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Abstract

A comparison of new data with historical records indicates that the chemistry of thermal springs from the
Canadian Cordillera is constant through time, suggesting that water compositions develop equilibrium with the host

rock. A thermodynamic model is used to evaluate the in¯uence of water±rock interaction on the chemistry of
thermal spring waters. An isotope mass-balance approach is used to evaluate biological controls on the S and C
cycles in the springs.
A comparison of mineral stability with water compositions suggests that the activities of major cations are

controlled by equilibrium reactions with common rock forming minerals and alteration products. Sulfur has a
complex redox history in thermal springs. Sulfate derived from dissolution of evaporite minerals is reduced by
bacteria, causing the production of HSÿ. The loss of HSÿ from the system appears to be minor, instead it is

reoxidized to SO4 as the spring water ascends to surface. Calculations indicate that the amount of SO4 that is
reduced and reoxidized varies from 0 to 53%. There is an inverse relationship between the proportion of biological
cycling of SO4 and the concentration of SO4, indicating that SO4 is not a limiting nutrient in hydrothermal systems.

In low alkalinity thermal springs, HCO3 is derived from either dissolution of carbonate minerals or oxidized organic
matter. However, for high alkalinity springs (>100 mg/l) HCO3 is dominantly derived from carbonate
dissolution. # 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

In western Canada, the deep circulation of meteoric
waters is thought to have played a signi®cant role in

the precipitation of hydrothermal Ag±Au±Pb±Zn
deposits and vein forming minerals. Many models of

ore formation suggest that reduced S is brought to

depth by deep circulating meteoric water, that then
mixes with mineralising ¯uids leading to precipitation
of sul®de minerals at depths as great as 5 km (e.g.

Nesbitt et al., 1989; Beaudoin et al., 1992; Nesbitt and
Muehlenbachs, 1995). Deep circulation of sul®de-rich
water occurs in the present day, as shown by the nu-

merous S-rich thermal springs in the Canadian
Cordillera. These hydrothermal systems may be form-
ing modern day equivalents to the ore bodies now
exposed at the surface. Clearly then, a better under-

standing of processes controlling the chemistry of mod-
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ern thermal springs, and in particular the S cycle in
thermal springs, will aid in the re®nement of hydro-

thermal ore-deposit models.
In this study new chemical data is presented and

compared with historical records to investigate the

consistency of chemical compositions through time of
individual thermal springs in western Canada.
Consistency of composition would suggest that the

chemistry of thermal spring waters is controlled by
water±rock interaction, similar to the suggestion of
Garrels and Mackenzie (1967). To investigate the

underlying controls, the authors use a thermodynamic
model to evaluate how water±rock interaction may be
controlling the chemistry of thermal spring waters. In

addition, an isotope mass-balance approach is used to
evaluate biological controls on the S and C cycles in
the circulation system. There are over 130 thermal

springs in western Canada (Fig. 1); however, many are
remote and widely spaced, making access di�cult. For

this study samples were collected from 33 thermal
springs that were chosen to represent a wide geo-
graphical area and a range of host rocks.

2. Regional geological setting

The Canadian Cordillera developed in response to
the collision of island arc terranes against the western

margin of North America from Jurassic to Tertiary
(Gabrielse and Yorath, 1991). The Cordillera is divided
into 5 morphogeological belts (Fig. 1). These can be

roughly de®ned as deformed sedimentary strata of
either North American (Foreland belt) or island arc
a�nity (Insular and Intermontane belts) that are separ-

Fig. 1. Regional map of western Canada showing location of known thermal springs and the 5 geomorphological belts of the

Canadian Cordillera [after Gabrielse and Yorath (1991)]. Pro®le A±A ' indicates the transect of Yonge et al. (1989) in Fig. 3.

Numbered springs are those sampled in this study, names are given in Table 2. WCSB=western Canada sedimentary basin.
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ated by welts of plutonic and high-grade metamorphic
rocks (Coast and Omenica belts). Compressional de-
formation ended abruptly in the southern Cordillera

during the Eocene. At this time crustal-scale extension
faults formed in the SE Cordillera, with associated plu-
tonism and volcanism (Armstrong, 1988; Gabrielse

and Yorath, 1991). From Eocene to recent, the SW
Cordillera has been a�ected by right-lateral strike-slip
faulting. In addition, the Garibaldi volcanic belt devel-
oped from late Tertiary to Quaternary (Fig. 1) (Lewis

and Souther, 1978).

3. Methodology

White (1975) de®nes thermal springs as ground
water discharge >58C above local mean annual air
temperature. For the purpose of this paper, 48C is

used as an average air temperature, restricting the
study to springs with discharge temperature above
98C. In many locations, several closely spaced springs

occur within tens of metres of each other. In these
cases, it is assumed that a group of springs represents
a single hydrothermal system and that the hottest out-

let represents the least amount of mixing with shallow

ground water. Thus, locations with several closely

spaced springs are represented by a sample of the hot-

test outlet. Generally, water samples were collected less

than 1 m from the rock face that forms the outlet. At

Radium Hot Springs 4 closely spaced springs are piped

to a sump, where a bulk sample was collected.

Unstable parameters (pH, temperature, Eh, dis-

solved O2, and HSÿ) were measured in situ. Dissolved

O2 and HSÿ were measured using Chemetrics1 colori-

metric kits. For the remaining analyses, samples were

collected and preserved in the ®eld. The water was

passed through a 0.45 mm ®lter. Samples for cation

analysis were acidi®ed to pH < 2 with ultrapure

HNO3. Samples for anion analysis were untreated and

stored at 48C. For SiO2 determination, 10 ml of

sample were diluted in the ®eld with 50 ml of doubly

distilled water. Sample bottles were cleaned following

procedures de®ned by Environment Canada (1983).

For stable isotope analysis, dissolved sul®de was

precipitated in the ®eld by the addition of Cd acetate

and samples were stored in the dark. Within a week of

collection, the CdS precipitate was ®ltered and reacted

with AgNO3 to form Ag2S. Dissolved SO4 was then

Table 1

Chemical analysis for selected thermal springs, illustrating the consistency in chemistry through time. HSC=Hot Springs Cove

Spring Year T (8C) Ca (mg/l) Mg (mg/l) Na (mg/l) K (mg/l) SiO2 (mg/l) SO4 (mg/l) Cl (mg/l) HCO3 (mg/l)

HSC 1898a 52 20 1.0 137 2.0 59.0 35 217 ±

HSC 1975b 51 18 0.1 141 2.0 53.0 36 206 22

HSC 1990c 52 22 0.1 149 2.0 51 31 224 39

HSC 1994d 59 18 0.1 143 2.0 37.0 36 221 21

Ban� Cave 1916e 30 1028 39.2 6.0 4.5 23.4 580 10.0 140

Ban� Cave 1967f 31 1015 42.8 5.1 3.8 27.0 559 5.0 153

Ban� Cave 1994d 30 1208 45.9 5.5 4.5 27.0 696 5.4 126

Lussier 1968f 43 145 25.0 875 10.0 36.0 135 1402 218

Lussier 1993d 43 115 24.8 979 10.6 36.6 148 1400 222

Ram Creek 1968f 35 50.0 15.0 2.6 1.3 21.0 57.0 1.2 155

Ram Creek 1993d 37 49.2 14.5 2.4 1.3 21.3 56.0 1.2 148

Fairmont 1967f 49 472 112 31.0 5.6 37.9 990 41.9 699

Fairmont 1993d 47 451 107 29.0 5.5 32.9 929 34.0 685

Radium 1967f 43 142 28.3 15.0 2.8 36.0 302 9.2 212

Radium 1993d 44 150 33.2 14.9 3.3 38.6 356 13.2 217

Takhini 1961g 43 594 86.5 40.0
�

35.0 1684 4.0 138

Takhini 1976h 47 575 75 34 8.2 98 1768 1.5 65

Takhini 1994d 46 611 79.2 35.1 8.8 89.1 1670 1.0 112

a Clapp (1913).
b Souther and Halstead (1973).
c Phillips (1994).
d This study.
e Elworthy (1918).
f van Everdingen (1972).
g Wheeler (1961).
�
=(Na+K).

h Crandall and Sadlier-Brown (1976).
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precipitated from ®ltered water by the addition of
BaCl2. The water was then acidi®ed to pH < 2 in

order to dissolve any BaCO3. If HSÿ was not present,
SO4 was precipitated in the ®eld. For d13C in bicar-
bonate, HCO3 was precipitated by the addition of a

saturated solution of ammoniacal SrCl2 chloride in an
evacuated CO2 free container. The SrCO3 precipitate
was ®ltered, washed with hot water, and dried, in a N2

atmosphere.
Chemical and stable isotope analyses were con-

ducted at the University of Calgary. Alkalinity was

determined using an Orion 960 auto-titrator within 7
days of sample collection. Anions were measured by
ion liquid chromatography and cation concentrations
were measured by ¯ame atomic absorption. Analytical

error in concentration measurements was estimated to
be less than 2%.
Stable isotope compositions (18O/16O, D/H, 34S/32S,

13C/12C) are expressed using the usual d notation:

d�-� � ��Rsample ÿ Rstandard�=�Rstandard�� � 103,

where R is the ratio of the heavy to light isotope abun-
dances. The standards used are V-SMOW for O and

H, V-CDT for S, and V-PDB for C. For d34S analyses,
SO2 was prepared using the methods of Yanagisawa
and Sakai (1983), d18O�SO4� was measured with CO2

prepared by graphite reduction of BaSO4 (Shakur,
1982), d18O�H2O� was measured on CO2 isotopically
equilibrated with H2O (Epstein and Mayeda, 1953),

and dD was measured using H2 produced by the Zn-
reduction method of Coleman et al. (1982). d13C�HCO3�
was measured on CO2 released by reacting SrCO3 with
phosphoric acid, following the method of McCrea

(1950). Combined sampling and analytical errors for
isotope data were estimated to be 20.2- for d18O�H2O�
and d34S, 21- for dD and d18O�SO4� and 20.3- for

d13C.

4. Geochemistry of thermal springs

Although the existence of thermal springs in Canada

has been known since the late 19th century, few have
been studied in any detail. Most work has focused on
springs in National Parks (e.g. van Everdingen, 1972;
1984; Krouse, 1976; Mazor et al., 1983) largely due to

their fame, and springs in the Garibaldi volcanic belt
due to the potential for geothermal energy production
(e.g. Souther, 1976; Clark et al., 1982; Ghomshei and

Clark, 1993). Other than focused studies, chemical
analyses of thermal springs are only rarely available as
footnotes in reports of the Geological Survey of

Canada. When comparing available analyses, the one
noticeable feature is that the temperature and chem-
istry of individual thermal springs are constant

through time (see examples in Table 1). This consist-

ency indicates that thermal systems develop chemical
compositions in equilibrium (perhaps metastable) with

the host rock, and/or are controlled by steady state

kinetic processes between the ¯uids and the host rock.
Biological processes likely also play a role in control-

ling the chemistry of thermal springs, particularly the

concentrations of S and C aqueous species, given the
common occurrence of SO4 reducing bacteria in spring

water (e.g. Smejkal et al., 1971; Krouse, 1976). Here

the water±rock interaction and biological in¯uences of

the chemistry of thermal springs are examined.
However, it is important to ®rst identify the source of

the water itself.

Fig. 2. dD vs. d18O for thermal spring waters. Springs tend to

plot along the global meteoric water line (GMWL) indicating

a meteoric origin of the thermal waters.

Fig. 3. Inland variation in the dD and d18O values of meteoric

water (solid lines, after Yonge et al., 1989) with values of dD
(®lled circles) and d18O (open circles) for thermal springs

superimposed. Distance is measured perpendicular to the

NW±SE trending west coast of British Columbia (pro®le line

A±A ' in Fig. 1). Only springs along A±A ' are plotted. dD
values of thermal springs decrease inland, consistent with the

continental e�ect of Dansgaard (1964).
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4.1. dd18O and ddD: The source of water

The d18O and dD values for the thermal springs
sampled (Table 2) are plotted in Fig. 2. Most of the
waters lie on, with a few samples to the right of, the

global meteoric water line. This indicates that the ther-
mal waters have a meteoric origin, consistent with
other studies that demonstrate a meteoric origin for

waters from thermal springs around the world (e.g.
Craig, 1963; Michelot et al., 1993; Sturchio et al.,
1996; Wang and Shpeyzer, 1997). In Fig. 3 the dD and

d18O values of spring waters in the southern
Cordillera, along pro®le A±A ' in Fig. 1, show a trend
that decreases inland (dD from ÿ100 to ÿ160-). This
is consistent with the continental e�ect of Dansgaard

(1964), which predicts an inland depletion in the heavy
isotopes of precipitation. For comparison, a pro®le of
the inland variation of dD and d18O for surface water

across the southern Cordillera (Yonge et al., 1989) is
plotted as the curves in Fig. 3. The dD values of ther-
mal springs follow a similar trend as surface waters

from Yonge et al. (1989), but plot consistently below
the pro®le. The d18O values also show a similar trend,
however, they are generally more positive than surface

waters in the eastern Cordillera. The pro®le of Yonge
et al. (1989) is based on samples of small tributaries.
Thus it averages variations in the stable isotope com-
position of meteoric water related to orographic e�ects

and seasonal temperature variations. Thus a possible
explanation of the more negative values of dD of
springs may be either a function of recharge areas

being at higher elevations and/or recharge being domi-
nated by spring snow melt. Alternatively, if the spring
systems have a long enough transit time, the more

negative values of dD could represent recharge during
a period of colder climate. The high d18O values of
springs compared to surface waters in the eastern part
of the pro®le is likely a function of more rapid

exchange of 18O with carbonate rocks that dominate
the eastern Cordillera.
The above data indicate that thermal spring waters

have a meteoric origin, and therefore must be heated
by deep circulation.

4.2. Controls on the major ion chemistry of thermal
springs

Following Souther (1992), springs are divided by
geological association into 3 groups: (1) carbonate-
hosted springs, (2) silicate-hosted springs (igneous and
metamorphic rock in nonvolcanic regions) and (3)

springs hosted in Quaternary volcanic belts. The ther-
mal springs sampled (Table 2) show a range of TDS
from 144 to 3068 mg/l. In general, carbonate-hosted

springs have the highest TDS and lowest SiO2, whereas
silicate and volcanic-hosted springs have low TDS and

low to high SiO2 (Fig. 4). Silicate-hosted springs show

a reasonable linear correlation between TDS and SiO2,
as would be expected for waters in contact with silicate
rock. The Piper diagram in Fig. 5 illustrates that ther-

mal springs vary from Ca±Mg rich to Na±K rich
waters, largely as a function of host rock. Carbonate-
hosted springs have a Ca±HCO3±SO4 chemistry, with

the exception of the Lussier Canyon spring (No. 8),
which is Na±Cl rich (possibly indicating dissolution of
halite). Silicate and volcanic hosted springs tend to be
Na rich and show a wide range of anion compositions.

Although the chemical make up of the di�erent
springs is highly variable, Table 1 illustrates that the
chemistry of any particular spring is constant through

time. As stated above, this suggests that either equili-
brium and/or steady state processes are controlling the
spring chemistry. Although theoretically possible, it is

inherently di�cult to test if a steady state process is
controlling the chemistry of thermal springs, particu-
larly without knowing details of the ¯ow path. For
this paper the authors evaluate equilibrium processes

controlling spring chemistry based on a thermodyn-
amic model of water±rock interaction.
Because water±rock interaction is largely dependant

on pH and temperature, it is necessary to ®rst de®ne
these values at some point in the system. The pH and
temperature measured at the surface outlet of springs

are unlikely to represent equilibrium conditions due to
near-surface cooling, and evolution of CO2. Therefore,
it is necessary to calculate the pH and temperature in

the subsurface. Determining pH at subsurface con-
ditions is di�cult without being able to quantify CO2

loss from the system. Given that carbonate minerals
are present in most rock types, as either a primary

mineral or an alteration product (particularly in hydro-
thermal systems), the pH in the subsurface is calcu-

Fig. 4. Plot of total dissolved solids (TDS) versus SiO2.

Silicate hosted springs show a reasonable correlation between

TDS and SiO2.
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lated from the Ca2+ and HCO3
ÿ content and the equi-

librium constant, assuming waters are in equilibrium
with calcite.

Only direct physical measurement can provide re-
liable subsurface temperatures. Since wells were not
available for direct measurement, aqueous geotherm-

ometers were used for each rocktype grouping. Results
from the various geothermometers are presented in
Table 3. In nonquartzose rocks, the solubility of Si at
temperatures below 1808C is controlled by amorphous

silica and/or chalcedony (Kharaka and Mariner, 1988),
making the quartz geothermometer unreliable for car-
bonate hosted springs. The amorphous silica geotherm-

ometer consistently gives temperatures below those
measured at the surface, suggesting that the solubility
of Si in carbonate hosted springs is controlled by a

more stable phase like chalcedony. At temperatures
less than 1808C, high amounts of Ca can a�ect the ac-
curacy of the Na/K geothermometer (Kharaka and

Mariner, 1988). This is evident by the extraordinarily
high Na/K temperatures calculated for carbonate-
hosted springs in the Rocky Mountains. The Na±K±
Ca geothermometer of Fournier and Truesdell (1973)

accounts for the e�ect of high Ca. However, Ca loss

through calcite precipitation may also a�ect Na±K±Ca
temperatures. Carbonate-hosted springs commonly
have associated tufa deposits, indicating that Ca is lost

from the system, and that the Na±K±Ca temperatures
are unreliable. The Mg corrected Na±K±Ca geotherm-
ometer gives values less than 08C and thus does not

work in these systems. The Mg/Li geothermometer
tends to give temperatures lower than those measured
at the surface in carbonate-hosted springs.
Temperatures derived from the O isotope values of

SO4 and H2O (Mizutani and Rafter, 1969) also tend to
be below those measured at the surface. The tempera-
tures in most thermal springs in the study area are

likely too low for equilibrium exchange of O isotopes
between SO4±H2O to occur rapidly enough at the pH
of the springs (Chiba and Sakai, 1985). Therefore, for

carbonate hosted springs we have accepted tempera-
tures from the chalcedony geothermometer have been
accepted.

In silicate and volcanic hosted springs, the amor-
phous silica geothermometer again gives values lower
than surface temperatures, suggesting Si is controlled
by quartz or chalcedony. Most of the temperatures for

quartz and chalcedony fall in the range between 90 to

Fig. 5. Piper diagram, in meq/l, for thermal springs in this study. Numbers refer to springs in Table 2. Springs vary from Ca±Mg

rich to Na±K rich largely as a function of host rock.
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1808C, where it is not possible to tell without indepen-

dent data which phase controls silica activity

(Arnorsson, 1975). Quartz temperatures tend to be
fairly consistent with the Na±K±Ca geothermometer,

which is favored over Na±K due to more rapid equili-

bration (Kacandes and Grandsta�, 1989). Therefore,
for silicate and volcanic hosted springs, an average of

quartz and Na±K±Ca temperatures is used (Tmax in

Table 3).

The subsurface values for pH and temperature esti-
mated above were used for chemical speciation and ac-

tivity calculations for subsurface conditions using the

geochemical modeling package SOLMINEQ.88 PC/
SHELL (Wiwchar et al., 1988). Ca2+/(H+)2 and

Mg2+/(H+)2 activity ratios determined from the water

compositions using SOLMINEQ.88, at subsurface tem-
perature and pH, are plotted in Fig. 6. Activity data

for carbonate-hosted springs de®ne a strong trend with

a slope of 1 (r 2=0.83). Activity data for silicate-hosted

springs plot along a similar trend that is o�set from
the carbonate springs. In volcanic-hosted springs, ac-

tivity data do not show a discernable trend, however

they plot in the same range of values as the other
springs. A slope of 1 in a Ca±Mg activity plot suggests

a 1:1 Ca±Mg exchange reaction is controlling the ion

ratios. In order to identify potential exchange reac-
tions, mineral stability boundaries were calculated at

1008C using the program PTA (Brown et al., 1988) for
the system Ca, Mg, Al, Si, C, O and H. PTA was
modi®ed by the addition of thermodynamic data for

beidellite (after Abercrombie, 1988). The range of poss-
ible reactions was restricted by only considering com-
mon rock forming Ca and Mg minerals (Table 4). Of
the over 7000 stable and meta-stable reactions con-

sidered, only 2 have a 1:1 Ca±Mg exchange boundary
in the range of activities calculated for thermal springs:

20Mg-beidellite � 3Ca2� � 3Mg2� � 20Ca-beidellite �1�

2calcite�Mg2� � dolomite� Ca2�, �2�

where Ca± and Mg±beidellite are pure endmembers of

smectite with unit activity. This suggests that equili-
brium reactions with minerals in reactions (1) and (2)
may be controlling the Ca/Mg ratio in the various

springs. This is feasible, considering that smectite is
one of the most ubiquitous minerals in geological set-
tings; smectite is present as detrital particles in sedi-
mentary rocks, and is a common alteration product of

igneous and metamorphic minerals. Likewise, carbon-
ate minerals are present in most rock types as either a
primary mineral or an alteration product, particularly

in hydrothermal systems. The phase boundaries for the
pure endmember minerals (unit activity) are plotted as
lines on Fig. 6. Also plotted are the Ca2+/(H+)2 and

Mg2+/(H+)2 activity ratios determined from water
analysis of individual springs. The data trend, with a
slope of 1, is consistent with equilibrium exchange con-

Fig. 6. Plot of log a(Ca2+/[H+]2) versus log a(Mg2+/[H+]2).

Thermal springs de®ne a strong trend with a slope of 1. The

two phase boundaries with a slope of 1 in the range of ac-

tivity ratios for the springs are also plotted (calculated at 300

bar and 1008C).

Table 4

Common rock forming minerals used for phase boundary cal-

culations

plagioclase illite quartz

K-feldspar kaolinite chalcedony

Ca-smectite Na-smectite K-smectite

Mg-smectite calcite dolomite

heulandite laumonite

Fig. 7. Plot of log a(Na+/H+) versus log a(K+/H+) illustrat-

ing possible reaction boundaries that may control water com-

position. The scatter of carbonate springs is likely related to

the lack of Na±K minerals in the host rock. Boundaries,

stable (solid lines) and meta-stable (dashed lines), are calcu-

lated at 300 bar and 1008C.
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trolling the water chemistry. The observation that ac-
tivity data from the thermal springs in this study do

not lie directly on the phase boundaries suggests that
the minerals involved in these reactions are not pure
endmember components (variation in the Ca±Mg ratio

of smectite will move the location of the phase bound-
ary, however the slope will remain the same).
Na+/H+ and K+/H+ activity ratios determined

from the water compositions using SOLMINEQ.88, at
estimated subsurface temperature and pH, are plotted
in Fig. 7. Activity data for silicate-hosted springs de-

®ne a slope of 1, suggesting a 1:1 Na±K exchange reac-
tion is controlling the ion ratios. In contrast, activity
data for carbonate and volcanic-hosted springs do not
de®ne any trend. Mineral stability boundaries were cal-

culated at 1008C for the system Na, K, Al, Si, O and
H, for minerals in Table 4. Results indicate that only 2
reactions have a 1:1 Na±K exchange boundary in the

range of activities calculated for thermal springs:

10K-beidellite� 3Na� � 3K � � 10Na-beidellite �3�

K-feldspar � Na� � Albite� K �: �4�
The phase boundaries for the pure endmember min-

erals (unit activity) are plotted as lines on Fig. 7. Also
plotted are the Na+/H+ and K+/H+ activity ratios
determined from water analysis of individual springs.

Na+/H+ and K+/H+ ratios for silicate and volcanic
hosted springs lie on the meta-stable extension of the
K-feldspar/albite reaction boundary, suggesting that

this reaction is controlling the Na/K activity ratio for
these springs, and that illite and smectite, if present in
silicate rocks, have no e�ect on the water composition.

Activity data for carbonate-hosted springs plot within
the illite stability ®eld, and in between the meta-stable
boundaries for the K-feldspar/albite reaction and Na,
K-smectite exchange. The scatter of carbonate springs

is likely related to the lack of Na-K minerals in car-
bonate rock.
The above demonstrates how equilibrium exchange

reactions with common rock forming minerals may
control the activity ratios of the major cations in ther-
mal spring waters. These results are consistent with

Kacandes and Grandsta� (1989) who show that in nu-
merous geothermal ®elds, and in experimental water±
rock interaction studies, that the Na/K and Ca/Mg

ratios tend to be consistent and de®ne 1:1 slopes. They
suggest that ion-exchange reactions may best explain
the consistency in the ion ratios.

5. The sulfur cycle

As stated in the introduction, many hydrothermal
ore models rely on reduced S being introduced at

depth by the deep circulation of meteoric water. Here
the processes in active thermal springs that a�ect the S

cycle are examined. Both SO4 and sul®de occur in
thermal springs, with SO4 being the dominant form.
Concentrations are highly variable in the springs exam-

ined (11±1670 mg/l SO4, 0±123 mg/l H2S). Although
present in precipitation, SO4 concentrations are too
low (<5 mg/l) to be the source of S in thermal springs.

Thus, SO4 must be derived from rock weathering;
either oxidation of sul®de minerals or dissolution of
evaporite minerals (gypsum and anhydrite). The

sources of SO4 and HSÿ in thermal springs are exam-
ined below.

5.1. The origin of sulfate

Figure 8 plots the d34SSO4
versus SO4 concentration.

Note that carbonate hosted springs tend to have both

higher d34SSO4
values (>15-) and higher SO4 concen-

trations compared to silicate and volcanic hosted
springs. Figure 9 shows the d34S values of SO4, sul®de

(when present), and the weighted average d34S for SO4

and sul®de where applicable. Grasby and Hutcheon
(1999) demonstrate that distribution of thermal springs

in the Cordillera is related to major and/or anomalous
structural features. Figure 9 shows that the Sulphur
Mountain Thrust (SMT) and Redwall Fault (RWF)
have a number of associated springs that have similar

values for d34SSO4
. The similarity in d34SSO4

from
springs associated with the same fault and rock type,
suggests that, as in Van Everdingen et al. (1982), the

d34SSO4
values are representative of the S source and

are not drastically altered by biological activity.
Therefore, the d34SSO4

values can be used to indicate

the source of S in thermal springs. In carbonate hosted
springs, SO4 may be derived from dissolution of SO4

Fig. 8. d34S versus SO4 concentration. Carbonate hosted

springs tend to have high SO4 concentrations with d34S values

consistent with dissolution of evaporite minerals.
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minerals (primarily gypsum and anhydrite) or oxi-

dation of pyrite (secondary SO4). The range of d34SSO4

values in carbonate hosted springs (+15 to +30-) is
consistent with the range observed in Palaeozoic eva-

porites (Claypool et al., 1980), and signi®cantly higher
than the range for sul®de minerals (Krouse, 1980), in-
dicating that SO4 is derived from dissolution of eva-
porites. Although SO4 is likely derived from evaporite

dissolution, SOLMINEQ.88 indicates that most
springs are undersaturated with respect to gypsum and
anhydrite. This suggests that the concentration of SO4

in these springs may be controlled by a steady state
dissolution process, that is perhaps in¯uenced by bio-
logical SO4 reduction (McCready and Krouse, 1980).

The in¯uence of biological activity on the S cycle in
thermal springs is discussed latter.
The d34SSO4

values of silicate and volcanic hosted

springs are higher than the terrestrial average (0 to
+10-), however they are still within the range
observed for pyrite in igneous rocks (Krouse, 1980).
One silicate-hosted spring, Sharp Point, has a much

higher d34SSO4
(+31-). However, considering that this

spring occurs only a few metres from the ocean, the
weighted average value of SO4 and H2S, +18-, is

consistent with a signature of modern sea water SO4

(+20-) (Krouse, 1976; Phillips, 1994).

5.2. The origin of Sul®de

The origin of H2S in thermal springs has been exam-
ined previously by Krouse et al. (1970) and Smejkal et
al. (1971). They showed that in several springs in wes-

tern Canada, large fractionations �D34SSO4-H2S up to
30-) are related to reduction of SO4 by two species of
anaerobic bacteria. In addition, Desulfotomaculum (a

strict anaerobe) was found, which like Desulfovibrio
reduces SO4

2ÿ to HSÿ. Figure 9 illustrates that, where

present, the d34S of H2S in spring water is always low
relative to SO4, consistent with Krouse et al. (1970).
This, and evidence of biological cycling of SO4 (dis-

cussed below), indicates that H2S is largely derived
from bacterial SO4 reduction (BSR). This is consistent
with the geothermometers discussed above that give

temperatures below 1408C for most springs. Worden et
al. (1995) indicate that temperatures on the order of
1408C are needed for thermochemical SO4 reduction,

even at geological time scales associated with pet-
roleum formation.

5.3. Biological cycling of dissolved sulfate

A plot of d18OSO4
versus d18OH2O (Fig. 10) shows

that springs plot above the theoretical sul®de oxidation
®eld of van Stempvoort and Krouse (1994) and below
the average d18OSO4

value for evaporites (+15-;
Claypool et al., 1980). Also, d18OSO4

is generally posi-

tive and highly variable (over 25-), whereas d18OH2O

is negative and has only a 10- range. Three possible
factors that may cause the relatively large variation

observed in d18OSO4
are: (1) equilibrium exchange of

18O between SO4 and water, (2) mixing of SO4 derived
from sul®de oxidation with SO4 derived from dissolved

evaporite minerals, and (3) biological cycling. The ®rst
two are less likely than the third for the following
reasons. As discussed above, equilibrium isotope

exchange reactions are too slow to be a signi®cant con-
trol on d18OSO4

at the temperatures and pH of the ma-
jority of thermal springs in this study, although,

Fig. 9. Plot of d34S for dissolved SO4, and HSÿ for springs in

this study. The weighted average d34S is shown where appli-

cable. Springs associated with the Sulphur Mountain Thrust

(SMT) and Redwall Fault (RWF) are indicated (see text).

Fig. 10. Plot of d18OSO4
versus d18OH2O

. The sul®de oxidation

®eld of van Stempvoort and Krouse (1994) indicates the zone

where oxidized sul®des are expected to plot.
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equilibrium exchange may be possible in the higher

temperature springs. If the d18OSO4
is controlled by the

oxidation of sul®de, springs would be expected to plot

in the theoretical sul®de oxidation ®eld of van
Stempvoort and Krouse (1994) (Fig. 10). One possible

method of obtaining d18OSO4
values that are above the

sul®de oxidation ®eld, and below the average d18OSO4

for evaporite minerals (+15-, Claypool et al., 1980),

is mixing of SO4 from evaporites and SO4 from sul®de
oxidation. However, if the variability of the d18O com-

position of O in SO4 was due to mixing of evaporite
SO4 with oxidized sul®de, the d34S value of SO4 would

be expected to decrease as d18O decreases. Figure 11 il-
lustrates that carbonate-hosted springs related to the

same fault (as in Fig. 9) have constant d34SSO4
while

d18OSO4
is variable. If it is assumed that springs related

to the same fault, and ¯owing through the same age

rocks, derive their SO4 from the same source (explain-
ing the consistency in d34SSO4

) then some process must

be causing variation in d18OSO4
without a�ecting the

d34SSO4
. One possible process is bacterial SO4 reduction

in a nearly closed system (i.e. there is no signi®cant

loss of reduced S from the system), followed by reoxi-
dation.

Bacterial reduction and reoxidation of SO4 was pro-
posed by van Everdingen et al. (1982) to explain the

variability of d18OSO4
in the low temperature Page

Springs of the Northwest Territories. They argue that
if there is minimal escape of H2S when SO4 is reduced,

the d34S composition of total S in the system will not
be altered by biological cycling. However, biological

cycling of S can have signi®cant a�ects on the d18O
composition of SO4. For springs where dissolution of

SO4 minerals is the dominant source of S, the d18OSO4

should vary between +10 to 18- (Claypool et al.,

1980). If the water becomes anoxic, then bacterial ac-
tivity will reduce some portion of the SO4 in the sys-
tem, producing HSÿ. As the waters ascend towards the

surface they can be reoxidized, and HSÿ will rapidly
convert back to SO4. During oxidation it is estimated
that 60 to 100% of O2 is derived from water, and the

rest from air (Lloyd, 1967; van Stempvoort and
Krouse, 1994). Thus the reoxidized SO4 will be
depleted in 18O compared to the original SO4. It fol-

lows then, that the more biological cycling of primary
SO4 that occurs, the more depleted the d18O of total
SO4 in the spring becomes. Thus the d18OSO4

can pro-
vide a measure of the total amount of SO4 that has

been reduced in the system prior to HSÿ being reoxi-
dized. Based on this concept, van Everdingen et al.
(1982) suggested that up to 30% of the SO4 in the

Page Springs has been reduced and reoxidized.
For the springs in Fig. 11, the small variation of

d34S, compared to d18O in SO4 suggests that variable

degrees of SO4 reduction and reoxidation take place
with minimal loss of HSÿ from the system. Given that
the d34S values for carbonate-hosted springs are con-

sistent with derivation from evaporite minerals (see
above), and that the d18OSO4

values of evaporite min-
erals in the Phanerozoic are fairly well constrained
(Claypool et al., 1980), it is possible to calculate the

degree of bacterial cycling of SO4 in a system where
SO4 is derived from evaporite dissolution.
The isotope composition of O in reoxidised SO4

(d18OOX) will be the sum of the relative contributions
of O from water (d18OH2O� and atmospheric O2

(d18OO2
), as de®ned by the general relation:

d18OOX � y�d18OH2O � eH2O� � �1ÿ y��d18OO2
� eO2

� �5�

where y is the fraction of O derived from water, and e
is a kinetic fractionation factor. The abiotic oxidation
of sul®de to SO4 goes through many intermediate steps

making eH2O di�cult to determine. However, due to
the rapid exchange of O between SO3

2ÿ and H2O at the
pH conditions of the thermal springs studied, eH2O

would be minimal (van Stempvoort and Krouse, 1994).

For microbial oxidation, SO3
2ÿ is oxidized by an

enzyme-catalyzed reaction that derives O from ambient
water (Kelly, 1982). Thus biotic oxidation should have

close to a 100% contribution of O from H2O.
The cycling of primary SO4 may be calculated using

an isotope balance approach, where the % biological

cycling of SO4 (i.e. the proportion of SO4 in the spring
water that has been reduced and then
reoxidized=X%) is de®ned as:

X% � d18OSPR ÿ d18OEVAP

d18OOX ÿ d18OEVAP

� 100% �6�

Fig. 11. Plot of d34SSO4
versus d18OSO4

for carbonate hosted

springs associated with the Sulphur Mountain Thrust (SMT)

and Redwall Fault (RWF). The small variation in d34SSO4

compared to d18OSO4
suggests that S cycling takes place with

minimal loss of HSÿ from the system.
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where d18OSPR is the d18OSO4
measured in the spring,

and d18OEVAP is the average value for evaporite min-

erals (+15-). If exposure to atmospheric O2 is mini-

mal, or if microbial oxidation is prominent, then the

majority of O in the reoxidised SO4 will be from

water. However, if abiotic oxidation occurs in conjunc-

tion with exposure to atmospheric O2, then up to 40%

of O in the reoxidised SO4 could be from atmospheric

O2. The % biological cycling was calculated for the

two extremes (60 and 100% O2 from H2O), where

d18OOX is from Eq. (5), and represents the calculated

net value for O involved in the oxidation of reduced S,

where eH2O=0, and eO2
=ÿ8.7- (Lloyd, 1967),

y = 0.6 and 1, and the d18OO2
used is +23-. To

avoid the possible e�ects of equilibrium exchange of
18O, biological cycling of S in thermal springs is calcu-
lated only for springs with temperatures calculated by
geothermometry that are <1008C. Only springs that

are hosted by carbonate rocks, and with d34S values
consistent with derivation from evaporites, are con-
sidered.

For the case of 60% contribution from H2O, calcu-
lated values for biological cycling vary from 0 to 87%
(Table 5). Values are 2/3 that if all the O is derived
from H2O (i.e. up to 53% biological cycling). These

are the most realistic values given the potential for mi-
crobial oxidation of S and the limited contact of sub-
surface water with the atmosphere. As well, the fO2

should be low due to bu�ering by magnetite±hematite
or similar redox couples at the temperatures of the
springs considered (Kacandes and Grandsta�, 1989).

The values calculated are also a function of the values
for e chosen. Although this would a�ect the actual %
cycling calculated, the relative di�erence would not be

a�ected, allowing a comparison of di�erent springs.
Figure 12 illustrates that the calculated amount of bio-
logical cycling of S varies inversely with SO4 concen-
tration. The results of these calculations indicate that

although an essential source of O, SO4 is not a limiting
nutrient for biological activity in the thermal systems
we examined.

6. The carbon cycle

For biologically mediated SO4 reduction, a represen-

Table 5

Calculated % biological cycling of SO4 in carbonate hosted thermal springs. Negative results are listed as 0

Location No. 60% H2O 100% H2O

60% H2O 100% H2O

Average

12- 15- 17- 12- 15- 17-

Upper 1 18 11 6 21 29 3 11 16 14.22

Middle 2 37 22 33 45 50 15 22 27 32.1166

Cave 3 12 7 ÿ3 14 23 ÿ1 7 12 8.55498

Basin 4 6 4 ÿ11 7 17 ÿ5 4 9 3.41772

Mist Mountain 5 1 1 ÿ18 2 12 ÿ8 1 6 ÿ1.1446
Radium 6 22 13 11 27 35 5 13 18 18.223

Fairmont 7 10 6 ÿ7 12 21 ÿ3 6 11 6.63972

Lussier Canyon 8 39 23 35 46 52 15 23 27 33.1835

Ram Creek 9 47 28 48 57 62 21 28 33 41.5819

Wildhorse River 10 0 0 ÿ40 ÿ15 ÿ3 ÿ18 ÿ7 ÿ1 ÿ14.07
Toby Creek 13 18 11 4 21 30 2 11 16 13.9266

Albert Canyon 14 77 47 92 93 94 41 47 50 69.4434

Cold Sulphur 16 51 31 54 62 66 25 31 35 45.3245

Liard 17 14 8 0 16 24 0 8 13 10.391

Takhini 18 0 0 ÿ22 ÿ3 7 ÿ10 ÿ2 4 ÿ4.4499
Atlin 19 87 53 105 104 104 49 53 55 78.211

Fig. 12. Calculated % of biological cycling for carbonate

hosted springs versus measured SO4 concentration. The

inverse relationship indicates that SO4 is not a limiting nutri-

ent.

S.E. Grasby et al. / Applied Geochemistry 15 (2000) 439±454 451



tative reaction may be written as:

SO2ÿ
4 � 1:33CH2 � 0:66H2O4H2S� 1:33CO2 � 2OH ÿ

�7�

indicating that CO2 is a by-product of BSR. The d13C
of oxidized organic matter (ÿ22 to ÿ35-) is signi®-
cantly di�erent from atmospheric CO2 (ÿ7-) and
marine carbonate (ÿ5 to +2-), suggesting that BSR
should a�ect the d13C of dissolved HCO3

ÿ in thermal

spring waters.
The d13C values of total dissolved inorganic C are

plotted versus the calculated % biological cycling in

Fig. 13. There is a rough trend of decreasing d13C with
increasing biological cycling, as would be expected.
However, there is signi®cant scatter in these data. The

d13C values of total dissolved inorganic C from ther-
mal spring waters are plotted versus total alkalinity in
Fig. 14. Thermal springs with low alkalinity (<100

mg/l) have d13C values that vary from +5 to ÿ25-.
In contrast, at high alkalinity, the d13C values of
springs converge to a value around ÿ5-. This re-
lationship may be explained by mixing of two C

sources, where high alkalinity represents waters with
HCO3 derived from dissolution of carbonate rock,
whereas low alkalinity waters represent more of an or-

ganic source. Thus dissolution of carbonate rock may
be masking any relation between d13C and biological
cycling of SO4.

These results have implications for 14C dating of
thermal spring waters. As illustrated in Fig. 14, the
DIC of thermal springs have a d13C value consistent

with an organic origin only at low alkalinity (<100
mg/l). Even then, some low alkalinity springs have
d13C values that indicate C derived from dissolution of
carbonate rock (i.e. `dead' C). All the springs with al-

kalinity above 100 mg/l have d13CHCO3
values consist-

ent with dissolution of carbonate rocks. This shows
that 14C age dating of thermal springs will probably

give arti®cially old ages due to the addition of `dead'
C.

7. Summary and conclusions

Despite the highly variable geological setting of ther-
mal systems within the Canadian Cordillera, some
basic generalizations may be made about the controls

on the geochemistry of the thermal springs, and pre-
sumably similar springs elsewhere. The thermal springs
in this study originate as meteoric water that circulates

through the crust to obtain heat and chemical com-
ponents. A comparison of historical records indicates
that the chemistry of thermal springs appears to be

constant through time, suggesting that water±rock in-
teractions in these systems are either steady state kin-
etic processes, or that chemical compositions develop
equilibrium within the host rock. The comparison of

mineral stability with water compositions presented
here indicates that the activities of major cations may
be adequately explained by equilibrium reactions with

common rock forming minerals and alteration pro-
ducts. In contrast, the major anion SO4 is largely in¯u-
enced by the biological activity in the springs.

Sulfate in carbonate hosted springs is mainly derived
from dissolution of evaporite minerals. This SO4 is
reduced by bacteria, causing the production of HSÿ.
The loss of HSÿ from the system appears to be minor,

instead it is reoxidized to SO4 as the spring water
ascends to the surface. Assuming that 100% of the O
used in oxidizing HSÿ to SO4 is from H2O, then the

amount of SO4 that has been reduced and reoxidized
(% biological cycling) varies from 0 to 53%. The %
biological cycling would be even greater if some O is

obtained from atmospheric O2. There is an inverse re-
lationship between the % biological cycling of SO4

and the concentration of SO4, indicating that SO4 is

Fig. 14. d13CHCO3
versus total alkalinity indicating a signi®-

cant contribution of dissolved carbonates to high alkalinity

waters, thus masking any possible relation between d13CHCO3

and biological cycling in Fig. 13.

Fig. 13. d13CHCO3
versus calculated % of biological cycling.

There is little correlation contrary to what might be expected.
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not a limiting nutrient in these hydrothermal systems.
These results are consistent with models for the for-

mation of Eocene hydrothermal ore deposits in the
southeastern Canadian Cordillera. Beaudoin et al.
(1992) suggest that Eocene extensional faults channeled

mineralizing ¯uids towards upper crustal levels where
they mixed with S-rich meteoric waters circulating
down to depths of 6 km. Grasby and Hutcheon (1999)

calculate circulation depths of 2.5 to 5 km for thermal
springs in the southern Cordillera. Thus modern ther-
mal systems are capable of bringing bacterially reduced

S to depths where ore formation occurs.
In low-alkalinity thermal springs, HCO3 may be de-

rived from either dissolution of carbonate minerals or
oxidized organic matter. However, for high-alkalinity

springs (>100 mg/l), HCO3 is derived from carbonate
dissolution. This limits the ability to use 14C dating
methods for waters from these springs.
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