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A survey of stable and radioactive environmental isotopes has been carried out in order to investigate the recharge, thermal 
history, age, and geothermometry of the thermal waters at Mount Meager, British Columbia, a Quaternary volcano that is cur- 
rently the site of active exploration for geothermal resources. Isotope determinations include 180, 'H, and 3~ in precipitation, 
thermal and cold gtoundwaters, and glacier ice; 13c and 14c in dissolved inorganic carbon; 1 8 0  and 34S in dissolved sulphate 
from thermal and cold groundwaters; and and I a 0  in hydrothermal calcite crystals. Major ion analyses were performed on 
thermal and cold spring waters. 

Precipitation data arc used to define the local meteoric waterline and to document the altitude effect on waters recharging the 
geothermal system, demonstrating that thwe are two hydrogeologically separate reservoirs recharged at different altitudes. Both 
PIS of geothermal waters have experienced shifts of between +0.5 and +2.5%0 in S180 values, indicating a limited degree of 
'0  exchange with hot silicate minerals. 

Tritium contents indicate that these waters recharged prior to 1955. 13C contents of dissolved inorganic carbon and 
hydrothermal calcites from drill core document contamination of the thermal waters with "dead" volcanogenic C02 plus carbon 
exchange with fracture calcite, which precludes the possibility of "dating" the thermal waters using 14C. 

Several chemical and isoto ic geothermometers are used to estimate the maximum temperatures experienced by the thennal R waters. The fractionation of 0 between SO4'- and H20 in these waters gives calculated maximum temperatures of less than 
140°C. The Mg-corrected Na-K-Ca geothermometer shows excellent correlation with the SO4-H20 estimates with maximum 
temperatures of less than 140°C. Fractionation of I3c and 1 8 0  in the systems CaC03-C02 and CaC03-H20 using hydrothermal 
calcites and borehole fluids also offers no indications of subsurface temperatures in excess of 140°C. Silica geothermometer 
results are not reliable because of equlibrium with amorphous silica phases in the subsurface. 

It is concluded that these thermal waters are not deeply circulating and have not experienced temperatures in excess of 
140°C. 

Une Ctude d'isotopes stables et radio-actifs naturels examine la recharge, l'histoue thermale, 1'Lge et la gCothermomCtrie des 
eaux thermales du Mont Meager, Colombie-Britannique, un volcan uaternaire, site des recherches de ressources gkother- 9 miques. Les dkterminations isotopiques comprennent le "0, le 2~ et le H dans les prCcipitations, les eaux de ruissellement, les 
eaux souterraines ou froides ou thermales et la glace de glaciers; le 13c et le 14C dans le carbone inorganique dissout le 1 8 0  et le 
34S dans le sulfate de solution provenant des eaux souterraines ou thermales ainsi que le 13C et le "0 dans les cristaux de calcite 
hydrothemale. Les analyses chimiques ont kt6 faites des eaux de source froides et thermales. 

Les domkes obtenues des prkipitations et des eaux de source froides ont kt6 utiliskes alin d'enregistrer I'effet de I'altitude sur 
les eaux rechargant un syst2me gkothermale, dkmontrant qu'il existe deux rkservoirs peu profondes et hydrog601ogiquement 
indkpendants ui sont rechargk ii des altitudes diffkrentes. Les deux n5servoirs d'eaux Cothermales montrent une modification du 2 Q rapport 180/' 0 correspondant a +0,5 6 2,5%0, indiquant un kchange restreint de ' 0 avec des minkraux de silicate chauds. 

Les teneurs en 3~ indiquent que ces eaux ont rechargks avant 1955. Les teneurs en I3c du carbone inorganique aqueux et des 
calcites hydrothemales provenant des carottes montrent que les eaux thermales sont contarnints de C02 volcanique "mort" et 
d'un khange de carbone avec du calcite secondaire de fissures. Donc, il est impossible de dater les eaux thermales utilisant 
le 14C. 

Plusieurs gkothermomktres chimiques et isotopiques sont utilisks pour estimer les temphtures maximales des eaux thermales. 
La fractionation du 180 entre le SO4'- et le H20 dans ces eaux indique des temp6ratures maximales de moins de 140°C. Le 
gkothermomktre Na-K-Ca comgk aveg Mg montre de bonnes corrklations avec les estimations du SO4-H20, indiquant une 
temp6rature maximale de 140°C. La fractionation du 13C et du "0 dans les systkmes de C02-CaC03 et de H20-CaC03 utili- 
sant la calcite hydrothemale et les eaux provenant des puits ne montre pas d'indice des temp6ratures de plus de 140°C. Les rksul- 
tats du gkothermomktre de silice ne sont pas fiables i cause de I'kquilibre ktabli avec les phases de silice amorphe souterraines. 

Donc, ces eaux thermales ne circulent pas 21 profondeur et n'ont pas subit des temp6ratures plus de 140°C. 
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Introduction 
The potential for geothermal power production in 

western Canada was recognized in 1973 when the 
Geological Survey of Canada and the British Columbia 
Hydro and Power Authority began reconnaissance 
programs to locate geothermal anomalies (Souther 
1975). The main focus of interest was Mount Meager 
(Fig. I), which last empted 2440 years ago (Nasmith et 
al. 1967) leaving a steep geothermal gradient to which 
an abundance of hot springs bears witness. 

To realize this geothermal potential, an integrated 
program of drilling and geophysics was initiated in 1974 
and has since delineated three thermal anomalies on the 
flanks of the volcanic complex (Fig. 2) (Nevin Sadlier- 
Brown Goodbrand Ltd. 1975, 1977, 1979). Artesian 
water temperatures up to 65°C and dry rock tempera- 
tures up to 202°C have been recorded in the southern 
anomaly (Fairbank et al. 1980). 

In 1977, an investigation was begun to elucidate the 
origin and flow path of the geothermal waters through 
the use of environmental isotopes (Michel and Fritz 
1978,1979). It included determinations of 180, 2H, and 
3H contents in thermal, precipitation, and runoff waters 
and "dating" using 14C in dissolved carbonate. Follow- 
ing these studies, it was felt that a full-scale investina- 

metasediments, granodiorites, diorites, and gneisses o 
the Mesozoic to Tertiary Coast Range Plutonic Com- 
plex. To the east of the Garibaldi belt and trending 
northwest is the Pemberton Belt of late Tertiary and 
Quaternary quartz monzonite plutons (Lewis and 
Souther 1978). The Pemberton Belt intersects the 
Garibaldi Belt at the Salal Creek pluton in the vicinity of 
Mount Meager (Fig. 1). Both belts are related to subduc- 
tion of the Juan de Fuca Plate. The presence of several 
additional thermal springs and seeps along the Lillooet 
Valley between Mount Meager and Harrison Lake 
suggests that a major fault roughly follows the axis of the 
Pemberton Belt. 

The Mount Meager complex consists of a series of 
predominantly andesitic and dacitic flows and breccias 
of Quaternary age overlying metavolcanics and meta- 
sedimentary basement rocks of pre-Tertiary and Quater- 
nary periods (Read 1979). The volcanic pile is directly 
underlain by a basal breccia representative of an 
explosive eruption that led to extensive fracturing of the 
local basement rocks. The most recent stage of volcanic 
activity at Mount Meager was the eruption of the Bridge 
River Ash from a vent on the northeast flank of Plinth 
Peak; the ash has been dated at 2440 + 140 years BP 
(Nasmith et al. 1967). 

tion of the isotope hydrogeoIogy of the Mount  eager 
thermal waters would provide a more comprehensive 
understanding of the hydrogeological regime, thermal 
history, and reservoir temperatures of the geothermal 
waters. Therefore, in 1979 a program was undertaken by 
the University of Waterloo to sample and analyze 
precipitation, runoff, cold spring waters, and thermal 
waters of Mount Meager for stable and radioactive 
environmental isotopes and geochemistry. 

The main focus of the study was threefold: (a) a 
detailed investigation of the recharge environment and 
subsurface flow ath of the thermal waters through P analyses of "0, H, and 3H concentrations; (b) deter- 
mination of residence times of the thermal waters, 
through the use of tritium and 14C; and (c) the applica- 
tion of a series of geothemmeters aimed at deter- 
mining reservoir temperatures. 

Geology 
The Mount Meager volcanic complex is located 

120km north of Vancouver, British Columbia at the 
northern end of the Cenozoic Garibaldi Volcanic Belt 
(Fig. l), which comprises late Tertiary to Quaternary 
basaltic to rhyolitic volcanics (Lewis and Souther 1978). 
The Garibaldi Belt is considered to be a northward 
extension of the western United States High Cascades, 1 which include the Mount Baker and Mount St. Helens 
volcanic centers. Regional basement rocks include 

Thermal springs 
The hot springs of southwestern British Columbia 

can be divided into two groups. The Harrison, Sloquet, 
and Skookumchuck Hot Springs (Fig. 1) are related to 
the Pemberton Belt and issue from Tertiary intrusive 
rocks or from basement rocks proximal to the intrusives 
along the Lillooet Valley fault system. This fault system 
has apparently provided the fracture permeability re- 
quired for deep circulation of meteoric waters. The 
second group includes the Mount Meager and Mount 
Cayley Hot Springs (Souther 1980), which are related 
to the centers of Quaternary volcanism. The Pebble 
Creek Hot Springs, which occur at the intersection of the 
Garibaldi Volcanic Belt and the Pemberton Belt, appear 
related to both groups of thermal springs. 

Along Meager Creek are three sites where thermal 
waters discharge (Fig. 2). The Meager Creek Hot 
Springs, at 45-55"C, represent the principal discharge 
where as many as 21 individual vents have been 
identified in an area of approximately 1200m2. They 
contribute to a measured discharge rate of -40 L/s 
(Lewis and Souther 1978), issuing into sinter-lined 
pools in coarse fluvial sand and gravel deposits on the 
south side of Meager Creek. The Placid Hot Springs, at 
45"C, with an estimated combined flow of less than 
2L/s, emanate from the gravel and boulder bank of 
Meager Creek approximately 1 km upstream from the 
Meager Creek Hot Springs. About 5 km farther up- 
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Thermal Spring 

2 Pitt River 

4 Skookumchuck 

0 10 20 30 4 0 m i  

FIG. 1.  Location of Mount Meager and its relation to the Garibaldi Volcanic Belt and the Pemberton Plutonic Belt. 
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DRILL HOLES COLD SPRINGS 
@ GLACIER 1 EMR-1 

2 EMR -2 
1 DEVASTATION 8 LOGGERS 

- - - - -  LOGGING ROAD 3 - cr - I 2 BOUNDARY 9 FALL CREEK 

HOT SPRINGS 

O WARM SPRINGS 

. .  . 
4 75-H- 1 CaC03 10 78-H-1 
5 75- H -2  4 MORIA 11 JOB 
6 75-H-3 5 RIVENDELL 12 JOB WEST 

O DRILL HOLE 78-H-1 6 ANGEL CIRQUE 13 AFFLICTION 

POSSIBLE THERMAL 78-H-2 7 PROBLEM 
9 79-H-1 

14 MT. ATHELSTAN 
RESERVOIR 

0 COLD SPRING 

z1 RAIN SAMPLER * GLACIER ICE SAMPLE 

h. 2. Site map of the Mount Meager complex showing locations of thermal and cold springs, boreholes, glaciers, rain 
sampling stations, and access routes. Thermal anomalies shown are based on resistivity survey (Nevin Sadlier-Brown Goodbrand 
1979). 

st ream, s i x  v e n t s  (No Good Warm S p r i n g s )  d i s c h a r g e  t h e r m a l  seeps, d e p o s i t i n g  a p r o n s  of c a l c i t e  and algae,  
20-40°C water at l e s s  than an e s t i m a t e d  4 L / s .  d i s c h a r g e  from the f a c e  of t h i s  b e n c h .  

T h e  P e b b l e  Creek Hot S p r i n g s  d i s c h a r g e  55-60°C T h e  M e a g e r  Creek thermal w a t e r s  are dominated by a 
w a t e r  a t  b e t w e e n  5 and 10 L / s  into an o c h r e -  and s o d i u m - c h l o r i d e  c h e m i s t r y  with N a ' a n d  C1- concentra- 
s in te r - l i ned  pool on a bedrock b e n c h  on the n o r t h e a s t  t i o n s  a v e r a g i n g  a b o u t  400 and 550ppm, r e s p e c t i v e l y  
s i d e  of the Lillooet River. In addition, s e v e r a l  r e l a t e d  ( T a b l e  I), and a r e  o v e r s a t u r a t e d  with r e s p e c t  to arnor- 
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TABLE 1. Chemical and 

Sample 

Hot springs 
Meager Creek main vent 

vent #19 
Placid 
No Good vent #1 

vent # 1 
vent #2 

Pebble Creek main vent 
vent #7 
vent #7 

Drill holes 
EMR- 1 
74-H- 1 
75-H- 1 
79-H- 1 

Cold springs 
Boundary #4 
Moria # 1 
CaC03 # 1 

#3 
#4 

Angel Cirque #1 
Problem # 1 
Fall Creek # 1 
78-H- 1 spring # 1 
Mt. Athelstan #1 

Runoff 
Job Creek (at Job Glacier) 

Date 

June179 
Sune/79 
Aug. 179 
June179 
Aug .I79 
June 179 
June179 
June179 
Aug. 179 

Aug. 179 
Aug ./79 
Aug. 179 
Sept. 179 

Aug. 179 
Aug. 179 
June179 
June179 
June179 
Aug. 179 
June179 
Aug. 179 
June179 
Aug. 179 

Temp. 
("C) pH 

phous silica. The Placid Hot Springs and No Good 
Warm Springs have essentially the same chemistry as 
the Meager Creek Hot Springs, a possible indication that 
they emerge from the same geothermal reservoir. 

The Pebble Creek Hot Springs, unlike the Meager 
Creek thermal waters, are dominated by a sodium- 
bicarbonate chemistry with concentrations of Na+ and 
HC03- of about 400 and 750 ppm, respectively. Also, 
unlike the Meager Creek thermal waters, these waters 
are supersaturated with respect to calcite and undersat- 
urated with respect to amorphous silica. The contrasting 
chemical natures of the Pebble Creek and Meager Creek 
thermal waters suggest that they may have unrelated 
flow paths and that at least two independent sources of 
thermal waters exist (Hammerstrom and Brown 1977). 

Cold springs 
Cold springs in the Mount Meager area range in 

altitude from 564 to 1875 m (Fig. 2), issuing in most 
cases from unconsolidated soil, gravel, and ash depos- 
its. Temperatures range from - 0.1 to .9'C and chemis- 
tries, although generally quite low in total dissolved 

solids (TDS), can be quite variable, with Ca2+ concen- 
trations between 3.5 and 1 10 ppm and HC03- between 
2.70 and 594ppm (Table 1). Cold springs with high 
bicarbonate concentrations are precipitating calcite tufa, 
as is the case at the CaC03 Cold Springs where 
supersaturated spring waters cascade over 20 m of 
hillside, forming an intricate network of terraced calcite 
pools. 

Sampling and analysis 
All analyses were performed in the Environmental 

Isotope Laboratory and the Aqueous Geochemistry 
Laboratory at the University of Waterloo, Ontario. 

Isorope samples 
"0, 2H, and 3H contents were determined ford  ther- 

mal waters, as well as for cold springs, glacier ice, 
snow, and rainfall. 180 and 2H contents were deter- 
mined by equilibration with C02 and by uranium reduc- 
tion, respectively. Results are expressed as per mil 
differences (SJgO% and S2H%o from SMOW (Standard 
Mean Ocean Water) with analytical precisions of 4 0.15 
and -t l%o, respectively. Tritium (%) concentrations 
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CLARK ET AL. 1459 

carbon-1 3 analyses 

Fe,o, ~n'+ Si02  SO^^- C1- HC03- TDS 6 1 3 C ~ ~ C  613Cco, 
( P P ~ )  ( P P ~ )  ( P P ~ )  (ppm) ( P P ~ )  (ppm) (ppm) (%o PDB) (%o PDB) log pCOz 

were determined on non-enriched water samples and are 
expressed as tritium units (TU, I TU = 1 3~ X 
10-"'H); unless otherwise indicated they have an 
analytical precision of 4 10 TU. 

For analysis of "C and 14C dissolved carbonate was 
precipitated in the fieId from soIution as BaC03 by the 
addition of NaOH and hydrous BaC12. I3C analyses 
were done on C02 evolved throu h reaction with H3P04 B and results aae reported in the 8l-C%0 notation and refer 
to the PDB standard (rostsum of Belemnitella americana 
of the Peedee Formation) with a reprducibility of 
+0.5%0. I4C activities were determined by liquid 
scintillation counting on benzene produced from the 
sample and are expressed as pmC (percent modern 
carbon), where lOOpmC is defined as 95% of the 
National Bureau of Standards (NBS) oxalic acid stan- 
dard and corresponds to wood grown in 1850 in a 
pollution-free environment. 

Dissolved sulphate was co-precipitated with BaCOj 
as BaS04 in the manner described above. BaCOJ was 
then removed by acidification with - 10% H a .  Sulphate 
samples were converted to C02 for I8O analysis accord- 

ing to the graphite reduction method described by Holt 
(1 977). Analyses are reported as 6180%0 SMOW with a 
reproducibility of better than k0.5%0 (Feensba 1980). 
34S concentrations in sulphate were analyzed by using 
SOz gas produced by the thermal decomposition of 
BaS04 (Rafter 1957). Values are reported as 834S%o 
CDT (Caiion Diablo troilite) with a reproducibility of 
*0.3%0. 

Calcite was collected from sinter deposits at the 
mouths of hot and cold springs as well as from 
hydrothermal deposits in driU core. Samples have been 
analyzed for their 180 and '" concentrations by 
conversion to GO2 b o u g h  acidification with 100% 
phosphoric acid at 50°C. The resulting analyses are both 
expressed relative to PDB with an analytical precision of 
better than +-0.2%0. 

Chemistry samples 
At all chemistry sample sites, temperature, field pH, 

and field alkalinity measurements were recorded. Water 
samples were filtered through a 0.45 pm pore diameter 
filter paper and collected in two 250 mL bottles, one of 
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which was acidified to below pH 3 for heavy metal 
analysis. Water samples for silica determinations were 
diluted with deionized water to prevent precipitation of 
amorphous silica. Charge balance calculations demon- 
strated that all analyses have a discrepancy of <8% 
between anion and cation equivalence concentrations. 

Results and discussion 
Stable isotope hydrogeology 

In a normal, non-thermal groundwater, the 1 8 0  and 
deuterium contents are not affected by geochemical or 
biological processes. They closely reflect, in most 
cases, the average annual temperature of the recharge 
area and hence can be used as tracers for the origin of 
groundwater. 

In geothermal areas, this is not necessarily possible 
because oxygen exchange between minerals and water 
at elevated temperatures often results in an '$80 enrich- 
ment in the water due to high concenmtions of ''0 in 
most rocks (Craig 1963; Epstein and Taylor 1%7). The 
"meteoric relationship" ktween til'O and SZH is then 
no longer obeyed. However, because deuterium is not 
affected, the original meteoric waters can be identified 
(Amasson 1976). Furthermore, the magnitude of the 
l80 shift often reflects the magnitude of the geothermal 
resource (Truesdell and Hulston 1980). 

A detailed analysis of 1 8 0  and deuterium abundances 
in meteoric and non-thermal groundwaters can then 
greatly contribute to the understanding of the origin of 
geothermal waters and the environment through which 
they have passed. The following discussion includes, 
therefore, data on local precipitation, cold spring wa- 
ters, and thermal waters. Attempts are made not only to 
describe the origin of subsurface waters but also to 
comment on their residence times. 

Precipisation data collected in this and previous 
studies at Mount Meager (Michel and Fritz 1978, 1979) 
plot close to a meteoric waterline defined on the basis of 
samples collected at Mount Meager, where 6% = 
1 6 . 9 6 ~ ~ 0  - 8.1)%0. Normal, cold groundwater will fall 
on this line, whereas thermal waters may be displaced to 
the right (Fig. 3). Note that this line i s  quite different 
from a meteoric waterline obtained on sampks collected 
since 1975 at Victoria, British Columbia, where SZH = 
(7. 7b1'90 - 0.6)%0. The difference may be due to loed 
iduences that, at this time, cannot be defined. 

An important aspect of ''0 and 'B contents in 
precipitation i s  their altitude dependence. In alpine 
environments, one observes a decrease of 0.15-0.5% in 
180 per lOOm rise in altitude with a corresponding 
decrease for deuterium (Gat 1980). At Mount Meager, 
the altitude effect is approximately -0.25%0 per 100 m 
rise for 180, and can provide rough estimates of the 
relative altitude of recharge for various groundwaters. 

Cold springs in the Mount Meager area have been 

8 ''0 - 8% RELATIONSHIP IN GROUNDWATERS 

82~:6,9 8"0-81 y / 

FIG. 3. Relationship between ''0 and 'H in thermal and cold 
groundwaters. Cold spring waters fall very close to the local 
meteoric waterline whereas thermal waters are shifted to more 
positive 6j80 values because of exchange with hot silicate 
minerals. 

sampled at altitudes ranging between 564 and 1875 m 
during spring and later summer sampling trips. The 
high-altitude springs show a seasonal fluctuation of up to 
3%0 in 5140 values and the low-altitude springs have 
varitations over the sampling period close to the analyti- 
cal error of &0.15%0 (Table 2). 

The high-altitude cold springs discharge from very 
limited, shallow flow systems of short residence time 
whereas the low-altitude cold springs discharge mixed 
waters from larger hydrogeological systems of longer 
residence time. Because these low-altitude discharges 
show little seasonal fluctuation, they should represent 
the average annual 6180 values of the meteoric waters 
that recharge their systems. These non-ff uctuating 
springs discharge below - 1200 m elevation and, there- 
fore, recharge must occur above this level where 
meteoric waters have average annual 6180 values of 
- 17.0 to - 18.0%0. The lowest 6180 values of glaciers 
on Mount Meager are also in this range and it can be 
assumed that it closely approximates the lowest average 
180 contents to be expected from larger hydrogeologic 
systems originating on Mount Meager. 

T h e m 1  waters do not usually plot on the meteoric 
waterline because of exchange with "0 in reservoir 
rocks: rhe "0 content of granites and granodiorites is 
generally of the order of +8-+%o SMOW (Epstein 
and Taylor 1967), and sedimentary rocks may be as high 
as +30%0, representing a significant enrichment over 
most meteoric waters. 

Exchange with these oxygen reservoirs explains the 
observations by Craig (1963, 1966), who reported 
positive 180 shifts of 3-4.5%0 magnitude for the 
Steamboat Springs and Lassen Park thermal waters and 
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CLARK ET AL. 1461 

5-7%0 for steam at Larderello, Italy and Hekla, Iceland. 
Hulston (1976) reported positive shifts of about 5%0 in 
180 in the thermal waters from boreholes at El Tatio, 
Chile. Shifts of this magnitude are not observed for the 
Meager Creek and Pebble Creek Hot Springs, which are 
enriched by 0.5-1.5%0 over local meteoric waters. 
Borehole samples show enrichments of up to 2.5%0 (Fig. 
3; Table 2). One should also note that the 1 8 0  enrich- 
ment in the Pebble Creek Hot Springs is at most 0.5% 
and may be less, considering the uncertainties associat- 
ed with the definition of the local meteoric waterline. 
This indicates that these thermal waters have been in 
contact with rocks at either lower temperatures or for 
shorter periods than is the case at other geothermal 
systems, possibly due to more shallow circulation, 
which may involve some mixing of cold and warm 
waters. One has to note that oxygen exchange during 
short contact times with igneous rocks only becomes 
significant at temperatures above approximately 150°C 
(Truesdell and Hulston 1980). The difference between 
thermal springs and boreholes at Meager Creek shows 
that some mixing with local meteoric waters may occur, 
which is more significant in the free flowing springs than 
the partially cased boreholes. 

The original 6180 value for the thermal waters can be 
deduced from the 62H values, which indicate that the 
Meager Creek thermal waters had an original S180 value 
of about - 17.0 to - 18 .0%o. This is close to the value for 
the low-altitude cold springs, which discharge isotopic- 
ally constant water thought to represent the average 
annual precipitation and glacial meltwater input at the 
higher elevations of Mount Meager. 

The Pebble Creek thermal waters have much lower 
''0 contents and, corrected for a positive shift, average 
between - 19.5 and -20.5%0. This enforces the obser- 
vation made on the basis of chemical data that the 
Meager Creek and Pebble Creek thermal waters dis- 
charge from quite separate geothermal pools. The more 
negative values for the Pebble Creek thermal waters 
correspond to a significantly higher altitude recharge 
zone. Unfortunately, with the data available, the loca- 
tion of the recharge area for this system cannot yet be 
defined, but is almost certainly not on Mount Meager. 

Tritium 
Tritium (half-Iife = 12.43 years) is produced natural- 

ly in the atmosphere by the bombardment of nitrogen 
with cosmic radiation, and its natural abundance in preci- 
pitation is believed to be between 5 and 20 TU (Brown 
1961). However, between 1952 and 1964, upper atmo- 
spheric testing of thermonuclear bombs resulted in 
abnormally high amounts of tritium entering the hydro- 
sphere. Thus, the absence of tritium in natural ground- 
waters can identify waters that entered the flow system 
prior to about 1952. 

Precipitation samples collected between 1977 and 
1979 at Mount Meager have tritium levels of the order of 
20-70 TU with an unweighted average of 47 TU. Cold 
springs contain just slightly less tritium, ranging from '19 
TU to the detection limit and averaging 33 TU (Table 2). 
However, the information that exists on the seasonal 
variations in tritium faIlout at Mount Meager is limited, 
and without long-term sampling it is impossible to 
differentiate older from younger waters with certainty. 
especiaIly since i n  these regions modem precipitations 
can again have very low tritium contents. Furthermore, 
glacial meltwaters are essentially tritium free (Table 2) 
and their input into these flow systems must aIso be 
known in order to date the waters. 

The Pebble Creek thermal waters consistently show 
tritium concentrations near the detection limit, whereas 
the Meager Creek thermal waters in the springs and 
boreholes show an apparent variability ranging between 
detection limit and 58 TU, averaging 21 TU (Table 2). 
These small amounts of tritium can be atmbuted to 
mixing with modem near-surface waters. This implies 
that the thermal waters are tritium free and, therefore, 
more than 25 years old. The Pebble Creek thermal 
waters experience less mixing with very young waters, 
possibly because they issue from fractured bedrock 15 m 
above river level rather than from fluvial sands and 
gravels as do the Meager Creek Hot Springs. 

The carbon s y ~ t e r n - ' ~ ~  and "C 
When atmospheric 14C enters the hydrosphere as 

dissolved atmospheric or soil 14C02 and becomes 
isolated from these sources, then radioactive decay 
reduces the activity of the 14C, providing a method for 
age dating. However, because of contributions of 
"dead carbon from dissolution of carbonates along the 
flow path and From incorporation of volcanogenic GO2, 
the activity of I4C in dissoIved inorganic carbon (DIC) 
from geothermal areas can be significantly decreased 
without radioactive decay. In a previous study (Michel 
and Fritz 1978), I4c activities below 5.6pmC were 
found (Fig. 4; Table 3) and the calculated 613C values of 
C02 in equilibrium with water were close to volcano- 
genic COZ. Thus carbon exchange with hydrothermal 
carbonate minerals and (or) contamination by volcano- 
genic C02 were suspected. A survey of 613C in aqueous 
carbonate was thus undertaken (Table I; Fig, 4), and 
results support the suggestion that volcanogenic C02 
has indeed equilibrated with these thema1 waters (see 
kIow). Therefore, I4C exchange is undoubtedly taking 
place and 14c cann~t  be used to determine residence 
times. 

If mixing of 14C-free thermal waters with near- 
surface cold groundwaters takes place then contribu- 
tions from '4C-rich soil C02 will be recorded. This 
explains the data obtained for No Good Warm Spring 2, 
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TABLE 2. Environmental isotope data 

Sample 
Elev. Temp. 6180 S 2 ~  3H 
(m) Date ("c) (%o SMOW) (%o SMOW) (* 10 TU) 

Hot springs 
Meager Creek main vent 

main vent 
main vent 
main vent 
main vent 
main vent 
vent #2 
vent #2 
vent #3 
vent #15 
vent #15 
vent # 17 
vent #I7 
vent #17 
vent # 19 

Placid vent #1 
vent #3 
vent #5 

No Good vent # 1 
vent #2 
vent #2 

Pebble Creek main vent 
main vent 
main vent 
main vent 
main vent 
main vent 
main vent 
vent #2 
vent #2 
vent #2 
vent #2 
vent #7 
vent #7 

Boreholes Depth (m) 
EMR- 1 45 
EMR- 1 
EMR- 1 
EMR- 1 
EMR- 1 
EMR- 1 
EMR-2 118 
74-H- 1 347.5 
74-H- 1 
74-H- 1 
74-H- 1 
74-H-1 
75-H- 1 91.4 
PDH-78-3 61.0 
79-H- 1 60-68 
79-H-1 

Cold springs 
Devastation I 

Oct. 177 
Feb. 178 
Mar. 178 
Dec. 178 
June179 
Aug. 179 
Feb.178 
Mar. 178 
Mar. /78 
June179 
Aug . /79 
June179 
Aug .I79 
June179 
Aug. /79 
Aug. 179 
Aug. /79 
Aug. 179 
June179 
June179 
Aug. 179 
Oct. 177 
Feb. 178 
Mar. 178 
Oct. 178 
Dec. 178 
June179 
Aug ./79 
Feb. 178 
Mar. 178 
June179 
Sept. 179 
June179 
Aug . /79 

Feb. 178 
Mar. /78 
Oct. 178 
Dec. 178 
June179 
Aug .I79 
Mar. 178 
Oct. 177 
Feb. 178 
Mar. 178 
June 179 
Aug. 179 
Aug. /79 
Sept. 178 
Aug. 179 
Sept. 179 

C
an

. J
. E

ar
th

 S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

D
ep

os
ito

ry
 S

er
vi

ce
s 

Pr
og

ra
m

 o
n 

12
/1

4/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CLARK ET AL. 

TABLE 2. (Concluded) 

Sample 

- 

Elev. 
(m) Date 

-- -- 

Temp. S'80 S2H 3~ 

("C) (%o SMOW) (%o SMOW) (* 10 TU) 

Boundary #3 1204 Aug.179 4.5 -16.7 - - 
#4 Aug. 179 4.5 -17.1 - 51 

CaC03 #1 945 June179 5.6 -17.4 -132 43 
#3 June179 5.6 -17.3 -128 
#4 June179 6.2 -17.3 - 127 42 
#4 Aug. 179 6.9 - 17.2 - 126 52 
#6 Aug. /79 10.0 -17.0 - 25 
#7 Aug. 179 10.0 -17.7 - - 

Mona #1 1143 Aug.179 8.5 -17.5 - 34 
#3 Aug. /79 10.0 -17.4 - 

Rivendell #1 975 Aug.179 10.0 -17.3 - - 
#2 Aug. 179 10.0 -17.3 - - 

Angel Cirque # 1 1661 June179 2.0 - - 136 24 
#1 Aug . /79 0.3 -16.5 -122 4 
#2 June179 2.0 -18.1 - - 
#2 Aug. /79 2.0 - 16.4 - 22 
#4 Aug ./79 2.0 -17.3 - - 
#7 Aug. /79 -0.2 -16.1 - - 

Problem #1 1151 June179 9.0 -17.7 - 127 54 
#1 Aug. 179 10.0 -17.0 - 125 13 
#2 June/79 10.0 -16.9 -125 23 
#2 Aug. 179 10.0 -17.2 - - 

Loggers 823 Aug./79 5.0 -17.7 - - 
Fall Creek #1 564 Aug.179 3.9 - 17.0 - 79 

#4 Aug .I79 5.0 -16.9 - 
78-H-1 #1 728 June179 4.6 - 18.1 -136 - 

# 1 Aug. 179 10.0 -18.0 - - 
#3 June179 10.0 -17.4 - - 

Job #I 1448 June179 10.0 -17.8 - 134 40 
Job (west) 1524 Sept. /79 10.0 -15.8 - - 
Affliction 1494 June179 10.0 - 18.7 - 142 213 
Mt. Athelstan #1 1875 June/79 5.0 -19.4 - 144 29 

#1 Aug. 179 1.3 - 17.1 - - 
#2 Aug. 179 1.2 -16.8 - 28 

Glacier ice 
1 Job (south) 2075 Sept./79 <O - 14.9 - 0 

Devastation (east) 1830 Aug.179 <O -16.0 - 0 
Cathedral 1220 Aug. /79 <O - 17.4 - - 
Job (north) 1220 Aug.179 <O -15.5 - - 
Affliction 1400 Aug.179 <O - 16.1 - 11 

NOTES: Dash indicates no data were available. Boreholes: depths are total depths except for 79-H-1 (60-68 rn), which is an artesian zone; 
elevations are collar elevations. 

which discharges at a much lower temperature with The per mil difference in "C between CO&) and 
lower total dissolved solids (TDS) and higher tritium each of HZC03, HC03-, and Cog2- is represented by 
values than the Meager Creek Hot Springs (Tables 1,2). the temperaturedependent isotope fractionation factors 
The I4C activity for these waters is 19.8 pmC (Fig. 4). between COz(g) and carbonic acid (Vogel er a!. 19701, 

C02(g) and bicarbonate (Mook et al. 19741, and CO>(g) 
' 3 ~  in aqueous corbo~fe and carbonate (Thode et al. 1965). Using these fraction- 
In most geothermal systems, a significant C02 gas ation factors and the molar concentrations of each 

phase is present that controls the I3C of the DIC, We can carbonate species as determined by WATEQF (a FOR- 
calculate the I3C for the equilibrium C02(g), which can TRAN version of the WATEQ PLl water analysis 
be used to identify the sources of this gas providing it is program, Plurnmer et al. 1976) an isotope mass balance 
an open system with respect to this gas. equation can be written to determine the value of S13C 
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1464 CAN. J. EARTH SCI. VOL. 19, 1982 

613c - C o p  ' loo PDB 

FIG. 4. Relationship between discharge temperature and the calculated 6°C of the C 4  gas phase for thermal and cold 
spring waters. The inset shows common sources of COz. Results for 14C analyses are shown for all samples tested. 

TABLE 3. 14C activities and 613C values for major thermal 
discharges 

~ - -  

14C B13C 
Sample Date (pmC) (%oPDB) 

Hot springs 
Meager Creek main vent* Feb. /78 5.6 -5.2 
Pebble Creek main vent* Feb. 178 0.24 -4.6 
No Good vent #2 Aug.179 19.8 -8.4 

Drill holes 
EMR- 1 * Feb.178 4.6 -7.0 
74-H-l* Feb.178 0.19 -5.3 

*Michel and Fritz (1978). 

for the C02 gas phase in equilibrium with the water 
sample (Deines et al. 1974). 

The results of these calculations are tabulated in Table 
1 and are graphically represented in Fig. 4 where 
calculated 613C values of the carbon dioxide are 
compared with discharge temperatures. The inset in this 
figure shows the various sources that can contribute to 
the carbon pool of a groundwater. It is noteworthy that 
little or no difference in 13C content exists between 
atmospheric C02 (which has, however, a I4C activity 
equivalent of -100pmC) and mantlederived COZ 
(which is free of I4c) .  

The values of 6'" for C02(g) calculated for the 

Meager Creek Hot Springs and thermal borehole waters 
vary between -7.4 and - 9.9% (Table 1; Fig. 4), which 
is very close to the range of volcanogenic GO2 (Barnes 
et al. 1978). This could indicate that they have equili- 
hated at some time with this source of carbon dioxide. 
Any component of modem biogenic or atmospheric C02 
that may exist in the recharging water would be masked 
by this source of "dead" COz. The cold springs at Mount 
Meager have much lower 6I3c values and thus experi- 
enced quite a different carbonate evolution. They show 
little influence of volcanic carbon dioxide and are 
dominated by biogenic or soil C02 and possibly some 
carbonate dissolution. This explains the scatter of 613c 
of DIC values for the cold springs and the generally high 
pH's and low pCOz values. Multiple C02 sources are 
recognized for the warm springs (No Good Warm 
Springs I and 2, Table 1; Fig. 5) on the basis of their 
carbon isotopic compositions, which are intermediate 
between those of the volcanogenic carbon dioxide and 
soil C02. 

Partial pressure of C02 in equilibrium with the water, 
calculated following procedures outlined by Deines et 
at. (1974). can be used to substantiate this interpreta- 
tion. Atmos heric CO2 concentration is very low 
@C02 = lOQ.' arm) whereas biogenic C02 in soil hori- 
zons has higher partial pressures (pC02  = lo-' to 
l ~ - ~ . ~ a t m )  due to oxidation of organic matter by 
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i o 0  
BlOGENlC I THERMAL SPRINGS 

I 0 COLD SPRINGS 

I 0 I 
' VOLCANIC 
I 

01 co2 
I 

I I 
C I 

1 I I I 
I I 1 1 7 I 

-22 -20 -18 -16 -14 -12 -10 -8 -6 

a ' 3 C ~ o ,  ( g )  Oleo PDB 

FIG. 5. Relationship between the calculated pC02 and the 6I3C of the C 0 2  is shown for all groundwaters sampled. 
Demonstrated are the relative contributions of biogenic and volcanogenic carbon dioxide to the different spring waters. 

micro-organisms and root respiration. Volcanogenic 
COz, however, can constitute up to 95% of a geothermal 
gas (Ferrara et al. 1963). Figure 5 demonstrates that the 
hot spring samples tend to have high concentrations of 
C02(g), reflecting a dominantly volcanogenic source, 
whereas cold springs have much lower C02 partial 
pressures. 

Geothermometry 
In the exploration for geothermal resources, the only 

direct method of determining subsurface temperatures is 
through downhole measurements. However, to get 
estimates of subsurface temperatures without the com- 
mitment that drilling involves, attempts have been made 
in the past two decades to develop a series of chemical 
and isotopic geothermometers requiring only laboratory 
analysis of geothermal fluids or gases (Fournier and 
Rowe 1966; Fournier and Truesdell 1973; McKenzie 
and Truesdell 1976; D'Amore and Panichi 1980). 

Fundamental to the application of most geothenno- 
meters is an assumption that the thermal waters have 
experienced little or no mixing with other waters of a 
different chemical or isotopic nature. Isotope data 
provide evidence that both the Meager Creek and Pebble 
Creek thermal waters have experienced some mixing. 
However, the chemical load of the thermal waters is 
much higher than the load carried by cold spring waters 
(Table 1). Therefore, minor mixing with shallow 
groundwaters of low major ion concentrations should 

not significantly affect temperature estimates for major 
hot springs and boreholes. 

:se 
ali 
nd -.. 

The Na-K-Ca geothermometer 
Fournier and Truesdell (1973) published a semi- 

empirical relationshi between the concentration ratios 
of Naf, Kt ,  and CaPt in the geothermal Ruids and the 
geothermal reservoir temperature, considering the 
ions to participate in equilibrium alterations of alk 
minerals in the host rock. Furthermore, Fournier a 
Potter (1979) suggested that magnesium also plays 
important role in these alteration reactions and must be 
taken into account. They presented appropriate correc- 
tion procedures for data obtained with the Na-Ca-K 
geothermometer . 

This approach was applied to chemical data obtained 
in this study (Table 1) and yielded a range of subsurface 
temperatures for the Meager Creek thermal waters of 
77-99°C and for the Pebble Creek thermal waters of 
about 105°C (Table 4). 

Silica geothermometer 
The increased solubility of quartz and its related 

polymorphs at elevated temperatures has been well 
documented (Kennedy 1950; Kitahara 1960; Morey et 
al. 1962; Fournier and Rowe 1962; Fig. 6). In geother- 
mal systems this relationship can be used to estimate 
subsurface temperatures, provided the concentrations of 
silica in solution at the discharge point are due only to 
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8 
280 - 

200- 

V) 

5 
9 120 

88 MEAGER CREEK HOT SPRINGS 

O NO GOOD WARM SPRINGS 

0 PEBBLE CREEK HOT SPRINGS 

A BOREHOLES 

0 zb 40 6'o 80 loo 120 140 160 180 200 220 260 
TEMPERATURE OC 

FIG. 6. Solubility of quartz and its polymorphs from 0-200°C. Large symbols denote discharge temperatures; small symbols 
denote geothemometer estimates assuming equilibrium with chalcedony or quartz. Solubility data: amorphous silica (Kitahara 
1960); cristobalite (Fournier and Rowe 1962); chalcedony (Fournier and Rowe 1966); quartz (Morey et al. 1962; Kennedy 
1950). 

equilibrium between the water and quartz or chalcedony 
at reservoir temperatures. 

The Meager Creek and Pebble Creek thermal waters 
have relatively high concentrations of silica in solution, 
which render somewhat more optimistic temperature 
estimates than do the other geothermometers. It is 
interesting to note, however, that the waters discharging 
from the Meager Creek, Placid, and No Good thermal 
springs and the EMR-1 and 74-H-1 drill holes are all 
near saturation with respect to amorphous silica (Fig. 6), 
which is being deposited at the discharge points in all 
cases. The close correlation between the silica contents 
of these discharges and the solubility line of amorphous 
silica suggests that these waters are in equilibrium with 
an amorphous silica phase in the near-surface environ- 
ment rather than with quartz or chalcedony at depth. In 
such a case, the temperature estimates do not reflect 
subsurface temperatures and cannot be valid. 

However, silica concentrations in the Pebble Creek 
thermal waters are considerably lower than expected for 
amorphous silica equilibrium (Table 1; Fig. 6), imply- 
ing equilibrium with chalcedony or quartz at depth, and 
thus these calculated silica temperatures may be valid. 
They agree well with other estimates that indicate that 
temperatures in the Pebble Creek system are between 
about 100 and 135°C. 

The sulphate-water geothermometer 
The distribution of ''0 between dissolved sulphate 

and water is temperature dependent (Lloyd 1968; 

Mitzutani and Rafter 1969; Mitzutani 1972) and has 
been determined experimentally to be governed by the 
following equation, which is graphically presented in 
Fig. 7: 

This relationship has been proven to be a reliable 
geothermometer provided equilibrium between ~ 0 ~ ~ -  
and H20 has been obtained within the geothermal 
reservoir. McKenzie and Truesdell (1976) estimated 
that it would take 2 years at 300°C and 18 years at 200°C 
and pH 7 for 99.9% isotopic exchange. One can thus 
assume that isotopic equilibrium exists between the two 
phases because tritium data indicate the water ages to be 
greater than 30 years for the thermal waters. Also, 
re-equilibration due to cooling during ascent of the 
geothermal fluids is, therefore, unlikely. 

This geothermometer can be sensitive, however, to 
new inputs of sulphate during ascent of the waters. A 
survey of the distribution of 3 4 ~  values in the dissolved 
sulphate from all major hot springs was attempted in 
order to establish whether more than one input of 
sulphate existed. The 634S values for the Meager Creek 
thermal waters fall within a range of 6.5-9.1%0 and the 
Pebble Creek thermal waters fall within a range of 
13.7- 14.3%0 (Table 4). The 6%0 difference between 
these two ranges indicates quite different sulphur geo- 
chemistry in the reservoirs. However, the narrow range 
of values for each thermal pool (2 1.5 and +-0.5%0 for 
Meager and Pebble Creek thermal waters, respectively) 
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o Calculatd Temperature 

m Measured Temperature 

6 l  1 
0 $0 40 $0 $0 160 120 1 i 0  160 180 200 220 

TEMPERATURE OC 

FIG. 7. "0 fractionation between sulphate and water. Measured temperatures are for point discharges; calculated temperatures 
are estimates of subsurface equilibria. Line 1 is based on data by Mizutani and Rafter (1969); line 2 refers to the equation given by 
Lloyd (1968). 

represents a significant degree of consistency, which 
almost certainly implies that no sulphate sources were 
available during ascent of the thermal fluids. Precipita- 
tion of gypsum and other sulphates from solution would 
have no measurable effects unless most of the aqueous 
sulphate were removed. Furthermore, chemical data 
show that these waters are strongly undersaturated with 
respect to gypsum (Clark 1980) and, therefore, only the 
dissolution of earlier gypsum could alter the sulphate 
content of these waters. Remobilization of such sulphate 
could influence the temperature estimates to some 
degree but without specific data it is not possible to state 
whether they would increase or decrease. 

The sulphate-water fractionation factors were deter- 
mined from 180 measurements on sulphate and water 
and have been plotted on the fractionation curve in Fig. 7 
to determine the temperature of equilibration for each 
sample. Measured water temperatures and calculated 
reservoir temperatures are compared, showing the cal- 
culated temperatures to exceed the measured tempera- 
tures, indicating cooling during ascent. The calculated 
values indicate that the temperatures that exist at the 
depths reached by flow systems analyzed in this study 
are unlikely to be in excess of 140°C. 

The calcite-water geothermometer 
Fractures in drill cores are commonly coated with 

calcite. If this calcite is in isotopic equilibrium with the 
water, the temperature-dependent 180 fractionation 
between the two can, under favourable circumstances, 
be used to substantiate the temperatures derived from 
other geothermometers . However, the oxygen exchange 

between water and calcite takes place between an 
aqueous and a solid phase and, as a consequence, the 
calculated temperatures will reflect equilibrium at the 
sampling point and not in the reservoir. 

Furthermore, it assumes that the isotopic composition 
of the water is known. For "old" calcites, such as 
collected from fractures in boreholes, the 6180 value of 
the precipitating groundwaters may differ from present 
ones and, therefore, these temperatures may be rather 
unreliable. 

The experimentally derived equation defining the 
equilibrium exchange reaction is graphically shown in 
Fig. 8 and given by O'Neil et al. (1969) as: 

Samples of calcite from Mount Meager include sinter 
deposits from both hot and cold springs and calcite 
crystals taken from fractures in drill core. Their 1 8 0  and 
13C contents are summarized in Table 5. Calculated and 
measured temperatures are shown in Fig. 8. 

Measured temperatures for drill hole 79-H-1 were 
actual rock temperatures encountered during drilling 
and the waters used for the calculations were from an 
artesian zone at 60-68m depth. The samples from 
depths of 185.5 and 262.5 m were euhedral crystals up 
to 0.5 cm in size, reflecting a hydrothermal precipitation 
for which calculated temperatures are in good agreement 
with the Mg-Na-K-Ca geothermometer. The remain- 
ing drill-hole samples were generally aphanitic calcite 
with associated quartz and clay, possibly related to past 
events rather than representing recent hydrothermal i 
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kq-e Pebble Hot Spgs Ma~n Vent 

0 Calculated Temperature 

Measured Temperature 
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0 20 40 60 80 100 120 140 160 180 200 220 
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FIG. 8. "0 fractionation in the calcite-water system (O'Neil et al. 1969). Measured temperatures for borehole 79-H-1 
samples are temperatures encountered during drilling. 

TABLE 5. 813C and 8180 composition of calcite precipitates at 
spring vents and in drill core 

813C 8180 
Sample (%a PDB) (%a SMOW) 

- 

Hot springs 
PebbleCreekmainvent -3.4 3.6 

Cold springs 
Boundary Creek #4 -8.2 7.0 
CaC03 #1 +2.3 17.5 

#4 -1.1 15.4 
Terrace -0.3 15.9 

Moria #1 -3.5 14.7 
Rivendell #2 -3.2 14.9 
Roblem # 1 -0.5 16.1 

Drill core Depth (m) 
79-H- 1 70 

90.5 
146 
185.5 
205.7 
262.5 
294.3 
307.7 

78-H-1 325.9 

deposits. If they were not in contact with circulating 
hydrothermal fluids and they could not equilibrate with 
them, their temperatures would not necessarily be 
expected to reflect an equilibrium precipitation. Such 

seems to be the case as indicated by the discrepancy 
between their measured and calculated temperatures. 

The carbon dioxide - calcite geothermometer 
This geothermometer is based upon the temperature 

dependence of the 13c fractionation in the exchange 
reaction between C02(g) and CaC03. It is presented 
here to substantiate the temperatures derived from the 
sulphate-water geothermometer and is possibly more 
reliable than the H20- CaC03 geothermometer because 
the carbon source was probably not subject to changes in 
isotopic composition as would be expected for the water 
in the system. However, calculated temperatures again 
reflect the location of equilibration with calcite and not 
the locus of sampling. 

The equilibrium exchange reaction equation has been 
determined experimentally (Bottinga 1968) to be: 

The results of these calculations are presented in Fig. 9, 
and are based on 613C of C02 values listed in Table 1 
and the calcite data of Table 5. 

The calculated temperatures for the hot springs and 
calcite precipitates in drill hole 79-H- 1 demonstrate that, 
in most cases, 13C equilibrium between C02(g) and 
CaC03 does not exist at the measured temperatures but 
may reflect conditions deeper in the system. However, 
an error may also be introduced by assuming that C02(g) 
of a single isotopic composition (613C of C02 = -9.2%0 
PDB; Table 1) has equilibrated with all the precipitated 
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Problem Spg 1 
t- Mona Cold SW 1 

Boundary Cold Spg 

0 CaC03 Cold SW 1 

o Calculated Temperature 

Measured Temperature 

2 I 1 

0 20 4 0  60 80 100 120 140 160 180 200 220 
TEMPERATURE O C  

FIG. 9. I3C fractionation in the calcite - carbon dioxide system (Bottinga 1969). Measured temperatures for borehole 79-H-1 
samples represent temperatures encountered during drilling. 

calcite minerals sampled. Mixing between aqueous 
carbonates from different sources before discharge 
would also invalidate this geothermometer. Nonethe- 
less. the data from the bottom of borehole 79-H- 1 show 
good agreement and there are again no indications that 
temperatures in excess of 140" exist in the systems 
sampled to data. 

Summary and conclusions 
Chemical and environmental isotope data indicate 

that the Meager Creek and the Pebble Creek thermal 
waters discharge from different geothermal systems. 
The Meager Creek thermal waters, corrected for a 
positive shift in 180 contents, have an isotopic composi- 
tion similar to the average annual precipitation above 
1200 m elevation on Mount Meager. The Pebble Creek 
thermal waters, also corrected for a positive 180 shift, 
are considerably more depleted in 1 8 0  and 2~ than the 
Meager Creek thermal waters, reflecting a different 
recharge zone at higher elevations, not on the Mount 
Meager complex. 

Ne majority of cold springs at Mount Meager 
discharge from seasonally variable, shallow flow sys- 
tems and show a correlation between altitude and lighter 
isotope contents. The lower altitude cold springs, 
including the CaC03 and Problem Cold Springs, are 
unique in that they show no seasonal variation and hence 
discharge flow systems of sufficient circulation time to 
ensure mixing of seasonally varying meteoric waters. 
They discharge below 1200 m elevation, so the 180 and 

*H contents of these waters must represent the average 
annual precipitation falling above this altitude. Their 
isotopic composition is identical to the corrected com- 
position of the Meager Creek Hot Springs, implying 
recharge in similar environments. 

Most cold groundwaters collected for this study 
contain measurable amounts of tritium, which shows 
that a large proportion of these waters is less than about 
20 years old. 

Tritium contents in the thermal waters are considered 
to be due to the small degree of mixing with shallow 
groundwaters and hence the thermal waters are thought 
to be tritium free. Their age would thus exceed approxi- 
mately 30 years. 14C activities in the thermal waters are 
very low and not related to the "age" of these waters but 
to the admixture of volcanogenic, I4C-free carbon 
dioxide. A survey of pC02's for thermal waters and 
613c values for dissolved bicarbonate and calcite pre- 
cipitates also demonstrates the dominance of volcano- 
genic C02 in these waters over other carbon sources. 

The Mount Meager thermal waters have experienced 
1 8 0  shifts of between +0.5 and +2.5%0. These shifts 
are less than those found at many commercial geother- 
mal fields, indicating shorter residence times and (or) 
lower subsurface temperatures in the systems sampled. 

Reservoir temperature estimates from the geochem- 
ical and isotopic geothermometers consistently indicate 
that the known Meager Creek and Pebble Creek thermal 
waters have experienced only moderate heating. Offer- 
ing the most confidence in their estimates are the 
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40 4 i 

20 40 60 80 100 120 

TEMPERATURE 'C 

Mg - Na - K - Ca GEOTHERMOMETER 

FIG. 10. Correlation between the sulphate-water and 
Mg-Na-K-Ca geothermometers. The line has a slope of 
one and intercepts the y-axis at about 25°C. 

Mg-Na-K-Ca and the SO4-H20 geothermometers. 
An excellent correlation exists between the estimates 
obtained with these geothermometers (Fig. lo), al- 
though the SO4-H20 estimates are consistently 20-30" 
higher than the Mg-Na-K-Ca estimates. The reason 
for this discrepancy is not known, but slightly better re- 
sults would have been obtained if an equation developed 
by Mitzutani and Rafter (1969) had been used. This was 
not done because their experimental range did not reach 
the low temperatures considered here. Maximum tem- 
peratures in the system sampled would be 140°C. This is 
further supported by the H20-CaC03 and C02-CaC03 
geothermometers, which gave an estimated maximum 
temperature for the deepest sample in drill-hole 79-H-1 
of approximately 140°C. This is roughly correlative 
with downhole temperatures measured during drilling. 
Other calcites from higher intervals gave similar or 
lower temperature estimates, reflecting either the lack of 
isotopic equilibrium with the water sampled, or variable 
temperature regimes, or both. All chemical and isotopic 
geothermometers consistently indicate that neither the 
Meager Creek nor Pebble Creek thermal waters sampled 
for this study have encountered rocks with temperatures 
in excess of 140°C. 

Isotopic and chemical evidence further indicates that 
the Meager Creek and Pebble Creek thermal waters are 
part of separate, shallow circulating geothermal sys- 
tems. However, these data do not deny the possible 
existence of deeper flow systems that have no surface 
expression in this region and that could not be sampled 
for this study. They also do not preclude the possibility 

that a more significant heat source exists at greater 
depths beneath Mount Meager. Discharging gases of an 
apparent volcanic origin may be related to such a heat 
source. 

Recently, a newly drilled geothermal well has en- 
countered temperatures close to 250°C at an approxi- 
mate depth of 2400 m (Geothermal Resources Council 
1981). This indicates that indeed a significant heat 
source may exist, which would support the conclusion 
that the chemistries and isotopic compositions of the 
springs sampled for this study do not reflect the resource 
potential at Mount Meager. 

Acknowledgements 
We are grateful to Dr. Jim Barker, Dr. Jeff Turner, 

and Dr. John Greenhouse for their review of the 
manuscript and to Bob Drimmie and his staff for their 
assistance in sample analysis. Stan Feenstra is thanked 
for his help with analysis of 1 8 0  in sulphate as are Diane 
Clark for her undaunted efforts in the field work and Don 
Desaulniers for translating the abstract. We express our 
appreciation to Joseph Stauder and B. C. Hydro for their 
kind co-operation and on site accommodation and to the 
Federal Department of Energy, Mines and Resources 
whose generous funding made this study possible. 

ARNASSON, B. 1976. Hydrothermal systems in Iceland traced 
by deuterium. Geothermics, 5, pp. 125-151. 

BARNES, I., IRWIN, W. P., and WHITE, D. E. 1978. Global 
distribution of carbon dioxide discharges, and major zones 
of seismicity. United States Geological Survey, Water- 
Resources Investigations, Open File Report 78-39, 12 p. 

BOTTINGA, Y. 1968. Calculated fractionation factors for 
carbon and oxygen isotopic exchange in the system calcite - 
carbon dioxide - water. Journal of Physical Chemisuy, 72, 
pp. 800-808. 

BROWN, R. M. 1961. Hydrology of tritium in the Ottawa 
Valley. Geochimica et Cosmochimica Acta, 21, p. 199. 

CLARK, I. D. 1980. Isotope hydrogeology and geothermom- 
etry of the Mount Meager geothermal area. M.Sc. thesis, 
University of Waterloo, Waterloo, Ont., 13 1 p. 

CRAIG, H. 1963. The isotopic geochemistry of water and 
carbon in geothermal areas. In  Nuclear geology on geo- 
thermal areas, Spoleto, Sept. 9-13, 1963. Edited by E. 
Tongiorgi. Consiglio Nazionale delle Ricerche, Laboratorio 
di Geologia Nucleare, Pisa, Italy, pp. 17-53. 

1966. Isotopic composition and origin of the Red Sea 
and Salton Sea geothermal brines. Science, 154, pp. 
1544- 1548. 

D'AMORE, F., and PANICHI, C. 1980. Evaluation of deep 
temperatures of hydrothermal systems by a new gas geo- 
thermometer. Geochimica et Cosmochimica Acta, 44, pp. 
549-556. 

DEINES, P. D., LANGMUIR, D., and HARMON, R. S. 1974. 
Stable carbon isotope ratios and the existence of a gas phase 
in the evolution of carbonate groundwaters. Geochimica et 
Cosmochimica Acta, 38, pp. 1147-1 164. 

EPSTEIN, S., and TAYLOR, H. P., JR. 1967. Variations of 

C
an

. J
. E

ar
th

 S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

D
ep

os
ito

ry
 S

er
vi

ce
s 

Pr
og

ra
m

 o
n 

12
/1

4/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1472 CAN. J. EARTH SCI. 

'80/'60 in minerals and rocks. In Researches in geochem- 
istry. Vol. 2. Edited by P. H .  Abelson. John Wiley, New 
York, NY, pp. 29-62. 

FAIRBANK, B. D., READER, J. F., and SADLIER-BROWN, T. L. 
1980.1979 drilling and exploration program, Meager Creek 
geothermal area, upper Lillooet River, British Columbia. 
Report to B.C. Hydro and Power Authority, Vancouver, 
B.C., 57 p. 

FEENSTRA, S. 1980. The isotopic evolution of sulphate in a 
shallow groundwater flow system on the Canadian Shield. 
M.S. thesis, University of Waterloo, Waterloo, Ont., 
152 p. 

FERRARA, G. C., FERRARA, G., and GONHANTINI, R. 1963. 
Carbon isotopic composition of carbon dioxide and methane 
from steam jets of Tuscany (Italy). In Nuclear geology on 
geothermal areas, Spoleto, Sept. 9-13, 1963. Edited by 
E. Tongiorgi. Consiglio Nazionale delle Richerche, Labor- 
atorio di Geologia Nucleare, Pisa, Italy, pp. 275-282. 

FOURNIER, R. O., and POTTER, R. W., 11. 1979. Magnesium 
correction to the Na-K-Ca chemical geothermometer. 
Geochimica et Cosmochimica Acta, 43, pp. 1543-1550. 

FOURNIER, R. O., and ROWE, J. J. 1962. The solubility of 
cristobalite along the three phase curve, gas plus liquid plus 
cristobalite. American Mineralogist, 47, pp. 897-902. 

1966. Estimation of underground temperatures from 
the silica content of water from hotsprings and wet-steam 
wells. American Journal of Science, 264, pp. 685-697. 

FOURNIER, R. O., and TRUESDELL, A. H. 1973. An empirical 
Na-K-Ca geothermometer for natural waters. Geochimica 
et Cosmochimica Acta, 37, pp. 1255- 1275. 

GAT, J. R. 1980. The isotopes of hydrogen and oxygen in 
precipitation. In Handbook of environmental isotope geo- 
chemistry. Vol. 1. The terrestrial environment, A. Edited 
by P. Fritz and J. C. Fontes. Elsevier, Amsterdam, The 
Netherlands, pp. 21 -44. 

GEOTHERMAL RESOURCE COUNCIL. 198 1. International 
scene; Meager Creek wildcat moves towards completion. 
Bulletin 10, p. 23. 

HAMMERSTROM, C. T., and BROWN, T. H. 1977. The 
geochemistry of thermal waters from the Mount Meager 
hotsprings area, B.C. Geological Survey of Canada, Open 
File Report 532, 34 p. 

HOLT, B. D. 1977. Preparation of carbon dioxide from 
sulphate, sulphur dioxide, air and water for the determina- 
tion of oxygen isotope ratio. Analytical Chemistry, 49, pp. 
1664- 1667. 

HULSTON, J. R. 1976. Isotope work applied to geothermal 
systems at the Institute of Nuclear Sciences, New Zealand. 
Geothermics, 5, pp. 89-96. 

KENNEDY, G. C. 1950. A portion of the system silica-water. 
Economic Geology, 45, pp. 629-653. 

KITAHARA, S. 1960. Polymerization of silicic acid obtained by 
the hydrothermal treatment of quartz and the solubility of 
amorphous silica. Revue of Physical Chemistry of Japan, 
43, pp. 131-137. 

LEWIS, T. J., and SOUTHER, J. G. 1978. Meager Mountain, 
B.C.-a possible geothermal energy resource. Earth Phys- 
ics Branch, Energy, Mines and Resources, Canada, Geo- 
thermal Series No. 9, 17 p. 

LLOYD, R. M. 1968. Oxygen isotope behaviour in the 

VOL. 19, 1982 

sulphate-water system. Journal of Geophysical Research, 
73, pp. 6099-6110. 

MCKENZIE, W. F., and TRUESDELL, A. H. 1976. Geothermal 
reservoir temperatures estimated from the oxygen isotope 
compositions of dissolved sulphate and water from hot- 
springs and shallow drillholes. Geothermics, 5, pp. 5 1-61. 

MICHEL, F. A,, and FRITZ, P. 1978. Isotope hydrology of the 
Meager Creek thermal waters. Report for Energy, Mines 
and Resources, Canada, 24 p. 

1979. Isotope hydrology of the Meager Creek thermal 
waters. Final report for Energy, Mines and Resources, 
Canada, 11 p. 

MITZUTANI, Y. 1972. Isotopic composition and underground 
temperature of the Otake geothermal water, Kyushu, Japan. 
Geochemical Journal, 6, pp. 67-73. 

MITZUTANI, Y., and RAFTER, T. A. 1969. Oxygen isotopic 
composition of sulphates, 3. Oxygen isotopic fractionation 
in the bisulphate ion - water system. New Zealand Journal 
of Science, 12, pp. 54-59. 

MOOK, W. G., BOMMERSON, J. C., and STAVERMAN, W. H. 
1974. Carbon isotope fractionation between dissolved 
bicarbonate and gaseous carbon dioxide. Earth and Plane- 
tary Science Letters, 22, pp. 169-176. 

MOREY, G. W., FOURNIER, R. O., and R o m ,  J. J. 1962. The 
solubility of quartz in water in the temperature interval from 
25 to 300°C. Geochimica et Cosmochimica Acta, 26, pp. 
1029-1043. 

NASMITH, H., MATHEWS, W. H., and Rouse, G. E. 1967. 
Bridge River ash and some other recent ash beds in British 
Columbia. Canadian Journal of Earth Sciences, 4, pp. 
163-170. 

NEVIN SADLIER-BROWN GOODBRAND LTD. 1975. Detailed 
geothermal investigation at Meager Creek. Report to B.C. 
Hydro and Power Authority, Vancouver, B.C., 18 p. 

1977. 1976 geothermal investigation at Meager Creek 
north and northeast flanks of the volcanic complex. Report 
to B.C. Hydro and Power Authority, Vancouver, B.C., 
10 p. 

1979. 1978 field work, Meager Creek geothermal 
area, upper Lillooet River, British Columbia. Report to 
B.C. Hydro and Power Authority - Energy, Mines and 
Resources, Canada, 1978 Joint Venture, 82 p. 

O'NEIL, J. R., CLAYTON, R. N., and MAYEDA, T. K. 1969. 
Oxygen isotope fractionation in divalent metal carbonates. 
Journal of Chemical Physics, 51, pp. 5547-5558. 

PLUMMER, N. L., JONES, E. F., TRUESDELL, A. H. 1976. 
WATEQF. A FORTRAN IV version of WATEQ. United 
States Geological Survey, Water-Resources Investigations, 
76-13, 61 p. 

RAFTER, T. A. 1957. Sulphur isotopic variations in nature, 
part 1. The preparation of sulphur dioxide for mass 
spectrometer examinatiom. New Zealand Journal of Sci- 
ence and Technology, Section B, 38, pp. 849-857. 

READ, P. B. 1979. Geology, Meager Creek geothermal area, 
British Columbia. Geological Survey of Canada, Open File 
Report 603, map and descriptive notes. 

SOUTHER, J. G. 1975. Geothermal potential of western 
Canada. Proceedings, 2nd United Nations Symposium on 
the Development and Use of Geothermal Resources, Vol . 1, 
pp. 259-267. 

C
an

. J
. E

ar
th

 S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

D
ep

os
ito

ry
 S

er
vi

ce
s 

Pr
og

ra
m

 o
n 

12
/1

4/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CLARK ET AL. 1473 

- 1980. Geothermal reco~aissance in the central 
Garibaldi Belt, British Columbia. In Current research, part 
A. Geological Survey of Canada, Paper 80-l A, pp. 1- 1 1. 

THODE, H. G., SHIMA, M., REES, C. E., and KRISF~NAMURTY, 
K. V. 1965. Carbon-13 isotope effects in systems contain- 
ing carbon dioxide, bicarbonate, carbonate, and metal ions. 
Canadian Journal of Chemistry, 43, pp. 582-595. 

TRUESDELL, A. H., and HULSTON, J. R. 1980. Isotopic 

evidence on environments of geothermal systems, In 
Handbook of environmental isotope geochemistry. Volume 
1. The terrestrial environment, A. Edited by P. Fritz and J. 
C. Fontes. Elsevier, Amsterdam, The Netherlands, pp. 
179-219. 

VOGEL, J. C., GROOTES, P. M., and MOOK, W. G. 1970. 
Isotopic fractionation between gaseous and diss~lved car- 
bon dioxide. Zeitschrift fiir Physik, 230, pp. 225-238. 

C
an

. J
. E

ar
th

 S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

D
ep

os
ito

ry
 S

er
vi

ce
s 

Pr
og

ra
m

 o
n 

12
/1

4/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.




