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Abstract

Hydrogeochemical analyses of the thermal waters at Hotsprings Cove, west coast
Vancouver Island, reveal the presence of a stable geothermal reservoir. Temperature (50.5°C),
and aqueous geochemical data are nearly identical to those dating back to 1898. 30-D plots
indicate local recharge for these thermal waters, whereas radiocarbon isotopes suggest mean

residence times of several thousand years and modification by sulphate-reducing bacteria.

Bromide/chloride ratios, when considered with tritium a;ld S data, are indicative of
minor seawater mixing near the discharge zone. Binary mixing models, with local recharge
waters and local seawater as end-member components, peint to maximum local seawater
contributions of about 1% and 4% for Hotsprings Cove and associated Mate Island thermal
waters, respectively. Most chemical and isotopic geothermometer esiimates are < 90°C. The
Ahouset hotspring, located 12 km south of Hotsprings Cove has low total dissolved solids,
a pH of 10.05, and a different geochemistry. Helium gas isotope data, although consistent
with proximity to local and regional intrusions, indicate minor but significant mantle-derived

gas contributions to the geothermal flow system.

Data from the Selkirk Range show a consistent sodium-sulphate geochemistry among
the three hotsprings sampled in the Kuskanax Batholith. All waters have low bicarbonate

content. *C values in excess of 100 pmc at the Nakusp hotspring imply incorporation of "C-



active DIC from soil zone organics entrained during recharge, with possible additional "C
contributions occurring due to sulphate reduction and incorporation of soil zone organics
during mixing with non-thermal groundwaters near discharge. '“C-derived mean residence
times for the sulphide-rich waters of Halcyon hotspring are also short; possibly ~1000 years.
Geothermometer estimates for all three springs are consistent and fall into two groups, one
group near ~90° C and the other between 115° C and 155°C. High heat flow, steep
topography, and proximity to the CRFZ are likely increasing the volume of volatiles in the;e
loéallf—recharged thermal waters as evidenced by nearly 400 times the atmospheric volume
of helium gas in Halcyon. These Omineca Belt hotsprings all have radiogenic He-isotope

signatures, but minor input of deep-seated volatiles cannot be ruled out

Helium isotope samples from hotsprings in the Mt. Meager area of the Coast Plutonic
Complex have ("He/*He)/(*He/*He),;, ratios near 6, indicative of volcanogenic helium input.
Helium isotope ratios from .geothermal waters sampled within different tectonic belts of the
southern Canadian Cordillera are regionally consistent, and show good correlation with

helium data for hotsprings located in similiar tectonic regimes to the south in the United

States.
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1 Introduction
1.1.1 Hotspring Occurrences

Hotsprings are defined as waters emanating from naturally occurring springs where
the discharge temperature is at least 5°C above the mean annual air temperature (White
1957). The origin of these thermal springs as well as their source of heat have likely been
a sﬁbject of wonder and mystery since human-beings first eased themselves into their hot,

soothing waters.

Hotsprings occur naturally in a variety of locations and settings and have a long
history of use for therapeutic baths and health spas throughout the world (Waring, 1965). In
North America, thermal waters have been popularized as spas and tourist attractions by
locations such as Yellowstone Park in the United States, and Banff and Harrison Hotsprings

in Canada.

Canadian hotsprings are concentra_ted in the Cordillera, with approximatel); 150 located
thus far in British Columbia and the Yukon (see for example Elworthy, 1925, Souther and
Halstead, 1973, McDonald 1978). Proximity to the active convergent continental plate
margin has produced a distinct assemblage of tectonic "belts” within the Cordillera as shown
in Fig.1.1. These tectonic belts roughly parallel the convergent margin, and host most of
Canada's natural thermal waters as well as British Columbia's often spectagular mountain

" vistas.



FIG. 1.1

B.C. TECTONIC BELTS

1 INSULAR

2 COAST

3 INTERMONTANE

4 OMINECA CRYSTALINE
5 ROCKY MTN. THRUST

6 CONTINENTAL CRATON

f Hotsprings Cove - Ahouset
& Mt Meager-Pebble Creek
O Selkirk Range Hotsprings

Documentation of geothermal flow systems includes géochemical and hydrogeological
characterization of parameters such as the chemical constituents of the waters, their "age" or
mean residence time, their flow history including recharge, discharge and possible mixing
with hon-therrhal waters as well as estimation of the maximum reservoir temperatures where
the fluids reside prior to discharge (Fournier, 1990). Delineation of these characteristics aid
in determining the development potential of a given geothermal reservoir. For example, is
it suitable for exploitation as a high or low-temperature resource, or is it preferable to

discourage development and leave the thermal waters to flow from their natural vent?



1.1.2 Thermal Water Use in Canada

While the United States has a number of active commercially-productive geothermal
fields, Canada has to'date but one deep well discharging high-temperature geothermal ﬂuids,‘
MC-1 at Mount Meager B.C. (Jessop et al, 1991). Abundant hydroelectric power, slow global
economic growth, and relatively stable world oil prices since 1980 have slowed funding and
commercial development of geothermal facilities capable of producing electricity in Canada.
However direct use of hotsprings for bathing and therapeutic purposes is as popular as ever,
while installation of various heat-pump technologies continues, encouraged by highly
successful projects such as those at Springhill N.S. and Carleton University in O tario (Jessop
et al., 1991). Additionally, several Canadian studies have recommended use of low-
temperature geothermal waters (<100°C) for space-heating, domestic hot-water supply, or fish

hatcheries (see for example Clark 1985, NSBG 1988).

i.1.3 Origin and Scope of Project

This project, initiated by Dr. lan Clark of tﬁe University of Ottawa, and partially
funded by Energy, Mines and Resources and N.SERC, is a continuation of the
documcma;i.on and scientific inquiry into hotsprings and geothermal resources which
commenced near the turn of the century (Clapp 1913, Elworthy 1925), and evolved further
during the energy crisis of the 1970's. Section 2 is concerned with thermal waters from
Vancouver Island, part of the Insular Belt of the Canadian Cordillera, while Section 3
examines hotsprings from the Selkirk Range of the Omineca Belt. One of the most intriguing
aspects of the project concerns, in Sections 2.6 and 4, the analysis and interpretation of

helium gas isotopes, sampled for the first time from Canadian thermal waters.



This noble gas data, used as a regional tectonic interpretational tcol in Section 4,
raises as many questions as it answers about the nature and potential origin of our geothermal
fluids. Thermal waters from the the Coast Plutonic Complex, including samples from the
Mount Meager-Pebble Creek area, are examined along with those from the Omineca and
Insular Belts. This new information may serve not only as part of the continuing scientific
inquiry and documentation of Canadian thermal resources, but also as a source of future

pondering for those fortunate enough to soak in our soothing, natural hotspring waters.

1.2  Study Objectives

The objectives of study are threefold. The first two aspects involve the
characterization of hotsprings from two different regions; the west coast of Vancouver Island
area of the Insular Belt north of Tofino, and the Selkirk Range of the Omineca Belt south of
Revelstoke. The third objective, a regional geotectonic comparision, incorporates data from
both of the above two studies as well as new data from the Mount Meager-Pebble Creek

geothermal area of the Coast Plutonic Complex. These objectives are summarized below,

1.2.1 Specific objectives of study are to:
1. Characterize the isotope hydrogeology, gas and aqueous geochemistry of Insular
Belt geothermal flow systems at Hotsprings Cove and Ahouset
2. Characterize, as above, Omineca Belt geothermal flow systems in the Selkirk
Mountains at Halcyon, St. Leon and Nakusp hotsprings
3. Compare the above-named geothermal systems and the Mount Meager-Pebble

Creek geothermal area with respect to geologic and tectonic setting.



1.3. Field Sampling Program
1.3.1 Sampling Dates and Locations

West coast Vancouver Island geothermal sites were sampled on.Dec 6 and 7, 1990.
Mount Meager-Pebble Creek samples were collected the following summer on July 8 and 16
respectively, while the Selkirk Range sites and Harrison Hotsprings were sampled during the
first week of September 1991. Sample site locations for each region are shown in their

respective chapters.

1.3.2 Sample Type and Collection Method

Wherever possible, samples were collected from waters flowing directly from the
thermal vent, facilitated through use of a funnel with tygon tubing attached. Sample
containers are first rinsed twice with the waters to be collected. Purpose of sample, sample

type, volume, container, collection method, and other details relating to collection are shown

in Table 1.1.

Mention should be made of sampling procedure for collecting sulphide and sulphate
fractions from thermal waters. The technique invoives addition of cadmium acetate during
sample collection. This precipitates out cadmium sulphide CdS, which can then be collected
on a 45 u filter, prior to converson to silver sulphide. The silver sulphide sample is
converted to sulphur dioxide gas for mass spectrometric analysis. The fluid remaining after
the initial extraction of CdS is retained and barium chloride (BaCl,) is then added to
precipitate out the sulphate fraction as BaSO,. The barium sulphate is converted to sulphur

dioxide gas prior to mass spectrometric analysis of its *S component. (see Table 1.1)
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Noble gas samples were collected in 30 cm lengths of 0.95 mm diameter copper tubes
which were then crimped at both ends to prevent helium loss through diffusion (Weiss, 1968).
Bulk gas samples were collected in glass bottles which were first filled with the thermal water
being sampled. Gas bubbles from the thermal vent were then allowed to displace the resident
water and the container was capped while still submersed. ~ These gas samples were then
transported and stored inverted, with a minimum 3cm layer of residual thermal water as an

airlock. Plates showing helium and gas sampling apparatus are part of Appendix A..

1.4 Analytical Program
Due to a variety of sample types, sample analyses were carried out at a number of

different laboratories. Analytical details and equipment specifications are shown in Table 1.2.

1.4.1 Stable Isotope Techniques

All stable isotope analyses were by gas mass spectrometer. Results are expressed as
delta permil differences from known standards. 'O contents in water were measured
following conversion to CO, gas and referenced to standard mean ocean water (SMOW)
according to the fractionation factor 8,450 = 1.14143 established by Friedman and O'Neil
(1977). Analytical precision for all analyses are given with results of analyses. "C and “C
are prepared as gases under vacuum at 25° C following H;PO, attack on precipitated
dissolved inorganic carbon samples (DIC). Values are presented as permil differences from
PDB (Bellemnite from Peedee Formation). “C values are expressed as perc'ent modern carbon

(pmC), defined as 95% of the activity of the NBS oxalic acid standard in 1950.
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Sulphate aud sulphide samples were analysed for *S in SO, following standardized
procedures after conversion to silver sulphide using KIBA reagent. *C/"*C,'*0/'°0, #s/%S,
and *H/'H mass spectrometric determinations were carried out on a VG-SIRA 12 gas source

mass spectrometer at the Stable Isotope Facility, University of Ottawa.

Measurement of helium isotope ratios was carried out at McMaster University utilizing
high-sensitivity branch tube mass spectrometry. Helium and neon concentrations were
measured using the isotope dilution technique where measured additions of pure *He and **Ne
are introduced to a known fraction of the gas sample. All helium and neon samples were
passed through a <80 mesh activated charcoal column, cooled to -186° C, allowing

approximately 99.95% He introduction with negligible Ne loss.

1.4.2 Geochemistry

Analyses of aqueous geochemical components were carried out at laboratories of the
Ottawa Carleton Geosscience Centre at University of Ottawa laboratories using standard
analytical techniques (see also Table 1.2). Anionic constituents of water samples were

analyzed at the Geological Survey of Canada laboratories in Ottawa.



2 West Coast Vancouver Island Hbtsprings; Hotsprings Cove and Ahouset

2.1 Infroduction

The allure of the sea and tranquillity of a wilderness setting are found together at
Refuge Cove along with the soothing and fascinating geothermal waters of the Hotsprings
Cove hotspring. Those seeking the hotspring waters for a relaxing dip can experience the
power and beauty of the sea in the same breath. The 50°C thermal waters find their own way
down the 10 metre ocean-side rock-face to the sea in Refuge Cove. There, they mix with the
waters of the Pacific Ocean in just the right proportions to make a warm and relaxing mineral

bath in the naturally-occurring, bedrock-enclosed, tide-water basins (Plates 2.1 a&b next page).

These geothermal waters are just as fascinating from a scientific perspective. In
addition to their interest geochemically with respect to flow history and dissolved species
distribution, these Insular Belt hotsprings show strong evidence of releasing mantle-derived

noble gases along with their aqueous components.

2.1.1 Location and Access

The Hotsprings Cove hotspring, also known as the Sharp Point or Ramsey hotspring,
is located in Maquinna provincial park on the west coast of Vancouver Island (Fig. 2.1.12),
about 33 km north of Tofino. Access is by charter boat or floatplane. The Hesquiat Indian
band also operates a water-taxi service to the reserve located on the west side of Hotsprings
Cove (also known as Refuge Cove) where lodging is available. The Ahouset hotspring, a
25°C low-flow spring is located between Tofino and Hotsprings Cove on the southeast corner

of Flores Island (for location see Fig. 2.2.1¢).
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[ Fig.2.1.1a Location Map; Hotsprings Cove |

Paciflc

Ocean

a
Tkm

49°20'

B.C. map legend o1 per Fig. 1.1

dilmto Tofho~ 126°15'

2.1.2 Climate, Physiography, and Hydrology
Mean annual air temperature in the study area is about 9° C and climate is typical of
a northern temperate rainforest with approximately 3300 mm. of precipitation annually, much
of it falling between October and March as shown in Fig. 2.1.2a (Environment Canada, 1980).
Additionally, fog frequently occurs when winds are calm, particularly in late summer, when
it may last for weeks (Jeletzky, 1953). The persistent humidity combined with mild
temperatures encourages lush growth of vegetation and establishment of a soil zone rich in
organic matter. Timber in the area of Nootka and Clayoquot Sound, much of it old-growth,

is highly coveted by both logging companies and conservationists.

12
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The physiography of the region, sculpted by two major glaciations in the past 50,000
years, is typified by a relatively subdued topography, with most elevations below 1500 m, and
a coast-line indented by fiords and fiord-like inlets and channels (Muller, 1981). Mean
topographic increases in the Hotsprings Cove (HSC) and Ahouset map area are in the order
of 95 m/km (500 ft per horizontal mile) , or roughly 10% vertical gradients. North of HSC,
a local topographic high of ~850 m (2784 ft.) occurs near Stewardson Point. Flores Island has

two principle peaks, Steamer Mountain and Mount Flores, both of which are near to 800 m

elevation (2500 ft.).

The abundant rainfall supplies runoff waters for the many creeks and streams and
rivers along the coast. The narrow headlands and inlets of the area are usually drained by
creeks and streams, rather than major rivers, due to their proximity to the Pacific Ocean.

13



Strong winds are common especially in the afternoons (Jeletzky, 1953), when onshore winds

and seaspray may contribute particulate seasalt to coastal recharge areas.

2.1.3 Previous work

Previous geochemical work on the Hotspring Cove hotspring by Clapp (1913) included
detailed chemical analyses, and a comparison of water samples collected that year with a
sample collected in 1898. Elworthy (1925) reviewed Clapp's work and interpretation of the
origin of the thermal waters, as did Souther and Halstead (1973), who also sampled and
compared analyses. These analyses and analyses of this study are shown in Section 2.3.1.
Nevin Sidlier-Brown Goodbrand Consultants sampled at Hotsprings Cove on four occasions
from 1975 to 1988. Their findings included location of both a local tidal-flat warm spring,

and an offshore vent, the latter detectable only in very calm waters.

i4



22  Geology
22,1 Physical and. tectonic setting -

The study area, located within the Insular Belt of the Canadian Cordillera is near the
western margin of the North American plate and has been subjected to periods of intense
volcanism, plutonism, and more recently, at least two major glaciations. The rocks of the
Insular Belt show evidence of intensive tectonism though widespread fault sets, shear zones,
intrusive plutons, and volcanics. These principle structural elements are generated largely as
a result of the convergence of the North American Plate with the present day Juan de Fuca
plate (see Riddihough 1991, and Section 2.2.2). Hotsprings Cove and Ahouset are just south
of the poorly-defined edges of the Nootka Fault Zone and additionally are in close proximity

to both the Tofino Fault and the West Coast Fault.

Two major fault sets dominate the southwest-dipping homocline of Early Mesozoic
intruded rocks which typify this region. One fault set strikes northerly and westerly and is of
Mesozoic age. The second major set are Late Mesozoic to Tertiary, strike northwesterly and
northeasterly and again are steep to vertical. (Jeletzky 1953, Muller 1981). On a regional
scale, central Vancouver Island is part of an area which has been uplifted approximately 2
km during the last 10 million years (Mathews, 1991), while the West Coast Fault (WCF) and
Tofino Fault (TF) strike subparallel to the Pacific coast and are considered to be thrust faults
which may become active during periods of high tectonic activity (Hyndman and

Wang,1993). These regional features are shown below in Fig.2.2.1a. .
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Fig. 2.2.1a, Main folds, faults and plutons on Vancouver Island (from Gabrielse, 1991)

The West Coast Fault, which separaies the Pacific Rim Complex from the West Coast
Complex (pers. comm. C.J. Yorath) diverges offshore just north of Tofino. Though absent
from earlier maps (eg. Muller and Carson, 1969; Muller et al., .1980)' recent publications
show the WCF and TF, two deep-seated thrust faults, combining to form a lens-shaped
"wedge", approximately 70 km long and up to ~12 km wide as shown in Fig. 2.2.1b below.
The northern tip of the intersection of these two major faults is located just offs?gore of Flores

Island near the the Ahouset hotspring (see Fig. 2.2.1¢).

16



| I
EXPLANATION
:r':?f“‘:' TF -=Tofino Fault
N CA —Cowichan Anticlinorium
BLA - Buttle Lake Anticlinorium
BAF —8eaufort Aange Faull
WCE ~ West Coast Fault
LAF = Leech River Fault
SJF =San Juan Fault
N - Nanoosa Uplitt
- Overturnad Anticline
Major Antlcline
- Antlclinoria
— Major Fault
Thryst Fault
-]
]
LEGEND
CRETACEQUS
D Nanaimo Group
JURASSIC . Area of enlargcment \
m Island Intrusions
in Fig.2.2.1¢c
'2.3. 12IG° ‘2."

Fig. 2.2.1b. Main folds and plutons on Vancouver Is. with intersecting WCF-TF-RCF

(after Gabrielse 1991, Read et al. 1991)

Other recent regional maps (Read et al.,, 1991) show the West Coast-Tofino Fault

wedge extension intersecting with the Refuge Cove Fault (RCF on geology map).

Refuge Cove Fault passes directly through the discharge area of Hotsprings Cove. Still other

maps show the northern extension of the WCF-TF reappearing onshore on the Hesquiat

Peninsula between the West Coast Complex and Hesquiat Formation units where the fault

repetition sequence occurs. Fig.2.2.1d shows a structural cross-section through the WCF-TF

'wedge’ and includes the subducted Juan de Fuca oceanic plate. Further regional tectonic

discussion is part of Section 4.
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Fig.2.2.1d Structural.cross-section through Tofino Basin (after Hyndman, 1990)

2.2.2 Seismicity, tectonism, and major faults

Seismicity on the west coast of Vancouver Island is due principally to interactions
involving the Juan de Fuca plate, the Pacific and America plates, and the relatively new (~ 4
Ma old) Explorer Plate (see Fig. 2.2.2a). Major fauits in this tectonically-dynamic terrain are
not restricted, however, to the WCF and TF which are approximately parallel to the
subduction front, but include the NE-SW trending Nootka transform fault. The Nootka
transform fault, is actually a wide and imprecisely-defined fault zone which, due to complex

plate motions, is migrating northerly, up the coast (pers. comm. Robin Riddihough).

19



,' 4 57 4 /B ’\ e L
X & SF S0
M
'00- /! /
Vi / 264
‘_r/ ,’ é/“
a s ,/ Sa
e o ]
_:f%;! Jea \ e {
L INLET {i\\' ’ !
¢ 7 /
=5 ! 3
1 &
: !
L ' ‘
]
ST
\E‘f&.ﬁwd‘mzn F. ]
CADSS SOUND : \
. ows L cHammam TR, > Furg?
OF ALASKA L rautr ~a
g1 a ey
4 ! STIKINE T -
N k! & voLcante €, alazSo-
3 AL { Ateear,
y N .,
S A | ALEXANDER /
z ~ # ARCHIPELAGO !
| =
h Gl E- AMERICA r’
o
‘ 8 \\\8355“.:‘15 PLATE
ARL
2 {,/5,.aND5 PG /
4, TUZO WILSGN KNOLLS %{) . "' 4
DELLWOQD KNOLLS 2
8 EXPLORER BL. 00 2o, ANAHIMY e
| EXPLOAER RIDGE 72 4 VOLCANIC 3
- %} 3% BELT
ORY i
el e
L . i {_p\_\-v R
i
PACIFIC Ay B
PLATE JUAN T OLYMPIC - LA
o DEFUCAY  PEN/] 4z  Wagi~ . \
B /ANRakE I YR N L T
1 /=) aug cottama
[ esi8 PLATEA
P /.j:' A - T ,}
v, FA o [
h— Jhcy o - {
~ /t N ’ A
’Oa ? & ;‘.‘ " \\ .
a X o
"‘;5.0"'- )" 5&4 .c\_" l‘ N !
. &= oreg,, | '
i SAN ANDREAS. &~ alDang !
; o CALIF ;=¥ LT e
GSC

Fig. 2.2.2 Western North America tectonic plates (after Riddihough and Hyndman, 1991)
This fault zone extends from the triple junction point' at the Juan de Fuca Ridge, to
Nootka Island, about 50 km north of HSC. The Nootka Fault Zone (NFZ) marks the division
between the Juan de Fuca and Explorer plates (Hyndman, 1979). The Explorer plate has a

rotational motion at present and a convergence rate of ~2 mm/a as opposed to ~ 4 mm/a for the

Juan de Fuca plate (Riddihough and Hyndman, 1991). |

' - triple juncton point between Juan de Fuca, Explorer and America plates.
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Fig.2.2.2b Seismicity of HSC and Ahouset area 1972-1984 (after Riddihough and Hyndman,
1991)

Fig. 2.2.2b shows seismic events along the west coast of Vancouver Island from 1972

to 1984 (Riddihough and Hyndman, 1991). Trends of earthquake epicenters appear to define

not only the Nootka Fault Zone but also the trend of the WCE-TF and the subduction front

Other localized epicenters occur at or near the Refuge Cove Fault.
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2.2.3 Rock types

The oldest rocks in the region, named by Clapp in 1912, are the Late Paleozoic Sicker
Group, composed of clastics, cherts, and basaltic flows which are capped by limestone units.
Notably, the Sicker Group or portions of it, are often found at higher elevations, apparently
uplifted during batholithic intrusions and left as roof pendants, for example, adjacent to the

Sydney Batholith, north of Hotsprings Cove (Fig. 2.2.1c).

The Upper Triassic Vancouver Group (~ 225-180 Ma) underlie much of the map area.
They grade from pelites into pillow basalts of the Karmutsen Formation and then into
carbonaceous clastics atop the group. The basalts of the Karmutsen Fm, up to 6 km in
thickness on some parts of Vancouver Island, underlie much of the Nootka Sound region and
were likely deposited following volcanic arc rifting which occurred during the Paleozoic
(Muller, 1981). They are found as outcrop in the local map area only on the eastern edge of

Flores Island.

Muller considered that the Permian-Triassic West Coast Complex, the Island Intrusions
and also the Bonanza Group rocks to be the result of three successive stages of the same
volcano-plutonic process. Pre-Jurassic Sicker and Vancouver Group rocks were apparently
metamorphosed and migmatized into gneissic rocks of the West Coast Complex. Similarly,
the Sydney and Muchalat Early Jurassic Batholiths, which are part of the Island Intrusions,
may be derived from the plastic flow of pre-existing strata in the manner described by
Roddick for rocks of the Coast Plutonic Complex (Roddick, 1965). An amphibolite unit of

the West Coast Complex outcrops on Mate Island and to the west of Hotsprings Cove, while
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gneissic and sheared quartz diorite of the complex outcrops on the headland of Sharp Point
and hosts the main discharge of the HSC hotspring. Bonanza Group volcanic rocks outcrop

in the map area in only one location, the southwest corner of Flores Island.

The Early Tertiary Catface Intrusions occur as small, fine-grained, stocks and sills and
have been frequently studied du.e to their association with gold and porphyry copper deposits.
They are .K-fe]dspar-poor granitoid rocks and porphyries where plagioclase frequently
comprises more than 50% of the mineralogy, the remainder made up of quartz, biotite, and

hornblende with accessory epidote ( Stevenson, 1950).

Originally termed Sooke Intrusions by Clapp, these small plutons were renamed by
Muller, after the Catface Range of Clayquot Sound, to avoid confusion with the Sooke Fm
and Sooke gabbros of southern Vancouver Island. Although the Catface Intrusions are
difficult to differentiate from Island Intrusions in the field, a number of potassium-argon (K-
Ar) age estimates have been determined for samples from both the Hotsprings Cove Stock
and the Flores Island Catface Intrusion, They are 32.5 (+/- 3.9) and 35.1 (+/- 2.1) million
years (Ma) for the Hotsprings Stock and 35.1 (+/- 2.1) for Flores Island (Wanless et al., 1974,
Wanless et al., 1978), dates consistent with observation that these intrusions cut Eocene
deposits (Clapp, 1912) but are nowhere found in contact with Oligocene-Miocene epoch
Carmanah Group rocks (Jeletzky, 1953). The latter group is represented in the local map
area by the sedimentary units of the Hesquiat Formation. These units overlie two thin bands
of Escalante Fm strata on the Hesquiat Peninsula which are separated by West Coast

Complex rocks, apparently a result of fault repetition (Muller,1981).
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Most of the terrain in the study area is dominated either by outcrop, or by a thick
. layer of organic matter formed under the optimal growth conditions of this northern temperate
rain-forest. Quaternary deposits are dominant only in the southeastern corner of the map area
near Tofino and on Vargas Island, where alluvial sands and gravels are found. Offshore
continental slope and shelf surficial deposits have been mapped on a 5 km? grid, follpwing
grab sampling of sediments using a mini-submarine (Conway et al. 1990). A Modified Folk
Classification was used to define sediment types. The very few gravel locations that were
found appear to define two principle lineation directions; one set of lines are subparallel to
the Nootka Fault Zone, while the other principle 'lineation' is aligned with the WCF-TF

system.

2.2.4 Glacidtion
The Fraser glaciation reached its peak about 15,000 years B.P. (before present), but
had less impact on the physiography than did the preceding "Mountain Glaciation" which

peaked about 40,000 years B.P. (Clague, 1977; Muller, 1981).

During this period, a massive ice sheet continuous with the mainland covered much
of Vancouver Island. The map area shows evidence of previous ice accumulation at up to
1200 m elevation near the head of Muchalat Inlet. Throughout the rest of the area and along
the coast, the ice sheet was 450 - 600 m. thick, advancing as fiord-bound outlet glaciers. The
deeply- incised fiords and inlets of the Nootka Sound map area are a reflection of this glacial

sculpting.
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2,.2.5 Occurrence of Hotsprings

The Hotsprings Cove hotspring, discharges 50.5° C sodium chloride waters, at a fiow
rate of ~5 Us, from a vertical fissure in sheared quartz-diorite (Plate2.2a). It is located about
15 m above the high tide mark on the west side of the narrow Sharp Point penninsula tsee
Fig.2.1.1a). The hotspring vent also discharges a steady stream of gas bubbles. A.moderate
odour of hydrogen sulphide is noticeable as the site is approached along the log walkway,

which winds through the dense northern temperate rainforest.

The Ahouset low flow hotspring discharges about 0.2 l/s of low TDS NaCl water at
a temperature of ~23° C. A prolific, thick growth of filamentus Cyana formidium algae has
overgrown the shallow discharge vent (Plate 2.2b). The Ahouset hotspring is located on the

southeastern corner of Flores Island about 20 m uphill from the shoreline.

The Mate Island warm seep is located on a tidal flat in a rocky inlet on Mate Island
(Plate 2.2c). Its 25.4° C waters trickle out from a small pocket on the flat and are warm
enough to support a smail growth of algae. The vent is below sealevel except for times near
to low-tide. A submarine vent, likely associated with the Hotsprings Cove geothermal

system, is located offshore from Mate Island in about 15 m of water (Plate 2.2d)

25



'.'-'l-«u'.

.
»
»

26

Plate 2.2a (top) Gas sampling Hotsprings Cove vent set in sheared quariz diorile

22.7°C, pH 10.05

Piate 2.2b The low flow Ahouset spring,
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Piate 2.2¢ (lop) Mate ISland 25.4° C tidai fiot warm seep

Plate 2.2d Looking WSW from HSC lowards cffshore vent (see arow) and Mate Is.



2.3 Aqueous geochemistry
2.3.1 Introduction

In addition to being the only known substantial geothermal occurrence on Vancouver
Island, the Hotsprings Cove site is the oldest quantitatively-documented geothermal vent in
Canada ‘and has exhibited remarkable geochemical stability over the past century. Table
2.3.1 shows the major dissolved constituents and aqueous geochemistry for analyses dating

back to 1898.

Table 2.3.1 Hotsprings Cove Geochemical Analyses

’ 1898 - 1990
Year 1898 1975 | 1975 1990
Author Clapp Souther&Halstead  N.S.B.G. This study
Temperature 52 50.5 50.5 50.3
pH n.r. 8.35 n.r. 8.71

Dissolved constituents (ppm)

Na 137 141 144 149
Ca 20 18 16.5 22
K 2 2 2.1 2
Mg 1 0.1 0.05 0.1
cl 217 206 224 224
HCO3- nr 22.3 32.1 38.6
SO4-- 35 36 28.5 31
Sio2 59 53 49 51

TDS 471 478 496 518
Jn., - not teported :
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It is notable that the temperature, as measured in 1898 (and remeasured in 1912 by
Clapp during the study in which he also reanalyzed the sample collected in 1898), has
declined slightly as has the dissolved silica content. At the same time the total dissolved
solids (TDS) have increased. While these changes may'be partially due to changes in
analytical technigue, it is also possible that the reservoir is cooling, or that variable amounts
of mixing with local seawater may be occurring resulting in increased salinity and slightly

lower discharge temperature. Future documentation should clarify this possibility.

2.3.2 Ionic constituents

All of the west coast Vancouver Island thermal waters sampled can be characterized
as sodium chloride waters with minor calcium and sulphate components. Table 2.3.2 shows
the ionic constituents, first in weight fractions (ppm) and then as milliequivalents per litre.
Cationic-anionic mass balance calculations are shown in Table 2.3.2c. All waters are near

the 5% mark with respect to balancing, within the range of acceptable analytical error.

The dominance of the sodium chloride component may be partly attributed to input
from marine waters either through aerosol deposition in the recharge environment or at
discharge points. The possibility of mixing of the thermal waters with a minor fraction of
local seawater is discussed in Section 2.3.6. Considering the low bicarbonate and calcium
concentrations in all samples, it is possible that the thermal waters are at saturation with
respect to calcite. Mineral solubility data, rﬁodellcd with Solmineq geochemical software
designed for geothermal waters, are in agreement with this and also show oversaturation with

respect to a number of silicate and clay minerals.
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Table 2.3.2a Hoftsprings Cove - Ahouset
Aqueous Geochemisiry

- Anions (ppm )
iFemp PHITITER oS NSz '&E!if"" PGS so4:z ]

HSC 1 503 871 -246 524 bd* 1.55 224 1.0 3105 388 1.3
Ahouset 22,7 1005 -133 15 Dbd 0.98 101 001 1172 387 336
Mate island 254 898 -143 959  b.d. 1.94 465 227 42,80 604 48,6

* - below detection

HSC1 227 008 012 0004 015 200 14900 005 002 229 50.1
Ahouset 191 012 005 0083 001 020 4250 000 003 005 18.9
Mate Island 25.9 12.18 0.8 0004 027 7.80 27200 008 004 274 16,8

Table232b Anions (meq/l1**)
Temp i pHL ] meq.sum
HSC 1 50.30 8.71 24600 b.d. 008 432 bd 065 064 004 7.73
Ahouset 2270 1005 -133.00 b.d. 005 028 bd 024 059 112 2,28
Mate lsland 25.40 8.98 -143.00 b.d. 010 1312 bd 089 099 162 16,72

**millequiviants/ttre ~ Cations (meq/l)
Ca++ Mg++ i Fot+e Ba'

HSC 1 113 0.01 0.0043 0.0001 00034 0.051 648 0008 0002 0636 8,32
Ahouset 0.0 0.01 0.0017 00012 00002 0.0C5 1.85 0.000 0003 0015 1.98
Mate Island 1.2¢  1.00 0.0065 0.0001 0.0061 0,199 11.83 0011 0.004 0.760 15,11

Table 2.3.2¢ Cation anion mass balances
((cations -anlons)/(cations + anions))
% differeance
HSC 1 (8.32-7.73)/(8.32+7.73) —Pp 0.0373 3.73%
Ahouset similarly - 00713 -7.13%
Mate Island ' - -0.0504 -5.04%

Note for cletection iimifs see Teble 3.3.2



Table 2.3.2d

Temperature (°C; 503 227 254
Winerdi]

Albite 3.182 1.414 3.189
Muscovife 7.317 3.048 7.689
Cailcite 0.243 0.423 0.950
Aragonite 0.052 0.281 0.810
Dolomite -1.056 1,365 2911
Ca-Smectite 4.384 0.439 3.865
Mg- Smectite 411 0.360 3.950
K- Smectite 3.805 -0.500 3.481
Talc 2016 11.022 9.281
Chalcedony 0.948 0.204 0.519
Quartz 0.895 - 0534 0.719
Anhydirite -2.827 -4.338 -2.797
Gypsum -3.461 -5.453 2,507
. solul.:l[iiy is expressed as Log JAP/KT: where IAP= ion activity product,

KT = mineral solubility product.

Positive values Indicate oversaturation, negative values indicate undersaturation.
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2.3.3 Gas and dissolved gas

Table 2.3.3a below shows gas and dissolved gas analyses for all west coast Vancouver
Island thermal waters. The oxygen content of the HSC sample analyzed at NRC should be
regarded as suspect as accidental uprighting of the sample bottle occurred during extraction
of the gas aliquot. The methane content in the two samples is quite consistent however, as
is the predominance of nitrogen and lack of carbon dioxide. The gas constituents point to
a highly reducing environment virtually devoid of oxygen. The low CO, concentration is
consistent with absence of carbonate rocks in the predominantly silicic regional terrain. The
high volume of methane gas at Mate Island may be due primarily to the decomposition of

tidal-flat organic matter.

Table 2.3.3a Gas and Dissolved Gas

HSC 99.76 <.03 0.02 0.17 0.01 0.002
Ahouset* nodata nodata nodata nodota seeSection2é nodata
Mate Island 86.80 nd 170 11.80 nd nd
HSC 90 (NRC) 97.10 nd 270 025 nd nd

* No visible gas discharge. Dissolved gas container leaked nd - not detected
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2.3.4 Eh and Redox conditions

The measured Eh values and sulphur species distribution are interesting in that they
both point to reducing conditions. The HSC thermal waters have in fact reached Eh values
where sulphate reduction can occur, oxygen atoms being stripped from the sulphate ion to
form dissolved sulphide ions (HS") or hydrogen sulphide gas (HZS);' the latter immediately
noticeable by the "rotten-egg" odour present in the vicinity of the hotspring. Fig 2.3.4a

below shows the Eh values at which various redox buffering reactions occur. For alkaline

Fg23.4a
Redox Reactions vs. Eh
18T
l— oMo
et NO o N,
T—  NOy/NHY
£
g oot 2-
¢ - SO,/H.S
¥ TSN CO,/CH,
=0.5 ==
F - H, O/,
=10 & l (after Drever,1988)

pH conditions however, the SO, /H,S couplet shown above is replaced by the SO, /HS
oxidation-reduction pair. The stability fields for these sulphide-sulphate species is shown
in Fig. 2.3.4b. Note that a solution near pH 8.7 and Eh -0.276 volts is very near to the SO,~
/HS" boundary curve, consistent with the presence of both of these sulphur species in the

thermal waters.
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Fig. 2.3.4b  Stability fields for dissolved sulphur species (from Drever, 1938)

The ratio of the activity of the sulphide ; sulphate redox couplet can in fact be used to

calculate an Eh value for HSC and Ahouset using the following equations:

(Eqn 2.3.1) SO* +8¢ +9H" = HS +4 H,0 (Drever, 1988)

The Eh expression for the above reaction at 25° C is:

(Eqn 2.5.2) Eh =E°+ 0.059/8 log (aso.. "%/ ay a' o) (Drever.1988)

where a = chemical activity and E® (for Eqn. 2.3.1) at 25° C = +300 mV

The activity of H,O will be unity as it is in its standard state with a neutral charge.
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Table 2.3.4a Eh Calculaton using the Sulphide - Sulphate Redox Pair

To calculate Eh from the HS- - SO4- redox couplet, the following equation can be used:

£h = EO + 0.059/8 log((aSO4—( a®H+))/ aHS-); @25°C, E0=.3V

* (mmols) " Chemical Activity and Eh

i CaleER (Volls)! " Field Eh (oltsy """

HSC 0.000261 0.002886 1.95E-09 -77.346 -0.27043 -0.246
Ahouset 5.51E-04 0.00011¢9 8.91E-11 -91.1154 -0.37198 0,133
Mate Island  0.00026 0.000282 3.94E-09 -75.6029 -0.25757 -0.143

As shown in Table 2.3.4a, the calculated Eh value for HSC is very close to the
measured value, while the Ahouset and Mate Island calculated values are lower than those
measured. Minor oxidation upon discharge, or in a zone of mixing near the discharge zone
could account for the slightly lower field value at HSC, while Mate Island and Ahouset
would appear to have appreciable input from more oxygenated waters (Table 2.3.3a), or have
other redox couplets influencing the Eh. The fact that the above equation was written for

STP conditions may also account for some discrepancy.
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2.3.6 Mixing and Dilution

The validity of geochemical and isotopic techniques involved in the interpretation of
a geothermal site is influenced by any mixing or dilution of the geothermal waters which may
have occurred. For example, the addition of any seawater, shallow non-thermal groundwaters,
or other source will affect both the geochemical and isotopic geochemical signatures of the

system.

Studies of Canadian hotsprings at Mt. Meager- and Mt. Edziza (Clark et al,, 1982;
Clark, 1985) revealed up to 10 % dilution through mixing with shallow non-thermal
groundwaters. In the present study, carbon isotope and hydrochemical data for HSC indicate
that these waters are relatively evolved and of considerable age, with mean residence times

in the order of thousands of years (Section 2.4.4).

A potential contradiction to this evidence is the presence of a minor amount of tritium
in the HSC waters (Table 2.4.4a). For, even if analytical precision of +/- 0.C tritium units
(T.U.) is considered, the tritium concentration of 1 T.U. for HSC may be indicative of some
component of mixing or dilution with modern waters. Furthermore, the presence of bromide
in both the HSC and Mate Island thermal waters may suggest the incorporation of some
component of seawater as this consérvative element is generally below detection in

groundwaters but present in oceanic waters at ~ 67 mg/l (Drever, 1988).

One possible mixing is that of thermal and marine waters, and requires establishing

the salinity of the local coastal seawater. While global oceans have very uniform total
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dissolved solids (TDS) and conservative ion concentrations, coastal seawaters are frequently
diluted with. precipitation and runoff from local rivers and streams. The chloride
concentration of the tidal flat sample from Mate Island (se.e Table 2.3.6a) will be used to
calculate the extent of seawater dilution by local runoff waters. The sample has a chloride
concentration of 11,000 ppm, while oceanic-seawater chloride is stable for well-mixed basins

at 19,350 ppm ( Drever 1988). Direct calculation yields:
11000 ppm CI1-/19,350 ppm Cl- = 0.5685 = fraction seawater in tidal pool.

Thus the local coastal seawater, represented by the tidal pool sample from Mate Island, is
comprised of approximately 57% seawater with the remaining 43% freshwater. Verification
of the seawater Br/Cl ratio,(which should be retained if the analytical resuits are valid) is

shown below using the figuires from Table 2.3.6 a ;
38.09 ppm Br-/11,000 ppm Cl- = .,0035 Br/Cl.

Hence, conservation of these ions at the standard seawater ratio of 0.0035 is
demonstrated, and we may proceed using the tidal pool to represent local seawater. Table
2.3.6 a shows that while both the HSC and Mate Island thermal waters have Br/Cl ratios
slightly higher than the seawater ratio of 0.0034, they are virtually identical to each other at
0.0049, strong evidence that they are part of the same geothermal system. The Mate Island
sample location and its NaCl concentration higher than that of HSC are indicators of

seawater mixirg for this tidai-flat thermal seep.
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Now if both HSC and Mate Island are part of the same geothermal reservoir then they
should plot on a mixing line along with local seawater. For the purpose of determining a
mixing line we can select the Na+ and Cl- ions, both of which are usually conservative
(Drever,1988). Sodium concentrations can be plotted versus chloride for the local
precipitation and runoff waters, oceanic and local scawater, and thermal waters (samples and
concentrations from' Table 2.3.2 a). Fig 2.3.6a reveals the mixing line for a two component
or binary mixture with local seawater and precipitation as end-members. The Mate Island
thermal waters fall neatly on the mixing line, the HSC sample has a slight enrichment in Na+,
indicative of sources of sodium other than marine. Mixing lines for other conservative
elements are shown in Fig 2.3.6b. Regression statistics for these mixing lines are included

as part of Appendix A.

If bromide concentrations are considered, then mixing ratios for the thermal waters can
be approximated (Clark, 1985). If we use the tidal pool to represent local seawater, as
discussed above, and assume that all Br- is due to seawater mixing, then the thermal waters

of HSC and Mate Island will have incorporated:
1.1 ppm Br/38.1 ppm Br = 2.8 % local seawater content for HSC,
and 227 ppm Br/38.1 ppm Br = 6.0 % local seawater for Mate Island.

These estimates however are too high for seawater mixing. The Br/Cl ratio is 0.0049

for both, and about 30% higher than the seawater ratio. Thus there is insufficient chloride in
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Fig. 2.3.6a
HSC - Mate Island - Seawater Mixing line

4500 T A Seawater
4000 + Mixing line Seawater
® Ahouset Tidat Pool
3,500 +
= Thermal waters

'E‘ 3.000 + . Raln and runoff
o
=7
0 25800 + Mate lsland
Q
0
g 2.000 - ‘
? Ahouset ¢
- 1500 +

1.000 +

Local cold-runoff
Rainwater
0.500
0.000 74— } f } | f f } i
0000 0.500 1,000 1.500 2.000 2500 3000 3.500 4.000 4.500
Log Cl conc (ppm)

Table 2.3.6a

HSC 503 871 -246 149.0 224.0 1.098 2.173 2.350 0.0049
Mate Isiand 254 898 -143 272.0 465.0 2.269 2435 2.667 0.0049
Tidal pool nd nd nd 5759.0 11000.0 38857 3.760 4.041 0.0035
Local runoff nd nd nd 5.3 11.3 bd 0.740 1.053 na
Local rainwater nd nd nd 3.9 6.9 bd 0.585 0.836 na
Seawater nd nd nd 10760.0 193500 67.0060 4.032 4.287 0.0035
Ahouset 227 10.05 -133 42.5 101 0.050 1.628 1.002 0.0050

nd - no data; bd - below detection

39



peinompul eraym [decxe widd U suojojuasos o

sjoww 19 6o
€ 4 i 0 {-
v + + + - 1~
Jouns-ploo ﬁooo._lﬂn\ ‘ l g0
QE_-sC_cb c -~
. . a
jesnouy [0 5
1y o]
1 ¢l w
[
12 by
+ 8¢
Jojompes -1 - WINIPos ¢
Z
0
S0
-
. K
1 2
191
2

10 - @plwioig

,Saury Bupipy 19jompas - pupjs] SO - ISH

12 Boy
14 € A | 0

+ + 000

o't

- wt 8.N
e - &
5] 810N o0t w

00)4

[00d 1DPIL 00'S

1o|DMDBS
. 009
=D - uolog
12) Boj
14 € FA i 0
+ 0

Jopomuny 1 60
4 _. mu
josnioyy | ¢y M...

uojs| @ —
puois) 2joN |2 m
L G <
|jood Inns| €
o . g'E
la|pMmoes
-12 - @joyding
qe¢ B

A0




these waters to support so much bromide from seawater. The maximum amount of seawater
mixing would be ~ 2% for HSC (2.8% - (30% x 2.8 %), and similiarly for Mate Island about
4%. These estimates however do not take into account the Cl- concentration in local shallow
non-thermal run-off (~10 ppm, see Table 2.3.62), nor do they make any allowances for chloride:
input from geothermal water-rock interaction, a major factor considering estimated mean

residence times for HSC in the order of thousands of years.

Groundwater bromide/chloride ratios in excess of the 0.0034 value typical of seawater
are not uncommon in brines and saline groundwaters of crystalline rocks of the Canadian
Shield (Fritz & Frape 1982). Additionally bromide, the most conservative ion, has been
found to increase in concentration over time in saline water of sedimentary basins (Fritz and
Fontes, 1980). Edmunds (1987), in his description of deeply circulating thermal waters of
meteoric origin found in the Carnmenellis Granites of southwest England, rules out a seawater
origin for the bromide found in certain waters. Instead, mineral weathering of igneous biotites
is purported to be the source of bromide. If the long mean residence time for the HSC waters
is considered (Section 2.4.4) increased bromide concentration due to water-rock interaction
and mineral weathering seems reasr;hable, and the bromide re_:tio in excess of that of seawater

may indeed be attributable to such reactions.

Regardless of the precise mechanism for raising the bromide concentration, we can
assume that such a process occurred prior to the input of a seawater component. We can
model the potential bromide input from seawater mixing by varying the bromide portion

associated with marine chloride and attributable to seawater mixing near the discharge zose.
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Accordingly, an approximate geochemical profile can be proposed using different mixing
ratios as shown in Table 2.3.6b. Naturally, all ions found in oceanic water in high

concentrations will diminish markedly when the seawater component is subtracted.

If we start with 70% of the bromide (i.e. 70% Br- and all Cl- due to seawater mixing)
two things are immediately apparent. Firstly, the Br/Cl ratio is almost an order of magnitude
higher (0.04 versus .0049) supportive of bromide contributions from sources other than
seawater mixing néar discharge. The second major effect which removal of the seawater-
mixing portion has, is to throw "off-balance" the anionic concentrations of magnesium,

potassium, and in the case of Mate Island, sulphate.

Magnesium and potassium which should be present if the purported mixing ratios
are accurate, are missing from the system. Mg and K deficiencies have been reported
elsewhere in the literature however, and may be attributed to uptake by clay mineral
assemblages such as chlorite, sericite or kaolinite, which frequently line fracture systems in
crystalline rock and provide sinks for both potassium and magnesium (Fritz and Frape 1982;
Gieskes and Lawrence 1981). Mineral saturation indices, some of which are shown in Table
2.34a, are in agreement with the hypothesis that species with these elements present are

supersaturated and thus are subject to removal from solution.

Incorporation of seawater would most likely occur near the discharge zone as
evidenced by the small amounts of tritium in the thermal waters of HSC, and the tidewater

location of both the HSC hotspring and Mate Island warm seep. The offshore gas vent
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showed a similar gas chemistry to both Mate Island and HSC (N.S.B.G., 1988) and may be
considered as a potential infiltration site for local seawater, which could then permeate along

the fault zone and mix with upwelling geothermal fluids prior to discharge.

Seawater mixing summary

The Br/Cl ratios and conservative-ion mixing lines are strong evidence that Mate
Island and HSC are part of the same geothermal system. The Mate Island vent's tidal flat
location, temperature, and geochemical profile point conclusively to marine water mixing near
discharge; an approximate maximum component of seawater likely to be 3 - 4%. Although
seawater mixing at the main geothermal discharge vent at HSC remains unproven, possible

seawater influx or mixing near discharge has a maximum of only about 1% the volume of

the thermal waters.



2.4 Isotopg' Hydrogeology
2.4.1 Introduction

Groundwater studies have commonly included, since the 1960's, the use of isotopes *
such as the radioactive isotopes of carbon (**C), and hydrogen ( °H, or tritium T). These
naturally-occurring radioisotopes, whose occurrence has been augmentgd this century through
anthropogenic input from thermonuclear testing and the nuclear industry, can be used for
estimation of a groundwater ﬂow-syf.fem mean-residence time, or “"age". Other non-
radioactive or stable isotopes, such as '*O and deuterium (*H or D) have been used as
indicators of source or provenance of recharge waters and, in geothermal systems, as a

measure maximum reservoir temperature through water-rock interaction.

In this study carbon and tritium isotopes are employed as dating tools to estimate
mean residence time, and '*C data are also used as a provenence guide for dissoived inorganic
carbon. Sulphur isotopes are utilized to determine the source of dissolved sulphide and
sulphate species through calculation of a weighted average for *'S, while the '°O component
of dissolved sulphate is employed in calculating sulphate-water geothermometer estimates.
80, and deuterium are used together to estimate local meteoric water lines, predict
potential recharge elevations, and to verify the range of maximum subsurface temperatures.
Additionally, in this study, helium isotopes are used in conjunction with neon to investigate

potential sources of geothermal gases.

2 _isotopes of any given element are atoms which have the standard number of protons and
electrons, but have a different number of neutrons.
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2.4.2 "0 - Deuterium

The first documentation of Oxygen-18 (**0) and deuterium (D) for global precipitation
resulted in establishment of the global meteoric water line (GMWL), a linear relationship between
these two components of water molecules (Craig 1961). The linear relationship between *O and
deuterium in meteoric waters may then allow the origin of recharge waters to be traced for flow
systems discharging at lower elevations. ( Gat, 1980).Jn high-temperature geothermal areas the
'®Q signature of the recharge waters may be altered through underground exchange with the
reservoir rocks, most of which contain '®Q-enriched silicate minerals (Fig. 2.4.2a). Ashydrogen
is not a primary rock-forming element, prolonged water-rock interaction at high temperatures can
result in a "geothermal shift" whereby thermal waters plot to the right of the meteoric water line
due to '*0 enrichment (Truesdell & Hulston 1980). The extent of the shift often represents the
magnitude of the geothermal resource.

ALTERED METECRIC THERMAL WATERS
o= . + S0 woter
Open symbols: Tharmol water £ steam ° Lonzorole

v )

Closad symbols: Matesric water 14,7 wmes
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" Fig. 2.42a  "0O-D plot of meteoric and thermal waters showing geothermal shiftdue to 'O
exchange with silicate reservoir rocks at temperatures in excess of 150° C.

GMWL = Global Meteoric Water Line (after Truesdell and Hulston, 1980).
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In this study, cold runoff waters were used to represent meteoric waters. The
abundant annual precipitation in the area (~ 3300 mm annually) feeds a multitude of streams
and creeks with fresh rainwater, so that samples taken from these runoff sources may be
considered as a good approximation of local meteoric precipitation. Sample locations are

shown in Fig. 2.4.2b.

2
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Fig. 2.4.2b  Location of Hotsprings Cove area water samples

This approximation is substantiated when a least squares regression line of these
waters is plotted for '*0 and deuterium. The local meteoric water line (LMWL) for Victoria,
B.C. is very similiar to the regression plot for cold-runoff waters of the HSC area sampled
in this study shown in Fig. 2.4.2c. Both have a slope of 7.7; only the intercept value differs

from the Victoria line.
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Table 2.4.2a; Fig. 2.4.2c

180
HSC HS -10.17
HSC HSB -9.99
HSC HSC - -10.06
Ahouset fub -8.38
Mate Is. warmseep  -9.64
Ahouset hotspring ~ -8.87
Ahouset cro 10 -7.87
hscera5 (F005) -8.49
hscerolodge (9006)  -8.94
hscera? {9007} -7.469
hsccro8 (9008) -9.97
hsccro? (F009) -2.47
hscro nomas (9003, -7.67
Ahouset store (9011 -8.09
tapwater (9002} -7.90
Cathedraigrove{8X -11.30
tidal pool (¢004) -4.83

2030

Regression Siatistics

Multiple R 0.977

R Square 0954

Adfusted R Sqt 0.951

Siandard Erro 2.560

Observations 17

Analysis of Variance

-47.00 df

Regression i 2041

Residual 15 983

Total 16 2139

Coefficients Standard Error

Intercepi 10083 1.884

7702 0.436

Intercept
x]

Sum of Square Meon Square

2041
6.6

t Statistic

2,596
17.647

ysmx+b x
1o.08 7772 114
7.70 27.66 -9
F Significance F
34 0.000000
P-value Lower95%  Upper 95%
0.0 1.805 18.361
0.000 6772 8633

Oxygen-18/Deuterium for West Coast Vancouver Island
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One other effect which may have significance for the '*O-D signature of local cold
runoff waters occurs due to seasonal variation in average air temperature. Because the
samples in this study were collected in December, they would tend to represent minimum
values as cooler temperatures increase fractionation effects resulting in more depleted '*O-
deuterium values relative to summer or mean annual precipitation. The thermal waters *0-D
values plot on or very near to the local line, with no geothermal shift evident, hence

maximum reservoir temperatures appear to be below 150°C.

The Mate Island warm seep has a value very similar to HSC pointing to a common
origin and history (see also Section 2.3). Values for the Ahouset hotspring are less depleted,
possibly indicative of a different origin, geothermal history, or mixing with shallow local
meteoric waters. The "LMWL" reveals a difference of about 2.3 %e for 8'°0 values taken
from local runoff and HSC thermal waters. An '®O depletion of approximately -1.5 to -5.0
%o per kilometre rise in elevation has been documented for precipitation in alpine areas (Gat,
1980). At Mount Meager, British Columbia about 225 km ENE of HSC, the depletion
value determined was about -2.5 %o per km (Clark, 1982). If we use the -2%%o vaiue for the

present study we would then have an approximate recharge elevation for the HSC thermal

waters of:

2.3/2.5 x 1000 m = 920 metres or about 2800 ft.

A local topographic high occurs near Stewardson Inlet about 7.5 km north of

Hotspring Cove. Proximity to a major fault, which continues southward through HSC as the
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Refuge Cove Fault, makes this area a probable location for recharge waters when considered

along with its elevation of 2782 feet (see Fig. 2.2.1c).

The Ahouset hotspring plots on the local line and shows about a%o depletion with

respect to local waters. Using the same formula for recharge elevation as above yields:
1/2.5 X 1000 m = 400 m or about 1300 feet.

Elevations in this range are found toward the centre of Flores Island near Mt. Flores, again

in close proximity to a local fault which passes through the hotspring discharge area.
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2.4.3 Sulphur Isotopes

S_ulphur is widely distributed throughout the geosphere and prevalent in environments such
as marine evaporites, metallic mineral deposits, volcanic rocks, and seawater sulphates. The two
principle isotopes of sulphur are **8 and *§, comprising 95.02% and 4.21% respectively of the
total planetary budget (Faure, 1987). A wide variation in isotopic distribution exists between
different reservoirs of sulphur, due in many cases to the discriminating fractionation effects of
the sulphate-reducing bacteria Desulfovibrio desulphuricans (Krouse, 1980). Because more
energy is required to strip oxygen atoms from the heavier #SO,* iox ihan the 250,* ion, the
heavier sulphat molecule is more frequently left behin.d in favour of the more-easily stripped,
lighter #S-sulphate. This concentrates the S in the sulphate fraction resulting in depleted us
values in the sulphide. The standard against which these variations in isotopic distribution are
measured is the Canon Diablo Troilite mcieorite (CDT) whose sulphur isotope distribution is set
at delta sulphur-34 zero permil (§*'S 0+ CDT). Fig. 2.4.3a shows the CDT standard ard the

range and distribution *S values for a variety of sulphurous matsrials and environments.
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i BIOGENIC PYRITE
SHALES — A A —
i
LIMESTONES | -
SANOSTONES =
. : . ; . ] ] , L
-50 -0 W .20 -0 ] ) 20 30 40
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Fig. 2432  Ranges in 'S coutent for various sources of sulphur (after Krouse, 1980)
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The concentration and **S signature of dissolved sulphur species can reveal valuable
information about the redox conditions, recharge environments and geochemical evolution of
groundwater within an aquifer or geothermal rese'rvoir. Although (with only rare exception)
marine waters are virtually devoid of dissolved sulphide (Krouse, 1980), modern oceans are
the largest planetary reservoir of dissolved sulphate (Faure, 1987) and have a very constant
8*S signature near +20 %o CDT (Krouse, 1980). Sulphur isotopes have particular relevance
to the geochemical history of these west coast Vancouver Island Insular Belt hotsprings. Tt
is interesting .to note that Clapp (1913) made mention of the presence of hydrogen sulphide
at the HSC site, yet by the time samples were shipped to, and analysed at, the Geological

Survey of Canada laboratory in ‘Ottawa, the only sulphur species detected was sulphate.

Present-day isotopic sampling techniques now enable both the sulphide and sulphate
fractions to be collected and weighe;i from the same water sample, complete with their
respective (and often very different) isotopic signatures. This must be done at the time of
sampling, before any sulphide present oxidizes or degasses (Section 1.4.1). Following this
the molar concentrations of the two species, when multiplied by their respective &S
signatures, can be added together and the }esulting sum divided by the total number of moles
of sulphur. This calculation provides a weighted average of the **S value for both sulphur

species, and can be used to approximate the sulphate isotopic signature prior to reduction:

84s (initial) ~— [{8™s ulphatey X (80,)} + {88 (sul.phidc) x (HSHN / [(SO*) + (HS)]

where; round brackets denote molarity, and 8*S values are as %EDT.
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This calculation assumes no mixing of sulphate sources during or following sulphate reduction

and that there are no other sources of dissolved sulphide.

Table 2.4.3a shows the different weight fractions of sulphide and sulphate present in
the HSC and Ahouset thermal waters along with their respective isotopic signatures. For .
completeness the table shows the initial concentrations of CdS and BaSO, as well as their

conversion into molar sulphur species and calculation of weighted isotopic fractions.

Table 2.4.3a" Sulphur Isotopes

mgicds’ 57U mg/l | HSdelta S-34'dalia’s-3 ‘mg/l . mg/
(dlss.HS:), mgfli. .. HS-+ i mmiois/l: sUiphide: sulphate : BaSO4' . SO4-

HSC 30 6.63 6.83 0.21 3.12 303 55 27 024
Ahouset 88 1945 20.03 0.61 nd 066 14 577 006

HSC 17.62 20,46 22,7 43.12 31.05
Ahousel nd &0.0 5.77 65.78 11.72

* aliSvaluesas COT %

Seawater sulphate has a delta $-34 value of ~ +20 permil CDT
Average world-wide (Fritz & Fontes, Vol 3,1980)
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The result of *S isotopic analysis for HSC reveals a fractionation effect amounting
to more than a +27 %o CDT enrichment in the sulphate phase as compared to the sulphide
phase. Such fractionation effects are quite common with sulphur, in fact bacterially-mediated
fractionation difierences between S-species of 75 %o are not rare (Faure,1987). Fig. 2.4.3b
below shows schematically this fractionation effect away from the source sulphate toward the
final § S signatures found in the sulpide and sulphate species. Data points are shown with

schematic representation of the relative portions from each of the contributing species (size

of shaded areas).

Fig. 2.4.3b
HSC Sulphur Species Isotopic Fractionation
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What is interesting here is that the weighted average points to an initial source of
sulphate with a 8 *S signature of 17.62 quite near the value of +20 %o found in oceanic
sulphate (see Fig.2.4.3a). Although aerosol deposition of seuwater sulphate in coastal
recharge areas could contribute sulphate with this signature, the concentrations would be
inadequate to account for the 0.45 mmols/l dissolved sulphate. Thus there must be another
source of this sulphate with a seawater signature. Other potential sources for a small portion
of *S-depleted sulphate include oxidation of pyrite minerals (incorporated early on in the
geothermal -system flow history) from porphyry copper deposits present in the study area
north of Hotsprings Cove and near Mount Flores (Muller, 1981). Nonetheless, the 58 suiphe
value slightly lower than ocean water may in fact be supportive of local seawater as a source.
The local seawater defined in Section 2.3.6 was shown to consist of approximately 43% non-
marine coastal runoff. Surface waters have a range of S, values lower than seawater,
often in the range of +10 %o CDT (Krouse, 1980) so freshwater dilution would lower the
™S suipnaie Signature. However sulphate concentration in the local runoff and rainwater samples
was only about 1.2 ppm, thus the weight of this effect is minor. Unquantified carbonate
impurities in the sulphide sample are a more likely cause of a lower weighted average value

for the 8%S, . Signature.

The seismically-active, highly-fractured and faulted geology of the HSC study area
may facilitate seawater intrusion into coastal aquifers. Marine waters could penetrate deeply
along regional faults such as the Refuge Cove Fault (RCF). Fluctuations in marine tides

would aid in creating a zone of mixing, but denser saline waters would tend to gravitate
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downwards, creating a deeper, more evolved saline groundwater with dissolved components
of marine origin. Upwelling geothermal waters, driven by the difference in hydraulic head
from the highland recharge area t.o the north, would be lighter and therefore more bouyant,
confining the mors saline waters while discharging. The elevated 0.0049 Br/Cl ratio of the
HSC and Mate Island geothermal waters (Section 2.3.6) may be a reflection of a more
evolved saline groundwater component of marine origin mixing with the discharging

geothermal waters.
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2.4.4 Tritium and Carbon Isotopes
Introduction

Tritinm and carbon isotopes are used together in this study to estimate the mean
residence time of the geothermal waters. '’C data from dissolved inorganic carbon (DIC) are
used to verify the source of carbon and check on possible modification processes occurring
to the “Cpc. Radioactive isotopes of carbon (carbon-14 or*C) are produced naturaily in the

upper- atmosphere through the bombardment of nitrogen atoms by cosmic rays:

4N+ bn - HC o+ p Eqn. 24.3a
where; n = neutron and p = proton

Thermal waters, present underground where closed system conditions prevail, are no

longer in contact with atmospheric carbon dioxide sources and have also infiltrated beyond

biological sources of modern carbon present irl the soil zone. Under these conditions the

percent modern carbon (pme) will decline through radioactive decay of *C according to the

radioactive decay equation:
A=Ajcexp(In2/t,et) Eqn 2.4.3¢
where; A, = measured activity (or concentration), Ay = the initial activity, t,, = the half-life of the

radioisotope, and t = time elapsed since commencement of decay

When the 'C half-life of 5730 years is used in eqn. 2.4.3c the following radiocarbon

decay formula results:

mean residence time (t) = - 8267 In (A, /Ap) Eqn.2.4.3d
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As an example, a groundwater sample found to have a total dissolved carbon (TDC)
component with 50 pmc would be 5730 years old, assuming no additional input from other
subsurface carbon sources such as "dead" carbonate rocks or volcanic gases (where all
modern carbon has long since decayed). Fortunately, carbon-13 (*C) measurements can
provide a check on these types of carbonate sources which can modify C mean residence
times and "artificially age" waters. Most types of vegetation in northern climates generally
have 8'°C values between -22 and -35 %PDB for CO, (Gat, 1980) but are most frequently
near-25%. PDB. Thus, decaying organic matter in the soil root zone will often leave this *C
isotopic fingerprint on infiltrating recharge waters. Any subsequent modification of the

dissolved carbon component would then alter these '*C and “C "signatures".

Radioactive isotopes of hydrogen, called tritium (T or*H), are also produced naturally

in the upper- atmosphere through the bombardment of nitrogen atoms by cosmic rays:

N + hn - 2C + ' H Eqn. 2.4.3b
Like '“C, tritium isotopes are useful indicators of mean residence time, although the half-life
of this radioactive isotope is much shorter, only 12.43 years. While the ndtural abundance
of °H is likely between 5 and 20 Tritium Units® (T.U.) (Brown, 1961) anthropogenic input
this century has augmented tritium concentration. For example, values as high as 5000 T.U.
were recorded in Ottawa area precipitation during the 1960's (Egboka, 1980). The primary

usefulness of tritium as a dating tool relates both to it's rapid radioactive-decay and the

' - one tritium unit is equal to one *H atom per 10'® H-atoms
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anthropogenic "spike" introduced in the twentieth century. Additionally, tritium is conservative
and not affected by physiochemical or biochemical reactions. Zero tritium content in a given
water sample in 1993 implies that the sample has been out of contact with the atmosphere for
a minumum of about 40 years, while a sample with a high *H concentration was likely

recharged during the 1960's.

Results and_discussion

Tables 2.4.3a and b show mean residence time data from carbon and tritium isotop'cs
for Hotsprings Cove and Ahouset. A direct calculation using 4C is shown in Table 2.4.4a,
while Table 2.4.4b shows corrected "ages" using two different calculation techniques.
Ahouset

The very high *H content in these waters suggests either substantial mixing or rapid
circulation of the thermal waters. Direct calculation, shown in Table 2.4.4a, does not apply
for the '*C value at the Ahouset hotspring. Modified Pearson calculations (Pearson, 1980)
which consider 8°*C values different from soil zone signatures, give values for Ahouset of
~2300 years if we use a soil zone correction, and ~ 11,000 if we apply a standard "q" value
of 0.9 for crystalline terrain (Tatle 2.4.4b). However, for such modelling, the very high &
13C value is problematic, and may reflect deep crustal or mantle CO, (see also Section 2.6).
.As no sulphide was detected in solution at Ahouset, sulphide-based corrections outlined in
this section do not apply. The presence of ~13 T.U. in these thermal waters, along with a low
pme value, however is evidence of substantial mixing (Mazor, 1991) likely with tritiated

modern groundwaters. Thus radiocarbon modelling may be invalid for Ahouset.
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HSC-Ahouset Mean Residence Time Estimates

HSC 3880 130 -240+/01 184 +/-0.22 13991 +/-~100year 1.0 +/0.8
Ahouset 3570 3340 -2.83 +/-01 226 +/-0.25 12314 +/-~100year 12,5 +/-1.1

Table 2.

Hotspring. HCO3-
L ma) (mal)

’ o

o *:._.' . it .:‘ A
Ahouset 1 3570 33.60 - 2,83 +/-0.1. .22.64/-025
Ahouset2 3570 3360 -2.83.+/-0.1. 226 °+/-0:25

HSC 1 - 0.21 mmols HS- produced from sulphate teduction, so 0.42 mmols of "dead" C-14 are Infroduced (see Section 2.4.4 In taxt),
To cornect for this, ( 0.001pme x .42 mmols) was subtracted from (184 x .66 mmois). This then used as the numerator
and placed cver the denominator of (0.65 - 0.42 mmols) to give comected amount of DIC for *18.4 pme”. Thus pmc = - 50,

HSC 2 - 0.21 mmols/l HS- produced from sulphate reduction, so 0.21 mmwls/t of *dead’ C-14 are introduced (Section 2.4.4 In text).
To correct for this, ( 0.001pme x .42 mmols) was subtracted from (184 x .66 mmols). This then used as the numerator

and placed over the denominator of (0.66 - 0.42 mmols) to give corected amount of DIC for *18.4 pmc®. Thus pmc = ~ 50,

Ahouset 1; qm(-2.83-~+2}/(-24-2} Ahouset 2; gq= 0.9 (crystalline rocks)

Table244a &b HSC and Ahouset estimated mean residence times

60



Hotsprings Cove -

For Hotsprings Cove, the § '*C value of -24 %d&PDB appears to indicate an input of biogenic
CO,from the soil zone. The low Eh value and redox conditions indicative of suiphate
reduction support this interpretation, as does the very low DIC content and general lack of
carbonate lithologies in this afca of the Insular Belt dominateci by silicate rock-types (Section
2.2). The minimal value of 1 T.U. for HSC is consistez'u with the “C data, particularly if the
precision of +/- 0.8 T.U. is considered. This minimal tritium content could result from loss
of analytical precision at these very low values, or may be partly due to spontaneous
production of *H from *He (Andrews, 1985). The other potential source for the minimal

tritium input could be local seawater, infiltrating near the discharge zone (see Section 2.3.6).

If we assume that §'3Cpc signature of -24 %o PDB is indicative of an unmodified soil”
zone signature, then the HSC DIC content has not been affected by subsurface processes such
as exchange with carbonate rocks or deep crustal/mantle inputs. A direct application of Eqn.
2.4.3d gives a mean residence time for these waters of near 14,000 years, indicative of
recharge during the last period of Pleistocene glaciation. It should be emphasized however,
that even where a direct calculation of a “C "age" appears applicable as in the case of HSC,
there may be other factors affecting both the 'C and '“C values, and serving to artificially
“age" the waters. Consider for example the sulphate-reduction process outlined in Section
2.4.3. The full equation for sulphate reduction includes the organic matter neccessary to
provide the electron source for the reduction of sulphate (S valence of +6) to a sulphide (S

valence of -2). We may consider the posssibility of two different sources of organic carbon:
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In both cases a source of "dead” carbon (~ 0 pmc) would be required to artificially age the waters.
1) DIC i ion of CH,O f /o hucti
Two moles of organic carbon, consumed by Desulfovibrio desulphuricans as an energy

source, are required for each mole of HS- produced in the reaction (Pierre, 1980):
2CH,0 + SO* > 2HCO," + H,S Eqn24da

In the case of HSC any hydrogen sulphide gas produced would convert to HS", releasing a
proton, due to pH and Eh conditions (see stability field diagram, Fig. 2.3.4b). As well, 2 moles
of bicarbonate are produced for each mole of H,S pro&uéed. Fig. 2.4.4a suggests that the P’C
signature of much of the organic matter consumed under reducing conditions has §*C equal to

~ 2%%.PDB (Irwin etal.,1977). These values were found in reducing marine sediments in Saanich

Bay, Vancouver Island.
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Fig. 2.4.4a °C in organic matter during diagenesis in reducing sediments (from Irwin etal.1977)
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For the same reasons as those described above for the bacterially-mediated
fractionation of & *S, the §"°C value of the organic matter used as an energy source in the
sulphate-reduction reaction will be weighted in favour of the lighter 1?C-dominated organics
rather than those with “C. Bottom-sediments in contact with the saline groundwaters
proposed in Section 2.4.3 may include dead marine organic material which is no longer *C-
active. If mixed with thermal waters, this process would introduce for each mole of HS"

produced, 2 moles of virtually "dead" bicarbonate with a °C signature near ~ -25%0 PDB; the

same value as that recorded at HSC,

For HSC, a sulphide-corrected mean residence time is calculated using the procedure
outlined above and shown as HSC 1 in Table 2.4.4b. The change in estimated mean

residence time is significant, approximately 1/3 the estimated age using direct “C calculation.

2) DIC incorporation of methane; CH,

The presence of ~0.25% volume CH, in the gas phase of the thermal waters of HSC
l(Section 2.3.3) suggests that methane may be the carbon source for sulphate reduction.
Isotopically light, radiogenically "dead' methane (very negative 3'°C and zero pmc),

incorporated along the flowpath could be converted into DIC as shown in Eqn.2.4.4a:
CH, + SO* - HCO;" + HS + H,0 Eqn2dda

Note that in this case the stoichiometric ratio of contributing carbon species is 1:1; 1 mole
of bicarbonate is produced for each mole of HS" produced. Thus, if we take the known
value for the number of moles sulphide present at HSC (0.21 mmols/1) and subtract the same
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number of moles of sulphide-reiaied "dead" carbon from the total DIC, we will have a

methane-corrected “C "age" for HSC. This calculation is shown as HSC 2 in Table 2.4.4b.

It is also possible that input of subduction-related "dead" carbon is occurring, either
from CO, or CH,, or both.  Gas hydrates, largely methane gas, are present in large
volumes in the continental slope Cresent Terrain accretionary wedge adjacent to the Pacific
Rim Formation (pers.comm. Roy Hyndman, 1993). Any influx of this "dead" methane gas
from the accretionary wedge, regardless of its precise input path could serve to artificially
"age" the thermal waters. Both HSC and Mate Island thermal waters contain CH, gas
although much of the methane at Mate Island is likely to come from decomposing tidal flat
organics. The Ahouset hotspring 8"Cpyc signature of -283%0 CDT suggests possible input
of CO2 from such deep-seated sources. Also, calculations demonstrating addition of helium
gas, from subducted Juan de Fuca basalt, are part of Section 2.6.

Summary of 14C,,_modification processes and corrected mean residence time estimates

Thus, while it is quite feasible that the HSC thermal waters are thousands of years old,
there are a number of potential modifying influences on its ’C and "C signatures, including
sulphate-reduction, and/or influx of dead carbon from CO, or methane gas. These
modificatons would serve to artificially age the waters. Corrected ages for HSC fall between
~ 6000 and 11,000 years, while a direct application of the '“C decay equation yields ~14,000
years. Helium gas volume measurements from HSC are qualitatively consistent with a
relatively long mean residence time. The Ahouset Hotspring shows evidence of substantial
mixing of an older thermal component with young meteoric water, the source of DIC is

highly modified and "age" estimates should be treated with caution.
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25 Geothermometry, Heat Flow and Depth of Circulation
2.5.1 Geothermometry; Introduction

One of the primary factors in assessing a geothermal rzsource for any particular
application or exploitation is the maximum temperature of the thermal reservoir, While
boreholes provide direct means for measuring temperature and other parameters at depth, the
cost of drilling operations can be prohibitive. Additionally, drillholes can miss the prime
location in a geothermal anomaly and thus give a misleading representation of the potential
resource. Obviously then, even explorrtary drilling is- one of the later steps to be taken when
evaluating a geothermal resource, initiated when all other less expensive assessment techniques
have been applied. One such preliminary cost-effective technique involves the analysis and
interpretation of aqueous geochemical and isotopic data. Since the 1960's, a number
geochemical "thermometers" or geothermometers, have been developed to estimate maximum

fluid temperatures at depth.

Recharge waters, regardless of origin, will undergo changes in chemistry once
underground due to effects of temperature, pressure, and water-rock interaction with the host
rock (Freeze and Cherry, 1979). Given sufficient time, thermal waters can reach chemical and
isotopic equilibrium with the reservoir wall-rock. Thus the geochemistry of the waters which

eventually discharge at the surface is a reflection of both their origin and thermal history.

In high-temperature reservoirs, where mean residence times are hundreds or thousands
of years, the ratios of cations in solution are controlled by temperature-dependent equilibrium

reactions between the fluid and the host-rock reservoir (Fournier, 1981). For example:
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NaAlSi,O, + K*' --— KAISi,0, + Na' Eqn. 2.5.1a

Albite ~—3 K-feldspar where: K= Na*)/[K*]

is one reaction influencing alkali metal concentrations in solution. Alkali metal concentrations

and pH is in turn influenced by reactions such as:

3 KAISi,O, + 2H* -— KALS,0,(OH), + 6 SiO, +2K* Egn.25.1b

3 K-feldspar =  K-Mica + 6 Quartz where; K,, = [K*V[H'].

It is noteworthy here that alteration to K-mica not only raises the pH (by coﬁsuming
H* ions) but also produces 6 moles of silica and 2 of potassium for each mole of altered
potassium feldspar. Reactions like the above are important in determining the composition of
geothermal solutions, in fact, the silica and Na-K geothermometers are still among the most
studied and oft-cited in the literature. The following subsections of Section 2.5 detail the

application of silica, 8 *O in sulphate-water, sodium-lithium, and other geothermometers.

2.5.2 Silica Geothermometer

Consideriflg the ubiquity of silicate minerals throughout the geosphere it is little wonder
that the content of dissolved silica in natural waters has long been a subject of interest. In fact,
analyses of SiO, in hotsprings in North America dates back to 1885 (Fournier and Rowe,

1966), and in Canada, at Hotsprings Cove, to 1898 (Clapp 1913).

It was not however, until the latter half of this century that detailed analysis of qua:tz
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solubility was reported, along with its variation with temperature and pressure (see for example
Kennedy 1950; Bodvarsson 1960). More recently other quartz polymorphs including
chalcedony, cristobalite and amorphous silica (opal) have also been discussed (Fournier and

Rowe 1966; Arnorrson 1975).

Although quartz dissolution is rapid in fluids where temperatures are above ~150°C,
silica's ability to precipitate out as the solution cools is kinetically inhibited. This is due in
part to the tendency for monomeric H,SiO, to polymerize as temperatures decrease. This
polymerization in turn slows the rate of precipitation. Even so, the silica geothermometer is
best applied at hotsprings where flow rates are high as this lessens the chance for re-
equilibration svith amorphous silica near the discharge zone. Other factors to be considered

when applying silica geothermometers are:

1) possible steam separation, which will concentrate SiO, in the residual fluid phase
2) dilution

and 3) pH effects.

Steam separétion effects are unlikely in these thermal waters as predicted maximum
temperatures are far below those required to produce the significant steam fractionation and
associated increased silica’ ;:or_lcentration described by Fournier and Rowe (1966). The
Hotsprings Cove silica content of ~ 50 ppm would not be greatly affected by dilution due to the
< 2.8% seawater mixing, as the premixed 8iO, content would be only about 1 ppm higher.

The elevated pH level of both springs however could have an effect on geothermometer
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estimates. Fig.2.5.2a reveals that, at 50° C and pH 8.7 (same pH as HSC) quartz solubility
would increase by 10% compared with pH 7 waters. Hence silica geothermometer estimates

would overestimate the last temperature of equilibrium by about 7°C for quartz and chalcedony.

1000 :
Fig. 2.5.2a ]
Effect of pH on quartz solubility 5 100 .
o 3
at various temperatures. Dashed E. ]
-]
line indicates pH necessary for = 1
p ary 3 10 E
a 10% increase in solubility 3
compared to pH 7 .
‘ [] I L L 1 1
(from Fournier, 1981). 7 8 9

At 100° C these effects are even more pronounced and a pH of only 8.2 yields a 10% silica
increase, while at pH 8.7 the excess silica in solution would approach 40%. Thus application

of silica geothermometers in high pH waters are likely to overestimate reservoir temperatures.

Table 2.5.2b shows calcnlated quartz equilibrium solubilities for different polymorph
types over a range of temperatures. Discharge temperatures for hotsprings in this study are
shown with equivalent silica geothermometer temperatures. For amorphous silica all hotsprings

show discharge at temperatures exceeding the predicted reservoir temperature. Additionally,
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no amorphous silica was observed precipitating out at any of the hotspring vents so it is
unlikely that any of the thermal waters are in equilibrium with opal. If equilibrium conditions
exist for silica, then they must be with quartz or the other quartz polymorphs; chalcedony or

cristobalite.

Table 2.5.2b  Silica Geothermometer Temperature Estimates (°C)

AR P T

halcadony,
HSC 50.1 102 72 52 18
Mate Island 16.8 57 25 8 -9
Ahouset 18.9 61 29 12 )
T (°C) »{1309/(5.19-Log(ppm SHllca)) } - 273.15 (Al formulae from Fournler,1981)

*T °C) ={1032/(4.69-Log(ppm Sliica)) } - 273.15
***1 (*C) ={1000/(4.78-Logiopm Slica)) } - 273,15
****7 (°C) ={731/(4.52-Log(ppm Sllica)) ) - 27315

Amorsson (1975) has described how chalcedony usually controls aqueous silica in the
basaltic terrain of Iceland when temperatures are below 110° C, while certain granitic terrains
tend to be in equilibrium with chalcedony below 90° C and with quartz when temperatures
exceed 90° C. If the apparent long mean residence time of HSC hotspring waters is considered
along with the regions predominantly granitic rock-type, then silicate equilibrium with
chalcedony may be deemed reasonable if the maximum reservoir temperature is approaching
90° C. The same case can be made for equilibrium with quartz as, at the predicted quartz
maximum reservoir temperature of 102° C, equilibrium conditions would likely have sufficient

time to be established.

Silica geothermometer estimates for Ahouset range from 12° to 61° C. However its
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low discharge rate, and pH of 10.05 may both have an effect on accuracy. The discharge
temperature of 22.7° C closely approximates the 25° C curve of Fig. 2.5.2a where a pH 9

value yields a ~10% increase in quartz solubility, and pH 10 increases are offscale.

2.5.3 Sodium-lithium Geothermometer

Elevated concentrations of lithium in hotsprings are common and have in fact long been
considered to contribute to the value of health spa hydrotherapy (Elworthy, 1925). From a
geothermal prospecting perspective, distinct correlations between Li+ concentration and
reservoir temperature have been observed. Increased concentration may be due, in part, to the
small atomic radius of lithium (0.78 A) which could, for example, retard its co-precipitation

with other alkali metals in near surface clays (Mahon, 1976 ).

Regardless of the precise physicochemical mechanism, Li acts, in thermal waters, as a soluble
element. Furthermore, the mean lithium concentration in most igneous and sedimentary rocks
falls within a narrow range; 10-70 ppm (Heier & Billings 1969), explaining its presence in
thermal waters from a wide variety of geological settings. A direct empirical relationship
between sodium and lithium concentration, plotting log Na/Li as an inverse function of

temperature and absolute temperature has been developed where:
log Na/Li = 1000 K° - 0.38 [for waters where Cl- conc < 0.3 M] Eqn. 2.5.3a

Table 2.5.3a shows calculated maximum reservoir temperatures for HSC, Ahouset, and

Mate Island thermal waters.
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Table 2.5.3a Na-Li Geothermometer (atter Foullac and Michard, 1981)

Log Na/U=10007-0.38 ( where Cl concentration < 0.3M)

NG (Ppmy . MMOENG il (PR MO oG NG R e B e g
HSC 1 149.0 .48 0.054 0.008 | 2921 303 0
Ahouset 25  1.849 0.008 0.001 3.205 279 6
Mate lsland 2720  11.831 0.077 0.011 3.028 293 20

Recalculated West Coast Na-Li Geothermometer*

Naeemy . mmolsNa . =EE T =T mmels T IggMNa/h =T oK TETS S
HSC-sw 4624 2011 0.050 0.007 2.446 354 8l
Mate s, -sw §9.14 2572 0.070 0.010 2407 359 86

* .a companent of seawater equivalent ta 0.6 x the maximum 2.8% and 5.8% local seawater was subtracted from
HSC and Mate Is. respectively: (see 0% seawater Br- column in Table 2.3.4b)

A major disadvantage of the Na-Li geothermometer is that the Na/Li ratio is greatly
affected by Na input occurring during any mixing with marine waters. One of its major
advantages, aside from the wide applicability pre'viously mentioned, is that it is not strongly
influenced by chemical re-equilibration processes occurring during asceat of thermal fluids.

This again is largely due to the consistent solubility of lithium (Fouillac, 1981).

The reliabjlity of Eqn. 2.5.3a falls immediately into question when applied to this study, as
the HSC and Mate Island log Na/Li calculated subsurface temperatures are below their actual
discharge temperatures. Subtraction however, of the seawater mixing component (1.5% for
HSC) outlined in Section 2.3.6 yields more plausible Na-Li geothermometer estimates for HSC
and Mate Island. The predicted reservoir temperatures are in fact quite consistent for both

springs, ~81° C and 86° C respectively. These geothermometer predictions are similar to
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silica-based estimates and are consistent with the hypothesis that a minor component of
seawater is mixing with these thermal waters and that Mate Island and HSC are discharges
from the same parent reservoir, imrespective of its precise maximum temperature, Li+
concentrations were near detection in the low T.D.S. waters of Ahouset warm spring (detection
limit 0.005 ppm) and geothermometer estimates are below discharge temperature, hence

lithium-based geothermometers are not applicable there.

2.5.4 Sulphate-water Geothermometer

The equilibrium distribution of ®0 in water and '°O in dissolved sulphate species in.a
geothermal system is dependent upon the temperature at which equilibrium conditions are
established. Various authors have documented how the 8 '®0 values in sulphate become iess
positive with increasing temperature (Mitzutani and Rafter, 1969; Mitzutani 1972). The

following equation defines one representation of this isotopic exchange reaction:
1000 In Olyypnaewaer =3-251 (10% T% - 5.1  (Mitzutani and Rafter, 1969) Eqn. 2.54a
where; T =°K, and ot = (3 "y, + 1000) / ( 3'*0,,,, +1000)

While nearly 100% isotopic equilibrium can be attained in about 18 years for 200°C
water at pH 7 (McKenzie and Truesdell, 1977), the exchange reaction is slower for lower
temperature geothermal systems (Chiba and Sakai, 1985). This, however, can be considered
advantageous once equilibrium conditions are attained in a reservoir at depth, because the §'*0

signatures would tend to be preserved during the shorter-term ascent and discharge to surface
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(Fournier, 1981). It is also part of the reason why t.he sulphate-water geothermometer is
considered to be among the most reliable of the various geochemical tools used to estimate
geothermal reservoir temperatures. There are however a number of possible corhplicating
factors for this geothermometer including:

1) steam separation, which can affect the 8 *0,,,, signature

2) oxidization to sulphate of isotopically depleted H,S

and  3) mixing with non-thermal waters.

For HSC, steam separation is unlikely to affect the system as most geothermometer
estimates are below 100° C and § '®0-D plots show no geotherrhal shift. With regard to
incorporation of isotopically-depleted H,S, the lack of oxygen, negative Eh, and redox
conditions all point to sulphate reduction rather than sulphide oxidation. Seawater mixing
could have a minor effect however, by lowering the 8 *0yp, value.* If the seawater mixing
component is removed (using the 1.5% seawater model, Table 2.3.6b) the seawater-mixing

corrected 8 'O,y value changes from 9.89 %oto 10.93 %o

§ 9.84 %o= (8 9.45 %ox 22.9 ppm)’ + (3 0. remi Eqn. 2.5.3b
phat n
(31.05 ppm)

8 "0 ygpe(premixed) = + 10.93.
The seawater-corrected sulphate-water geothermometer estimate for HSC and unmodified

sulphate-water geothemometric calculations for HSC and Ahouset are shown in Table 2.5.4a.

4 seawater sulphate has a narrow range of 8 '*O values near +9.45 %o SMOW (Krouse, 1980)
P g
5 $'%0 signature x weight fraction of seawater sulphate attributed to mixing
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Table 2.5.4a Sulphate Water Geothermomnelter (cfter Mitzutanl and Ratter, 1969)
1000 In aipha (S04 - H20)= 3.251(1milllion/°K X°K)-5.1
Where dipha = d 180 (S0O4)+ 1000/ d 180 (H20)+1000

A A
e S8 delfd ona) \;WEMH
@i

1 -h:|1!ﬁ w '4‘

i e
HSC -10.06 Q.84 1.0201 19,9028 25.0028 0.1300 130025 351 87
Ahouset -8.87 7.89 1.0169 1676856 21,8686 0.1487 148661 386 112

HSC-sw SO4  -10.06 10.93 1.0212 209816 26,0816 0.1246 124647 353 80

The corrected maximum reservoir temperature estimate for Hotsprings Cove changes
slightly, from 87°C to 80°C. The value for Ahouset, interestingly, is above boiling. This
may be an over estimation, due to two separate effects, both of which are a result of mixing

with local, non-thermal meteoric groundwaters. These two modifying effects are:

1) less depleted 8 '*0,,,, values

and  2) oxidation to sulphate of a depleted H,S component which was present before mixing.

Both effects reduce the difference between the & 'O, and & 'O, values, which
increases the estimated reservoir temperature. No dissolved sulphide was detected in the
Ahouset thermal waters, consistent with the possibility of the addition of an oxidized H,S

component to the sulphate fraction.

2.5.4 Na-K-Ca and Log (vMg/Li) Geothermometers
There are two other cation-based techniques which have a limited applicability in this

study; the Na-K-Ca and log (¥Mg/Ca) geothermometers. The Na-K-Ca-based technique
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shown below was developed due to inaccuracies in the Na-K geothermometer for calcium-rich

waters, and for reservoirs where temperatures are below 150°C (Fournier and Truesdell, 1973).

K° = 1647 :
log (Na/K) + B [log (NCa/Na) + 2.06] + 2.47 Eqn. 2.5.4a

Dilution of thermal waters by more saline waters which are cooler can have an effect on the
Na-K-Ca technique (Fournier, 1981). This effect is seen in calculations using this formula for
Mate Island where more significant seawater mixing occurs. Predicted reservoir temperatures
are below the discharge temperature. The estimated maximum temperature for HSC however
matches the discharge temperature near 50° C which could be indicative of conditions

approaching equilibrium for a near-surface reservoir.

On the other hand, Na-K-Ca calculations using the seawater mixing models are
inapplicable as they give negativg temperatures for both Mate Island and HSC, a reflection
possibly of non-equilibrium, supersaturated conditions for sodium, calcium and potassium
involving minerals such as the smectites shown in Table 2.3.2d. This would affect the
concentrations of these cations in the near-surface enmvironment, causing inaccuracies in
estimated maximum reservoir tc;,mperatures. The Mg-corrected Na-K-Ca geothermometer is
inapplicable here as predicted temperatures were below discharge temperatures. The log
(¥Mg/Li)-based geothermometer was calculated by the Solmineq geothermal modelling program
(Kharaka and Mariner, 1988). Predicted reservoir temperatures are similiar to the silica,
sodium-lithium and sulphate water geothermométer estimates, and are shown along with the

Na-K-Ca geothermometer estimates in Table 2.5.5a.
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2.5.5 Geothermometer Sununary

Table 2.5.5a Summary
- Geothermometry Maximum Temperature Estimates (°C)

Note: any geothermometer estimate below discharge temperature is not included In caleulating the mean. The sulphate-
water geothermometer Is excluded for Ahousset due to possibie oxldation of a depleted sulphide fraction,

Geothermometer

IHatipit 11 o |H-l!h":

HSC 503 | 89 72 102 B0 50 na 86
HSC -sw 50.3 8] 72 102 na na 75 83
Ahouset 22.7 1187 29 61 36 na 6 42
Mate lsland 254 na 25 57 36 97 20 63
Matels. -sw. 25.4 na 26 59 na na 76 68

Although a mean value for geothermometers incorporates all the assumptions and
weaknesses inherent for each geothermometer temperature estimate, it may be considered useful
as a general approximation of reservoir temperature. Geothermometer estimates for HSC are
in the 70° - 100°C range with a mean value of 86° C, similiar to estimates which include
subtraction of seawater. Mate Island geothermometric calculations have been included for
completeness. However, if we consider Mate Island to be part of the HSC system then the
geothermometer estimates for the latter may be considered more reliable. No geothermometer
estimates are significantly above 100° C, and since it is unlikely that a/l have re-equilibrated
to lower discharge temperatures, a significant reservoir of high temperature geothermal water

is probably not present.

Temperature estimates for Ahouset are not much higher than discharge temperatures

with the exception of the sulphate-water and quartz geothermometers. Possible explanations for
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the high sulphate-water estimate may be related to mixing with non-thenr;al groundwaters
(Section 2.5.3) whereas the quartz geothermometer estimate (61° C) may be due to weathering
reactions, such as Eqn. 2.5.1a which can raise the pH while adding silica. Given the limited
amount of data collected in this study for Ahouset it is difficult to predict accurately the effects

of an unknown amount of mixing on geothermometer estimates.

2.5.6 Geothermal Gradient and Depth of Circulation

No precise downhole measurements of the geothermal gradient exist for the study area,
Heat flow measurements for the southern half of the west coast of Vancouver Island are low;
heat flux ~31 mW/m? (Bentkowski and Lewis, 1989) and may be attributed to two principal
factors:

1) the thickened crust (up to ~ 45 km maximum thickness) resulting from subduction

of the Juan de Fuca plate beneath the western margin of the continent (see for example

Lewis, 1988, and Fig.2.2.1d).

2) the coolness of the relatively young subducting oceanic slab, which acts as a heat

sink and depresses isotherms (pers.comm. Roy Hyndman).

Consequently, the geothermal gradieﬁt in the area of HSC is quite low, likely abou.t 22°C/km
(pers.comm. Trevor Lewis). Using this geothermal gradient, and an estimated maximum
subsurface temperature near 90°C, the depth of circulation of the HSC thermal waters would
be about 4 km. However topographic effects tend to pull isotherms upwards to mimic, to some

extent, surface topography, thus depth of circulation may be slightly less, perhaps in the range

of 3-4 km.
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2.6  Noble gas Isotopes; Helium and Neon

Helium isotopes, employed as an interpretational tool for regional tectonics in Section
4 are an integral part of this thesis study. Much of the data gathered and interpretations
reached pertain to the active subduction zone of the Insular Belt beneath HSC and Ahouset.
Hence, it is also important to include findings relative to these west coast Vancouver Island
hotsprings in this section. The reader may wish however, before proceeding with this section,
to first read the introductory background section on helium and the noble gases in Section 4.2.1

and Appendix He.

2.6.1 Verification of Noble Gas Sample Purity |

Introduction
Three checks on the purity of noble gas samples collected involve consideration of:
1) neon excess
2) helium volume

3) neon solubility at assumed recharge elevation.

1) _Neon excess

Although the crustal production of helium resuiting from alpha decay of uranium and
thorium is significant, subsurface production of neon is considered fo be relatively insignificant
(Bottomley et al., 1984). Hence, whereas the atmospheric ratio of He/Ne is 0.29, ratios from
primordial and crustal sources are usually >100. This facilitates use of neon concentration as
a check against atmospheric contamination during sampling, as shown below (Craig et al.l.

1978a, Torgersen and Jenkins 1982).
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RIR )oomas = [(R/Ry) X1 -1/ X - 1 ' Egn. 26la
where X = (He/Ne)/(He/Ne),, ; R/R,;, = *Her*He ., / *He/'Hey,

The correction assumes that samples are mixtures of atmospheric helium and neon with
an additional pure helium component ad;led from radiogenic and/or mantle sources. If Ne
values are not available the volume of He can be used as a gauge of the amount of air
contamination. This is because the lo.w atmospheric concentration (5.24 ppm He) and low
solubility of helium in water (4.5 x 10 cc/g H,0) at STP and 0% salinity) ensure that if
greater than 5 times the atmospheric concentration is present (from radiogenic or mantle
sources) then the effects of contamination are negligible (Torgersen and Jenkins, 1982). Table
2.6.1a shows the concentrations of both neon and helium in samples from Hotsprings Cove and

Ahouset,

Hotsprings Cove 1 0.27 +-1% 13.5 +-05 3001 1.86 +-10% 25 0.24
Hotsprings Cove 2 0.27 +-1% 11.9 +/-05 2644 1.28 +-10% 32.1 0.25
Ahouzet 0.28 +/-1% 3.26 +/-05 7244 2.32 +/-10% 4.85 0.09
Fresh water

(nir equilibrated s.l.)  1.00 0.45 na. o 1.8 na. na n.a.

*+ (R/Rair) corrected= (R/R air) X)-1/(X-1)

* where; X = {He/Ne){He/Ne) air,
and where; (He/Nej air = 0.29; includes atmospheric and radiogenic sources (Craig etal, 1978a).

He dissolved in water in equilibrium with atmuspheric Helium (5.24 ppm),
has a solubility of 4.5 X 10-8 c</STP/gH20

Atmospheric Neon has a solubility of approximately 1.8 x10-7 @ STP
and a solubility of approzimately 1.7 @ 50 C
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The calculation of neon excess, used as a helium isotope correction factor to account
for the possible entrapment of air bubbles during sampling, is also shown in the table. This
correction process is based on the stable concentrations of both noble gases in atrnospheric air;
5.24 ppm He and 18.18 ppm Ne, (dry air volume at sea level and 1 atmosphere pressure). The
last column in Table 2.6.1a shows the corrected values using the neon excess calculation. The
change for the two HSC samples is within the limits of analytical error, thus the 0.27 values
for R/R,;, for helium will be considered valid as the analytical error given for neon is actually

greater (+/- 10 %).

The Ahouset sample may have entrained a small portion of excess air. This is perhaps
to be expected with this low flow spring, which shows evidence of mixing with non-thermal
waters. This possibility of entrainment of a portion of excess air is further discussed below in

part 3; neon gas solubility variation with temperature and pressure.

2)_Helium volume
The volume of helium gas, as discussed above, can provide a gqualitative check on
sample contamination. In this regard all samples meet the volume criteria, ranging from 7 to

30 times atmospheric volume for these three Insular Belt samples.

3) Neon solubility at an assumed recharge elevation
A third check on the reliability of noble gas measurements involves solubility
calculations described by Mazor (1991). The initial content of noble gases in a given fluid will

be related to (Mazor, 1972):
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1) temperature of the recharge waters

2) regharge elevation (**O-D-derived elevation (Section 2.4.2) used as assumed values).

Although helium variation with temperature is minimal, neon gas solubility at sea level
ranges from 2.3 x 107 (cc gas/cc distilled water) at 5° C, to ~ 1.8 x 107 for temperatures over
40° C (Mazor 1979). Where neon data are available, this relationship, combined with gas;
solubility variation withlaltitude, can be used to estimate the amount of noble gas incorporated
at recharge (before closed-system conditions commence) provided no entrapment of excess éir
occurs in the unsaturated zone during recharge (Heaton and Vogel, 1981). The noble gas
solubility for-a given temperature at sea level is divided by a factor greater than unity to
account for decreased solubility at altitude. For example, at a recharge elevation of ~ 900 m and
recharge temperature of 7° C (averagé during 80% of Tofino area precipitation; see Fig. 2.1.2)

the solubility of neon is:

2.1 X 1071.15 =185 X 107 cc/g H,0  (from Fig.2.6.1a & b)
Fig. 2.6.1a ‘ Fig.2.6.1b
Variation in Atmospheric Variation in Neon Solubility
Pressure with Altitude with Temperature
5 750 g 25]
¥ B E 2 x
€ 700 >E
E a > 15
o 850 w0 E 1
Qs
g 600 g 2 05
% 550 - 0
0 1000 2000 3000 0 20 40 €0
Aititude (masl) Temperature C

Fig. 2.6.1a & b Variation in pressure with altitude and neon gas solubility with temperature

(after Mazor, 1991).
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This approximation concurs with the measured concentration at the discharge vent for
Hotsprings Cove (HSC 1) which is 1.86 x 107 cc/g H,O. If a recharge elevation of ~400 m

is assumed for Ahouset then the solubility of Ne in those thermal waters would be:

2.1 X 107/1.05 = 2.00 X 107 ec/g H,0.

The measurement of neon content in the sample from Ahousetis 2.32 X 107 ce/g H;0,
so there remains a slight excess of Ne gas in this sample. Subtraction of the analytical error
(+/-10%) gives a volume of 2.088 X 107 cc/g H,0 which equals appr;)ximatcly the solubility
value for waters at ~ 8° C near sea level. This is consistent with indications of mixing of
thermal waters with cool local meteoric waters for Ahouset, such as the presence of 13
T.U.with 18 pme "“C. Any other excess from this site may be due to entrapment of air in the

aerated zone where these meteoric waters infiltrate (Heaton and Vogel, 1981).

In conclusion, all sample analyses are considered as valid using the neon excess,
helium volume and recharge solubility calculations. Hotsprings Cove thermal waters are below
saturation for atmospheric neon, indicative of good sample purity, whereas the Ahouset
hotspring shows minor input from mixing with local meteoric waters in equilibrium with
atmospheric neon gas near sealevel. Nonetheless, the Ahouset helium gas volume (>7 times
the atmospheric concentration) and uncorrected R/R,;, (which is statistically identical to HSC

values) support the validity of the Ahouset R/R;; of 0.28.
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2.6.2 Discussion and conclusions

The initial content of He in a given fluid will be related to recharge elevation and
ternperature of the recharge waters (Mazor, 1972). Thus, without any additional *He input,
the ratio of >He/*He will decline in any geologic setting where input of radiogenically-
produced ‘He occurs. Similarly, the R/R, of *He/'He will decline under the same

circumstances.

Examination of the *He/*He ratio alone then can be misleading, for, where radiogenic
production of "Hg occurs, input of mantle-derived *He gas could be overlooked unless the
volume of helium gas is considered along with its isotopic ratio. An example of this oceurs
at Hotsprings Cove and Ahouset where plutonic rocks of the West Coast Complex, Island
Intrusions, and Catface Intrusions provide a source of radiogenic He through c-decay of
uraniferous minerals (for equation see Appendix He). Geothermal reservoirs tend to act as a
sink for helium, particularly in highly-fractured and seismically-active zones (Mazor and

Bosch, 1989)

The helium R/R,;, values (Table 2.6.1a) of 0.27, and 0.28 for HSC and Ahouset may
at first glance simply reflect a local radiogenic helium signature with no sign of additional *He
input. However, when the volume of helium gas present is also considered, a genuine
contribution of *He from sources other than atmospheric is evident (pers. comm.John Andrews}).
The table reveals that, despite R/R,; values near 0.27, an excess of *He of ~ 7 and 8 times
atmospheric is present for the two samples at HSC, and more than twice the atmospheric

amount is present for Ahouset thermal waters. Furthermore, the ratio of excess ‘He/He is
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precisely the same for all samples at 6.3. Thus radiogenic input of excess ‘He outstrips the
mantle input of *He by a factor of ~ 6. This factor is orders of magnitude less than would be
expected if the excess 3He were produced entirely as a result of the spontaneous fission of SLi
(see Appendix He), while the other source of He, atmospheric contamination, has already been

considered above. This leaves mantle-related processes as the remaining source.

The question of origin of the excess helium in these Insular Belt thermal waters must
now be dealt with. Certainly a portion of the helium must come from radioactive decay as this
is the only possible source of such an excess of ‘He. However, the excess He, as shown
above must come from a mantle-related source. The important qualifier in this question is
whether or not the light isotopic contribution comes directly from the mantle. Indirect input
from subducted oceanic crust is also possible in this region where the castern margin of the

Juan de Fuca Plate is being consumed.

Processes of hydrothermal circulation remove large quantities of *He from oceanic crust
while radiogenic production of “He lowers the isotopic ratio even further so that the resultant
R/Rair can have an absolute maximum of ~ 2 (Poreda and Craig 1989). Current production of
new oceanic crust along the spreading centre of the Juan de Fuca ridge is typified by
superheated fluid temperatures (up to 350°C) driving rapid, powerful circulation of seawater
throughout the oceanic crust (Davis and Villager, 1992). Hence, retention of any *He which is
éxtremely volatile is highly unlikely. However, if we use a R/R,, value of 2 for a subducted
oceanic crust, we can then calculate its relative helium gas contribution to the hotspring waters

by using different ratios for various crustal rock-types. The actual *He/*He isotopic ratios for
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most crustal rocks vary from 1 to 5§ x 10® (Mamyrin and Tolstikhin, 1984).
For a *He rich basalt, where RR;, = 2;  Rya = 2 x 1.38 x 10€ = 2.76 x 10°
Now, the actual helium isotopic ratio at a particular hotspring can be solved for
contributing portions from both the basalt and the various crustal rocks, the latter having actual
helium isotopic ratios ranging from 1 to 5 x 10®, If we use an average value of 3 x 10 for
the crustal rock, and the maximum oceanic basalt value of 2.76 x 10" we then have:
* 3He-rich Basalt {(Portion) + Crustal Rock (1 - Portion) = Actual He ratio.
Substituting in the values for each of these components:

2.76 x 10 (P) + 3 x 10® (1-P) = 3.45 x 107

Multiplying both sides by 10° and solving for the respective crustal and subducted basaltic

portions we have:
276P + 3 - 3P = 34.5. Thus, 273P =31.5; or, P=0.115.

Hence the portion of helium gas from subducted oceanic crust would be about 11.5%, with an

88.5% contribution fr_om the local host rock.
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If we lower the actual ratio of the contributing crustal rock to the lowest average crustal
value of 1 x 10%, the resultant contributions calculated as above are 12.2% for the subducted
basalt and 87.8% for the host rock. Raising the crustal ratio to its' maximur only lowers the
basaltic contribution to 10.9%. Hence, a figure of 11.5% is a good approximation of the
contribution of 3He released from the Juan de Fuca basalt during subduction beneath the

continental margin.

| Geophysically-derived indications of reflector zones present beneath the crust under the
west coast of Vancouver Island were shown in Fig. 2.2.1d.  Previously, this type of
geophysical variation beneath the crust was generally interpreted as a change in the dominant
rock-type (pers. comm. Trevor Lewis). Recent detailed geophysical work however indicates
that changes in the geophysical signature may in fact be due to increased concentrations of
volatiles in these zones (see for example Hyndman and Wang 1993, Lewis et al. 1988, Davis

and Lewis 1984) and that these subduction zone volatiles include helium gas.

The volatile gases are then subject to upward migration along local thrust faults such
" as the Tofino and West Coast Faults, particularly during periods of seismic activity.
Iﬁtcrsection with the Refuge Cove Fault (Section 2.2.1) would facilitate incorporation of these
gases into HSC and Ahouset. Seismic events along the west coast of Vancouver Island
appear to be related to the trend of the WCF-TFand the subduction front, with localized

epicenters occurring also at or near the Refuge Cove Fault and HSC (Section 2.2.2).
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Fig. 2.6.2a Volatile zones beneath the Tofino and West Coast Faults

Reflector bands (Fig. 2.6.2a) are directly beneath extensions of the West Coast and
Tofino Faults it is likely that such volatiles are permeating upwards along these major fault
zones and being “captured” in the local geothermal reservoir. This process may be continuous,
or episodic; larger volume expulsions coinciding with the seismic events which are so frequent

along the subduction front (Section 2.2.2).

Interestingly, reports by native residents of gas expulsions at the offshore vent adjacent
to Mate Island, near HSC, also support the hypothesis of periodic release of fault-related gases
in the area. Further the extension of the Refuge Cove Fault (as in Fig. 2.2.1d) and

intersection with the WCF occurs offshore of Flores Island which hosts the Ahouset Hotspring.
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One of the most intriguing aspects of this area is that despite a subduction front length
of hundreds of Xilometres, the only thermal discharges found to date are the two being
discussed. The offshore gas vent near Mate Island and the rare but seemingly linear series of
pure gravel deposits on the continental shelf and slope (Conway et al., 1990) may be offshore
analogs to the terrestrial geothermal expressions at HSC, Mate Island and Ahouset. This and
other phenomena of these Insular Belt geothermal waters raise many questions about their
relationship with the dynamic local and regional tectonic environment. Suggestions for future

research are included at the end of Section 4.

2.7 Summary; Hotsprings Cove and Ahouset geothermal waters

The thermal waters of Hotsprings Cove reveal geochemical consistency dating back to
1898, which reflects evolution through interaction with crystalline host rock of the Insular Belt.
The Mate Island tidal flat thermal seep and an associated offshore vent are likely part of the
same geothermal system. Binary mixing models, with local recharge waters and local seawater
as end-member components, indicate local seawater and contributions of 4-6% for Mate Island

and minor mixing at HSC, up to ~ 1% local seawater.

180.D relationships point to local recharge at ~ 900 m for these thermal waters.
Modification of “C by sulphate-reducing bacteria provide mean residence time estimates in the
order of 6000 to 11,000 years. 8*S values support the hypothesis that saline waters of marine
origin may also be contributing to the geothermal flow system. Chemical and isotopic

geothermometer estimates range from 70 to 120°C with the most reliable estimates near ~ 90°C.
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The waters of Ahouset hotspring, located about 12 km south of HSC on Flores Island,
have low total dissolved solids, a pH near 10, and show evidence of mixing with modern local

non-thermal waters. It is likely part of a system separate from HSC.
Helium gas isotopes are consistent for all samples from these Insular Belt hotsprings;

R/R,, = ~ 0.28. Calculations modelling crustal and mantle-associated sources indicate ~11.5 %

helium gas volume contribution from the subducting Juan de Fuca plate.
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3 Selkirk Range Hotsprings; Halcyon, St. Leon, and Nakusp
3.1 Introduction

Ice-cold mountain streams adjacent to scalding hot geothermal springs are set
against the backdrop of spectacular mountain vistas in the Selkirk Mountains of the
Omineca Crystalline Belt. Three hotsprings found on the eastern side of Upper Arrow

Lake; Nakusp, St. Leon and Halcyon are studies in contrast.

At Nakusp, modern-day engineering, an aqueduct system, and paved parking
facilities provide easy access to the indoor geothermal pool facilities, whereas at the
St.Leon hotspring a narrow path down the chickly-wooded forest slope leads to a shallow,
cement and stone tub. The Halcyon hotsprings (Plate 3.1a )., though developed in the
late 1800's as one of the first mineral spring resorts in Canada, today consists of a pair of

crudely-fashioned, plastic-lined log tubs (Plate 3.1b).

Despite the asthetique differences, these Omineca Belt geothermal springs, set on
the western flank of the Kuskanax Batholith adjacent to the Columbia River Fault zone,
have in common a number of geochemical and geological characteristics. Together they
represent a geothermal flow system in a Cordilleran geologic setting to compare with the
contrasting tectonic environment of the west coast Vancouver Island Insular Belt

hotsprings.
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3.1.1 Location and Access

The study area, in southeastern British Columbia, extends north-south along the
eastern side of Upper Arrow Lake, its northern limit located near Galena Bay about 40
km south of Revelstoke, British Columbia. All three of the thermal springs in this study
can be accessed by automobile on secondary roads which connect with highway 23 (Fig.

3.1).

3.1.2 Climate, Physiography, and Hydrology
Mean annual air temperature in Revelstoke is about 7° C with the months of
‘December through February below freezing (Fig. 3.1.2a). Mean annual precipitation is
near 1100 mm, about half falling during the months of November through February
(Environment Canada, 1980). The area is well treed with softwood timber and logging

operations based in Nakusp continue in the region.

Mountain sides in the region can be steep to near vertical. Topography in the area
of Halcyon hotspring increases rapidly from about 425 m (1400 ft.) at the shore of Upper
Arrow I:.ake to ~760 m .( 2500 ft.) at the hotspring and ~2055 m (6750 ft) at Mt Halcyon
~1.5 km ENE of the hotspring (Fig. 3.1); a 1:4 ratio of elevation change per horizontal

distance. Similiar topographic gradients occur near St. Leon and Nakusp hotsprings.

The Upper Arrow Lake area of the Columbia River Valley was flooded during the

1960's as a result of a hydroelectric agreement with the United States. The water level in

92



o drainage: siream, creek, or river; with sampie #
A mountain peak; precise elevation not given
Aem  mountaln peak; with elevation (feet)

- Righway —_ — = farty crossing
0 hotpring location

FAg. 3.1 Location, access, drainage. and topography; SelikirkRange hotsprings



Fig. 3.1.2a

REVELSTOKE Mean Temperature and Precipitation
(1951-1980) '

Precipitation (mm)

Temperature ° C

Month

Upper Arrow Lake is now maintained at between ~425m (1395 ft) and 442 m (1450 ft)
above sealevel (Read and Wheeler,1976). In addition té) the Halfway River, Nakusp
River and St. Leon Creek which drain the study area and empty into Upper Arrow Lake,
there is an abundance of mountain streams and creeks which cascade down the western
flank of the Kuskanax Batholith. The nearest alpine glacier melt-waters are on the

eastern edge of the batholith and do not pass through the }mmediate study area.

3.1.3 Previous work

In 1889 Sir George Dawson examined Halcyon hotspring as part of a
reconnaissance survey on the geology of the Kootenay region. Previous geochemical

work on the Halcyon hotspring by Elworthy (1925) included analyses of chemical and
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radioactive constituents and a comparison of his results with analyses from 1917. Souther
and Halstead (1973) sampled and reported aqueous geochemical and gas analyses as part

of their paper on mineral and thermal springs of Canada (see Section 3.3.1).

The Nakusp hotspring waters were mentioned by Elworthy (1925) who referred to
the analyses reported by F.G. Wait (1898). Souther and Halstead (1973) also briefly
mention the Nakusp spring, and refer to is major ionic constituents. No mention is made

of St. Leon Hotspring in the scientific literature.

32 Geology
3.2.1 Physical and tectonic setting

The Selkirk Range Hotsprings examined in this study are located on the western
edge of the Kuskanax Batholith in the southern portion of the Omineca Belt of the
Canadian Cordillera (Fig. 3.2.1a). An area of extension and high heat-flow, intense
deformation and uplift, the Omineca belt is underlain by metamorphic and granitic rocks,
and has predominantly northwesterly-aligned structural features (Gabrielse et al.,1991)
such as the Columbia River Fault Zone (CRFZ). The CRFZ and Upper Arrow Lake
separate the Monashee Metamorphic Complex from the Kuskanax Batholith and define

the western limit of the Kootenay arc (Parrish and Wheeler, 1983).

The first Geomagnetic Depth Sounding (GDS) surveys conducted in the Cordillera

detected, at depth, a fundamental change between the cratonic rocks of ancestral North
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America and the accreted terrains to the west (Hyndman, 1963). The delineation follows
the Rocky Mountain Trench southward through the northern Cordillera, then veers
westward and follows the Columbia River and the CRFZ passing directly through the
study area before veering east between the Kuskanax and Nelson Batholiths along the
Slocan Lake Fault prior to rejoining the Rocky Mountain Trench (RMT) (Lajoie al;d
Caner, 1970). This discrepancy may be of some importance when consideriﬁg the
potential for upward migration of deep-seated volatiles tl;rough the CRFZ (Section
3.6).The Slocan Lake Fault is a deeply-penetrating regional suture which dips northerly at
< 25° beneath the Kuskanax Batholith and further east connects with the RMT (pers.
comm. R.L. Brown). The CRFZ has a3 pronounced flexure adjacent to the Kuskanax,
due possibly to emplacement of the pluton. This synformal feature in the eastward-
dipping CRFZ, directly beneath Halcyon Hotspring may serve to "funnel” any mantle-

derived volatiles migrating upward from the SLF or the RMT.

The Kuskanax Batholith, which intrudes the late Paleozoic-Triassic rocks of the
Kootenay Arc (Read and Wheeler, 1976) and transects the structural trend of the region,
is one of the oldest plutons in the southeastern Cordillera (Read, 1973). It most likely
intruded the Kootenay arc prior to second-phase metamorphism (Parrish and Wheeler,
1983) and is an alkaline to peralkaline homogeneous quartz-monzonite bady which
* outcrops over an area of approximately 1200 km®. An intermittent band of metasediments
and metavolcanics, some of which have reached the amphibolite stage of metamorphism

define the perimeter of the batholith (Read and Wheeler, 1976).
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3.2.2 Rock Types

The oldest outcrop in the immediate mep area belongs to the Milford Group.
These Misssissippian to Permian age rocks unconformably overlie the Paleozoic Lardeau
Group in other regions adjacent to the iKuskanax Batholith; the unconformity commonly
faulted (Read and Wheeler, 1976). Paragneiss and biotite schist of the Milford Group
outcrop at Halcyon hotsprings in a narrow band of < 100 m width along with cther
Milford Group rocks mapped by Read et al. (1973) in close proximity to the discharge site
(Fig. 3.2.2). A rock sample from the discharge vent, taken during the present study,

consisted of > 95% quartz, and is assumed to be Milford metasandstone.

The Kaslo Group consists of amphibolites which fringe the Kuskanax Batholith
and also occur on the west side of Upper Arrow Lake in the Thor-Odin gneiss complex
(Reesor and Moore 1971). In other areas of the region the group occurs as lower-grade

greenschist facies (Read and Wheeler, 1976).

Bottom breccia and conglomerate (Trscg) units of the Slocan Group unconformably
overlie the Kaslo Group and grade into limestone and argillite (Trsc) , then phyllite and
fine-grained quartzit.e (Trsp). The Slozan Group pelitic rocks are overlain by
approximately 1200 m of volcanics which include meta-dacite aad meta-andesite flows.
South of the map-area, sei)arating the Kuskanax and Nelson Batholiths, is a 15 km wide
band of Slocan Group rocks which continues northwesterly through the Nakusp area to the
west side of Upper Arrow Lake area and then terminates at the Columbia River Fault.

Metamorphosed Slocan Group rocks "wrap-around” the batholith exterior to and, in the
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St. Leon hotspring area, interfingered with the Kaslo Group as shown on Fig 3.2.2 (see

also regional map, Fig. 3.2.1a).

The outcrop of the 1200 km? Kuskanax Batholith is very homogeneous and can
be characterized as a leucocratic, aegirine-augite-bearing quartz-monzonite body,
predominantly alkaline to peralkaline (Parrish and Wheeler, 1983). Albite and microcline
phenocrysts, with coatings of the same two minerals, make up the bulk of the mineralogy.
At the margins of the blatholith aegirine-angite and alkali amphiboles define lineations and
foliations parallel to the fold axes of the intruded Slocan, Kaslo, and Milford Grouj s
(Read and Wheeler, 1976). K-Ar and U-Pb dating techniques both imply an age of 175

(+/- 5) Ma for the Kuskanax (Read and Wheeler, 1976; Parrish, 1983).

The Jurrassic to Cretaceous Galena Bay Stock forms a 1.5 km wide band at the
north end of Upper Arrow Lake adjacent to the Kuskanax Batholith and has a similiar
mineralogy to the Kuskanax, predominantly a quartz monzonite (or quartz diorite) rock
put more lineated with biotite and muscovite present as the accompanying mafic minerals
(Read and Wheeler, 1976). The age estimates for this stock vary considerably, from
micaceous K-Ar based estimates of 66 - 90 Ma (Read and Wheeler, 1576) to 150 Ma
estimated from a Rb-Sr-based whole rock isochron (R.L. Armstrong pers. comm. in Read
and Brown, 1981). More significant than a precise age is the relative time of
emplacement of the Galena Bay Stock with respect to regional structures such as the
Columbia River Fault Zone. Regional maps of Read and Brown (1981) show the Galena

Bay Stock intruding the CRFZ north of Halcyon with the fault reappearing in the
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Columbia R. to the north of Upper Arrow Lake. The regional map of Parrish and

Wheeler (Fig.3.2.1a) has the assumed fault to the west of the stock along the lakeshore.

Major Quaternary deposits in the area are found along the Halfway River and
Kuskanax Creek, the latter hosting the Nakusp Hotsprings which discharge about 30 m
above the level of the creek in an unsorted cobble and boulder deposit. The town of
Nakusp itself is situated on a Quaternary deposit which covers approximately 16 km’.
One other major occurrence of drift occurs- just north of Cape Horn Cr. adjacent to Upper
Arrow Lake. Near the lake, vegetation and drift frequently obscure the geology and
geological boundaries such as the Milford and Kaslo Group boundaries north of Halcyon

Hotspring and the CRFZ delineaton near the Galena Bay Stock (Read and Brown, 1981).

3.2.3 Occurrence of Hotsprings

Despite the common regional setting of the Kuskanax Batholith, these three Selkirk
Range hotsprings discharge in different fashions from different geologic settings. The
Halcyon hotspring occurs on the east side of Upper Arrow Lake, approximately 1100 ft
above the lakeshore on a steeply inclined, wooded slope. The 50.5° C sulpha-lithia
waters flow from fissures in the host quartzite bedrock (Plate 3.1a). Two main vents
discharge about 2.5 litres/sec (Elworthy, 1925) into the small, sandy-bottomed, bedrock
basins. The main pool is about Im? and 0.5 m deep and releases gas bubbles from
continually-changing locations in its sandy bottom. Two 2" PVC pipes siphon the
thermal waters about 20 m downslope to the plastic-lined log bathing pools (Plate 3.1b)

which overlook the spectacular vista comprising Upper Arrow Lake and the Monashee
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Mountains to the west. The hotspring locale is permeated with the smell of hydrogen
sulphide gas. No travertine is deposited but rich algal growths clog the small streams

which flow freely downslope from the springs across the rough access road.

In contrast, the three Nakusp hotspring vents discharge from an unsorted boulder
and cobble Quaternary deposit, in a subhorizontal terrace adjacent to Kuskahax Creek
(plate3.2b). Square cement engineered tanks funnel the 57.7° C waters into an aqueduct
system which parallels and then crosses the Kuskanax Creek strapped to the underside of
the foot-bridge which leads back along the north side of the creek to the indoor

municipally-operated swimming pool. No gas discharge is evident at any of the vents.

The St. Leon hotspring, like Halcyon, is set in a bedrock location, however its 2
litre/sec flow at 48.3° C is free of sulphide and is precipitating calcite. The two
discharge vents are about 10 m apart, the lower one depositing travertine in a 3 m wide
cave-like enclosure (Plate 3.2a). The other vent discharges about 2 m higher up the
forest slope into a 2x3 m bedrock-enclosed basin from which a plastic pipe leads into a
rough in-ground, stone and cement pool. The flow includes periodic, small gas bubbles
which percolate slowly upwards clinging to the wall of the the upper pool. The nearby
St. Leon Creek, just downslope from the hotspring, is not visible due to the thick

softwood forest cover which also keeps the site in perpetual shadow.
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Piate 3.2a (fop) Si. Leon holspring
discharge In fraclured quarfzile

Plate 3.2b (leff) Naskup holspring
discharging §7.7° C sodium sulphate
waturs from Quatermnary boulder
boulder and cobble deposit
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33 Aqueous Geochemistry
3.3.1 Introduction

References in the literature to Nakusp and Halcyon hotsprings date back to 1888
and 1898, respectively. The earliest recorded quantitative geochemical analyses are

reported by Elworthy (1925) who refers to the following qualitative analysis of Nakusp by
F.G. Wait (1888).

A qualitative analysis showed it to contain:

B0 . enrnsneranrraranrata tnasernnes very small quantity.
TAMO eriivcren saceinaertiians anee very small quantity.
Magnesi. . .o veeesee s rusesesn, . Vey trifiing quantity.
Sulphuric acid. ... covverarieriinanens quantity.
Carbonic 8eid...overiiriarennnane e trace.

Chlorine, s seureernrarnrsrsnsnsnnnan ..« very small quantity.
) Y trace.

Orgonic matter... coves vose-ennonstraoe

Boiling produced a scarcely perceptible precipitate.

Table 3.3.1a Early "qualitative analysis" of Nakusp hotspring (from F.G. Wait, 1888)

Unfortunately the difference between trace and small, or trifling and very trifling
was not defined! However, these historical references may be of use for qualitative

comparison with more recent analyses.

A description of Halcyon by Sir George Dawson (1898) included no specific
geochemical breakdown but did mention the presence of hydrogen sulphide, a lack of
carbonate in the waters, as well as an appreciable gas discharge and alteration of host-

rock feldspar to kaolin at the discharge vent. No mention was made of St. Leon hotspring
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by any of these authors. Elworthy (1925) refers to the sulpha-lithia waters of Halcyon and
their reputed therapeutic value, and compares chemical analyses from that year with those
of the Inland Revenue Laboratory from 1917. Those analytical results, as well as those
reported by Souther and Halstead (1973), are shown in Table 3.3.1b along with analyses

from this study. -

The hotsprings of this study were chosen as alternative sites to the string of Coast
Plutonic Belt hotsprings south of Mt.Meager which were to be sampled during the first
week of September 1, 1991. A landslide at that time forced road closure of all access
highways in the Pemberton area. The Selkirk Range springs were then chosen as
alternative sites and sampled on September 5 and 6. All techniques of sampling and

analysis are as previously described for the west coast Vancouver Island hotsprings.

3.3.2 Ionic Constituents

The three Selkirk Range hotsprings appear to have a common geochemistry and
can be characterized as sodium, calcium-sulphate waters with alkaline pH values. Table
3.3.2 shows the ionic constituents, first in weight fractions (ppm) and then as
milli-equivalents per litre. Cationic-anionic mass balance calculations are shown in Table
3.3.2c. All waters are below or near the 5% mark with respect to balancing, within the

range of acceptable analytical error.

The dominance of the sulphate anion over bicarbonate is most readily evidenced if

milli-equivalents/litre are examined. Sulphate ion concentrations are, for all three springs,
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Table 3.3.1b

Year

| Author

Temperature °C

H
Dissolved constituents (ppm)
Na '

Ca

K

Mg

cl
HCO3-
SO4-
Si02

DS
[n.r. - not reported

Halcyon Hotspring Geachemical Analyses

1917

McGill

nr

n.r.

8717

nr

nr

8.14

nr

433

nr

nr

1917 - 1991
1923 1975
Elworthy Souther
and Halstead
50.8 ~51
n.r. nr
161 161
57 57
8.1 nr
trace nr
9 nr
48 48
433
n3 nr
718 788

1991

This study

50.3

8.71

179

7.9
0.66
6.3
49
435
37.1

775
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Table 3.3.20 Selkirk Range Hotsprings

Aqueous Geochemistry
Amans (ppm)
oD DR T ER L N O AP D b s Ol Broa s SOAzs HCO35 5 CO3 /454
% srror +l- 5'!. +/-5% +/-5% +/-5% _+/-5%

b

[Halcyon 50.50 8.00 0185 b.d. 7.77 6,03 5000 43500 4880 na
Stleon 4830 855 -0.181 bd. 5.69 226 5000 53500 1586 nc
Nokusp 6770 8.15 0212 bd. 232 234 50.00 30000 3098 na

* - below detection

Cations ppm
Pcaml Gu«;m-.lhw.--im W‘I Ba du o '-l E(‘sr.*flﬁmlkm i K*mwslhﬂn'l”Na*"wa NWEIE h“ A’+++WB+H Li»lu.‘:
% amor +/-5% +/-5% +/-5% +/-5% +-5% +/-5% +/-5% +/-5% +f 5% +/- 5% +/-5%

SO0

Al

Haleyon 4041 066  0.01 001 243 79 179 0.60 .02 0.17 37.10
Stleon 15781 0,13 0.04 002 572 7. 13 0.23 002 005 34.30
Naokusp 4871 034  0.02 004 534 57 95 0.06 0.02 0.07 34,10

Table 3.3.2b - Anians (meg/l1**)
Halcyon 5050 8.00 -358.20 b.d 0.41 0.17 0001 9.06 080 nQ 10.44
Stleon 48.30 B8.55 -355.00 bud. 0.30 006 0001 1114 052 na 12.02
Nakusp 57,70 8.5 -377.00 b.d. 0.12 007 0001 625 051 na 6.94
“'millequiviiants/lire Cations (meq/l)

cCats Mgt iiFess TIBarE St KE D Na#T I AR B4 e g stim
Haleyon 3.01 0.05 00004 0.0001 0.0599 0.202 7.79 0086 0.002 0.047 11.25'
Stleon 7.87 0.01 00013 0.0003 0.1305 0.182 570 0.033 0002 0014 13.95
Nakusp 3.43 0.03 00007 0,0006 0.1218 0.146 413 0008 G002 0019 7.88
Table 2.3.1¢ Cation anion mass balances

((catlons -anlons)/{cations + anlons))

% difference
Halcyon (8.32-7.74)/(8.32+7.74) ~Pp» 0.0377 3.77%
St.Leon similarly » 0.0741 7.41%
Nakusp *ot > 0.0635 6.35%

107



at least an order of magnitude higher than the bicarbonate concentrations, a clear
reflection of the lack of carbonate terrain in the area, The sulphate concentration is
highest in the St. Leon hotspring, the only spring where no sulphide was detected.

Sulphur species and sulphur isotopes are discussed in Section 3.4.3.

For cations, the sodium ion is dominant at both Nakusp and Halcyon whereas at
St. Leon calcium is slightly higher. The only other major cation of appreciable
concentration is potassium, a reflection perhaps, of the alkaline mineralogical homogeneity
of the Kuskanax Batholith. The higher calcium content at St. I:,eon is consistent with its
higher sulphate concentration if these jons are attributable to dissolution of marine
sulphates. Although no evaporites have been mapped in the area, it is possible that
marine sulphates may occur in the minor limestone units which have been mapped
regicnally by Read et al. (1976). Such sources of gypsum could also have been glacially-
transported, and deposited as part of the Quaternary deposits of the St. Leon and Nakusp
areas. Regardless of the precise source of calcium and sulphate, the very low bicarbonate
and high sulphate and calcium contents of St. Leon suggest a common ion effect involving
calcium. This effect can lead to calcite saturation and precipitation, and a subsequent
lowering of bicarbonate concentrations (Freeze and Cherry, 1979). Unfortunately, a
sample of the mineral precipitating out of solution at the St. Leon vent was lost during
airline transport from Vancouver, along with the "“C sample for the hotspring. Mineral

solubility data show saturation with respect to a number of species, notably the quartz
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polymorphs, smectite-clays and kaolinite. St. Leon is the only hotspring at saturation

with respect to caicite, supportive of the common ion effect and the scenario of calcite

precipitation discussed above.

Table 3.3.2d Mineral Solubliity

B NGKUSRL ]
Temperaiure °C 50.5 4.3 57.7
Calclte 0.684 0.103 -0.211
Aragonite 0.804 0,018 ' -0.330
Polomite -1.773 -1.343 -1.076
Ca- Smectite 2.884 2.021 1,902
K- Smectite 2.300 1.364 1.215
Mg- Smectite 2719 . 1.667 1.702
Na- Smectite 2621 1.652 1.811
Talc 0.188 0.502 0.232
Kaolinite 3.283 2415 2.439
Quartz 0.480 0.453 0.352
Chalcedony 0.230 T 0.204 0.097
Cristobalite {(alpha) 0.121] 0.0 -0,002
Anhydrite -1.195 -0.786 -1.143
Gypsumn -1.107 -0.683 =1.106
Woairakite -0.501 0217 . 0.872
* solubility Is expressad as Log IAP/KT wahere IAP= ion acilvity product, KT=mineral sciubility product
Pasilive values indicate ovarsaturation; negatives indicate undersaturation
Values determined for holspring discharge temperatures by Soimineq geothermal
modelling software (Kharaka, 1988)
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3.3.3 Gas and dissolved gas
Table 3.3.3a shows gas analyses for the Selkirk Range hotsprings. No visible gas

discharge occurs at Nakusp so only dissolved gas was collected.

Table 3.3.3a Gas and Dissolved Gas (% volume @SIP)

BBl

Hotspring|| il

Halcyon (gas/diss. gas) 97.3 nd* 2.49 trace 0.21
St. Leon (gas) 91.7 nd 824 n.d 0.06
Nakusp (diss. gas) 84.0 n.d 16.0 nd 0.02

* n.d. - not detected

The 8 % and 16 % by volume oxygen content, of St.Leon and Nakusp
respectively, is interesting in that both of these hotsprings occur in, or adjacent to, coarse
surficial Qﬁatemary deposits. The oxygen volume approaching atmospheric concentration
at Nakusp likely reflects open-system conditions (and/or mixing with meteoric waters) at
some point prior to discharge in the boulder and cobble deposit which hosts the three main
hotspring vents. Such conditions would also allow any methane, which may have been
present in the Nakusp thermal waters, to degas prior to discharge. This assumption is
supported by the helium gas content at Nakusp which is an order of magnitude lower
than the content at Halcyon hotspring despite identical isotopic ratios (see Table 4.2.2a).
St. Leon oxygen and helium gas concentration values are intermediate compared to the

other two hotsprings.
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3.3.4 Eh and Redox Conditions

Table 3.3.4.a shows the measured field Eh, and the value calculated from the
sulphate-sulphide redox pair. The values for Nakusp and Halcyon are quite close,
suggestive of redox conditions dominated by these two sulphur species. No sulphide

was detected at the St. Leon hotspring,

Table 3.3.4a Eh Calculaton using the Sulphide - Sulphate Redox Pair

To calculate Eh from the HS- - SO4-- redox couplet, the following equation can oe used:

Eh = EQ + 0.059/8 log((aSO4~( a9H+))/ aHS-); @25°C, E0=.3V

Chemical Activity and Eh

Halcyon 00005  0.002375 15-08  -71.3232 0.226 0.185
St. Leon na 0.002573 2.8E-09 na na -0.181
Nakusp 0.000107  0.001745 7.08E-09  -72.1353 0.232 0.212

The presence of 8% and 16% oxygen in gas and dissolved gas at St. Leon and
Nakusp hotsprings (Table 3.3.3a) appears to be in contradiction with these reducing
conditions. It is interesting that St. Leon has only half the oxygen of Nakusp coincident
with about twice the bicarbonate and a complete lack of sulphide. The small amounts of
O,. gas present at these two springs would be oxidizing any sulphide present. The
oxygenated waters of Nakusp have only a very small fraction of sulphide present,
possibly the remnant of a larger preoxidized portion. The lower-temperature, higher Eh,
sulphide-free St.Leon waters have a higher sulphate concentration (Table 3.3.22). This

matter is discussed further in the section on sulphur and carbon isotopes (Section 3.4.3).
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34 Isotope Hydmgeolog;v
3.4.1 Introduction

For this section on the Selkirk Range hotsprings, the same format, isotopic
techniques, and sampling procedures, are followed as for the west coast Vancouver Island
hotsprings. For background information on isotope hydrogeology in geothermal areas see

Section 2.4.1 or Fritz and Fontes, 1980).

342 0 - deuterium

As discussed in Section 2.4.2, cold runoff samples were collected for determination
of a regression line to represent the local meteoric water-line (LMWL). Sample locations
are shown in Fig.3.1.2a. While no information on a local meteoric water-line for the
immediate area was located in the existing literature, the regression-line plot shown in Fig
3.4,2a coincides well with the Global Meteoric Water Line (GMWL), and thus may be

considered a reasonable approximation of a LMWL for the area.

The %0 - deuterium plot shows good correlation between thermal waters and local
run-off indicating local recharge for these hotsprings. At the same time, however, the
thermal waters are distinct from the local runoff samples in that they are recharged at
altitude and are not a blend of waters from different elevations. Additionally, all three
springs have very similiar O - D signatures suggesting a common recharge elevation or
recharge area. No geothermal shift is evident, thus temperatures in excess of about 150°C

are unlikely (Truesdell and Hulston, 1973).
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Table 3.4.2¢

180 D Regression Statistics for Selkirk Series
HalcyonHSa  -18.85 -131.84 Multiple R 0.993573
Halcyon HSb  -18.88 -141.00 R Square 0.987188
H-1 (cold runoff 1-17.35 -132.19 Adjusted RSq  0.985586
(H-2) St. Leon Cr, -17.65 -134.40 Std. Error  1.943877
H-3 (cold runoff 3-17.59 -133.01 Observations 10
H-4 (cold runoff 4-16.83 -122.90 Analysis of Variance
Saimon Arm 1 -17.51 -134.00 df  SumofSgs MeanS: F Signif. F
Salmon Armrain -11.32 -82.00 Regression I 2341.198 2341 61640971 7.406E-09
N-1 Kuskanax Cr. -17.86 -131.93 Residual 8 30.38496 3.798
N-2RavenCr.  -17.60 -132.48 Total 9 2371.583
N-3 Gardner Cr. -17.76 -132.77
N-4 Kuskanax Mtr-17.93 -135.49 Coefficients Std Error t Statistic P-value Lower 95% Upper 95%
Nakusp H.S. -18.68 -142.86
5t Leon H.S. -19.07 -141.01 Intercept 9.5664 5.54049 1.726639 0.118 -3.209977 22342825
x] 80699 032504 24.8276 IE-09 7.3203253 88193942
Fig.3.4.2a .
Oxygen-18/Deuterium, Selkirk series
74 T
79 T
_84 .
-88 -+ Salmon Arm rainfall
94 <
99 -
; -104 T “Malcyon” Cr.
-108 " Thermal waters
;:3 -114 T .
N .19 + Kuskanax Cold Runoff
“ .24 + * Cold Run-off
129 | Halgyon HS Regression Line; D
) =8.07 X 18-O + 9.6"
-134 18t e
-139 --L@. St.LeonCr. _ ue skanax Min* Cr.
-144 (A—NakgspWs,
20 19 18 47 -6 15 -14 143 12 -11 -10 -9 -8
8 180 %, sMOW

Table 3.4.2a O-18 - deuterium regression line for Selkirk hotsprings ond cold run-off waters.
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The bulk of the run-off samples in Fig 3.4.2a are clustered together bet;veen -17
and -18 %o and represent run-off waters from large catchment areas at a variety of
altitudes. However, unlike the large volume run-off flow in Kuskanax Cr., St. Leon Cr.
and the other run-off samples, the Halcyon Creek sample defines run-off from a small
local creek adjacent to Halcyon hotsprings with headwaters at 1220 m elevation. For the
three hotsprings, comparision to the Halcyon Cr. sample reveals an '*O depletion of about
2 %o . Using the same altitude effect for 130 as that described in Section 2.3.4, about

-2.5 %o per kilometre:
-2.0/-2.5 %0/1000 m = 800 metres (2625 ft.)

This calculation is based on one high 8 '*0 end member and does not take into
account seasonal variation. As this sample dwas collected in September (and is therefore
less depleted) the calculated recharge elevation dwould be a maximum. Thus, the
recharge elevation would be near 1220 + 800 m = ~2020 m ( 6600 ft.). Highland areas near
these elevations occur both locally, near to each of these hotsprings, and toward the centre
of the Kuskanax Batholith, For Halcyon hotspring, the Halcyon Mountain catchment area

is in this range, its peak elevation ~2070 m (6789 ft; see Fig. 3.1 or Fig. 3.2.2).

The St. Leon hotspring waters are slightly more depleted than Halcyon hotspring
(3 '30 %o values of -19.07 and -18.85, respectively) perhaps indicative of a slightly
higher recharge elevation. This scenario is consistent with peak elevations of ~2110 m

(6920 ft.) near Mount Sanderson ~ 3km south of the hotspring. The Nakusp waters '*O
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values are slightly lower, but in the same range as the other two hotsprings. Potential

recharge sites near ~ 1980 m (6500 ft.) can be found just south of Nakusp hotsprings.

Gat (1980) outlines how 'O depletion due to altitude effects can vary from -1.5 to
-5.0 %o per kilometre rise in elevation. If the altitude effect in Seikirk Range exceeded
the -2.5 %o/km depletion described for Mt. Meager (Clark et.al 1980) then recharge

elevations could be higher than 1980 m (6500 ft).

Thus other highland areas, particularly those which include major faults, may be
considered as potential racharge sites for these geothermal waters. One such area at ~7000
ft. is located about 13 km ENE of Halcyon, and another occurs in the region of Mount
Steenhoff near the centre of the Kuskanax Batholith (Fig. 3.2.2). The former site may be
the recharge area for Halcyon Hotspring. The latter area includes a 20 km long N-§
aligned fault which commences just south of Mount Steenhoff and is overlain by the
Kuskanax Cr. Quaternary deposit which hosts the Nakusp Hotspring. The same fault
cross-cuts Kaslo Group rocks which alse outcrop in close proximity to the St. Leon and
Halcyon hotsprings. These potential recharge locations are consistent not only with the
80-D data, but also with the scenario of deeply circulating éeothermal waters reflecting
the alkaline rock geochemistry of the Kuskanax Batholith (Section 3.2.2). Additionally,
these major faults may be connected with the Slocan Lake Fault and Columbia River Fault
Zone (pers. comm. R.L. Brown) both of which undercut the batholith and could provide
upward migration pathways for deep-seated volatile gases {see Section 3.2. and Section

He).
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3.4.3 Sulphur Isotopes

Sulphur is the dominant constituent in the thermal waters from all three Selkirk
Range hotsprings, present both as sulphate and sulphide at Halcyon and Nakusp, and as
sulphate at the St. Leon hotspring (Table 3.3.2b). Table 3.4.3a shows the isotopic and
molar distributidns of sulphur species for Halcyon, St. Leon and Nakusp. When sulphide
and sulphéte fractions are combined (for procedural details see Section 3.4.3) the Hg
isotopic signature of the weighted average is virtually the same for both Halcyon and
Nakusp, +8.24 % CDT and +8.46 %o CDT, respectively (see also Fig. 3.4.3a).
Additionally, the S value of +9.41 %o CDT for St. Leon sulphate is close to the

weighted average of the other two hotsprings'.

Table 3.4.3¢" Sulphur Isotopes *

Halcyon 89 19,7 20.3 0.61 -12.43 11.06 1050 433 4.5
St.Leon nd** nd nd nd nd 2.41 > 15800 nd nd
Nakusp 18 4.0 4,1 0.12 -3.42 .04 596 246 26

Potentia

Halcyon, +8.24 60.7 43246 493.8 435
St.Leon + 9.43 na ~ 600 na 535
Nakusp + B.46 12.3 24546 257.8 J00

* - glf Sulphur-34 figuires as defta permil COT vaiies nd**" - not detected na*** - not applicable

! . Cadmium carbonate impurities, detected in the two sulphide samples, were not
measured quantitatively, however their presence would increase the weight of sulphide.
Thus the weighted average is quite possibly closer to +9.
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These similarities are supportive of a common source of sulphur for all three

Selkirk Range hotsprings. Isotopic signatures of various sources of sulphur were given in

Fig. 2.4.3a. The S values near 8 +9.41 %o CDT fall within the range of limestones, present

in the study area in the Milford Group, Kaslo Group, and Triassic-age Slocan group rocks.

The lack of sulphide at St. Leon is interesting in that its waters have even less bicarbonate

than the other two springs, only ~15 mg/l. Presumably, consumption of organics required for

sulphate reduction, and the coincident incorporation of DIC related to organics, did not occur

at St. Leon. '*C isotopes support this and are discussed in the following section.
Fig. 3.4.3a . . . )
- Selkirk Hotsprings Sulphur Species Isotopic
Fractionation
[welghted average |
71 Desulfovibrio desulfuricans |
bacterlally-mediated |
61 |
| 0
5
2,] s
S Sulphate
v
2 3 Enrichment
E
E Sulphide Té%
27 Depletion l
1T o |
0 4 ; 2 + : | { {
-15 -10 -5 0 & 10 15
534 5% COT
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3.4.4 Tritium and Carbon Isotopes

As described in Section 2.4.4, tritium and carbon isotopes can be useful to
characterize mean residence times of thermal waters. Table 3.4.4a shows the C, 'C and
tritium isotope data for the Selkirk suite. For Nakusp the data are interesting in that they
point to mixing of a thermal component with modern tritiated non-thermal waters and
have "future" ages for C, that is, >100 pmec. Halcyon hotspring "C data do not imply
future ages but, like Nakusp, may be affected by introduction of DIC related to sulphate
reduction. No "C data are available for ti1e St. Leon hotspring due to loss of the "“C

sample during transport.

Selkirk Range Hotsprings Mean Residence Time Estimates

Table344a DIrecprpHcaﬁon and Mod!ﬂod Pearson Corrocﬂon R S
o Dlrecf ;7 “Modifled
Hofspnng HCO.S-‘ dBC%e -y Ol gl [.-Poq_rso_n - Tritium

... (PDB) (pme)’: “Age! (ru )
CORETIE D i o e=e8267 In(pmm .-82671"(11"!0)11 "
Halcyon 48,80 -17.92 +/-0.1 85.96 +/-87 1251 0.9 1126 1.1+/-03
St.Leon 15.86 -10.34 +/-0.1 nd na na na na 1.0 +/-03
Nakusp 30.98 -20.67 +/-0.1 10899 +/0.63 na na na 3.2+/-04
* In crystaline terrain g= ~ 0.9 - 1.0
Table 3.4.4b Correcﬁon ror Reducod 5ulphafa o
L . LT B pesulfovibrio
R “"dosulfurlcan& ' )
T - Sulphide
Hatspnng Hcos- : mo L 't Comected
- mmols (PDB) . ic(pme) L tAge”
Halcyon 080 -17.92 +/-0.1 8596 +/-.87 : na na
St.Leon 026 -1034 +/-0.1 nd na na na
Nakusp 0.51 -20.67 +/-0.1 10899 +/-063 0.9922 65

JFor Halcyon, (2 x 0.61) mmols HS- neccessitates subtraction of more HCOJ than is present in the discharging waters

For Nakusp 0.12 mmols HS- produced from sulphate reduction, 50 0.24 mmols of "future® C-14 are Introduced (Section 3.4.4 In texh),
To cotrect for this, { 120 pme x .24 mmols) was subtracted from (109 x .51 mmols). This then used as the numerator

and placed over the denominator of (0.51 - 0.24 mmelks) to give cormected amount pmc. Thus pmc = 99.22
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The '>C data, which must be used in conjunction with the radiocarbon data for
dating purposes (see Section 2.4.4) are different for all three springs and may be useful as
an indicator of modification processes. Consider firstly the Halcyon hotspring data. A
direct age-application of the *C data may be valid as the 8 "°C value near -18 %o PDB is
close to a soil zone signature. Direct utilizaton of the decay equation yields a 'C mean
residence time of about 1250 years. Application of the Modified Pearson Age formula
(Table 3.4.4a) (using a "q" factor for crystalliné rocks of ~ 0.9) gives a corrected mean

residence time near eleven hundred years.

The very low bicarbonate concentration at St. Leon is consistent with its °C
signature and the complete lack of sulphide there. For, without incorporation of depleted
organics into the DIC, the 8 "*C signature of -10.34 %o CDT may be more a reflection of
water-rock interaction with, for example, minor limestone units present in the study area
as mentioned in Section 3.4.3. It is noteworthy that the very low concentrations of
bicarbonate, particularly for the St. Leon and Nakusp springs, can make for substantial

modification of a pre-existing carbon isotope signature.

Such appears to be the case for the thermal waters of the Nakusp hotspring, where

the following aqueous geochemical components are found:

1) 3 T.U. and 109 pmc
2) 0.21 mmols sulphide

3) -20.67 %o CDT value for PC
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The 3 T.U. concentration is indicative of dilution of the Nakusp thelfrnal component
by é "modern" component (i.e. post-1950's recharged waters). The 109 pmc can be
explained by a combination of modification processes including the addition of the
diluting modern waters (which would also have >100 pmc). Additional potential input
sources are from organics introduced via sulphate reduction, and incorporation of soil zone
DOC from the Quaternary formation where the Nakusp hotspring discharges. The effect

on the pmc due to sulphate reduction with modern carbon is shown in Table 3.4.4b.

As mentioned above, the low bicarbonate concentration in the Nakusp waters (~30
mg/l HCO, final concentration) could facilitate major modification of a pre-existing
geothermal “C component through addition of any soil zone modern carbon. Supportive
of this is the PC signature of Nakusp (-20.7 %PDB) which is depleted compared to both
Halcyon and St. Leon (-17.9 and -10.3 %o PDB respectively). The -20.67 %0 PDB value
is approaching the range of soil zone signatures which also have 14C values in excess of
100 pme and up to 120 pme (see Section 2.4.4 or Gat, 1580). Thus, incorporation of soil
zone carbon by diluting non-thermal waters may be lowering the *C signature of the
Nakusp hotspring while simultaneously raising its 14C pmc. Interestingly, the analysis
reported by F.G. Wait (1888) (Fig 3.3.1a) included a trace amount of organic matter.
While no unique solution exists for the deriva’ion of a mixed water with 109 pmc at
Nakusp, the above cited modifications could raise “C to the 109 pme recorded in the

sample.
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3.5  Geothermometiy, Heat Flow and Depth of Circulation

3.5.1 Introduction

The same geochemical, isotopic and geothermometric techniques employed for the
hotsprings at Hotsprings Cove and Ahouset are generally applicable for the Selkirk suite
largely as a result of similarities in these two terrains dominated by silicate rock. The
presence of slightly higher concentrations of calcium in the Selkirk Range hotsprings
facilites use of the Ca-Na-K geothermometer, although these estimates show littie
variance from the Na-K geothermometer estimates, The lithium geothermometer is also
al;plied and provides estimates very sinliliar to the Na-Li geothermometer. The high
levels of Li+ in the waters of Halcyon hotspring were part of the reason for its

development as a health spa earlier this century (Elworthy,1925).

3.5.2 Silica Geothermometers

The homogeneity of the Kuskanax Batholith and the possibility of similiar
characteristics of flow history for the three hotsprings is reflected in the consistency of
their silica concentrations. Quartz and chalcedony geothermometer estimates shown in

Table 3.5.2a. are in the 120° C and 95° C range, respectively.

Table 3.5.2a Silica Geolhermomeler Temperature Estimates (°C)

.

S02 epm) edor
Halcyon 80.0 125 97 74 29
St.Lecn 73.9 121 93 70 27
Nakusp 73.5 121 92 70 27
T (*C) ={1309/(5.19-Log{ppm Skica)) } - 273.15 CAll formulae from Fournier,1981)

**T (°C) ={1032/{4.69-Log{ppm Sllica)) } - 273.15
=T (*C) »{1000/(4.78-Log(ppm Siica)) } - 273.15
seee] (°C) wi731/(4.52-Log(ppm Slica)) } - 27315
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3.5.3 Sodiumlithium and Lithium geothermometers

Table 3.5.3a reveals the Na-Li-based geothermometer estimates for the
Selkirk Range hotsprings. As mentioned above, the Li-based geothermometer (Fouillac
and Michard, 1981) can also be used to estimate maxmum reservoir equilibrium

temperatures. These calculations are included at the bottom of the table.

Table 3.5.3a Na-Li Geothermometer (after Foullac and Michard, 1981)

Log (Na/L)=10007-0.38 { where CI concentration <0.3M; brackets denote molarily)

log (naji
Halcyon 179 7.786 0.60 0,086 1,955 428 165
St.Leon 95 4,128 0.06 0.009 2.651 330 57
Nakusp 131 5.698 0.23 0.033 2237 382 109
Lithium Geothermometer (after Foulllac and Michard, 1981)

Log (Li)=(-2258/T) + 1.44 ( where C! concentration < 0.2M; brackets denote molarlty)

| (gpm); mmols

Haleyon 0.60 0.086 0.000086 -4.0633 410 137
St.Leon 0.06 0.009 0.000009 -5.0352 349 76
Nakusp 0.23 0033 0.000033 -4.4816 381 108
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3.5.4 Sulphate-water geothermometer

Considered to be one of the most reliable geothermometers, the sulphate-water
geothermometer was discussed in some detail in Section 2.5.4 along with possible
complicating factors. Three of these factors are mixing with non-thermal or meteoric
waters, sulphate reduction, and the lengthy residence times required for geochemical and
isotopic equilibration. While the Halcyon hotspring estimate is in the range of other
geothermometers (Table 3.5.4a) the estimate for Nakusp is below its 57.7° C discharge

temperature .

Table 3.5.4a Sulphate Water Geothermometer (after Mitzutoni and Retter, 1969)

1000 In alpha (SC4 - H20)= 3.251(1milllon/°K X°K)-5.1

Whaere dlpha = d 180 (SO4)+ 1000/ d 180 (H20)+1000

Halcyor -18.85 0.23 1.019447 19.2599 24359899 (,13345704 133457 365 92
St.Leon -19.07 523 1.024772 24.47055 29.570549 0.10994047 109940 332 58
Nakusp -18.68 6.85 1.026016 2568332 3078332 0.10560914 105609 325 52

Similarly, the St. Leon hotspring sulphate-water geothermometer estimate is low, <
10° C above its 48.3° C discharge temperature. Sulphate reduction is occurring at both
Halcyon and Nakusp and may be lowering their respective sulphate-water geothermometry
estimates as a result of the enrichment in '*0y,,,, which occurs coincident with the

bacterially-mediated production of the sulphide phase.
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3.5.5 Na-K, Na-K-Ca, and Log(vMg-Li) geothermometers

The homogeneity and alkaline geochemistry of the Kuskanax Batholith, reflected in the
consistent molar dominance of sodium, potassium and calcium cations in the Selkirk
Range thermal waters, underline the importance of the Na-K and Na-K-Ca
geothermometer temperature estimates (Table 3.5.5a and b). Errors in Na-K-based
estimates, due to dilution or mixing with cooler but more saline waters (Fournier, 1981)
do not apply here. The Na-K-Ca geothermometer makes a substantial correction to the
Na-K geothermometer at Halcyon where it decreases the estimated temperature of

equilibrium for these cationic species from 156° C to 133° C.

Table 3.5.5aSelkirk Hotsprings Na-K Geothermomeier Estimates

°K=855.6/(log(Na/K)+0.8573)*

: PP I
Halcyon 7.9 179.0 387 114
Nakusp 57 94,9 412 138
St.Leon 7.1 131.0 403 130

* - after Fournier, 1981

The log ¥Mg/Li geothermometer considered to be more accurate than other
techniques by its authoré Karaka and Mariner, (1988). While the Halcyon and St. Leon
estimates are above boiling, 120° C and 115° C respectively (Table 3.5.5b), the Nakusp
hotspring estimate of 68° C is only slightly above the discharge temperature of 58° C. All

geothermometer temperature estimates are shown below in Table 3.5.5b.
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Table 3.5.5b Summony
Selkirk Range Hotsprings
Geothermomelry Maximum Temperature Estimates C)

i Kl ‘.f:* |l ﬁ%@w "Hﬂlﬁlﬂl'ﬂl‘ ’IﬂanF AN INP[‘M F“Hﬂlﬁﬁ?omelm??‘eter 1
Gl

Of ‘l

i i M 1
i

Halcyon 505 92 125 97 120 156 133 137 185 127
St.Leon  48.3 58 121 93 118 130 130 76 57 98
Nakusp  §7.7 52 121 92 68 138 136 108 109 103

As in Section 2.5, means of temperature estimates are shown. Of interest here is
the grouping of temperature estimates into two sets, one set around ~ 90° C and the other
between 115° C and 155° C. Though potentially contradictory, the two temperature
"groups” may actually be indicative of two different depths of equilibrium (Fournier,

1981).

3.5.6 Heat Flow, Geothermal Gradient and Depth of Circulation

Although no downhole measurements of heat flow are published in the immediate
study area, heat flow values from sites just east of Kettle River, ~40 km WSW of Nakusp,
are high, near 90 mW/m’ corrected for topographic effects (Davis and Lewis, 1984). The
local geothermal temperature gradient in the study area is likely near ~ 29° C/km (pers.
comm. Trevor Lewis). A depth of circulation near 3-4 km would therefore be required to
attain temperatures between 90° C and 125° C in terrain free of topographic influences.
Heat flow isotherms however tend to accentuate somewhat the surface topography. Thus
beneath steeply inclined topographic features such as the Selkirk Mountains, the actual
geothermal gradient values would be higher and meteoric waters need not penetrate so

deeply to acquire a given amount of heat.
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3.6 Summary

Data from the Selkirk Range hotsprings show a consistent geochemistry among the
three hotsprings sampled in the Kuskanax Batholith. The sodium-sulphate waters of
Halcyon and Nakusp contain a sulphide component, the lower temperature waters of the
St. Leon hotspring do not. All thermal waters have a low bicarbonate content. 14C values
in excess of 100 pme at the Nakusp hotspring imply incorporation of 4C.active DIC from
soil zone organics entrained during recharge. Possible additional "C-active input may be
occurring due to sulphate reduction and incorporation of soil zone organics during mixing

with non-thermal groundwaters near the discharge environment.

Sodium-sulphate waters of the Halcyon hotspring also have short me;an residence
times, according to '*C activities, and a substantial sulphide concentration. Geothermometer
estimates for all three springs are consistent. Of interest Lere is the grouping of
temperature estimates into two sets, one set around ~ 90° C and the other between 115° C
and 155° C. While the high heat flow and steep topography of the region may facilitate
rapid flow sytem turn over times, the proximity to deep-seated regional faults, particularly
the CRFZ in the case of Halcyon hotspring, are likely increasing the volume of volatiles

in these locally-recharged thermal waters. This possibility is discussed further in Section 4.
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4  Regional Geotectonic Comparision of Geothermal Areas
4.1 Introduction

The third objective of this study is a geotectonic comparision of southern |
Canadian Cordilleran geothermal systems. Insular and Omineca Belt hotsprings covered
in sections 2 and 3 will be examined along with Coast Plutonic Complex geothermal
areas at Mt. Meager- Pebble Creek and Harrison hotsprings. An overview of heat flow and
tectonic settings is followed by a brief description of the Mount Meager -Pebble Creek

area and discussion of hotspring helium isotope data from the three regions.

4.1.1 Heat flux and tectonic bells

The division of the southern Canadian Cordillera into five principal geologic and
tectonic belts is shown in Fig.1.1. Surface heat flow in the Vancouver Island area of the
Insular Belt is very low , about 25 mW/m® (Lewis, 1991) and is dominated by subduction
of the young oceanic crust of the Juan de Fuca plate which acts as a heat sink and
depresses isotherms under the island (Davis and Lewis,1984). Fig.4.1.2a shows heat flux
and heat generation in the southern Cordillera, with contouring in the areas where

sufficient data sets are available.

The very low heat flux and heat generation of the HSC area is evident as are the
anomalously high values in the Mt. Meager-Pebble Creek area of the Coast Plutonic
Complex (CPC). The CPC is comprised of a range of arc-related rocks and

Pliocene/Pleistocene volcanics and intrusives related to the subduction of the Juan de Fuca
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Range to the south are reflected in the marked increase in heat flow east of a line parallel
to the trend of the Cascade arc volcanoes (Lewis et al.,1983). Heat flow measurements in

the Mt.Meager geothermal area are as high as several hundred mW/m? (Lewis, 1991),
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Fig.4.1.1a Heat flux and heat generation in Canadian Cordillera (after Lewis, 1991)

In the southern Canadian Cordillera, the Intermontane and Omineca Belts can be
considered together as one heat-flow province' with a high heat flux. Geological and

geophysical evidence points to 2 warm and thin crust in the area (Berry and Forsyth,

1 - Lewis (1991) describes heat flux as a combination of heat generated in the upper crust

and heat flowing from the lower crust. Regions where a linear relation exists between the
two can be called heat flow provinces.
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geophysical evidence point to a warm and thin crust in the area (Berry and Forsyth, 1973).
Omineca Belt heat flow values are very high, and average ~ 83 mW/m? (Lewis, 1991).
Lewis considers that the 50 mW/m? contour (which passes in the vicinity of the Selkirk
Range study area) bounds the higher heat-producing plutons to the northeast and may
actually be the remnant plate boundary between ancestral North America and the Farrellon

Plate (now the much smaller Juan de Fuca plate).

This hypothesis is consiste:nt with the geomagnetic depth sounding inferences
(Hyndman, 1963) referred to in Section 3.2.1, both of which point to the same conclusion,
that this area is the "suture zone" where the accreted Cordilleran terrains have adhered to
the continental margin. Although an Eocene thermal event could have been responsible for
the high heat flow, the thin crust (30-40 km) and zone of uplift and extension in the
region persists to the present, and may thus be better explained by alternate processes such
as the continued flow of asthenospheric material toward the coastal subduction zone

(Davis and Lewis, 1984).
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4.2 Helium and Noble Gases in Hydrogeological Studies
4.2.1 Heliuan and the Noble Gases; Background

The noble gases xenon, kryptonL radon, argon, neon and helium are unusual
elements in a variety of ways. Their isotopic ratios vary widely with genetic history, they
occur as monatomic gases, and, due to their stable electron configuration, they are very
unreactive and volatile. From an analytical perspective, noble gases are relatively simple

to extract, purify and analyze on a mass spectrometer provided certain procedures are

adhered to (Mamyrin and Tolstikhin, 1984).

Heljum, of all the noble gases, is particularly unique in a number of ways. It is (in
add:tion to all the other characteristics cited for noble gases) the lightest of all elements
except for hydrogen. This physical property, combined with its inertness, results in an
extremely high volatility. It. is the only gas known to escape from the planet into space.
This phenomenon, known as helium escape, serves to delineate three distinct terrestrial

reservoirs of helium: mantle, crustal and atmospheric.

These terrestrial reservoirs are in turn derived from three distinct genetic sources,
each genetic type having its own characteristic isotopic gas ratio (Mamyrin and Tolstikhin,
1984). Discussion of these genetic sources of noble gases will focus primarily on helium,
the principal hydrogeologic and isotopic tool used in this inquiry into tectonic influences

on geothermal systems of the southern Canadian Cordillera,
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Two isotopes of helium exist; *He and *He. The ratio of these two isotopes in
terrestrial environments has been shown to vary over orders of magnitude depending on
the contribution to the bulk gas volume from the three distinct genetic sources. These

sources and their isotopic ratios are shown below:

1) primordial He; from nucleosynthesis fusion reactions; *Hef*He = ~ 2.4 x 10°
2) radiogenic He; produced through o decay ‘Hef'He = ~ 8 x 10

3) spallogenic He; from cosmic ray bombardment of matter ~ *He/*He = 0.1 - 0.3

The high ratio of (*He/*He) in spallogenic (or cosmogenic) helium presents a
temptingly simple solution to explain high ratios observed in certain mantle-related
processes. For, a simple mixing of r:adiogenic and spallogenic matter could yield He-
isotope ratios over a broad range, including those related to primordial mantle sources.
However, the concentration of atmospheric helium (5.24 ppm) is far below its predicted
value when compared to other noble gases (see Appendix He). This is due to the
phenomenon known as helium escape (Nicolet, 1957). The continual dissipation of helium
into space has significant implications for mixing of terrestrial reservoirs, as despite its
elevated helium isotope ratio (0.1 to 0.3), the depleted atmospheric concentration cannot
account for the high *He/*He in mantle hot-spots, volcanic fumeroles, oceanic ridges or

even Coast Plutonic Complex geothermal waters.
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Terrestrial reservoirs of heli
The incorporation of varying amounts of helium from different genetic sources results in

a number of "standard" values for different components of the geosphere (Table 4.2.1a).'

G ‘Hel/*He Ratio

eosphere component Genetic Source

mantle 3 x 107 mainly primordial some crustal
crustal rock, gas and 1x10° mostly radiogenic

waters to 5 x 10°®

materials from active ~10% to 107 both radiogenic and prir;lordial

tectonic areas

atmosphere ~1x 10 all sources; depleted volume due to

helium escape

Special cases; rocks rich | > 10 high radiogenic input

in U-Th

Table 4.2.1a Helium isotope ratios in geospheric reservoirs

This knowledge of distinctly defined terrestrial reservoirs facilitates studies
pertaining to age, thermal history, and origin of geothermal waters. Anomalous elemental

concentrations in certain terrains may directly affect helium isotopic ratios. Caution must
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be exercised in terrains where rocks are enriched in minerals with high U-Th or Li content
which can lower or raise the He/*He ratio, respectively, given sufficient time to decay.
Groundwater in ancient granitic terrains will usually reflect the helium isotope ratio found
in such rock types, namely a low R value (*He/*He) due to dissolution of radiogenically
derived helium rich in the heavier isotope. This corrclﬁtion has been used for uranium
prospecting (Clarke and Kugler, 1973) Other pos;sible influences on helium ratios come
from decay of "bomb" or anthropogenic tritium or °H produced through in-situ activation
(Andrews, 1985). Tritium decay can augment the light isotope component of helium and
thereby skew He isotope ratios to give the impression of possible mantle contributions

(Torgenson and Craig, 1982).

It is the chemical inertness, high volatility, and distinctive modes of origin tied to
specific isotopic ratios which allows helium and noble gases to be applied in geothermal

and hydrogeological studies as well as other areas of research such as volcanology.

4.2.2 Noble Gas Sample Purity

Table 4.2.2a shows the concentrations of both neon-and helium in samples from
Hotsprings Cove and Ahouset, as well as helium volume, He volume/He volume in air,
and isotopic ratios for all samples from the three tectonic belts. The calculation of neon
excess, used as a correction factor to account for the possible entrapment of air bubbles

during sampling, was explained in Section 2.6 and is included here for completeness.
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For the Coast Plutonic Complex (CPC) and Omineca Belt thermal waters, no
precise qualitative measure of neon content was given due to analytical complications.
However, neon aquisition data for these samples revealed a maximum possible
atmospheric contamination of < 3%, indicative of good sample purity (pers. comm. Dr.
Stephen Weiss). As discussed in Section 2.6, where precise neon daws are not available,
helium volume can provide a qualitative measure of sampling contamination or additional
He .input. This relates to the low atmospheric concentration (5.24 ppm) and low solubility
| of helium in water (4.5 x 10® cc/g H;O at STP and 0 % salinity) ensuring that if
substantial He is present (from radiogenic or mantle sources) then the effects of
atmospheric "contamination” are negligible (Torgersen and Jenkins, 1982). In this regard,
samples from all locations meet the volume criteria, ranging from 7 to 30 times
atmospheric volume for Insular Belt samples, and up to 176 times atmospheric for

Omineca and CPC thermal waters.

The lowest helium volumes for samples from the CPC and the Omineca Belt are
for those at Meager Creek and Nakusp hotsprings. Both discharge from boulder and
cobble-filled coarse surficial deposits where loss of volatile helium gas to the atmosphere
is probable. Notably though, the Meager sample has a helium isotope ratio which is in
close agreement with the adjacent shallow well values from EMR-1, as well as the value
for Pebble Creek hotspring. Additionally, its helium gas concentration of ~8.7 times

atmospheric is nearly twice the > 5 x volume recommended for sample purity.
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The Nakusp hotspring helium gas sample has only about 10% the volume of the
Halcyon Hotspring sample consistent with its discharge from a Quaternary boulder and
cobble-filled river valley. Again gas loss to atmosphere prior to djscharge' through this
surficial formation is possible. Regardless, the gas volume of more than 37 times
atmospheric is almost an order of magnitude above the 5x atmospheric equilibrium value
recommended as a reliable minimum for sample validaton using He-gas volume

(Torgensen and Jenkins, 1982). In conclusion, all sample analyses are considered valid.
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4.3 Mt. Meager and Pebble-Creek hotsprings of the Coast Plutonic Complex
4.3.1 Overview

The Mount Meager-Pebble Creek geothermal area defines the northern limit of the
Cascade chain of volcanoes which includes Mt, Baker and Mt. St. Helen's (Souther, 1977).
Basement granodiorites of the Coast Plutonic Complex underlay the silicic to intermediate
volcanic rocks of the 16-km diameter Tertiary/Quaternary Mt.Meager volcanic complex
which host the Meager Creek hotsprings (Read, 1979). The Pebble Creek hotsprings,
located ~5 km east of the Meager hotsprings tnay be associated with both the Garibaldi Belt
and the Pemberton Belt (PB) of Tertiary intrusives to the east (Fig.4.3.1a). Both belts are
related to the subduction of the Juan de Fuca Plate (see cross section, Fig.4.3.1a) and

intersect at the Salal Tertiary pluton just north of Pebble Creek (Lewis and Souther, 1978).

4.3.2 Description of geothermal discharges

Two principal geothermal anomalies, and two main shallow reservoirs have been
identified in the area. Their isotope hydrogeology has been examined by Clark et al.,
(1982) and more recently by Ghomshei and Clark (1993). Geothermal waters upwell
along the east-west striking Meager Creek Fault which dips ~ 55° N, and discharge at the
Meager Cr. hotspring area which includes the shallow borehole, EMR-1 (Fig. 4.3.2a).
These 45 - 55° C calcium-chloride thermal waters discharge up to 40 Ifs from ruirercus
vents in the boulder and cobble dzposit on the south side of Meagzr Creek (Plate 4.3a).
They have e;;perienced up to 0% mixing with local shaliow groundwaters recharged

below the principal thermal water catchment area near peaks at the centre of the complex.
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The 60° C sodium-bicarbonate Pebble Creek thermal waters discharge at a rate of
5.10 Vs from a bedrock bench on the east side of the Lillooet River. They are more
depleted in '*O than the Meager Cr. thermal waters due to recharge by meteoric waters
from the higher-altitude areas to the east. Maximum temperature estimates in the area of

the Meager and Pebble Creek hotsprings are generally >140° C.

A third water type, of higher salinity and purported to be associated with deeper,
more evolved, regional groundwater flow was extracted from the deep borehole, MC-1.
MC-1 is the only flowing artesian, high-temperature deep-borehole in Canada; (Jessop et
al., 1991). Down-hole temperature measurements taken from the borehole production
zone were near 200°C (Ghomshei and Clark, 1993). Unfortunately the helium gas sample
from MC-1 was lost durinig laboratory extraction.

4.3.3 Pemberton Belt fault-related hotsprings; Harrison Hotspring

The Tertiary intrusives of the Pemberton Belt which are associated with the Pebble
Creek hotsprings, host other geothermal waters further south related to the Lillooet Valley
fault system: the Sloquet, Skookumchuck, and Harrison hotsprings (Fig.4.3.1a). Although
access to the Sioquet and Skookumchuck hotsprings was denied due to a major landslide
and subsequent road closure, a helium gas sample was securéd from Harrison hotsprings.
The two natural springs at Harrison originally discharged underwater near shore, from
bedrock-fissures in the lake-bottom (Elworthy, 1925). The site now features a concrete-
enclosed basin about 2 m deel:; and 15 m’. The 62° C NaCl - NaSO, waters are then

piped a distance of ~200 m to one of the better known hotel/spas in British Columbia.
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4.4 Regional Tectonic Trends
4.4.1 Consistency of *He/*He ratios within each tectonic belt and implications
Insular Belt hotsprings

As shown in Table 4.2.2a and discussed in Section 2.6, the west coast Vancouver
Island hotsprings have a consistent helium R/R,; value near 0.28 reflective of both the
regional geologic setting and proximity to the dynamic tectonic environment of the

subducting Juan de Fuca plate,

Coast Plutoric Conplex hotsprings

R/R,, values >6 are consistent throughout the Mt. Meager-Pebble Creek area.
Despite wide variations in the helium volume of these samples (see Table 4.2.2a) the ratio
is constant. Other studies have shown a direct relationship between helium isotope ratios
and geothermal reservoir temperatures. Geothermal systems with temperatures >200°C
have R values considerably greater than unity while hot springs with T < 200° C show a
sharp decrease (Craig et al., 1978a). The values >6 for the Meager-Pebble Creek
geothermal area are consistent with the measured temperature of 200° C in the MC-1 well,
The interesting aspect of these measurements is that all the Meager Cr. and Pebble Cr.
sites are all consistently >6, even though previous geothermometric estimates at these
sites (Clark et al. 1982) were in a lower temperature range. This finding suggests either
that the R/R,, value has a broader spatial orientation than other geothermometers, or that
higher temperature reservoirs exist closer to these sites. The latter possibility is

particularly interesting for the Pebble Cr. site as it has been mapped as a geothermal
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reservoir apart from the Meager Cr. geothermal system. Regardless, the data in this
tectonic setting reveal a regionally consistent addition of volatiles to different locally-

recharged geothermal systems.

The Harrison hotspring R/R,;, value, although the only one available at present for
the Pemberton Belt suite, is important in that the spatial consistency of the Meager-Pebble
Cr. sites cannot be extrapolated to Harrison, which is likely associated with the Lillooet R.

Fault-Harrison Lake Fault, not the Garibaldi Belt or the Mt. Meager volcanic complex.

Sellirk Range hotsprings

As in both the Insular belt and the CPC, consistent R/R,; values are found in the
Omineca belt hotsprings. The variation between 0.06 and 0.10 is minimal if analytical
precision given in Table 4.2.2a is considered. These values, unlike those from the other
two belts, show a strong radiogenic signature, consistent with their tectonic setting in the
175 Ma old Kuskanax batholith. Nonetheless, the volume of helium gas at Halcyon
(nearly 400 times atmospheric concentration) and the R/R,;, near 0.06 means that ~24 times
the atmospheric volume of helium gas is present. While it may be argued that this ratio
simply reflects subsurface production of *He (see Section.4.4.l or Appendix He), it is also
possible to calculate contributions from two possible terrestrial reservoirs in the Omineca
belt, crustal and mantle,

It is interesting that Halcyon hotsprings value of 391 times atmospheric volume

surpasses all the CPC hotsprings as well as the EMR-1 borehole at Mt.Meager. Eqn.
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2.6.2a, which was used to calculate contributions from two different helium sources for
HSC, can be used in a similiar fashion for the Selkirk Range hotsprings. However, the
3He-rich component used for the west coast Vancouver Island hotsprings was oceanic
plate with a maximum R/R,;; of 2.0 (see Section 2.6) The CP& helium R/R,; values
exceeding 6, common-in volcanic arc are indicative of a richer source of *He. Actual
3He/*He ratios for the upper mantle are in the range of 1 to 3 x 10°° (Mamyrin and
Tolstikhin, 1984), while crustal rocks range from 1 to 5 x 10%, Older batholithic rocks
with radiogenic helium sources (such as those found in the Selkirks) are more likely to
have ratios near ~ 2 x 10 (Mamyrin and Tolstikhin, 1984). Using these ratios and the
measured ratio at Halcyon hotspring, it is possible to solve for the relative portions of

mantle and crustal-derived helium gas in the same manner as in Section 2.6:

{*He/*He pu. X Portion (P)} + {*He/'He .y X (P - 1)} = Actual He/*Heyyyeyon Eqn 4.4.1
Substituting in the values for these portions as described above;
@2x10° x P)+(2x10%x (1 - P)) =8.28 x 107

Multiplying both sides by 10° and solving for the respective mantle and crustal portions:

2000P - 2P - 2 = 8.28; P = 8.28/1998; P = .003143 = ~ 0.3 %

Thus, while the contribution of mantle helium is unclear but appears to be minor, any

such mantle addition may be considered significant in this tectonic regime, given the

distance from the subduction zone,
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4.4.2 Consistency of Cordilleran *He/*He ratios in Canada and the United States
In addition to regional tectonic consistency, the helium data from geothermal areas
in each tectonic belts in this study show good correlation with data from the United States.

Fig. 4.4.2a summarizes data from this study and US data from Whelan et al., (1988).
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The consistency of the data within the tectonic belts of the Cordillera is
exemplified by the consistency of the Mt. Meager-Pebble Cr. area data with other vocanic
complexes of the Cascade Range to the south. All thermal waters have classic volcanic
arc R/R,, signatures between 6 and 7. No coastal data points are shown by Welhan et al.,
(1988) except for the 0.54 R/R,; value for a hotspring in Baja, California. Omineca Belt
values are similiar to those to the south, with the exception of the Yellowstone Caldera

which relates to a mantle hotspot.

4.5  Summary of helium data and geotectoric implications

Findings from noble gas data in this study of hotsprings in the southern Canadian
Cordillera reveal a number of consistent trends. Helium R/R,;, values, for instance, can
vary widely from one tectonic belt to the next, while 3He/*He ratios are consistent for
geothermal systems in the same tectonic setting, irrespective of differences in their noble
gas volume.

The volume of helium gas present in the thermal waters of Halcyon hotspring is
nearly 400 times the atmospheric concentration, reflecting radiogenic input from the
Kuskanax Batholith and proximity to the Columbia River Fault Zone. Although influx of
mantle helium cannot be ruled out in this area, the contribution from deep-seated sources

is likely <1 %.

Mt. Meager-Pebble Cr. area geothermal waters have classic voicanic arc helium

signatures, R/R,= ~6. These data are consistent with those for Cascade Range volcanic
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centres to the south and reflect the high regional heat flux and proximity to the subducting
Juan de Fuca Plate. Thermal waters of Harrison hotspring have markedly lower R/R,;
values than the Mt. Meager area geothermal systems, consistent with differences in

geotectonic setting within the Coast Plutonic Complex.

Insular Belt hotsprings at Hotsprings Cove and Ahouset reflect both the local
geology and input from deep-seated regional volatiles. The -2.83 %o PDB signature of
Ahouset and its R/R,, value of 0.28 are consistent with data from HSC which reveal the
presence of a methane component and ~11% subduction-related helium gas. The presence
of deep-seated volatiles in these Insular Belt hotspring waters ‘are a reflection of frequent
local seismic activity, and proximity to deep-seated regional faults and the subducting Juan

de Fuca plate.

This study reveals how geothermal systems of the southern Canadian Cordillera
can reflect both locally-derived meteoric processes and water-rock interaction, and regional

geotectonic processes as characterized by input from deep-seated volatile components.

4.6 Future research suggestions
Findings of this study invite further research on a number topics, which relate both
to regional tectonic implications from noble gas data, and to geothermal research focusing

on more specific sites in the Canadian Cordillera.
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For the Hotsprings Cove geothermal system, carbon and hydrogen isotope
analyses of the methane gas component would clarify the source of carbon used in
sulphate reduction processes which influence the “C-based mean residence time estimates.
Similiarly *Cl analyses of these thermal waters would clarify questions concerning

seawater intrusion, and sources of bromide and chloride.

Future research on Insular Belt hotsprings could also include, for Hotsprings Cove
and Ahouset, a periodic sampling program involving repeat measurements of aoble gases
including helium, neon, and radon gas. Radon gas measurements from HSC and Ahouset
could provide valuable intormation related to seismic events, particularly when considering
findings from this study which suggest that subduction-related volatiles are emanating
from these geothermal vents following upward migration along deep-seated regional faults,
If these hotsprings are in fact a window on tectonics and subduction-related processes,
their potential use as an earthquake analysis or prediction tool should not be «verlooked.
Other coastal hotsprings further north, including those at Knight Inlet and in the Queen
Charlotte Islands area, couid be added to this small dataset which may be seen as a

starting point for Insuiar Belt geotectonic studies using noble gases.

The Seikirk Range hotspring data from this study was collected over a two day
period, and must be viewed as a reconnaissance-style overview of these very interesting
thermal waters. Future geothermal research in this area should include the Halfway River

hotspring, located between the Halcyon and St. Leon springs. Isotopic data from both the
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Halfway River and St. Leon hotsprings may clarify the some of the processes occurring in
all of these Kuskanax Batholith hosted hotsprings, where C-based mean residence times
are rcmarkal:;ly short, contrary to qualitative estimates based on helium gas volume.

The massive volumes of helium gas present in the Halcyon hotspring, along with its
proximity to the Columbia River Fault Zone, invites further sampling and research
concerning the possible upward migration of deep-seated volatiles in this area of the

Cordillera.

For Coast Plutonic Complex hotsprings, the elevated helium isotopic signatures at
Meager and Pebble Creek support the prospects of economically-viable electrical power
production. Extension of the helium gas dataset to include the deep borehole MC-1, and
other regional geothermal occurrences such as Skookumchuck and Sloquet hotsprings,
may help delineate further the extent of high-temperature reservoirs. Helium systematics
of all southern Cordilleran thermal waters studied in this project are very interesting and
should be expanded to look at correlations with tectonics on a larger regional scale

throughout the Cordillera.

‘.
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Appendix A

Regression Statistics for HSC-Mate Island NaCl (ppm)Mixing Line

Regression Statistics for NaCl (ppm)

Multiple R 0.9995 Intercept
R Square 0.99901 xi
Adjusted R Square 0.99876
Standard Error  0.0511

Y=mx+b X

Residuals

0258349 -0.258349 0
10026687  4.053126 4.3

Observations ]

Analysis of Variance
df n of Squares Mean Square

F Significance F

Regressio I 10.526729 10.5267294
- Residual 4 0010445 0.00261126
Total 5 10537174

Coefficients Standard Er1 ¢ Statistic

4031.2905 3.680E-07

P-value Lower 95% Upper 95%

Intercept -0.2583 00452009  -5.715577
xl 100267 00157219 63.4924446
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00022917 -0.383848 -0.132851
1.835E-08 0.9588232 1.0465143

0.0208687
-0.024957
0.0040882
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Appendix He
Note: This section is synthesized from information in Mamyrin and Tolstikhin (1984)

unless otherwise referenced.

The three genetic sources of helium gas are:
1) primordial; from nucleosynthesis fusion reactions; *He/'He = ~ 2.4 x 10*
2) radiogenic; produced through o decay Hef'He = ~ 8 x 107

3) spallogenic; from cosmic ray bombardment of matter *He/'He = ~ 0.1 - 0.3

Other noble gases also have specific isotopic ratios resulting from the same three modes of

origin. Table 1 (after Mamyrin and Tolstikhin) quantifies these relationships.

TABLE 1

Isotope composition of primordial, radiogenic and spallogenic light noble gases

Gas *He/*He Ne/?tNe I Nef*iNe AT Ar WA *Ar
Primordial 3.10°* 12—-13 0.03 10-4 0,17—0.18
Radiogenic  2:10-* 0 0.3—-1.0 10’ 1
Spallogeniec 2 -107! ¢.9 0.95 0.01 0.65

The following section summarizes the evidence which led to delineation of the three

principal genetic typesof helium.

1) Primordial helium

Radiometric chronology data points to an absolute age for Earth of approximately 4.5 billion
years, while meteorites ages are generally in the range of 4.5 to 4.7 billion years. The
assumption that meteorites were a part of the protomatter of planet earth has been
substantiated largely through the study of carbonaceous chondrites. The latter are deemed to
be one of the principal contributors, along with gas-rich and other meteorites, of volatile and

primordial gases to earth’s accreting mass about 4.5 billion years ago. ‘

The (He/*He),, ratio (based again on trapped primordial carbonaceous chondrite gases and
the relationship between helium primordial ratio and *Ne/?Ne) has been calculated to be near

2.4 x 10
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2. Radiogenic helium

Most terrestrial rocks have *He/'He ratios near 2 X 10* , typified by older granitic rocks
where the presence of uraniferous minerals has led to c-decay. Alpha particles need only add
two electrons to become “He atoms, thus in Uranium fission reactions, the heavy isotope of

helium quantity produced over a time (t) is given by the equation:
‘He = 2*U [exp A, t-1] x Ng x N}

where: N = 8 = #He atoms formed to U family decay
N!, = 2 adds contributions from Th and actino U.
Ao = 0.153 x 10%/yr

The light isotope of helium however is also produced by U-fission as shown by the
equation (Kugler and Clarke, 1972):

'He = 20 [exp A, t -1 1 x (AJAY) x Y CH, *He)

where: A= 8.6 x 10" /yr
Y (He, “He) = 2.2 x 10* atoms/fission.

Thus the ratio of *He/*He produced by the radioactive decay of uranium is:
*He*He = (A/Ay) x Y(He,'He)/N!, = 8 x 10"

This figure, is more than three orders of magnitude less than the observed ratio. Even
though addition of primordial helium (retained since planetary accretion) could augment the
calculated ratio somewhat, a more likely, and demonstrated, contribution from lithium can
occur through three separate reactions; neutron, alpha and ¥ reactions:

(1) SLi+n->o+°H BHe

(2) 'Li+a—-®Be+’H
and (3) ‘Li+y—>‘He+°H
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Of the above three reactions only reaction (1) 'is considered to be of major
significance in supplying 3He atoms and thereby raising the helium isotope ratio.

Although a detailed examination of the (He/*He) formula which incorporates this
reaction is beyond the scope of this study, the net effect is important, for values of between
1 and 3 x 10°® are calculated (Morrison and Pine, 1955) which are in close agreement with
measured values. The ubiquitous occurrence of lithium in most rock-types is a principal
factor. Older granitic rocks, where the above decay reactions and accumulation of helium
have had time to occur, have *He/*He ratios indicative of radiogenic production of helium
(eg. 0.06 Selkirk ratio). Further, the presence ol a portion of the *He in lithia-rich geothermal
waters, such as those of the Halcyon hotspring, can be at least partially attributed to this

source.

3. Spallogenic helium

The (He/*He) ratio for spallogenic helium is the highest in nature about 0.1 to 0.3.
This type of helium is produced when matter is bombarded by cosmic rays. The latter are
composed largely of protons but include raw atomic nuclei ranging in weight and size from
helium through to iron. Although evidence suggests that cosmic rays also come from outside

the solar system the bulk of our source is the sua.

The high ratio of (He/*He) in cosmogenic helium presents a temptingly simple
solution to explain high ratios observed in certain mantle-related processes. For, a simple
mixing of radiogenic and spailogenic matter could yield He-isotope ratios over a broad range
including those related to primordial mantle sources. Such however is not the case, and can

be explained largely through the phenomenon of helium escape.

The observed concentration- of atmospheric helium (5.24 ppm) is far below its
predicted value when compared to other noble gases. First demonstrated by Nicolet (1957),
helium escape drains the atmospheric sink of He so that even though the ratio of He-isotopes
remains very high, the content of helium in air is very low. This continual helium dissipation

into space has significant implications for studies of mixing of terrestrial reservoirs, as despite
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into space has significant implications for studies of mixing of terrestrial reservoirs, as despite
the elevated isotopic ratio (0.1 to 0.3), the depleted atmospheric concentration, cannot possibly
account for the high ratios of helium found in mantle hop-spots, volcanic fumeroles, oceanic

ridges (Craig and Clarke, 1970) or other even geothermal waters of the Coast Plutonic

Complex.
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