.

The procedure for 8D analysis used the methods of Coleman et al (1982). A5
il water sample was added to 250 mg of Zn shot and heated to 450°C for 30
minutes. The Ho gas which evolved was analyzed on a mass spectrometer
constructed with Micromass 602 components (V.G. Micromass Ltd. Winsford,
U.K.).

To measure the §%*S soluble sulphate in soil, the soils were soaked and stirred

in a 0.1 M LiCl solution for two days. The slurry was then filtered with 0.45um
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filter paper and BaSOg4 precipitated from the filtered water using BaClz

(Dowuona et al., 1993). BaSOQg4 precipitate was analyzed for 5%**S and

8'®Osulphate as described above.

The soil material remaining on the filter paper after the soluble soil (aqueous
sulphate) extraction, was used to obtain the §°‘S of the insoluble sulphate in
soil. The samples were placed overnight in 600 mi beakers treated with 15 ml
conc HNO3 and 3 ml liquid Bro. The following day they were heated to
dryness, 10 ml conc HCI was added and the samples were again evaporated to
dryness. This procedure was repeated with another 10 ml of concentrated HCI.
The samples were then diluted with distilled water, filtered and BaSO4
precipitated from the filtered water using BaCly (Krouse and Tabatabai, 1986).

The BaSO4 was used for §°*S analysis as described above.

X-ray diffraction (XRD) and X-ray fluorescence (XRF) were performed on
several soil and glacial till samples. The XRD analysis was performed using a
Scintag XD5-2000. The instrument uses a copper tube and for the analysis it
was set at 44 kV and 44 mamps. Clays present in the samples were not
resolved, therefore the main XRD peaks identified were quartz, calcite,
feldspars, clay and in some cases gypsum. Correction factors were selected
from work by Bayliss (1986) and the analysis was aided by JADE software
(Material Data Inc., 1993). Because of overlap in peaks, XRD is considered
semi-quanitative at best. XRF analysis was done using a Philips PW1410. The
instrument uses a rhodium tube and was set at 40 kV and 60 mAmps for the

analysis.
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The activity of sulphate reducing bacteria was assessed by measuring the

hydrogenase enzyme concentrations (Bryant et al., 1989;1991, Costerton et al.,
1989). The enzyme hydrogenase is associated with suiphate reducing
bacteria. The hydrogenase test was performed by Dr. Ed Laishley (Biology
Department, University of Calgary). The results are graded from 0 to 3, where 0
means that any bacteria present are inactive and 3 indicates strong activity.

This test was done on the March 1993 sample set.



TABLE 2: DATA SUMMARY

s2A
f2A
f2B
s4B
f4B
jaB
s4C
faC
wAC
j4c
s5A
f5A
i5A
s5B
5B
w5B
jsB
s5C
f5C
w5C
jsC
s6C
f6C
w6C
jsC
s7B
f7B
w7B
j7B
s7C
f7C
w7C
j7C
s13N
f13N
wi13N
st
i1
wit
s-rain
#%a
j-res
s13S*
f138
w13S
jeB

del 34S del 18C delD del 180 Ca Mg Na

(s04)
coT
134
124
73
14.8
17.5
171
39
24
1.1
6.0
15.2
14.0
16.7
155
15.1
16.9
174
127
14.0
17.9
14.3
56
6.0
6.2
6.5
1.4
13.1
14.8
12,0
15.2
15.1
17.7
173
15.0
15.8
183
11.4
11.8
-13.9
156
166
142
14.2
164
17.3

(SO4) (H20) (H20)
SMOW SMOW SMOW
58 -1421 -16.9
1.8 -1388 -17.3
- -1618 -186
57 -1254 -16.3
77 -1317 -165
207 -1341 -175
- 1419 -186
48 -1434 -185
15 -1428 -18.0
1155 -136.7 -19.6
-85 -1253 -145
-11.8 -1256 -153
-18.9 -1268 -14.8
74 -1440 -182
126 -1408 -17.3
41 -1418 175
-23.2 -1406 -17.3
74 1442 184
94 -1435 -18.4
-11.0 -1447 -17.9
-20.1 -1425 -18.3
- -1475 -194
34 -1452 -19.1
110 -148.1 -18.8
104 -1455 -19.1
25 -1414 -18.2
- -1390 -18.1
7 -1384 -17.7
166 -1424 177
74 -1428 -176
93 -1425 -17.4
- 1403 -17.0
-24.4 -1381 -17.4
- -1465 -16.1
44 1442 -16.0
45 -1427 -15.0
105 -1412 -18.4
49 -1409 -18.3
35 -1433 -18.0
60 -1055 -14.9
135 -1328 -17.5
09 -1385 -184
21 -158.0
11 -151.7 -15.1
13 -1584 -143
190 -1486 -16.0

-15.8

464
467
114
448
403
437
101
103
107
104
634
§42
654
459
451
432
434
221
183
437
194
85
76
85
87
142
124

105
102
36
140
151
144
M4
42
42
42
604
698
670
259
264
239
250
78
64
138
66
36
33
35
36
78
68
82
76
207
178
188
168
123
104

all ion concentrations: mg/l

28.0
8.5
81.0
34.0
38.0
28.2
21.7
233
20.7
218
28.0
29.0
259
103
11.6
8.8
9.9
61.2
359
17.7
18.7
29.6
29.5
254
27.2
8.0
15.8
129
25.7
26.6
26.7
i8.8
18.3
25.0
214
22.2

“‘problematic ion concentrations discussed in Chapter 3

K Mn2+ Fe2+ SO4

22
2.1

29
20
23
1.9
2.1

2.1

24
26
12.0
9.7
13.5
23
2.4
24
22
2.7
24
3.0
25
1.9
20
21

22

0.20
0.00
0.00
15.00
0.70
12.10
0.20
0.01

0.15
0.10
0.36
0.01

0.09
0.09
0.10
1.84
0.21
3.10
0.09
0.63

922
1027
334
1084
1185
1214
50
78
48
44
2767
3109
3397
1397
1816
1426
1589
445
349
956
293
34
38
31
20
165
104
158
211
1278
1193
1237
1179
1254
835
1405

>»>>> insufficient sample for A.A. <<<< 1638

Cl

0.0
74
14.0
0.0
14.0
§0.8
396
§7.0
59.5
62.8
0.0
124
0.0
40.7
38.5
3383
42.2
103
37.4
29.2
777
0.0
26.8
276
359
743
50.9

NO3 HCO3 pH temp.

0.0
727
0.0
0.0
0.0
6.5
0.0
113
0.0
0.0
0.0
63.5
0.0
0.0
0.0
0.0
0.0
0.0
156
0.0
0.0
0.0
399
0.0
0.0
33.5
0.6

106.5 15.4

56.8
24.2
34.0
36.2
448
319
60.7
62.6
0.0
25
3.2
0.0

0.0
0.0
247
0.0
0.0
0.0
44.2
0.0
0.0
0.0
0.0
0.0

110.7 0.0

636
604
322
574
403
428
369
278
278
505
435
514
780
630
512
477
857
386
513
512
636

253

6.9
6.3
6.3
78
6.5
8.0
7.9
6.5
74
79
76
70
77
7.7
6.3
6.1
7.2
7.8
7.0
6.7
7.4
8.0
6.6
6.7
76
7.8
74
7.0
7.9
786
6.5
6.4
76
6.9
6.2
6.7
8.2
7.4
7.0

oC

7.0
75

8.0
8.0
9.0

4.5
12.1

75
10.0
11.0

8.0
10.0
10.9

75

7.0

75

75
10.2

6.0

75

79

6.0
75

5.0

14

D.0.* groundwater

mgfl

08

1.1
11

0.6

1.0
0.7

1.1
28

1.2
24

23
39

20
1.0

2.0

elevation
{m)
1488.53
1488.25
1485.32
1470.73
1470.01
1471.26
1469.82
1469.95
1469.53
1470.55
1474.09
1472.35
1474.30
1469.62
1468.63
1468.50
1469.24
1469.78
1468.81
1468.56
1469.44
1468.45
1468.08
1467.56
1468.33
1470.26
1468.95
1467.79
1470.58
1462.97
1462.49
1461.87
1462.94
1482.15
1479.98
1479.67
1491.20
1491.20
1491.20
0.00
1455.80
1450.00
1481.34
1480.82
1480.65
1468.55

*dissolved oxygen
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CHAPTER 2: SETTING

2.1 Climate

The climate in the area is characterized by short cool summers and cold winters.
Cloud bursts, high winds and thunder showers are common in the summer. July,
the warmest month, has a mean temperature of about 17°C. January has a mean
temperature of -8°C. Throughout the year, warm winds (Chinooks) occasionally

blow in from the west coast and increase the temperature by 10°C or more.

Based on data collected from 1987 to 1991 by Parks Canada and the Town of
Pincher Creek, mean annual precipitation near the plant site is 814 mm while
evapotranspiration is approximately 400 mm/yr, (Tokarsky, 1974). As shown in
Figure 2.1, about 14% of the yearly precipitation falls in June. Groundwater
temperature extremes of 4.5°C and 12°C were measured in the shallowest

piezometer 5A, (samples f5A and j5A).

2.2 Topography

Approximately four kilometres west of the study site is the sharp relief of the Rocky
Mountain Front Ranges. Nearby mountains reach elevations of up to 2470 m and
creeks and rivers drain steep NE trending canyons. The gas plant site, at an
elevation of 1490 m, is on top of a knoll that is bordered by two of these N-NE

flowing creeks.
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Figure 2.1: This bar chart shows mean precipitation in each month based on

data collected from 1987 to 1991.

The study area, shown in Figure 2.2, is limited to the southern side of the gas
plant knoll and surrounds the sulphur storage and processing area. There are 13
piezometer installations which are screened at depths ranging from 3 m to 21 m.
The ground slopes gently towards the south, where it drops steeply into the creek.
The creek under-fits the northeast trending valley it flows through. Steep banks
cut through the glacial over-burden and expose the contact between glacial till
and bedrock. About 20 years ago the creek was damned just south of piezometer

4 to form a water reservoir for plant site operations.
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Figure 2.2: The study area covers the south side of the gas plant site and

surrounds the sulphur storage and processing area.
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2.3 I

The Cordilleran ice sheet, which covered the region during the last ice age,
retreated back towards the Rocky Mountain front ranges about 10,000 years ago
(Stalker, 1977). The glacial material left behind originated from the west and
therefore contains fragments and rock flour of ancient rocks found in the Rocky
Mountains, such as limestone and dolomite. Typically the glacial deposits are
comprised of a heterogeneous mixture of silty and sandy clays, quartz sands,
gravel and/or rock flour. Gravelly glacial outwash channels also are present.
Work by the Alberta Research Council characterized the upper soil zone (1 metre
depth or less) in the region as clayey to fine loamy, meaning that the clay content

of the soil was 18 % or more (Holowaychuk et al., 1987).

The geologic model for the study area is based primarily on the drill cutting
descriptions from piezometer installation (KOMEX, 1991). Figure 2.2 shows the
locations of the piezometers, and, as indicated by the drill cuttings logs (Figure
2.3), the study area is underlain by 12 to 22m of alternating glacial silts, gravel
and clays. The upper two metres tend to be gravel fill and sandy silt which has
been disturbed by plant site construction. Below the gravel is five to eight metres
of rust stained or weathered clayey silt which lies above about five or more

metres of interbedded glaciolacustrine silts and clays.
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Figure 2.3: Drill cutting logs illustrate the heterogeneity of the glacial deposits.

Also shown are the screened intervals.
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A consultant's report for the base pad northwest of piezometer nest 4 describes a

buried gravel channel overlying bedrock which disappears to the southeast (HBT
AGRA, 1993). Several two metre deep test pits from the same report show a
predominance of alternating clays and fine silts. The test pits were refilled after
sampling. This report and Figure 2.3 demonstrate that it is not uncommon for

glacial stratigraphic units to pinch out between sampling points.

In addition to the drill cutting logs, three samples of glacial deposits were dug out
of the water reservoir banks south of the gas plant (Figure 2.2: *a,*b,*c).
Averaged X-ray diffraction (XRD) results indicate a predominance of quartz (80
%), with about 5 % calcite, 5 % feldspar and 10% various clays (illite, kaolinite or
smectite). It should be noted that quartz abundances are often exaggerated by

XRD and that mineral weight percent estimates are not very accurate.

The bedrock, Upper Cretaceous Wapiabi Formation, slopes gently towards the
southeast. The bedrock consists of alternating zones of fissile, dark grey to black,
silty and sandy marine shales. In places it contains sideritic concretions, minor
siltstone, sandstone and limestone. Piezometers 13N and 6C are the only
piezometers in the study area which encountered bedrock, according to these
cutting logs, the bedrock is a dark grey silty shale. Also, the shaley bedrock was

drilled by HBT AGRA (1993) below the base pad north west of piezometer 4. A
three point problem using depth to bedrock from 13N, 6C and the base pad

bedrock indicate that the bedrock dips at approximately 2° towards 150° (SE).
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2.4 Hydr i

The glacial material at the site blankets the less permeable bedrock below, so
that recharging water moves downward, follows the southeast dipping bedrock
and discharges along the creek banks. Figure 2.4 is a cartoon illustrating the

general direction of groundwater movement.
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Figure 2.4: This cartoon illustrates simplified groundwater movement downward

through the glacial deposits and along the bedrock.

The background sample (spring #1) is located 1.5 km west (upwind) of the

sulphur storage pads. The exit point of the spring is within highly weathered



22
bedrock exposed in a road cut. The glacial till / bedrock contact is approximately

2 m above the discharge point. The ion concentrations from this sample point
(Table 2), are consistent with pristine shallow groundwaters in the area

(Tokarsky, 1974).

Hydrogeologic information includes hydraulic conductivities for 7 of the 13
piezometers and hydraulic head measurements for most of the piezometers over
four sampling sessions, Table 3. Figure 2.4 illustrates the seasonal variation in
head measurements, confirming this as a transient system. Groundwater
elevations rise in the early summer months, coincident with the highest

precipitation.

Three hydrogeologic zones at the site are defined as: (A) an upper zone
comprised of approximately three metres of disturbed sand and gravel, (B) a
middle zone of five to eight metres of silty sands and clays, and (C)
glaciolacustrine silty clay down to bedrock. These zones are used for name
references, for example 5A is shallower than 5B. Also, the sampling session is
identified using the following prefixes, July 23, "s", November 11, "{", March 7, "w",
June 21, "[". Piezometers 13S and 13N were installed in 1985 and are both
screened over interval C. The designations "N" and "S" refer to north and south,
respectively. A strong vertical gradient exists between zones A and B (Table 3);
however, near the glacial / bedrock contact the vertical gradient is close to zero
and groundwater movement is predominantly horizontal towards the water

reservoir and the creek.
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TABLE 3: Hydrogeology Data Summary

groundwater elevations (m)

July 23 Nov.11 Mar.7 Jun. 21screen K**
1992 1992 1993 1993 from to
(m) (m) (m) (m) (m) (m) (m/s)
2A 1488.53 1488.25 1487.83 N/A* 1489.96 1488.46 3.80E-07
2B dry 1485.32 dry N/A 1487.48 1485.98
4B 1470.73 1470.01 1469.94 1471.26 1472.00 1470.50
4C 1469.82 1469.95 1469.53 1470.55 1467.56 1465.96 3.50E-07
A 1474.09 1472.35 1471.94 1474.30 1474.13 1472.63 3.00E-08
B 1469.62 1468.63 1468.50 1469.24 1470.05 1468.55
C 1469.78 1468.81 1468.56 1469.44 1467.02 1465.52 7.90E-08
6B dry dry dry 1468.55 1470.48 1468.98
6C 1468.45 1468.08 1467.56 1468.33 1463.30 1461.80 3.60E-06
7B 1470.26 1468.95 1467.79 1470.58 1469.19 1467.69 3.00E-08
7C 1462.97 1462.49 1461.87 1462.94 1462.42 1460.92 1.00E-06
13N 1481.29 1479.98 1479.67 N/A 1472.90 1471.40
13S 1482.20 1480.82 1480.65 N/A 1472.95 1471.45
1 1491.20 *Not Accessible
**hydraulic conductivity

vertical gradients positive downward

July 23 Nov.11 Mar.7 June 21

1992 1992 1993 1993
2A,B 0.99
4B,C 0.20 0.01 0.09 0.16
5A,B 1.10 0.91 0.84 1.24
5B,C -0.05 -0.06 -0.02 -0.07
6B,C 0.03
7B,C 1.08 0.95 0.87 1.13
13N,S 0.45 0.42 0.49

The reduction in vertical gradient coincides with the depth of the silty more
hydraulically conductive unit: zone C. The groundwater flow can therefore be

further simplified to a two layer system comprised of an upper low conductivity
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horizon (zones A and B) overlying a more conductivity, relatively continuous silty

unit (zone C). Figure 2.6 shows the March 7, 1993 hydraulic head map for zone
C. Zone C (the zone resting on bedrock) is used for hydraulic head mapping

because the vertical gradient is close to zero.
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Figure 2.5: Bar graph of piezometer head variation with the season,
groundwater elevations rise in the early summer months when precipitation is

greatest.

Groundwater discharges, in the form of seeps, are present south of piezometer
nests 4 and 7 where the water reservoir cut bank exposes the contact between
the till and the bedrock. One of these seeps, #9a, was included in the June 1993

sampling program.
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Groundwater levels part way up the screened intervals were measured in

piezometers 2A, 4B, 5B, 6B and 7B (Table 3). These water levels also varied
considerably with the season, for example the hydraulic head of w7B (1467.79 m)
j7B (1470.58 m) differ by 2.8 m. This large variation in head and the occurrence
of water levels part way up the screened intervals indicates that the screens cross
the unsaturated / saturated zone contact. The screened interval in piezometer 6B
was above the water table in all but one sa_mpling session (j6B). The vertical

gradient between j6B and j6C is low.

Two groundwater travel times were needed. First, the approximate time from
recharge (water table) to the sampling point (piezometer screens) was required
for incubation experiments (Chapter 4). Second, the residence time from
recharge to discharge (e.g. spring #9) was needed to test the continuity of low
hydraulic conductivities (10-7 m/s). The calculated residence time was compared

with a known residence time from the sulphur pad to spring #9.

The residence time calculation was split into vertical (e.g. 7 m from 5A to 5C) and
horizontal components (approximately 242 m from sulphur pads to spring #9).
Residence time was calculated using the equation and data outlined below:

(2.1) V = Ke=—— = GROUNDWATER VELOCITY m/s (AVERAGE LINEAR )

e

where: K= hydraulic conductivity m/s
10" < zone C horizontal K < 107 m/s (KOMEX, 1991)

10" < vertical K < 10 m/s (Domenico and Schwartz, 1990)
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i=gradient

0.048 < horizontal i < 0.050 (5C to 7C)

0.02 < vertical i < 1.2 (Table 3)
n, = effective porosity=0.03 to 0.05 (KOMEX, 1991)

(2.2) R = % = RESIDENCE TIME
where: d=distance=7m vertically & 242m horizontally

Piezometer nests 4 and 5, which are adjacent to the sulphur pads, were used to
estimate a range of vertical gradients (Table 3), while piezometers 5C and 7C
were used for horizontal gradients. Zone C, in which most of the horizontal
transport occurs, has hydraulic conductivities from bail tests ranging from >10-6 to
= 107m/s (KOMEX, 1991). Vertical hydraulic conductivities are assumed to be
ten times the horizontal values (Domenico and Schwartz, 1990). Minimum and
maximum residence times were calculated using extremes in hydraulic

conductivity, gradient and effective porosity.

The calculated residence time was compared to a known travel time. Spring #9,
which is 242 m south of the sulphur pads, was first sampled 22 years after the gas
plant began operations. Extremely high sulphate concentrations (>1400 mg/l)
indicates that the residence time from the sulphur pads to spring #9 must be less

than 22 years.
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The calculated vertical travel time (water table to sampling screens) ranged from

2 days to 554 years. The calculated residence time (vertical + horizontal) ranged
from 0.5 to 635 years. The calculated maximum residence time is almost 30
times greater than the known maximum of 22 years suggesting that at least one of

the variables used for the estimate is wrong.

Hydraulic conductivity significantly affects the resident time calculation and is
typically accurate to within an order of magnitude. Therefore, it is likely that
hydraulic conductivity between the sulphur pads and spring #9 is on average ten
times greater than the lowest value (107 m/s) from bail tests. Intermittent zones of
weathering and fracturing are often present in Alberta's glacial deposits (Hendry
et al.,, 1986). Indeed, partings and joints up to 0.5 mm wide were oberved in
undisturbed clay till samples taken at = 5 m depth from the northeast corner of the
plant site (Twin Butte, 1984). These fractured zones would have rapid
groundwater flow. Also, the heterogeniety of the glacial deposits at this site could
cause large variations in not only hydraulic conductivities but also effective
porosities and gradients. Finally, the source of sulphate contamination in spring
#9 could be closer than the sulphur block so that the travel time from the sulphur
block to spring #9 is actually longer than 22 years. For example, the surface

catchment ponds are = 100 m closer to spring #9 than the sulphur block.

In summary, both the topography and bedrock at the site dip gently towards the
southeast. Glacial deposits blanket the bedrock with a heterogeneous mixture of

silt, sand and clay, that includes discontinuous lenses and layers. Within the
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glacial till a strong vertical gradient dominates the groundwater movement; this

vertical gradient is close to zero as the recharging water approaches the
glacial/bedrock contact. Horizontal flow is along bedrock towards the southeast.
Therefore, shallow groundwater recharges on the gas plant knoll and discharges
on the creek banks in the southeast. An estimate of the maximum groundwater
residence time from the sulphur pads to spring #9 (on the creek banks) was an
order of magnitude greater than the known residence time. It is possible that the
discrepancy between the estimate and the actual residence time is due to high

conductivity units within the glacial till.
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CHAPTER 3: GEOCHEMICAL AND ISOTOPIC DATA,

OBSERVATIONS AND TRENDS

The following chapter provides an overview of the data gathered for this study.
Groundwater samples were collected and analyzed as described in Chapter 1
and the data are summarized in Table 2. The chemical composition of the
groundwater surrounding the sulphur block is very different from the pristine
samples taken from spring #1. Spring #1, which is 1.5 km upwind from the gas
plant, has a Ca-Mg-HCOg3 composition with low ion concentrations typical of
pristine groundwater in the area. Most of the groundwater samples collected
near the sulphur pads are Ca-Mg-SO4 with ion concentrations 10 to 100 times

greater than pristine groundwater.

3.1 _lonic Stength

The ionic strength of a solution is a measure of the strength of the electrostatic

field caused by ions in solution. It is calculated using equation 3.1:

(3.1) I=3«Xmg?

where: | =ionic strength (mmol/kg)
m = molalitity of an ion in solution (mmol/kg)

z = charge on the ion

The ionic strength of the groundwater samples ranges from 0.011 mol/kg (w6C)

t0 0.175 mol/kg (jSA). In particular, ionic strength is greatest near the sulphur
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storage block. As shown in Figure 3.1, ionic strength varies considerably

between sample points and with the season.
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Figure 3.1: lonic strengths vary throughout the year.

Figure 3.2, shows that ionic strength correlates well with sulphate concentration.

The lower ionic strengths are found in the more pristine samples.
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Figure 3.2: Groundwater ionic strength as a function of sulphate

concentrations.

2 Iphate ncentration

As illustrated in Figure 3.3 increases in sulphate concentrations are
accompanied by increases in calcium and/or magnesium concentrations. The
calcium and sulphate concentrations correlate very well, suggesting that they
are inter-dependent on the other. Similar (albeit less distinct) relations are

found between sulphate and other cations, such as sodium.
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Figure 3.3: Increases in sulphate concentrations are accompanied by

increases in calcium and magnesium concentrations.

Sulphate concentrations in the groundwater samples from the piezometers are
usually greater than those observed in spring #1 (pristine sample).
Piezometers 4C and 6C have the only groundwater sulphate concentrations
close to pristine groundwater. Elevated sulphate concentrations are found near
the obvious sources (e.g. the sulphur blocks), and near the not so obvious, such
as the abandoned sludge ponds near piezometer nest 13. Piezometers 5A and
4B, which are shallow samples points close to the sulphur pads, have
groundwater samples with extremely high sulphate concentrations, 3397 mg/I

and 1214 mg/l, respectively.
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Piezometer 7C is several hundred meters southeast of the sulphur pads and
has sulphate concentrations as high as 1278 mg/I (s7C). Sulphate
concentrations an order of magnitude less are found in water samples from
piezometer 7B which is about about five metres above 7C and at a higher
hydraulic potential (up gradient). Unlike samples from piezometer nests 2, 4, 5

and 6, piezometer nest 7 has a higher sulphate concentration at depth.

This peculiar distribution of sulphate rich water can be explained with at least
two (possiby simultaneous) scenarios. First, the screened interval in
piezometer 7C appears to have intersected the southeast moving sulphate rich
contamination plume which originates near the sulphur pads and runoff ponds
1, 2 and 3. Dispersion and diffusion of this plume would result in slightly
elevated sulphate concentrations in the groundwater samples from 7B, this
scenario is illustrated with Figure 3.4. A second explanation, which could
operate concurrently with scenario one, involves the surface catchment pond 4.
Water draining into this surface runoff pond has high sulphate concentrations
because it originates from the sulphur dusted plant site. As shown in Figure 3.4,
front view, piezometer 7B is screened at a slightly higher elevation than the
surface runoff pond so that recharging water moving downward from the pond

by-passes 7B.
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Figure 3.4: High sulphate concentrations are found in groundwater samples
from 7C and not in 7B. The upper sketch is a cross-section from north to south,
showing the possible movement of a sulphate rich contaminant plume. The

front view illustrates catchment pond 4 as a sulphate contaminant source.
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On the east side of the plant site are a series of decommissioned evaporation
and sludge retention ponds. Piezometers 13N and 13S are southeast of these
old ponds and the groundwater samples from 13N and 13S have sulphate
concentrations as high as 1405 mg/l (w13N). During the life of the gas plant
items ranging from oil waste to sulphur rich debris were deposited in the ponds.
it is likely that they serve as groundwater contamination sources. Also, adjacent
to the sulphur processing area and down gradient from the siudge ponds is
piezometer 2A. It was not surprising to measure sulphate concentrations of 922

and 1027 mg/l in groundwater collected from this piezometer.

.3 lcium, Magnesium an ium ncentration

Calcium and magnesium are the dominant cations in both the pristine and gas
plant groundwater samples (Table 2). Calcium concentrations range from 76
mg/l (f6C) to 654 mg/l (j5A), while magnesium ranges from 28 mg/l (f#1) to 698
mg/l (f5A).  The groundwater samples with high calcium concentrations vary
more with the season than the low concentration waters. For example over four
sampling sessions, calcium concentrations from 4C and 6C have standard
deviations of 2.5 and 4.9 mg/l respectively, while 5A, 7C and 13N are 10, 38
and 41 mg/l respectively. lon concentration fluctuations in the groundwater
result from changes in infiltration, evaporation and dilution rates and/or

exchange reactions.

As shown in Figure 3.6 magnesium concentrations vary little with the season.

This shows that the magnesium source is less sensitive to environmental
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changes than the calcium source. If dolomite [CaMg(CO3)2] dissolution is the
ptimary source of magnesium then dissolution is expected to be slower than for
calcite. Sample w5C (winter) showed the only spike in magnesium
concentration. An extreme increase in the w5C magnesium (+70 mg/l) and
calcium (+250 mg/l) occurs with a 600 mg/l increase in the winter sulphate
concentration. The w5C Ca-Mg-SO4 concentrations follow the linear trend

illustrated in Figure 3.3.
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Figure 3.5: The calcium concentrations were lowest in November 1992.

Sample 138 has unusually high sodium concentrations (250 mg/l). There are
several possible explanations for this anomaly. The sodium could be from an
industrial source, such as the neighboring sludge pits. However, groundwater
samples from piezometer 13N, which is a metre down gradient from 13S, does
not have high sodium concentrations. There is no evidence for an impermeable

boundary between 13N and 13S that would allow 13S groundwater
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contamination in isolation of 13N. Salt (NaCl) is a common source of increased
dissolved sodium concentrations in groundwater. However, there is no
correlation between chloride and sodium concentrations in the 13S water

samples.
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Figure 3.6: The magnesium concentration in the groundwater samples varies

little through out the year.

Another possible explanation for the high sodium concentrations in 13S water
samples is cation exchange. Cation exchange is a reaction in which cations
within a clay mineral are replaced by cations in the surrounding solution. n the
13S example, calcium or magnesium ions in solution could be exchanging for
clay bound sodium ions. The members of the clay mineral group smectite,
which is common in Alberta glacial tills, is notorious for cation exchange. If
exchange between a sodium smectite (Nag.33AlI2SigOH2nH20) is occurring
calcium or magnesium concentrations in solution should be inversely
proportional to sodium concentrations in solution. As shown in Figure 3.7, this

trend is not found; in fact, the calcium and sodium concentrations are positively
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correlated. Magnesium concentrations vary little in all three water samples

collected from 13S indicating that magnesium is not exchanging with sodium.
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Figure 3.7: Calcium and sodium concentrations for groundwater collected
from piezometer 13S have a positive correlation. The highest concentrations

correspond to the lowest pH (6.52).

The confinement of high sodium concentrations to the groundwater in
piezometer 13S suggests that the source or process responsible for the
elevated sodium concentrations is very localized. As outlined in Figure 1.2,
bentonite, a swelling clay formed from the chemical alteration of volcanic ash, is
used to seal piezometer installations. Bentonite typically contains sodium rich
smectites. When the interlayer cation of smectite is sodium, the amount of

interlayer water accepted by the clay is almost infinite. This hydration results in
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an impermeable mass which is why Na-bentonite is used for sealing. However,

fissures can form in the bentonite if it has not hydrated completed. It is also
possible that bentonite pellets are disintegrating at the bottom of the piezometer
tube. Regardless, if acidic water attacks bentonite the sodium concentration in
solution would increase. If bentonite decomposition is responsible for the
increase in sodium concentration then an increase in calcium concentration
due to acid reactions with carbonate minerals in the subsurface would also be
expected (Figure 3.7). This is consistent with the sodium concentration high
(282 mgf/l) occurring with the pH low (6.52). Because ionic information from

piezometer 13S is suspect, it is not included in the chemical data set.

3.4 ble |

lonic strength of groundwater is often an indicator of the degree of groundwater
contamination. For this reason, ionic strength is compared with another

potential contaminant tracer 8**S. As shown in Figure 3.8 an increase in ionic

strength accompanies an enrichment in sulphate S.
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Figure 3.8: Groundwater ionic strength increases with *S enrichment.

Similarly, §**S values increase with sulphate concentration (Figure 3.9). The
likeness between Figure 3.8 and 3.9 is not unexpected given Figure 3.2.
Relative **S abundances range from -13.9 %o (spring #1) to +18.3 %o (W13N).

The %S for the anthropogenic sulphur source is usually +16.8 %. although this

can vary +/- 1.5 %.. Figure 3.9 shows that as sulphate concentrations exceed

background (@70 mg/l), §%S abruptly approaches that of the anthropogenic

source. This can be explained by the situ-equations below:

(3.2) (1 aliquot @ -13 %) + (1 aliquot @ +18%. ) = (2 aliquot @ +2.5 %) —

(3.3) (1 aliquot @ +2.5 %) + (1 aliquot @ +18%. ) = (2 aliquot @ +10.3%. ) ...
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Figure 3.9: As sulphate concentrations increase the §°*S values approach that

of the anthropogenic source.

Because of latitude and elevation effects, §'®0 and 8D vary with the season in
continental precipitation. Enriched isotope abundances occur during the
summer months and relative depletion is found during the winter (e.g. Gat and
Gonfiantini, 1981). Norman (1991) measured §'°0 equal to -29 %. for January
snow fall in Calgary. In contrast, the June 8'®0 for the same location was near
-15 %o. At the study site, summer 8D and 80 are approximately -105 %. and
-15 %, respectively. Similar to the Calgary example, winter 8D and §'*0 would

be considerably more depleted than summer.

This trend found in precipitation is not repeated in groundwater at the gas plant.
There is no predictable variation in 8D between the samples points. Even the

most shallow samples points, which should be sensitive to changes in
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precipitation 6D, show no correlation with season or depth. The absence of
strong trends in the 8D data indicates that recharge from precipitation follows a
complicated path that likely includes evaporation / condensation, mixing with
existing groundwater and mixing with fresh precipitation. &'0 variations are

discussed in Chapter 5, where water/rock interactions are considered.
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CHAPTER 4: 531 AS A TRACER OF ANTHROPOGENIC
SULPHATE IN SHALLOW GROUNDWATER

4.1 Iphate R ing B ri

As introduced in Chapter 1, sulphate reducing bacteria (SRB) can cause a 33
enrichment in sulphate due to the preferential reduction of 38'°Q4. If bacterial
sulphate reduction enriches the remaining groundwater sulphate in 3¢S,
clevated 5*S values may not be indicative of anthropogenic sulphate and §**S
would not be a conservative tracer. To appraise 5%4S as a tracer,
measurements were made to detect the presence and/or activity of SRB's in the
groundwater samples. In addition, the amount of dissolved oxygen in-situ was
measured to assess the suitability of the subsurface environment for sulphate
reduction. Finally, an experiment was completed to test for §**S enrichment

after a seven month anoxic incubation.

81803u|phate can be a useful diagnostic tool because the exchange of Oz atoms
between suphate and water is extremely slow (Lioyd, 1967, e.g. Hendry et al.,
1986), so that the §'0 of sulphate does not change after sulphate formation.
Preferential reduction of *35'®04 by bacteria should result in an enrichment of
both sulphur and oxygen isotopes in the remaining sulphate. As shown in
Figure 4.1, a positive correlation between 8'°0 and §**S of the groundwater
sulphates does not exist. There is a tendency for the samples with low sulphate
concentrations (#1, 4C, 6C <200 mg/l) to have relatively enriched "®*Osyiphate-

This suggests that natural sulphate either incorporates oxygen from an 8O-
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enriched source during formation or sulphate reduction enriches the remaining

sulphate in '®0. The data do not allow a unique solution.
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Figure 4.1: A positive correlation between 8'®Ogyiphate and 3**Ssuiphate does

not exist. The more pristine samples are ®Ogyipate enriched.

Samples enriched in 8°*S have both positive (7B) and negative (5B)
8'°Osuiphate values. Negative 8'°Ogyiphate values at this latitude are consistent
with oxidation of sulphur compound in water with a large meteoric component
(e.g. Hendry et al., 1989). Variations in 8'®*Ogylphate of sulphate formed in-situ
could reflect changes in the §'0 of the groundwater. This embraces processes

such as relative 'O enrichment during evaporation of recharging water and



46

dissolution of carbonate minerals. Also, variations in 8'°*Ogyiphate could be due

to more or less atmospheric oxygen (8'°0=+23 %) incorporation in the sulphate.

It was hypothesized that under aerobic conditions bacteria that use Oq2
dissolved in water will dominate over the SRB's that use oxygen from dissolved
sulphate. Concentrations of Oz in the groundwater were measured downhole
during the March 1993 and June 1993 samplings. The results are listed in
Table 2. As shown, O3 is present in concentrations that range from 0.6 to 3.9
mg/l. Under these aerobic conditions it is expected that bacteria that use

dissolved oxygen will dominate over SRB's (e.g. Hendry et al., 1986).

Tests for the hydrogenase enzyme (Bryant et al., 1991) showed two of the
samples (w5B, w6C) to be moderately positive (level 2), two (w5C, w4C) weakly
positive (level 1) and three of the samples (w7B, w7C, w13s) tested negative.
Based on this test, there is a 95% probability that active SRB's are present in

sample w5B and w6C.

The presence of SRB's per se does not imply that ®*S enrichment occurs in
unreacted sulphate during transport from the water table to the piezometer
screens. The objective of the incubation experiment was to test for 8**Sgyiphate
shifts under anoxic conditions over a period of time consistent with
hydrogeologic information. [n the hydrogeologic model (section 2.3),
recharging groundwater reaches the sampling screens in approximately 2 days

to 5 years.
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To test the extreme case, a completely anoxic incubation of groundwater
samples was carried out. Three filtered (0.45um) and five unfiltered 120 ml
aliquots of groundwater from November 1992 were sealed for sevens months at
25°C. Unfiltered waters should contain host substrate for bacteria and more
organic material (soil debris, food energy for bacteria and/or organisms) than
filtered water samples. This incubation test is tough because the samples were

not exposed to atmosphetic Oz,

As shown in Table 4, the §**S shifts upon incubation were very small even
under anerobic conditions. Therefore, it is highly unlikely that significant shifts
occur during transport in cooler water with dissolved O2. The differences
between the samples (+/- 1%.) can be attributed to variations in the .
measurements. Hendry et al. (1986) found 8%S varied +/- 0.5 %o using the same
instrument. Norman (1991) measured a standard deviation as high as 1.5%. on

small samples (<0.4 mg SO4).
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TABLE 4: 534S of incubated November 1992 samples

sample §34s 534s §34s

%o CDT %o CDT %o CDT

orlglnal incubated filtered Incubated not filtered

5A 14.0 15.0 14.7
58 15.1 - 15.2
7B 13.1 14.8 13.6
7C 15.1 - 15.6
13N 15.8 15.8 15.8
4.2 Anthr ni Iphate Identified with §*'S

The 8*S values of groundwater sulphate appear to behave conservatively so
that it is possible to distinguish between anthropogenic and natural sulphate.
Figure 3.8 illustrates how S enrichment corresponds to an increase in
sulphate concentration. With one exception (f2B), for sulphate concentrations
above 50 mg/l, the §%*S values have a mean of 15.2 %. corresponding to a
dominance of industrial sulphate. At lower concentrations the 8%s approaches
that of spring #1. The dominance of anthropogenic sulphate is illustrated by a

negatively skewed distribution of %S values (Figure 4.2).

Spring #1, which was selected earlier as the geochemical background sample,

also serves as the background 8%s sample. At the bottom of Table 2 the range
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of 8%4S for spring #1 (-11.4 %. to -13.9 %.) is typical for natural aqueous

groundwater sulphate.
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Figure 4.2: The distribution of §**S data shows that a majority of the aqueous

sulphate samples contain anthropogenic sulphate.

Figure 4.3 shows the June 1993 §%'S in cross-section. Industrial sulphate
movement is defined in the vertical plane using this §**S data. The §**S tracer is

very sensitive to changes in anthropogenic contribution.
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Figure 4.3: 8°'S values from the June 1993 data set decrease with depth.
5%'S values help to constrain movement of the industrial sulphate plume.

Lithology types are defined in Figure 2.3.

Vertical gradients appear to be related to §**S values in groundwater sulphate
from piezometers nests 4 and 7. In Figure 4.4, the difference between 7B and
7C §°*S increases with the vertical gradient. This implies that increases in
vertical gradient improve the vertical transport of industrial sulphate from the
catchment pond adjacent to nest 7 to piezometer 7C (by-passing 7B). Of course
the highest vertical gradient coincides with the wettest month (June), this
precipitation would tend to fill catchment pond 4 with sulphate rich water from

the plant site.
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Figure 4.4: The difference in 8348 values for 7B and 7C increase with the

vertical gradient.

The opposite relation is found in piezometer nest 4 because, unlike nest 7, the
348 rich source does not by-pass the upper sample point. An increase in
vertical hydraulic gradient appears to enhance mixing between the upper
sulphate contaminated zone (4B) and the lower more pristine groundwater (4C)

" s0 that the difference in §°*S values decreases.
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Figure 4.5: As the vertical gradient increases between 4B and 4C the

difference between groundwater sulphate §**S decreases.

In a system where there are only two sulphate sources, a fixed source and a
variable one, the §**S values and sulphate concentrations can be used to
identify the variable source. If it is assumed that only two main §°*S end
members exist, then a plot of §**S as a function of [SO4] ™ will have a y-intercept
equal to the variable source. This relation is described by the following series

of equations:

(4.1) Cs=C3_+ CJ3
(4.2) C = Ca + Cb
(4.3) §=C5 -58)*(C)" +38

the concentrations of sourcesa & b
the 8**S values of sources a & b
the concentration & 534S measured,

where: C , C
b

@)
o

on
n o
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For a mixture of a and b, a plot of & versus [C]" will yield a y-intercept equal to §
b

(Krouse, 1980). In this study, [C] = [SO4] and §, (the variable source).

The regression line in Figure 4.6, has a y-intercept (3,) §S =+16.2%.and a
correlation coefficient of -0.81, which identifies the gas plant as the dominant
variable source. It is possible that the background source is slightly variable in
concentration and that background agqueous sulphate originates from many
organic and inorganic natural sources. Also, because the concentration of the
industrial source (gas plant) is not highly variable the regression line is not well
constrained. The precipitation sample does not fall on the line because roughly
the entire source of sulphate measured in the rain sample is from the gas plant.
There is very little natural sulphate in rainfall in the region (Hendry et al. , 1986).
Oddly, sample 2B does not follow the trend. The f2B groundwater sample has
a high concentration of sulphate (334 mg/l) and is depleted in >*S. The sulphate
in this sample could be from another natural source. This anomalous data point

is difficult to clarify because it is the only sample collected from piezometer 2B.
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Figure 4.6: The y-intercept of the linear regression line in this plot (8%s = +16

%o) identifies the gas plant as the dominant variable source of sulphate.

Two main criteria are met at this site which allow 5**S to work as an effective
tracer of anthropogenic sulphate in groundwater. First, the difference between
natural and anthropogenic sulphate §**S is large. Second, the activity of
sulphate reducing bacteria does not result in **S enrichment of the remaining
sulphate. The low activity of SRB's at this site is probably related to the

presence of Oz in the groundwater (mean 2 mg/l).
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CHAPTER 5: ALTERATION OF GROUNDWATER
CHEMISTRY BY_ SULPHATE

5.1 Introduction of Sulphuric Acid

The high industrial sulphate concentrations acidify the recharge water (reaction
5.1) and change the chemistry of the groundwater by reacting with minerals in

the glacial till.

(5.1) HoSO4 < 2H* +S047%

Discharge from the surface runoff pond 1, next to piezometer nest 5, has a pH of
1.9 (November, 1992). Remarkably, the pH of the shallow groundwaters
surrounding the sulphur pads are near neutral. In contrast to the acidic
sulphate problems of eastern Canada (e.g. Nriagu et al., 1983), the pH of these
waters are independent of sulphate concentration. lonic and isotopic evidence
suggest that calcite (CaCOg3z) dissolution and/or to a lesser extent the

dissolution of other minerals are buffering the H* activity (reaction 5.2).

(5.2) CaCOs + H* < Ca® + HCO3’

5.2 Geochemical Evidence of Acid Buffering by Minerals in Glacial
Till

Evidence from aqueous chemistry for reactions 5.1 and 5.2 is found in the near-

linear relationship between elevated calcium and sulphate concentrations,
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Figure 5.1. At higher suiphate concentrations the calcium concentrations tend
to level off suggesting that a calcium sink exists. The precipitation of calcium

bearing minerals, such as gypsum, could produce this effect.
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Figure 5.1: Calcium concentrations are strongly correlated with sulphate
concentrations (correlation coefficient for linear regression = 0.84), suggesting

that excess H* is attacking calcite.

Potassium, sodium, iron and manganese also increased in concentration in the
more sulphate-rich waters, suggesting that minerals other than calcite and

dolomite are altered by sulphuric acid.

Further indications that carbonate mineral dissolution is occurring were found

using a mineral speciation model (SOLVEQ by Reed and Spycher, 1989). All of
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the groundwater samples are either under saturated or slightly saturated with
respect to calcite. Calcite saturation is predicted for both high ionic strength
water samples (e.g. j5A) and low ionic strength waters (e.g. w#1). In the waters

undersaturated with respect to calcite, dissolution is probably occurring.

A relation between sulphate concentration and alkalinity was anticipated
because of reaction 5.2. There is a tendency for alkalinity to increase with
sulphate concentration (Figure 5.2). The relation is feeble presumably because
variable amounts of HCOg transform to CO2 (g) which escapes to the
atmosphere (reaction 5.3) or because there are other sources of COz (g) in the
subsurface.

- +
(5.3) HCO3 +H & HzCOS(aq) e COz(aq) + HzO

Under atmospheric cénditions, in the piezometer tube, the CO2 (aq) will tend to
CO2 (g). The partial pressure of CO2 (pCO») is less in the piezometer tube than
in the subsurface where CO2 is generated by plant decay, mineral / water

interactions and bacterial activity (Domenico and Schwartz, 1990).

There is also physical evidence that calcite is not in equilibrium with the
groundwater and that dissolution and precipitation are occurring. Calcite
precipitate is found near the discharge points of spring #9b and pristine spring
#1. This discharging groundwater, rich in calcium and bicarbonate, is
responding to the relative drop in pCOo, which drives reaction 5.3 and 5.2 to the

left forcing precipitation of CaCOa.
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Figure 5.2: Alkalinity and sulphate concentration tend to increase with each

other.

It is likely that other minerals besides carbonates are influencing gréundwater
chemistry. Because the glacial till at this site has a large clay component
(Figure 2.3) the possibility of a Ca-Mg rich clay effecting ion concetrations was
investigated using a phase diagram. [f ion activities cluster close to a mineral
phase boundary it suggests that the water chemistry is in equilibrium with the
mineral reaction delineated by the phase boundary (Hutcheon, per.com. 1993).
The relation between calcium and magnesium activities and Ca-Mg beidellite
was investigated because the groundwater samples at the study site are
calcium and magnesium rich. Beidellite is a dioctahedral smectite which has

magnesium and calcium end members. Smectite is common in Alberta glacial
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till deposits and was identified in soil samples from the plant site area using

XRD clay separate techniques.

The Mg-Ca beidellite phase boundary shown in Figure 5.3 was constructed
using a computer program, PTA (Brown et al., 1988). The Mg and Ca beidellite
activities needed for PTA were calculated from a pristine groundwater analysis
(f#1) using thermodynamic data compiled by Abercrombie (1989). The
magesium and calcium activities for the groundwater samples were estimated
using SOLVEQ (Reed and Spycher, 1989). The activity rinformation was
superimposed on the phase diagram. As shown in Figure 5.3, a majority of the
groundwater samples cluster along the Ca-Mg beidellite phase boundary

suggesting that the water chemistry is in equilibrium with beidellite.

13
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Figure 5.3: The activity quotients of log(@Ca/aH?2) and log(a@Mg/aH?) cluster
along the equilibrium line for Ca-Mg beidellite. The phase boundary uses Mg
and Ca beidellite activities which are assumed to be in equilibrium with pristine

groundwater (sample f#1).
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5.3 Isotopic Evidence of Ancient Carbonates in Glacial Tilis as an
Acid Buffer

Isotopic indications of carbonate mineral dissolution are found on the 8D versus
8'%0 graph, Figure 5.4. Enrichment of °O relative to the meteoric line is often
due to oxygen exchange between recharging waters and dissolving rock

minerals (e.g. Fontes, 1980).
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Figure 5.4: The relative enrichment in "0 of the groundwater shifts the data

points away from the meteoric line.

Groundwater becomes enriched in "0 when carbonate rock fragments (e.g.
limestone, dolomite) dissolve because the oxygen contained in these minerals

is %0 enriched. Oz equilibrium between HCOg3 and HzO is fast, therefore,
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dissolved carbonate species from ancient marine carbonates will enrich the ®0
of the groundwater. The isotopic evidence for calcite dissolution and acid

buffering in the groundwater centres around this hypothesis.

By reaction 5.2, increases in calcium should accompany enrichment in
groundwater 80. As shown in Figure 5.5 the two appear to be related; an
increase in calcium concentrations corresponds to an enrichment in 0. Rain

water, which has not interacted with any minerals, does not follow the trend.
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Figure 5.5: 5'°0 (water) and calcium concentration appear to be related,, as
CaCOg3 (calcite) dissolves, the groundwater becomes enriched in 5'%0.

Summer rain water does not follow the trend.
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The relationship between §'®0 and [Ca2+] would be stronger if CaCO3 was the
only source of calcium and if ions in solution were not mobile. The
decomposition of other calcium bearing minerals such as anorthite (plagioclase
feldspar end member) and/or calcium bearing clays may also contribute to the
calcium pool. A plot of §'°0 versus HCOgs is shown Figure 5.6. An enrichment in
80 with increasing HCO3 concentration was anticipated due to equation 5.2.
However, the relation is not strong for reasons similar to Figure 5.2 (alkalinity

and sulphate concentrations).
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Figure 5.6: 8'°0 of the groundwater is somewhat higher in the more alkaline

water samples.

The magnitude of the §'°0 shift away from the meteoric water line (Figure 5.4)
should be proportional to the contact time between the infiltrating water and the

minerals. It is difficult to determine if contact time is a significant variable
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because it requires accurate knowledge of the vertical transport time for each
sample point. Also, as suggested by the §'®0 and high calcium and sulphate
concentrations from piezometer 5A, geochemical alteration in the vadose zone
is significant. Finally, '®0 enrichment in the groundwater will be affected by the

season (relative winter depletion) and evaporation / condensation.

5.4 sum_Precipitation in Sulphate Contaminated Groundwater

The high concentrations of calcium and sulphate in the groundwater 'samples
leads to the question: is gypsum (CaSO4 ¢ 2H20) precipitation occurring in the

subsurface? To investigate this question the saturation indices of the
groundwater samples were calculated using SOLVEQ (Reed and Spycher,

1989).

The following short digression is presented to explain saturation indices and
provide an example from the groundwater data set. The saturation index (S.1.)
gives an indication of how close a mineral is to equilibrium with ions in a
solution. It is the ratio of the reaction quotient (Q) to the equilibrium constant

(Keq) of a particular mineral. Q comes from the law of mass action:
(5.4) bB+cC < dD +eE

where b, ¢, d, e are the number of moles of the chemical constituents B, C, D, E.

The reaction quotient is the ratio of the products to the reactants:



64
(6.5) Q=[DI[EP/[BI[CP

where [B], [C], [D] and [E] are activities, or the thermodynamically effective
concentration of a species. Reaction 5.4 proceeds either right or left in order to
achieve an equilibrium condition. At equilibrium, the equilibrium constant (Keg)
equals the quotient shown in (5.5). Keq can be calculated from free energy
(AGg) data. Therefore, for a particular mineral, if Q equals Keq then the solution
is at equilibrium with respect to that mineral. If S.I. is less than 1 then mineral
dissolution should occur (equation 5.4 proceeds right) and if S.I. is greater than
1 then mineral precipitation is required to reach equilibrium. Often S.I. is
presented in logyo notation so that a negative log S.l. is under saturated, a
positive log S.I. is super saturated and log S.I. = 0 represents equilibrium.

As an example consider reaction 5.6 for gypsum dissolution,

(5.6) CaSO, ¢ 2H0 = Ca2++so42'+2H20

(5.7) Q = [Ca®]*[SO,*]+[H,0F* / [CaSO, «2H,0]

This reaction simplifies because the activity of solids (standard state) is 1, also

in dilute solution the activity of water equals 1.
(5.8) Q =[Ca*]*[SO,?]

Now consider a water sample from piezometer 5B (w5B) which has the
following acitivities: [Ca®*] = 0.003585 and [SO,%] = 0.00449 (from SOLVEQ),
and knowing that K, for gypsum at 7°C is approximately 10-458 (Drever, 1988)
then the S.I. is:
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(5.9) S.I.=10%"/10*® =0.62
or: log S.I. =-0.21

The groundwater sample from w5B is under saturated with respect to gypsum.

In Figure 5.7 the saturation indices are plotted in logyo notation so that O
corresponds to gypsum saturation. As shown, SOLVEQ predicts that most of
the samples are very close to gypsum saturation. Also, the S.I. is displayed in
Figure 5.7 as a function of §%S. The increase in S.I. with ®*S enrichment of the
sulphate confirms that anthropogenic sulphate is responsible for the increase in
gypsum saturation indices. Because the §**S and §'°0 fractionation associated
with gypsum precipitation is small, < +3%. and +1%. respectively, and because
the sulphate pool is large, changes in 8**S and §'°0 due to gypsum precipitation

are insignificant (e.g. Hoefs, 1973, Krouse, 1987b).

The computer speciation model shows that many of the groundwater samples
are close to gypsum saturation. To investigate the possibility of gypsum
precipitation further, a small soil investigation was undertaken. The objectives
of this soil investigation are:
(1)  to establish if gypsum is present in the clayey soil within the study

area (sample points shown in Figure 2.2),
(2) toinvestigate the origin of soluble and insoluble sulphur species within

this soil.
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Figure 5.7: Gypsum mineral saturation indices approach zero (saturation) as

5**S increases.

The presence of gypsum was established using XRD. The origins of sulphur in
the soil were investigated by measuring the §**S of soluble and insoluble
sulphur. The 8" Ogyiphate of the soluble sulphur fraction (sulphate) was also
measured. Sulphate concentrations (mg SO 4! 9 soil) were approximated from
the soluble sulphate extraction by weighing the BaSO4 precipitated from a

known weight of soil. The total sulphur was estimated from the XRF analysis.

Six soil samples were collected from test pits 1 and 2, which were dug on the
base pad north of the sulphur storage pads, Figure 2.2. The pits were
excavated by consultants as part of a foundation design program (HBT AGRA,

1993) and were subsequently refilled. The test pits went to a maximum depth of
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2 m and three samples at various depths were collected from each pit. Table 5

and Figure 5.8 summarize the results.

Gypsum (CaSO4 . 2H20) was detected in the two shallow samples (1.1, 2.1)
and the two deep samples (1.3, 2.3). There are no gypsum XRD peaks present

in samples 1.2 and 2.2.

The §**S of the soluble sulphur fraction in all of the samples varies less than 0.5
%o. This ®*S enrichment in soluble sulphur extractions confirms that the soluble
sulphur species originate from the oxidation of anthropogenic sulphur. The
8'®Osulphate data for these sulphate samples indicates that the oxygen
incorporated in the sulphate is a combination of local precipitation (5'0 = -18
%0) and atmospheric oxygen (8180 = +23 %o). |f the soluble sulphur fraction
originated from ancient marine gypsum dissolution the 3'®Osuiphate Would be

more enriched = +9.5 %o (e.g. Leone et al., 1987).

Unlike the soluble sulphur fraction, the insoluble sulphur 8**S varies with depth.
In the shallow samples, 1.1 and 2.1, §**S is similar to the anthropogenic source.
The appearance (yellowish) and smell (rotten egg) of the soil, combined with
the enriched §*'S values of the sulphur samples, verify that the shallow
insoluble sulphur portion are predominantly windblown elemental sulphur
particulates from the sulphur block. The possibility of elemental sulphur from
the nearby sulphur storage being incorporated into the shallow soil (0 to 15 cm
depth) was not unexpected as windblown sulphur particles coat the plant site

area with a yellow dust.
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Insoluble sulphur samples 1.2 and 2.2 both show a depletion in S. This
suggests that ®2S is being preferentially incorporated into an insoluble sulphur
form. Sulphate reduction could cause this depletion, however, because
sulphate reduction typically occurs under anoxic conditions the possibility of
sulphate reduction in this organic poor, near surface material is doubtful.
Another possibility is that the insoluble form is carbon bonded sulphur.
However, the difference (-6.5 %o sample 2.2) is quite large for carbon bonding of
sulphur species. The 345 depletion of these insoluble sulphur samples
corresponds with an absence of gypsum, supporting the notion of that sulphate
(in gypsum) is transforming into insoluble forms. In addition, sample 2.2 shows

a decrease in the soluble sulphate in the soil at this depth.

The deeper insoluble sulphur samples, 1.3 and 2.3, do not have the g
depletion found in 1.2 and 2.2. The reason for the 33 enrichment is not clear. It
is possible that the processes which cause %3 depletion in samples 1.2 and 2.2
do not occur at depth. It is also possible that the soil residue, used in the
laboratory extraction of insoluble sulphur for 1.3 and 2.3, still contained 33 rich -

soluble sulphur species.

Also of note is the increase in total sulphur with depth. In particular sample 1.3
shows a dramatic change in the mg/g of total sulphur in the soil. Because the
sulphate concentration in pit #1 decreases with depth, it is assumed that the

increase in total sulphur is due to increases in insoluble sulphur species.

The preceding investigation demonstrates that soil sulphur transformations can

be very complicated. The XRD analysis confirms that recent gypsum
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precipitation is occurring at shallow depths at the study site. Evidence for recent
gypsum deposition includes 834S values very close to those of the gas plant
and relatively depleted 818Ogyiphate values. The soluble sulphur extracted from
the soil accounts for less than half the total sulphur in the soil samples;
therefore, a majority of the sulphur occurs in insoluble form. The changes in the
insoluble sulphur 334S values suggest that isotope fractionation between

soluble and insoluble sulphur forms takes place at shallow depths.

TABLE 5: SOIL INVESTIGATION SUMMARY

SAMPLE = 1.1 1.2 1.3 2.1 2.2 2.3

depth of sample (cm) 15 30 90 15 60 200

8%4S soluble SO,2- %.CDT ~ 17.6 17.9 17.7 17.8 17.9 18.0
5'%0 of soluble %.SMOW -10.8 -125 -126 -10.6 -9.91 -9.95
3%4S insoluble S %.CDT 16.3 149 18.3 181 114 178

total sulphur from XRF 9.4 430 240 114 0.76 5.53
(S mg/g soil)

$0,% estimate 4.1 32 1.1 93 A4 .94
mg SO, /g soil

XRD summary

% CaCOg (calcite) 2 4 3 11 8 4
% CaS0y4 « 2H,0O(gypsum) 10 10 6 7
% clay 3 5 4 2 10 4
% teldspars 24 6 7 5 19

% SiOp 61 88 53 74 67 66
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Figure 5.8: This cross-section shows variation in §**S, sulphur concentration

and gypsum with depth.
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CHAPTER 6: CONCLUSIONS

Sulphate formed from the oxidation of anthropogenic sulphur compounds has
been successfully traced in groundwater using 834S. The §34S of groundwater
sulphate varies with sulphate concentration which in turn depends on the
season. The §34S tracer is effective at this site because of the large difference
between natural and anthropogenic 834S and because the low SRB activity
assures that the §34S tracer remains conservative. Sulphate reducers are not
extremely active in the groundwater because the water is oxygenated (mean

dissolved oxygen 2.0 mg/l).

The location of the sour gas plant, on top of a hill bounded by creeks, strongly
affects the direction of groundwater flow and advective transport of industrial
sulphate. Groundwater recharges on top of the hill, moves downward through
glacial material, and south east towards the creek banks where it discharges
along the glacial / bedrock contact. Because groundwater recharge is occurring
at the plant site elemental sulphur is leached downward into the groundwater

system.

Considerable chemical alteration of groundwater occurs along the flow path
due to reactions between minerals present in the glacial till and the acidic
(H2S04) recharging water. In particular, carbonate minerals in the glacial
overburden significantly affect the contaminated groundwater chemistry.
Because of the pH buffering associated with these reactions, recharging water
with a pH of 2 returns to a pH near 7 within several metres of the ground

surface. This carbonate mineral buffering process is inferred from a positive
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correlation between calcium and sulphate concentrations as well as
magnesium and sulphate concentrations. In addition, the '®O enrichment of
groundwater samples verifies that 0 rich carbonate material is dissolving. A
weak, yet positive correlation exists between §'°0 values of the groundwater
calcium, sulphate and bicarbonate concentrations. A geochemical speciation
model (SOLVEQ) supports the notion of calcite dissolution by predicting calcite
under saturation in most cases. Finally, the presence of calcite tufa at spring
discharges near the gas plant provides further support for the "calcite as a pH

buffer" hypothesis.

Precipitation of gypsum is anticipated in the groundwater because of the high
sulphate and calcium activities. Near saturation with respect to gypsum is
predicted by SOLVEQ (Reed and Spycher, 1989) for the more sulphate
contaminated samples. Indeed, recent gypsum precipitation has been
documented using XRD on soil samples taken from 15 cm to 200 cm depth
adjacent to the sulphur pads. The relative depletion of '®0 and relative
enrichment of %S in the soluble sulphate fraction of these samples confirms that
the gypsum originates from anthropogenic sulphate. In addition, the %S
depletion of insoluble sulphate from soil samples taken at 60 and 90 cm depth
suggests preferential incorporation of the lighter sulphur isotope into an

insoluble form.

Thus, geochemical and isotope data not only has proven useful in tracing the
path of anthropogenic sulphate in groundwater but has also provided
information about the geochemical alterations associated with sulphate

contamination of groundwater.
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