

















































































































































































































































































































































































































































































































































































































































































































Chapter 4 Physical Speciation 199

likely have a far greater total surface area in contact with water in which to react. Quartz with
thin surface coatings of Fe and Al bearing minerals of variable composition were found to be
very efficient scavengers of Zn (85%) and Pb (90%) due to their ubiquitous nature in a sandy
aquifer (Coston, et al.. 1995). The attenuation of metals during transport may be strongly
affected by (hydr)oxide coatings on common minerals along the flow-path. The combination
of these mechanisms, natural filtration/particle settling coating common minerals, may
greatly reduce the total metals being delivered into the drift openings of the mining complex.
These processes alone are likely responsible for the attenuation of the majority of metals,
assuming that the degree of sorption along the flow path is in the same proportion as that

calculated for metals at the sampling sites.
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Figure 4-14 Plot of S dissolved not supported by metals vs. total dissolved S. Only about 5%
of the dissolved S in solution can be accounted for by the metals in the total recoverable
fraction and therefore approximately 94% of the dissolved S (sulphate) is not stoichiometric

balanced by metals.
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4.6 Conclusion

For ground waters in the Myra Falls mining complex, the 0.45um pore-size filter
removes most suspended Fe-Mn-Al (hydr)oxides particles. The presence of mainly the large
colloids may be due to: 1) enhanced Fe-(hydr)oxide formation due to the presence and
catalytic effect of Cu, 2) the low concentrations of DOC in these waters, 3) colloidal filtration
of the smaller fraction of (hydr)oxides along the flow-path, or 4) a combination of some or all
of these processes.

The adsorption of a metal is also dependent upon the charge of multivalent metals. In
reducing conditions a lower charge to radius ratio will result in lower sorption as seen in Cu
in reducing conditions of Cl| water.

The formation of Fe-Al-(hydr)oxides likely occurs in the presence of metals in
solution which may account for the high degree of metal loss from solution. The fate
(retardation) of metals in ground water at normal ground water gradients may be greatly
influenced by the formation of Fe-hydroxides. The strong role of Fe-hydroxides in metal
transport may in part be due to the enhanced kinetics of Fe oxidation in higher pH waters.
The rate of Fe oxidation increases 10” times for each rise in pH since the hydrolyzed Fe reacts
faster with O, than the non-hydrolyzed Fe (Stumm and Morgan 1996).

Goethite and amorphous Fe(hydr)oxides are present in acidic drainage at Myra Falls
and high concentrations of metals are sequestered by the Fe-(hydr)oxide structure even at low
pH.

In this study of metal transport in natural mine waters, it has been shown that
amorphous Fe-(hydr)oxides +/- Al-(hydr)oxides can act as major sinks of Pb and Cu (SO,>
and HCO;™ waters), and Zn (Cl" waters). A small portion of the (hydr)oxides which are
formed within the oxidizing waters are then transported to drift openings under the hydraulic
conditions present at Myra Falls. Likely a much greater proportion of metals are removed
from the water before being delivered into the drifts. Under the natural conditions at Myra
Falls sorption of Zn and Cu is highly dependent upon the solution matrix and suspended Fe
concentration. The sorption of Pb is greater than Zn and Cu and is affected little by the
solution matrix. In HCO;" waters the extent of metals sorbed to particles is Pb > Cu > Cd ~

Zn: which follows the order of first hydrolyses for these metals. In SO4>" waters the order is
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Pb > Cu > Zn; while. in CI” waters it is Pb > Zn > Cu (Figure 4-13). The order of element
mobility has implications toward understanding of the natural in situ metal attenuation and
metal transport of pathfinder metals used in hydrogeochemical prospecting in different
ground water facies, as well as in studies of the environmental impact of metals emanating
from the sulphide deposits.

The total metal loading of waters is greater than that of the dissolved metal load.
Environmental planning and decision making based only on the dissolved metal load may
overlook the effects on aquatic life after mine waters have been delivered to water bodies.
Mine waters from the upper levels of the Price deposit (4, S, and 9) are released untreated
into the surface environment. The presence of atmospheric oxygen would stabilize
(hydr)oxides which would remain in the surface environment on rocks and soil. Price 13 level
drains into Thelwood valley into a dry pond with a course rock bed. Water quality may be
affected downstream of effluent if changes in redox conditions occur. This may result during
sedimentation or in anoxic bottom waters of Buttle Lake. As seen in reducing waters Cu will
be less strongly partitioned onto Fe hydroxides and will be released into interstitial
sedimentary water or lake water.

For non-turbid samples, total recoverable (non-filtered) samples may be an alternative
for multi-element hydrogeochemical prospecting as compared to filtered waters. Since non-
filtered samples were not collected at all sites the preferred element for hydrogeochemical
exploration is Zn due its ability to remain in solution under the conditions (aerated and
dominantly bicarbonate-sulphate anion composition) encountered in the Price area mine

waters verses other metals associated with the Price ore deposit.



5. Chemical Speciation: As and S

5.1 Introduction

Many elements that occur in waters have more than one oxidation state. The oxidation
state of an element in natural systems will be sensitive to the redox conditions of the water
and may be modified or controlled by biologic activity, or redox reactions may experience
kinetic hindrances. Either of these processes may keep a redox couple in disequilibrium with
other species or with the solution as a whole. The redox state of elements is of considerable
interest in ground and surface water studies, because it often determines the chemical
behavior of an element.

Two redox couples, As(V)/As(Ill) and S(VI)/S(-II), were investigated in selected
waters from the Myra Falls study area to determine predominant oxidation species and the
relationship between different couples. Preliminary work on a third redox couple,
Fe(IlI)/Fe(Il) (ferrozine spectrophotometric method), was discontinued due to poor analytical
results. The main cause of the poor results was likely do to the very limited holding time
before analysis (preferably <60 min), and to Cu” and Cu®* interference (Ball and Nordstrom,
1982; Stookey, 1970). Sampling logistics were such that the holding time could not be met
from the time of sampling to time of analysis. Sulphide-sulphate redox measurements were
also unsatisfactory for reasons discussed in a subsequent section (Section 5.3).

Chemical data for individual sites is listed in Appendix F and Appendix A. Refer to
page Fl, Appendix F. for materials and methods used in this chapter. Computed As
molalities using pe from As(V)/As(lll) ratios and saturation indices of various As-bearing

phases are given in Table D2, Appendix D.
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5.2 Arsenic

5.2.1 Introduction

Arsenic is stable in four oxidation states (+5, +3, 0, and -3) (Ferguson and Gavis,
1972). Metallic arsenic occurs only rarely; and As™ occurs in only very reducing conditions.
Arsenic in most aqueous solutions exists in the As’" and As’ " oxidation states. Arsenic(V)
(arsenate) species are prevalent in oxidizing conditions and cover a large stability field
(Figure 5-1). Arsenic(IIl) (arsenite) is dominant in reducing conditions especially above the
sulphate-sulphide redox boundary. In low redox settings and in the presence of sulphide, As
will be remnoved from the system as various As-sulphide minerals (i.e. Realgar, AsS;
Orpiment, As;S;. Tennantite, (Cu,Fe);2AssSi3 ), or as elemental As. The predominant
aqueous As species are As(OH);°, As(OH)y’, and the arsenates, HyAsO4"> (n = 0 to 3). With
the exception of H3As0;° and As(OH),, all of the dominant As species are anions.

Thermodynamically, Fe and Mn (oxy)hydroxides and molecular oxygen can oxidize
As®" (Oscarson et al.. 1981; De Vitre et al., 1991). However, the oxidation of As®* by oxygen
at neutral pH is kinetically slow (Cherry et al., 1979). Results of studies of the oxidation of
As™ by iron (oxy)hydroxides have been inconsistent. Oscarson et al. (1980) found no
oxidation of As** with a prepared Fe(Ill) oxide at near neutral pH. Whereas Cherry et al.
(1979) found oxidation of As** in highly acidic solutions (pH = 2), but no oxidation at neutral
pH. Using natural and prepared Fe (oxy)hydroxides, De Vitre et al. (1991) measured
appreciable rates of As®* oxidation (50-75%) invariant of pH. These authors attributed the
discrepancy between their findings and those of Oscarson et al. (1980) primarily to the very
high Fe:As ratios that they had used (3,400:1). These high ratios were representative of
natural conditions found in shallow lake bottom sediments of their study. Arsenic is also
oxidized by Mn. and in experiments of Oscarson et al. (1981) up to approximately 20% of the
MnO, present was reduced during As oxidation. The resulting As’* is more soluble and more
mobile than As™” compounds (Thanabalasingam and Pickering, 1986). It is believed that Mn
hydroxides are the primary oxidants of As’* in sediments and solution (Oscarson, et al.. 1980:
Korte and Fernando, 1991) and is more thermodynamically favourable than oxidation by Fe

hydroxides.
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Arsenic can be removed from the ground water domain by co-precipitation and
adsorption to iron, manganese, and aluminum hydroxides, ion exchange with clays, or, by
precipitation of As-sulphides (Anderson et al., 1976; Frost and Griffin, 1977; Davis et al.,
1989; CEPA, 1993; Cheng et al., 1994; Scott et al., 1995). Results of these studies are
contradictory in identifying the preferred As species adsorbed. Arsenic (V) is believed to be
more readily adsorbed than As** species (Ferguson and Gavis, 1972; De Vitre et al., 1991)
and therefore As’* is generally felt to be more mobile in the ground water domain. However,
Pierce and Moore (1980) indicated that arsenite was adsorbed to Fe-(oxy)hydroxides, using
low concentrations of arsenite (107 to 10" M) and that maximum adsorption occurred at pH
7. It appears that both arsenite and arsenate can be sorbed to amorphous (oxy)hydroxides, and
the differcntial magnitude of adsorption for these two species may depend on the individual
setting.

Conversely, arsenic can be added to the ground water through the dissolution of Fe
and Mn (oxy)hydroxides containing sorbed As, following redox decreases. This can result in
high concentrations of As released to ground waters (Korte, 1991: Korte and Fernando. 1991:
Masscheleyn et al.. 1991).

Although arsenic can be cycled by biologic activity (Cullen and Reimer, 1989), in the
vicinity of base-metal deposits or mining/processing activities arsenic would be expected to
be mostly in the inorganic form (CEPA. 1993). In ground water environments, As is
primarily present as inorganic species (Korte. 1991: Masscheleyn et al.. 1991): biologic
activity in As redox reactions is more important in surface water environments.

The study of arsenic in the natural environment goes beyond the study of redox-
couples and equilibrium reactions. Arsenic is a known toxin and a suspected carcinogen
(Ferguson and Gavis, 1972; CEPA, 1993). Relatively. high concentrations of arsenate have
been consumed without known deleterious effects. whereas low doses of As have proven to
be fatal (Ferguson and Gavis, 1972). In humans. aqueous arsenite compounds are reportedly
25 to 60 times more toxic than arsenates (Ferguson and Gavis. 1972; Korte and Fernando.
1991). For this reason developing an understanding of arsenic species in natural settings is
important in understanding As cycling, toxicity. and mitigation.

Concerns regarding arsenic in the environment have recently been addressed by the

Canadian Environmental Protection Act (Guidelines Division) which is currently in the



Chapter 5 Chemical Speciation: As and S 205

process of lowering the maximum total arsenic that can be released to freshwater aquatic life
to 5 ppb from the current 50 ppb value (U. Schneider, personal communication). However,
the Canadian regulatory process has to this time not addressed the toxicity differences
between the various oxidation states, and under the current and pending guidelines no
provisions are made for the various As species.

Since the inorganic arsenic species are relatively stable they are very well suited to
redox-couple studies in natural ground water systems containing As (Cherry et al., 1979:

Mok, et al., 1988).
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Figure 5-1 Eh-pH diagram for the systems As-O-H using thermodynamic equations from
Cherry et al., 1979. Plotted Eh values are calculated from the As(V)/As(III) redox couple.
Dashed line at bottom represents aqueous As(Ill) equal to 10°* m which is within the range of
As concentrations of high As(IIl) waters.
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5.2.2 Controls on Arsenic Speciation and Arsenic

attenuation (adsorption and precipitation)

The predominant arsenic sources within the study area are massive sulphides and
argillaceous sedimentary units within the mine stratigraphy (Table 1.2). These sources have
As concentrations between 150 and 350 ppm. Other stratigraphic units within the mine
sequence have whole rock As concentrations less than 20 ppm, with typical values around 4
ppm. The predominant arseniferous minerals include arsenopyrite and tennantite.

Arsenic concentrations range up to 377 ppb in waters sampled for As speciation.
Chloride dominated waters contain the highest concentrations of As. High arsenic levels tend
to be predominantly As(III), although there are waters with high As(V) concentrations as well
(Figure 5-2).

The As concentration of ground waters in the Price area is not systematically related
to the concentrations of economic minerals as a whole. Nor, do As speciation ratios, for
mineral exploration, correlate spatially to mineralization. However, total As concentrations
can be used as an anomaly enhancement pathfinder in waters which already have anomalous
zinc concentrations (see Chapter 7 Ground Water Hydrogeochemical Exploration Methods).
There is no overall relationship between As(V) / As(Ill) ratio and metal content (Zn, Cu, Pb,
and Cd; individually, or combined).The lack of consistent correlation between total As and
Zn (mineralization) is due to the fact that As is not only concentrated in massive sulphides
but is also elevated in argilliceous sediments.

There is a wide distribution of As(V)/As(IlI) ratios (range is ~10% in ground waters
from Myra Falls. Generally As(V)/As(IIl) decreases with increasing As concentration in CI°
waters. many SO.* waters. and a few HCO;™ waters (Figure 5-2). The species distribution in
HCO; waters is very censored since many of these waters have As®* below detection.

There is no relationship between As species ratios and pH, or with dissolved oxygen
(DO). The lack of relationship between As species and DO is likely due to the very slow
kinetics of As oxidation by DO, while DO is consumed during other reactions (i.e. those

outlined in Table 3-2).
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There is a tendency of increasing As(V)/As(lll) ratio with increasing measured Eh

(Figure 5-3). This indicates that As(V)/As(III) ratio is sensitive to bulk redox conditions

within the water (or that As contributes to the measured redox). However, Eh calculated from

As species tends to be lower than measured redox values (Figure 5-7).

Four Cl" and two SO4> waters have much greater As(V)/As(IIl) than the majority of

CI" waters (Figure 5-2 and Figure 5-3). These anomalous As ratios may result from poor
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Figure 5-2 As(V)/As(IIl) vs. total As concentration. A
very wide range of species ratios and concentrations are
present in the Myra Falls waters. Waters plotting along
bold lines are censored due to the choice of 0.1 ppb As
for values of either species below the detection limit.

The lo error plots within symbols.

preservation, dissolution of Fe-
(oxy)hydroxides releasing As>* to
the water, or mixing of waters,
one containing a high As®* end-
member.

In an earlier study of mine
effluent waters, Mok et al. (1988)
found high As(V)/As(IIl) ratios
corresponded to acidic waters
with high metal loads. Acidic
waters will promote the oxidation
of As®* (Cherry et al., 1979). In
Myra Falls waters acidic ground
waters are dominated by As>* but
to a lesser extent than many other

oxidizing waters.
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5.2.2.1 Controls on Arsenic Concentrations and As(V)/As(IIl) Ratios

The dominant controls on As concentration once arsenic has entered ground waters
are the sorption and co-precipitation of arsenic to Al, Fe, and Mn (oxy)hydroxides (Anderson
et al., 1976; Pierce and Moore, 1980), and the precipitation of arsenite sulphides or arsenates
such as Mn3(AsO4); (Cullen and Reimer, 1989; Masscheleyn et al., 1991).

All waters are undersaturated with respect to Mn;3(AsOy); (calculated with
PHREEQC; Parkhurst, 1995). While virtually all waters are saturated with respect to
Ba3(AsQs); (maximum SI > 14). Cullen and Reimer (1989; and references therein) dispute
the thermodynamic data for this phase and suggest there is no geologic evidence that it exists.
For oxidizing waters at Myra Falls there does not appear to be a precipitating arsenate phase
controlling the As concentration.

In reducing waters precipitating arsenite species include the As-sulphide minerals

Orpiment (As;S;) and, at higher pH, Realgar (AsS). There is also the possibility of soluble
sulphide polymers existing in

LE+03 .
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water, although competition
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from other ions for S* may limit the extent that this reaction controls the As concentration
(Cullen and Reimer. 1989). Some waters have a distinguishable H,S odour and other ground
waters have elevated 'S4 indicating SO+ reduction is occurring (Section 2.4.3). [n these
waters the precipitation of orpiment is a possible mechanism for removal of As. However,
arsenic concentrations tend to be highest in reducing waters and therefore the precipitation of
AsS likely has little control on the As concentrations in these waters (Figure 5-4).
Arsenic(IIl) and As™* species can be sorbed to Fe (oxy)hydroxides. Many factors will
affect the degree of sorption (see Section 4.1) including the physical characteristics of the
adsorbent, pH of the water. and competition from other ions and complexes. In the previous
chapter (Chapter 4) it was shown that the majority of suspended solids in ground waters were
Fe (oxy)hydroxides. In waters from Myra Falls the relationship between As species ratios and
suspended Fe is not straight forward, but there is a tendency toward decreasing As
concentrations with increasing suspended Fe at high Fe concentration. This trend is evident in
HCO;™ waters with suspended Fe concentrations greater than approximately 20 ppb Fe.

Suspended Fe concentrations in CI°

| E+03 . waters (where data is available) is
. . low and As concentrations tend to
" . . .
- e be the highest in these waters.
[ ]
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maximum of ~19% of the original Mn*" was reduced to Mn®*. Manganese appears to be at

least a partial control on the As species in the Myra Falls ground waters.

As was shown in Chapter 4 the majority of suspended particles in solution are greater

than 0.45um in size. The absence of Mn (hydr)oxides in solution after filtering has likely
aided the preservation of the As®* in solution.
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Figure 5-5 Arsenic concentration vs. suspended iron for different water types
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5.3 Sulphide/Sulphate

5.3.1 Introduction

Few of the waters analysed by the difference method (all S oxidized to SO4” less
SO,* aliquot treated with a bactericide) had a variation of SOs> between the two aliquots
greater than the estimate of analytical precision. Estimated laboratory precision is £5%; total
precision from duplicate analyses during this study also gives a precision of +5%. Analytical
data and methods and materials are presented in Appendix F. The results for the
sulphide/sulphate speciation will only be presented qualitatively in redox comparisons by

other methods in Section 5.4.

5.3.2 Recommendations

Under rugged field conditions the ability to perform delicate chemical analyses is
greatly curtailed and therefore there is a requirement to process waters under controlled
laboratory conditions. The sulphide / sulphate redox couple would have been best calculated
from the gravimetric analyses of sulphide in solution after precipitation with a sparingly
soluble metal (i.e. Cd). The amount of Hg used as a bactericide in this study was not great
enough to precipitate more than a minor amount of sulphide from the water. A simple method
that can be used under harsh field conditions to determine sulphide would require that Cd-
acetate be added to a sample aliquot at sampling. Filtering the aliquot would remove any
precipitate for later gravimetric analyses. The remaining filtrate would be analysed for

dissolved SO4*".
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5.4 Comparisons of Measured Eh and DO, and Eh

Calculated from Redox Couples

The transfer of electron(s) under equilibrium conditions can be described in terms of
half-reactions and the Nernst equation. The half-reaction written in terms of reductions, and
the resulting theoretical voltage are described by:

Equation 5-1
aA +bB +ne" < cC+dD

AT (©'(D)*
T aF " (4)°(B)

En(V)=E°
where A and B are the reactants, C and D are the products, lower case letters denote the
stoichiometric coefficients, and n is the number of electrons (e") transferred. In the Nernst
equation £ is the standard (state) potential of the half-reaction in volts, R is the universal gas
constant, T is the absolute temperature, and F is Faraday’s constant; other designations are
the same as in the reduction reaction. The sign of the second part of the last equation is
dependent upon whether products or reactants are in the numerator (this is dependent upon
whether the equation is written with products or the oxidized species on the right-side of the
upper equation).

Individual redox couples rarely reflect the measured or ‘bulk solution’ redox values
(Lindberg and Runnells, 1984; Holm and Curtiss, 1989; Stumm and Morgan, 1996). There
are a multitude of reasons for this apparent discrepancy. Chemical reactions often move to
completion (i.e. are irreversible) and therefore equilibrium conditions may not be met under
natural conditions; redox reactions may be biologically mediated; or individual redox couples
may be able to buffer redox changes to varying degrees and therefore are not in equilibrium
with other redox couples.

Researchers have tried to develop relationships between measured redox values
(platinum electrode) and speciation of various elements (redox couples) (Holm et al., 1986),
but Eh in natural systems rarely reflect calculated ‘equilibrium’ potential (Barcelona, et al.,
1989). Only in single redox-couple solutions in the absence of O, (such as Fe**/Fe?", pH 3;

and Fe(CN)s” / Fe(CN)s", pH 6; in Kempton et al.. 1990) does the Nernst equation describe
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the measured response. The redox couple which can best fit calculated Eh from the Nemnst

equation under natural conditions is Fe’*/ Fe** in mine drainage with high Fe content (Back

and Bamnes, 1965; Holm, et al, 1986, Kempton et al., 1990).

Moreover, platinum electrode redox values are more importantly an indicator of

mixed potential or ‘bulk solution’ redox qualities; and as such, are informative of the redox

sequence resulting from the consumption of oxidants in flow systems (Back and Barnes.

1965; Champ et al., 1978; Baedecker and Back, 1979)

In this study comparisons between the fields of redox from platinum electrode

measurements and those calculated from redox couples are made for general interest and are

similar to the findings of the much more extensive study by Lindberg and Runnels (1984)
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Figure 5-7 Eh computed vs. Eh measured in ground
waters from Myra Falls. Calculated redox from a few DO
measurements are in the same vicinity as potentials from
As (no potentials are calculated for DO = 0 mg/L).
Potentials from S(VI)/S(-II) couple tend to be the lowest.
No Eh computed from single redox couples agree with
the measured redox. The dashed line represents Nernstian
behavior of redox couples (i.e. equal potential to the
measured electrode Eh).

(although As was not included in
their inter-comparison of available
data). Quite simply, no single
redox couple adequately describes
the measured redox potential of
the water. The comparison of
computed Eh (PHREEQC;
Parkhurst, 1995) show that the
potential calculated from the
measurement of DO (Oyq) / H20)
tends to be the highest, except with
very low DO concentrations (DO =
0 mg/L are not calculated) and are
consistently above the measured
Eh. Redox potentials calculated by
As species tend to be below the
measured redox values and only
fall in the same region as measured
Eh at low potentials. The

potentials from the available
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sulphate-sulphide data (see above for precautions about the sulphide data) tend to be the
lowest and are included for comparison only.

Redox comparisons between measured platinum electrode and those calculated from
As (III/V) redox couple rarely show a good correlation (Korte and Fernando, 1991).
However, depending on the nature of the study, Eh values calculated from As(V)/As(III) may
be beneficial. Studies of arsenic mobility and cycling will likely benefit most from Eh
calculated from As redox couple.

As was pointed out by Lindberg and Runnels (1984) there is little reason to expect
agreement between redox values measured from concentrations of various redox couples. The
simplest reason for this disagreement is the wide variation in reaction E° values. The
calculated Eh values are dependent upon the £’ value in the Nemst equation and to a much
lesser degree upon ratio of activities of the dissolved redox couple. Large differences in redox
ratios in the second half of the right hand side of Equation 5-1 will have a minimal effect on
the calculated Eh. For example a difference in As redox ratios of 1000 at standard

temperature and pressure will only result in a 0.089V difference in computed Eh.

5.5 Conclusions

As(V)/As(III) ratios in ground waters of Myra Falls varied by more than three orders
of magnitude. The highest As concentrations are found in waters with the lowest Eh. These
waters also tend to have the lowest As(V)/As(IIl) indicating that As® is more mobile in this
setting. Higher aqueous As concentrations may be related to the instability of
(oxy)hydroxides in the lower Eh conditions. Manganese may be influential in establishing the
redox state of As in these ground waters.

The platinum electrode potential only crudely estimates the predominant As species
present. Solution Eh values should not be estimated from As(V)/As(IIl) redox values. The
values of As(V)/As(IlI) ratios and computed Eh may be useful in systems where As is of key
concern, and by analogy may also prove useful for understanding species mobile as
oxyanions and with similar aqueous behavior as arsenic such as Sb, Mo, Se. V and Cr (at

high Eh).



6. Ground Water Circulation and Saline Grouhd

Water Source

6.1 Introduction

The effects of underground mine openings on ground-water flow has implications in
the mining industry and also for interested groups involved in the safe siting of spent nuclear
waste repositories. The resulting changes in ground water chemistry due to perturbations
results from changes to natural hydrology through the creation of underground mine
openings. These ground water chemical changes are of concern to mine operators, in part due
to the entrained oxygen delivered io greater depths than pre-mining conditions. This results in
increased oxidation of sulphide minerals and increased metal loading of mine waters.

In a fractured media, ground water circulation to deeper mine workings is difficult to
predict. In this environment discrete fractures may carry the majority of ground-water flow
into deeper strata. This deeper circulating ground water will be identified by the chemical and
isotopic signature of its recharge source.

Isotopic and geochemical processes in ground waters have been discussed in detail in
Chapters 2 and 3, respectively. They are used in this section to discuss ground-water flow in a
fractured medium, illustrate the affects of mine openings on ground water circulation, and
discuss ground water circulation processes in general. The source of the saline ground waters
is of interest in this setting since it exists at such shallow depth and have §'%0 and &°H

isotopic compositions similar to the isotopic trends seen in sedimentary basinal brines.
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6.2 Discussion

6.2.1 Areal Extent of Saline Ground Waters

From this current study it has become apparent that the saline Cl'-dominated ground
waters exist throughout the lower Thelwood Valley, external to active mine workings in HW
mine (North of HW-21 level, South of HW-20 level, and East of HW-20 level). and below
active mine workings in the HW mine. It is not known if saline waters are currently present in
Myra Valley. Portions of the HW mine, Myra mine, and Lynx mine underlie areas of Myra
Valley. It would be expected that the mining activity in this area has affected the pre-existing
hydrology and hydrochemistry of ground waters within Myra valley.

Ground waters sampled by bailer from drill holes within Myra Valley have been non-
saline. A ground water sampled from an elevation of approximately -80 metres (relative to
sea level) from drill hole W195 on the southern edge of the Lynx workings (along the road to
level 8 adit) had a conductivity of 305 uS cm’ (sample #3320). A second drill hole in Myra
Valley (W129) located above the HW mine had a conductivity of 230 uS cm” (sample
#3545). Both of these ground waters have likely been affected by their proximity to mining
activity. Underground production commenced in Myra, Lynx, and HW mines, in 1972, 1976,
and 1985, respectively.

The existence of saline ground water on the western edge of the mining camp would
have to be tested in new exploration drill holes on this frontier of the mining camp. It is not

known at this time how regionally extensive the Thelwood Valley saline waters might be.

- a

Creek and Buttle Lake?

6.2.2 Saline Ground Water Discharge Into Thelwood

No salt-licks are reported or were found during this study in the valley bottoms. Some
drill holes do discharge water to the surface but this water is fresh.

Information garnered from this study indicate the fresh ground water / saline ground
water interface in Thelwood Valley is below the elevation of Thelwood creek. A sampling
program was initiated on September 4™ 1995, during a period of low creek flow to determine

if there was any recognizable CI' (saline) discharges into Thelwood creek. Sampling included
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Jim Mitchell lake (water sample 3526), the water source for generating hydro-electricity,
which is the primary source of water in Thelwood creek during the late summer, and within
the creek from Thelwood powerhouse to the creeks mouth in Buttle Lake (water samples
3528, 3530, 3532, and 3533). All of these waters had less than | ppm CI indicating there is
no discernible amount of saline ground water discharging into Thelwood creek. It is possible
that small discharges of saline water would soon be diluted by the main creek flow. A surface
water collected from a marshy area near the creek and Thelwood Valley drill holes PR-101.
on the same day as the Thelwood creek waters. had CI” concentration of 6.2 ppm. This
marshy area is believed to be hydraulically connected to fracture zone(s) intercepted while
drilling exploration holes in the immediate vicinity (see Section 6.2.4).

The extent of saline ground water found underlying Thelwood Valley to the fringes of
mining activity in HW mine raises the question whether saline waters are more regionally
extensive within the Buttle lake uplift, and if saline waters are discharging into Buttle lake?
Copper levels in lake waters have been greater than expected from being solely derived from
Myra creek discharges (Rudy van Dyk, personal communication 1994; Aquamin, 1996). This
raises the question whether discharging saline waters could be responsible for a portion of the
copper. Further work would be needed to evaluate this source. Discharges into lake bottoms
could occur along permeable faults and may be difficult to isolate; nevertheless, discharges if
found would be easily identifiable since they would correlate to elevated CI” levels during
sampling of lake bottom waters. Buttle lake averages 45 metres in depth (Deniseger, et al..
1990), with a deeper south basin close to Thelwood and Myra creek discharges. It is quite
conceivable that the elevation of the south basin is below the fresh ground water / saline

ground water interface.
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6.2.3 Ground Water Gradients in Thelwood Valley

Several fracture zones from various drill holes located in Thelwood Valley were
sampled by means of dedicated and portable packer systems. The portable packer system was
equipped with a pressure transducer to measure the hydrostatic pressure isolated between the
two packers in the system, [Note: The packer system equipped with the pressure transducer
was 'lost” down PR-115 (ground water #3356) and subsequent sampling system using a back-
up set of packers was not equipped with a pressure transducer]. Dedicated packer systems
isolating either the bottom of drillholes or assembled in pairs to isolate specific zones within
drill holes were not equipped with pressure transducers. Although not equipped with a
pressure transducer. qualitative determinations can be made when isolated zones flowed at
the surface. [For information regarding temporal water static levels in Thelwood Valley the
reader should consult a more thorough coverage of this subject by M. Stapinsky (Ph.D. in
progress, U. of Ottawa).]

Many drill holes located in Thelwood Valley are flowing at the surface (i.e. PR-32,
92.100. 101, 109, 111, 112, 115, 116, 117, 118, 119; see map in back pocket for locations).
Water flowing at the surface had chemical composition resembling recently recharged
meteoric water (low TDS, measurable DO, and measurable > H).

Ground waters sampled from drill hole PR-92 (see site map in back pocket for
location) located near the edge of the Price hillside in Thelwood Valley have low to moderate
TDS and contain only a small proportion of the saline Cl° dominated water. PR-92 is artesian,
and has low flow rates from the open drill hole at the ground surface. Unlike other drill holes
sampled in Thelwood Valley, fresh to brackish water exist to greater depths within PR-92.
PR-92 also has a TDS inversion, as the deepest water sampled has lower TDS than ground
waters from overlying zones (Figure 6-1). There is generally a downward gradient within PR-
92 that allows mixing of meteoric waters with saline waters and the subsequent flushing of
saline ground waters from the rocks. Packed zones encountering low TDS ground waters
have the highest piezometric heads. Higher piezometric hydraulic heads were measured from
sampling points located at 101, 52, and -52 metres elevation. The two zones located at -8 and

-25.5 metres elevation have hydraulic heads below the constant head boundary of the flowing
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open hole suggesting these two zones are actually zones of net loss from the drill hole. PR-92
appears to have very heterogeneous flow since several zones are delivering meteoric water to
the drill hole and there is not a progressive increase in salinity with depth.

Often, the hydrostatic pressure within isolated zones is greater than the pressure
measured in the open drill hole indicating fracture zones are capable of delivering ground
waters to the drill holes. Other drill holes do not have enough piezometric measurements to
define gradients within them. However, ground waters sampled from packed zones
(dedicated packers without pressure transducer) located at 423 and 445 metres below ground
surface in PR-101 were artesian during early development. The pressure from the main flow
zone (-105 metres below ground surface; Section 2.8) was not measured since the transducer

had been previously lost down a drill hole.
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Figure 6-1 Piezometric heads and corresponding sample TDS vs. sampling elevations for drill
hole PR-92. This drill hole is flowing at the ground surface (224 m). Arrow shows general
trend of expected TDS increase. Zones with low TDS (rectangles around points) correspond to
higher heads. Ground waters from Pr-92 have lower salinity than corresponding depths in
other Thelwood Valley drill holes due to the influx of low TDS waters at depth.
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6.2.4 Fresh/Saline Water Interface and Fracture flow in

PR-101, Thelwood Valley

A single fracture at 105 metres depth delivers modern meteoric water (4.1£0.5 TU;
Section 2.8) to the drill hole PR-101. Based on CI” concentrations, the flow from this fracture
constitutes the majority of the discharge at the surface from this artesian drill hole. The
interface is very sharply defined at or just below the depth of this fracture and has fresh water
in the drill hole immediately overlying saline water (delineated by open hole profile discrete
interval ground water sampling (Figure 6-3) and by geophysical logging (Figure 6-2)). The
CI" concentration in ground water at the inflow is approximately 2 ppm while immediately
below the freshwater saline water interface the saline water has concentrations >5000 ppm
CI'". Unlike PR-92. the salinity within the ground water below the freshwater interface in PR-
101 increases progressively with depth as found in most of the drill holes which were

sampled at various depths.
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Figure 6-2 Geophysical resistivity and temperature logs from the top 200m of PR-101
showing the fresh/saline water interface. A single fracture delivers meteoric water to the drill
hole. (from Mwenifumbo, 1993).
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The majority of the flow at the surface from PR-101 is from this fractu.re (Cr
concentrations from the flowing hole are 0.7 to 1.5 ppm; sampled in 1993 and 1994; sample
#'s 1040, 2022, and 2434).

The flow at 105 metres depth within drill hole PR-101 may ‘short-circuit’ the
discharge of non-saline water from the Price hillside into Thelwood Valley. Recent drilling of
new exploration holes in this area resulted in disturbances in surface waters on the Thelwood
creek side of the road (opposite side of the road to the drilling). Surface waters in a marshy
area near Thelwood creek became impacted by drilling fluid. The marsh must be

hydraulically connected to the drill

0 Q —o— Discrete Interval a Packer
: holes as rock flour and drilling
30 ?o fluid from drilling were being
100 _ © fresh water / saline water interface diSCharged from springs
- T underlying the marsh (G. Dirom
= 150 - ° personal communication, 1995).
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2 : o the 8'%0 (-12.9%o0) of this ground
g 20 - & water (PR-101, 105 m bgs) with
3 .
é’ 300 - ground waters accessed within
f‘r— : Myra-Price 13 level, it has likely
S 350
0 been recharge on the middle to
100 o upper Price hillside. The §'°C
PR-101
.o Thelwoo :) value (-11%0 VPDB) and HCO;
- Valley o concentration (123 ppm), indicate
500 D ... __ e e it was likely recharged through a
I 10 100 1000 10000 100000 . . .
al soil zone. It is saturated with
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respect to calcite which indicates

Figure 6-3 Variation of CI" with sampling depth in PR- that it has time to have
101. The fresh/saline water interface is very sharp in
this drill hole. Below the interface there is a gradual
increase in CI". There is a very good agreement between retains measurable tritium.
the CI" profile from open hole discrete interval

sampling and sampling by packers.

equilibrated with calcite, but still
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Below the fresh water - saline water interface the saline waters gradually become
increasingly saline with depth (Figure 6-3). Piezometric head measurements are not available
from the packed zones in PR-101, but the two lower packed zones were artesian during early
development (Figure 6-3). The fresh water heads are likely greater than the more saline water
(as seen in PR-92; Figure 6-1) and are enough to keep the saline water largely constrained

below the fresh/saline ground water boundary.

6.2.5 Influence of Mine Workings on Water Circulation

(mixing of meteoric and saline ground waters)

The result of mixing modern (tritium bearing) and saline (high chloride, tritium-free,
and NC-free; Chapter 2) ground waters was investigated for ground water from drill holes
located in HW mine level 20-371 cross cut south (HW20-653; 245 m, +45°). This heading is
an area of recent drifting and drilling (1990), and is in a region underlain by brackish water
(HW20-650; 262 m, -90°; sample #3267; Figure 6-4). Whereas, drill holes oriented above the
drift have between 130 and ~600 ppm CI’ (Figure 6-4).

Results from binary ideal mixing, using CI" as a conservative tracer, indicate that
ground water HW20-653 may result from approximately 5% brackish water from HW?20-650
(similar chemistry to water underlying the area) mixing with low chloride meteoric water (1
ppm CI'). The ground waters discharging from HW20-653 contain 1.2+0.4 TU. Using the
same percentage (5%) to resolve the tritium content of the brackish waters results in negative
tritium values for brackish water component. Therefore, either the modern water is originally
low in tritium (~1.2 TU), and the chloride component is the result of piston flow along
fractures incorporating a salt residue (grain boundary salts) or diffusion from bimodal and/or
matrix porosity. This would result in incorporation of a CI" source with no dilution of the
tritium. Or more likely, a modern water (with >1.2 TU) is mixing with a less saline partially
eluted water. Other drill holes with less horizontal extent in the vicinity of HW20-653 have
undergone less dilution than water from HW20-653, and contain a greater saline water
component (~400 ppm Cl). Resolving binary mixing results in a contribution of 30% of the
water in HW20-653 possibly originated from ground water with similar Cl" (436 ppm) as

HW20-654. Using this proportion to solve for the original tritium in the modern water mixing
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Figure 6-4 Mixing flow paths of ground waters from HW?20-371xcs (37+30E). Arrows
represent ground-water flow. Chloride concentrations are in ppm. Water entering the drift from
drill hole 653 may result from mixing 30% water similar to 20-654 water with modern meteoric
water. See text for description.

with HW20-654, results in the meteoric water containing no more than 1.7 TU (mixing water
= 0 TU). Note, this is not a unique solution as the low Cl water will contain less than this
amount if the second water containing ~400 ppm CI has a tritium component (i.e., 1.5 TU in
meteoric water if mixed with brackish water having 0.5 TU). The *H concentration and likely
the CI” content in HW20-653 ground water is clearly the result of mixing modern waters with
older, CI bearing waters either in fractures or within the drill hole itself. The heterogeneous
and complex nature of the ground-water flow paths becomes apparent in Figure 6-4.

The above example of the downward migration of modern meteoric water and mixing
between non-saline tritium containing, and saline ground waters which is occurring on the
meso-scale, can also be seen on a larger mine-wide scale. Ground waters from beneath the
M-P ridge were all sampled from within mine workings. The areas of the HW mine in which
sampling occurred show the influence of mine drifting and drilling on the natural(?)

hydrology of the area, as compared to the hydrology of the ground waters underlying
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Thelwood Valley. In Thelwood Valley the local hydrology has been unaffected by
underground drifting but may be slightly modified due to exploration drilling.

The modifications to hydrology due to perturbations from mine workings are
investigated in the two longitudinal diagrams (Figure 6-6 and Figure 6-7), approximately
mine west - east from Myra Valley to Thelwood Valley (across the M-P ridge). The result of
mine workings on the hydrology can be seen on the tritium concentrations and chloride
isopleths through the two diagrams.

Chloride gradients in areas of Thelwood Valley with unaltered hydrology may be
slightly steeper in the more northerly section (Figure 6-6: there is also tighter control on drill
hole sampling chemistry in this section). In both sections C|” concentrations greater than 10*
ppm are enicountered around 200 to 250 metres below ground surface in Thelwood Valley.
There is a paucity of information under the M-P ridge in the northern section (Figure 6-6).
Nevertheless, the three drifts that intercept this section all show that meteoric waters have
migrated to these levels displacing saline ground waters. The displacement of saline water is
more pronounced in the western portion (west of the M-P ridge crest). HW mine workings at
equivalent elevation to these levels and at greater depths are located south of this section in
the western half of the diagram. The mine workings may influence the ground water
hydrology on HW 20 and 21 levels. The North fault intersection with HW 20 level drift is a
permeable damaged rock zone 10 or more metres wide which has circulated modern meteoric
waters down to depths of around -50 m. There is no mine development above this location,
and nearby exploration holes drilled into the floor contain brackish to saline water. Oxygen-
I8 from the North fauit waters suggests the ground water is recharged at an elevation of
approximately 900 metres. The drift that intersects the North fault was driven during the fall
of 1989; modern waters were first sampled from this location during August 1993. The
presence of tritium and HCO;™ water at this location implies high ground water velocities
have delivered modern meteoric water to this location. Some monthly (seasonal) variability is
apparent in the 8'°0 in Figure 2-2, suggesting piston like flow with moderate seasonal
attenuation of the isotope signal.

Within Thelwood Valley a sharp interface exists between fresh water above and saline

water below. A single fracture in PR-101 at 105 metres depth delivers modern meteoric water
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(4.1£0.5 TU) to this drill hole in Thelwood Valley (Figure 6-6). The fresh water in the drill
hole immediately overlies saline water (Section 6.2.4). Chloride containing waters are closest
to the surface in the vicinity of PR-106 (~1000 ppm at 66 metres below ground surface;
#3273) and the ‘freshest’ ground waters may be confined to high flow rates within coarse
valley fill. Geophysical logging by J. Mwenifumbo (GSC) of temperature and temperature
gradient in the cased portion of PR-106 and the adjacent PR-107 drill holes, indicate high
flows between 30 and 60 metres depth through the overburden material.

A chloride profile south of. but similar to, the more northerly longitudinal section
(Figure 6-6) is shown in Figure 6-7. In this profile the effect on local hydrology of level 13,
which dissects the M-P ridge at 240 m elevation, can be seen. Modern meteoric waters have
been drawn down into this access drift. Tritium containing ground waters were sampled
within all but the central portion of the M-P ridge (Price levels S, 9, and 13). In the central
core of the M-P ridge on Myra 10 level there is tritium-free and slightly higher CI" (up to ~30
ppm CI; #3444) ground water from recently developed bedrock. Recent drilling on Myra 10
level is in an area not directly underlain or overlain by mining activity.

Ground water from areas within the M-P ridge with a more prolonged mining history
typically have very low CI” concentrations (<10 ppm). Within the margins of the M-P ridge
CI" concentrations are typically similar to rainfall recharge (~1 ppm).

Ground waters at lower elevation within the HW mine (20 level; Figure 6-6) show the
influence of the lower mine workings on chloride profiles and tritium concentrations under
the M-P ridge. Meteoric waters have been drawn down to working depths within the HW
mine. These waters are mixing with and eluting residual water contain moderate cr
concentrations (Figure 6-4 and Figure 6-6). Ground waters above 20 level overlie tritium free
brackish waters (<0.8 TU and 2860 ppm CI") located below 20 level.

Tritium was not analysed in ground waters sampled from drill holes located in
Thelwood Valley on this profile (Figure 6-6), but CI” concentrations have a similar pattern as
the profile down valley (Figure 6-7), and the 10’ ppm contours are at approximately similar

elevations in both Figure 6-6 and Figure 6-7.
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The sampling locations in the HW mine, at the extreme northern edges of dn'fﬁng on
HW-20 and HW-21 levels (Figure 6-6) and on the extreme southern edge of exploration
activity on HW-20 level (Figure 6-7), are located at the lowest elevation of mining activity in
these areas. The downward migrating meteoric water would be expected to be at even lower
elevations in the area between these sections (west-central area of the sections Figure 6-6 and
Figure 6-7; HW main zone, map in back pocket), in the midst of the main mining activity in
HW mine. Deepest drifts in the HW mine are located at -328 metres elevation (relative to sea

level).
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Chapter 6 Ground Water Circulation

6.2.6 Possible Origin of Saline Ground Water

The characteristics and possible origin of saline waters in crystalline rocks have been
the focus of several studies (including: Frape et al., 1984; Fritz and Frape, 1987; Nordstrom
et al., 1989; and Bottomley et al., 1994). Stable isotopes, 8'*0 and §H, in the Thelwood
Valley saline ground waters do not share the stable isotope signature of saline waters from
crystalline rocks (i.e. shield brines), which typically plot above the meteoric water line.

Oddly enough. the stable isotopes *0 and *H in the Thelwood Valley saline ground
waters have a trend typical of sedimentary basinal brines (Clayton et al., 1966), and plot
below the meteoric water line with a slope less than 8. The 8'%0 vs. 8°H line describing these
recently discovered saline waters has a slope of 5.6. The Thelwood Valley saline waters are
clearly the result of mixing modem meteoric waters with a saline water occurring at depth
(Chapters 2 and 3). The slope of the stable isotope chloride trend line is defined by mixing
modern meteoric waters with the end-member isotopic ratios rather than an increasing water-
rock exchange processes that would lead to enrichment of §'30 greater than §°H.

The saline water that is encountered at increasing depth in the Myra Falls area
contains components removed from the local rock as well as extrinsic components. The
minerals in the local rock itself, including grain boundary salts and fluid inclusions, likely
contain too little chloride to have been the source of CI” in the ground water, even if very long
time periods were invoked for the process of leaching Cl” from the rocks. The first logical
choice for the saline water source, mainly based on Cl” concentration, is a sea water source.
Stable isotopes. and conservative element ratios quickly rule out an unmodified sea water as
the source of the saline water (Chapters 2 and 3).

Several possibilities exist for the origin of the Thelwood Valley saline waters and may
include: a residual connate or hydrothermal (metamorphic?) fluid, or a sedimentary brine.

The presence of a Devonian age connate fluid would be impossible in these rocks.
Original fluids in Myra Falls rocks would have been displaced by post-depositional fluid
events. These would include events related to greenschist metamorphism. and fluid events

related to the later intrusion of the granitic Bedwell batholith on the edge of the mining camp.
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Jurassic aged intrusions on Vancouver were emplaced at depth of 3-6 km, at a depth
where large convective hydrothermal systems can readily develop (Magaritz and Taylor,
1986). Fluid related to a convective hydrothermal cell would replace pre-existing fluid in the
vicinity.

Some evidence of the salinities of formational and later fluids have been preserved in
the fluid inclusions in quartz crystals within the mine rocks of Myra Falls. Fluid inclusions in
primary quartz, some of which are within the massive sulphide mineralization, have salinities
ranging from 3.2 to 8.1 equivalent weight %, or, on average are about twice as saline as sea
water (Barrett and Sherlock, 1996). Fluid inclusions from late quartz-calcite-chlorite veins
that cross-cut the stratigraphy have lower salinities, from 0.2 to 5.6 equivalent weight %
NaCl, and average 2.1 wt. % (Barrett and Sherlock, 1996). The hydrothermal event
responsible for the late veining has too little Cl to represent the end-member saline ground
water now seen in rocks of the Buttle lake uplift. The late stage veining is likely pre-Jurassic
age and formed during peak metamorphism (Berry, 1995; see Section 1.7.6).

Fluids involved in the hydrothermal alteration of the granitic Jurassic intrusions on
Vancouver Island are believed to have been of marine pore fluid origin (Magaritz and Taylor,
1986). These same fluids are also believed to have been involved in the low-grade (prehnite-
pumpellyite facies) metamorphism of the mainly basaltic Karmutson formation (which is
stratigraphically younger than the mine sequence). These waters had a 5'30 and 8°H enriched
composition. The '30 of the fluids involved in these events was likely slightly positive,
possibly an isotopically shifted marine water (§'30yz0 2 0; Magaritz and Taylor, 1986).

The Thelwood Valley saline waters are not the only Cl-rich ground waters on
Vancouver [sland. Saline waters have been encountered from other regions of Vancouver
Island. Notably in sediments, volcanics. and granodiorites in the North Saanich peninsula
(Al-Mooji. 1982; Fritz, et al., 1983), Mayne Island (Dakin et al.. 1983), in thermal waters
from Hot-Spring Cove from the west coast (Phillips, 1994). and within sediments of the
Naniamo group (Souther and Halstead. 1973). The possibility that the saline waters at Myra

Falls may be related to some of these other saline waters on Vancouver Island is explored

further.
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The similarities in the §'%0 and 8°H of the water between the Thelwood Valley saline
ground waters and basinal brines, suggests the possibility that the Thelwood Valley saline
waters have a sedimentary origin. Sediments with saline water are present in the vicinity of
Vancouver Island. These are hosted in the Cretaceous age Naniamo group.

The sediments of the Naniamo Group (Cretaceous) -Chukanut Formation (Tertiary)
are currently found on many of the Gulf Islands and Naniamo lowlands, and may have
originally covered much of Vancouver Island (Monger and Journeay, 1992). Sediments of the
Naniamo group are currently found within 25 km of the Myra Falls mining camp, and host
actively mined coal deposits within ~40 km of Myra Falls.

Fernwood spring on Salt Spring island is fed from Cretaceous age sediments and is
almost 100% dominated by Na-Cl ground waters (Al-Mooji, 1982; Souther and Halstead,
1973). It has a TDS of greater than 70,000 ppm (Dakin et al., 1983). The 5'®0 and &°H of the
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Figure 6-8 Deuterium vs. '*0 of Thelwood Valley saline water trend (grey arrow.
arrowhead points in the direction of increasing CI) and potential saline water sources. Only
a portion of “metamorphic water” field is shown. Metamorphic water from Taylor (1974),
“andesitic water” from Giggenbach (1992), and Femmwood salt spring from Dakin et al.

(1983).
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Fernwood salt springs waters are §'30 ~ 6.5 to 7.5%o and 8°H ~ -20 to -28%c SMOW (Dakin
et al., 1983). The average values are plotted for reference in Figure 6-8. Major element
chemistry for Fernwood salt spring was also reported by Souther and Halstead, (1973) as
27,440 ppm CI, 25,240 ppm Na®, and 17,520 ppm SO4*" with a total of 71,926 ppm TDS. In
comparison to Fernwood salt springs the salt springs from Naniamo have greater
concentrations of Cl” and Caz*', and lower concentrations of Na*, Mgz", and SO (Dakin et
al., 1983).

Ground waters from Saanich Peninsula on southern Vancouver Island with >1000
ppm CI" were sampled from shallow wells (30-50 m) in Jurassic aged granodiorites (Al-
Mooji, 1982). The salts in these waters were attributed to mixing meteoric waters with pore-
waters and water-rock interaction. The general field of major ions are plotted for comparison
on a piper plot in Figure 6-9.

Comparisons of the Thelwood Valley saline waters with other saline waters from

Vancouver Island show that CI" dominates all waters except the Fernwood salt spring which

" Theiwood Valley saline g.w.

~ Fernwood salt spring
‘ Saanich Peninsula saline gw
D Naniamo spring

[ ] Sea water

ar

Figure 6-9 Piper plot of various saline waters from Vancouver Island and sea water. Fields
of saline water are from Dakin et al., (1983) - Naniamo spring; Al-Mooji (1982) - Saanich
peninsula CI” ground water; and Souther and Halstead (1973) - Fernwood salt spring.
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has a significant SO4> component (Figure 6-9). Cations in all of these saline watérs are
variably Na™ to Na"-Ca®" rich. Cations in saline ground waters from Thelwood Valley,
Naniamo, and Saanich peninsula Cl” waters are Na*-Ca®* dominated.

§'30 and 8°H of water clearly show that the saline ground water from Thelwood
Valley is not the result of mixing locally derived meteoric water with a residual saline water
of similar character to the Fernwood spring saline water (sedimentary basinal brine)(Figure 6-
8).

Major elements from the N. Saanich peninsula ground waters plot very close to the
field of the most saline waters from Thelwood Valley, Myra Falls (Figure 6-9). The Br/Cl
mass ratio decreases in the N. Saanich ground waters and in the most saline waters (Cl" >
1000 ppm) are slightly less than the ratio in Thelwood Valley saline ground waters (Figure 6-
10). The Br/Cl ratios in the Thelwood Valley saline ground waters are very constant with
increasing CI". These CI" waters from two different areas of Vancouver Island share some
common chemical characteristics.

However, even if these waters have some similar chemical characteristics it is highly

unlikely that the Thelwood Valley saline waters acquired their CI” from local rock interaction.
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Figure 6-10 Br/Cl vs. Ca/Mg mass ratios of Thelwood Valley CI" waters (anion meq 2 50%
CI). The fields of Stripa and Sudbury brines, and N. Saanich ground waters (Fritz et al.,,
1983), and oil-field brines and volcanic hot-springs (White, 1957) are plotted for comparison.
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Bromide, CI". and Na" ratios remain fairly conservative in evaporating sea water until
halite saturation is reached (Carpenter, 1978). The C!" vs. Br’ trend lies parallel and above the
sea water dilution line and therefore does not intersect an evaporative sea water curve (the
relationship of Cl” - Br of residual sea water during evaporation). The Br" vs. Na* trend
(Figure 6-11) lies sub-parallel to the sea water dilution line and would intersect the
concentrated sea water curve above the sea water concentration of Br - Na*. Bromide and C!’
are more conservative than Na’ and would indicate that a residual brine source of salinity
does not seem favourable in these waters. However, the Br - Cl" ratio could be produced
from a mixture where the total Cl" results from <l10% halite mixed with sea water. A
combination of sea water and halite dissolution would also lie above the sea water mixing

line for Na”, but to a greater degree than the Br - CI" relationship.
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Figure 6-11 Chloride and sodium vs. bromide in ground waters that Cl" is > 50% meq anions.
The Br" - Cl" and Br™ - Na trends for evaporating sea water are from Carpenter (1978). Chloride
vs. Br' in Myra Falls water is parallel to a sea water dilution line. The Na* vs. Br’ runs sub-
parallel to the sea water dilution line and would intersect at a concentrated sea water prior to
halite precipitation (inflection point). The large headed arrow indicates the direction of
movement when halite (10%° ppm Br” and 10*® ppm CI') is added to sea water. The Br vs. CI°
trend of Canadian shield brines ( small arrow; Fritz et al., 1983) are plotted for reference.
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Up to this point, the possibility of saline water originating as a residual (connate?)
fluid or one that has moved into the region from overlying rocks (i.e. sedimentary brines from
Cretaceous sediments) has been investigated. There is also the possibility that the saline
waters have originated from below the strata in which it is found.

The Myra Falls mining camp is situated on the inboard side of the Juan de Fuca and
Explorer plates subduction zones. The modemn configuration of convergence beneath
Vancouver Island has been continuous under Vancouver [sland for ~40 Ma (Clowes et al.,
1987). During convergence, underplating beneath Vancouver Island has resulted (Figure 6-
12) (Sutherland Brown and Yorath, 1985; Clowes et al., 1987). Much of this underplating
was likely pre-Eocene (Lewis et al., 1988) and may consist of marine sediments with pieces
of oceanic lithosphere sandwiched in-between or imbricated slices from the top of the
subducting oceanic crust (Sutherland Brown and Yorath, 1985; Clowes, et al. 1987). A
seaward movement of subduction prior to the late Miocene has been postulated as having left
the underplated slab beneath Vancouver Island (Keen and Hyndman, 1979), but this may
have been earlier, possibly post Eocene (Sutherland Brown and Yorath, 1985).

Dewatering of subducted sediments through the loss of pore space initially occurs in
the deformational front and is often seen in the form of mud-volcanoes (Carson et al., 1991:
Moore and Vrolijk, 1992). Further reactions would occur with increasing pressure and
temperature as subduction depth increases. Dehydration of sediments and oceanic crust is
expected to occur at temperatures above 450 °C (Lewis et al., 1988). The expelled water
would move largely up the subducting slab but flow will be controlled by permeable faults
and likely occurs sporadically (Moore and Vrolijk, 1992).

Seismic reflector bands located beneath Vancouver Island may represent water driven
off the downgoing plate trapped at metamorphic fronts (Lewis et al., 1988) (E!l and E2 on
Figure 6-12). These highly conductive zones are presumed to contain saline fluids within
interbedded sediments and basalts (Clowes, et al., 1987). As well, these zones tend to occur
as isothermal bands in the underplated regions under Vancouver [sland which may result
from water flow in these regions or temperature buffering due to metamorphic reactions
(Hyndman, 1988; Lewis et al., 1988). These zones likely represent permeable layers allowing

water movement. Pore water and metamorphic water from the oceanic crust are possible
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sources (Lewis et al., 1988). Water is probably being driven from the subducting plate and
overlying sediments and moving upwards to lower temperature zones where mineral
hydration may be occurring (Lewis et al., 1988). Mineral hydration is one process that will
lead to enhanced Cl” concentrations in water.

Numerous, mainly eastward dipping faults have developed during accretionary
tectonic processes under Vancouver Island (Figure 6-12). Many of these faults are believed to
carry fluids from greater depth (Lewis et al.,, 1988). Fluids can travel great distances in
convergent zones and may be expelled along lateral distances of 10’s of kilometers in
accretionary prisms (Moore and Vrolijk, 1992). Extensional veins, common in subduction
accretionary prisms illustrate that fluid pressures have exceeded the minimum principal
stress. These veins persist as mineral filled fractures to great depths (up to 45 km) (Moore
and Vrolijk, 1992). Many of the faults which dislocate the lowest seismic reflector zone
extend upwards into the under plated zone beneath Vancouver Island (Sutherland Brown and
Yorath, 1985). Other faults extend from the underplated zone into the overlying intrusive
rocks and older Triassic and Paleozoic rocks. It is not known whether fluids would travel
from the high conductivity zones near the lower sections of the subduction complex upwards
into the overlying Wrangellia rocks. It would be presumed that much of this water, if
expelled from the subduction zone, would move up-dip along the down-going sediments.
Major faulting in the upper portions of the subduction complex (Figure 6-12) may be a more
readily accessible pathway for waters moving from the underplated sediments into the
overlying crystalline rocks.

There is less knowledge of regarding the composition of water in convergent margins
as compared to waters in many other geologic settings (with perhaps the exception of
metamorphic water which this setting also includes). Original rock composition is likely
important in determining the water composition although. diagenetic and metamorphic
reactions and original solute composition may govern the final water composition. Early
waters expelled are generally low in ClI', as compared to sea water from which they are
originally derived. The reasons for this is not completely understood (Kastner et al., 1991).
although saline waters may be produced at convergent margins (Martin et al., 1995). If these

low CI” waters are produced by gas hydrate formation (and degradation) or clay membrane
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filtration, then the resulting residual fluid would be a brine (Kastner et al., 1991). Martin et al.
(1995) believe that volumetrically little saline CI" water would be produced through gas
hydration and that clay membranes would be circumvented through permeabie faults in
convergent tectonics and chemical and isotopic changes in water within convergent margins
will be the result of diagenesis and hydration reactions. As well, brines such as CaCl, may
form from hydration reactions of volcanic ash (Egeberg et al., 1990), or upper oceanic crust
(Kastner et al., 1991). Chloride dominated waters can be produced in convergent margins and
tracers (isotopic and chemical) may show decoupling of systems at even shallow depths
(Kastner et al., 1991).

The relationship between halides in Thelwood Valley saline waters is unusual; Br™ /
CI' is depleted and, [" / CI" is enriched in saline waters from Thelwood Valley relative to sea
water (Table 6-1). The relationships between these ions in natural waters are not always
fixed, and a wide variety of Br/Cl can result. For example Br/Cl relationships in oil-field
brines can be highly variable (Figure 6-10) and high I/Cl ratios have been noted from waters
related to west-coast subduction zones (Barnes, 1970). High I' in these latter waters is
believed to result from the decomposition of marine biological remains. In spring waters with
similar composition to oil-field brines, but from many different rock types. White et al.
(1963) noted that I/Cl ratios may often be elevated with respect to sea water while Br/Cl may
be lower (Table 6-1).

Giggenbach (1992) described waters produced from a subduction complex on the
North Island, New Zealand. These waters, including saline springs, are expelled during the
early stages of the subduction process and have variable '30 and salinities but resemble the
trends seen in sedimentary basins. Deuterium was depleted with respect to sea water and
ranged from -30 to -20%.. The interaction of sea water with sediments during burial and
diagenesis. primarily the role of dehydration of hydrous minerals (clays) was attributed for
the changes in the expelled pore water chemistry.

The smectite to illite transition is a kinetic reaction dependent upon temperature and
time and requires K in the pore fluids (Moore and Vrolijk, 1992). Complete smectite
dehydration produces 35% of the clay’s original volume in water (assuming Ca-

montmorillonite as the predominant clay in subducting sediments). It can be seen that large
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volumes of water may be produced from this reaction. Over-pressuring in petroleum wells
often coincides with the intervals of smectite-illite conversion (Moore and Vrolijk, 1992).

Oxygen-18 and deuterium in hydrous minerals such as smectite, illite, and chlorite
will be enriched in 5'%0 and slightly depleted 62H with respect to the water from which these
minerals originate. Dehydration of these hydrous minerals will result in an isotopically
shifted water. Kyser and Kerrich (1990; Fig. 5.10) illustrate that dewatering pore waters from
accreting sediments and water expelled from dehydration of subducting and underplating
oceanic crust would plot below the meteoric water line, the result of mixing of meteoric
water with an evolved end-member whose '*O and 2H lies between sea water and
metamorphic water. This is the same trend as seen in the saline ground waters from Myra
Falls.

Other waters with unique chemistry have been ascribed to the metamorphism of
sediments underplating older rock units on west coast convergent margins (Barnes, 1970).
Barnes (1970) reported waters of unique character emanating from a variety of rocks along
the Pacific coastline. from California to Alaska. In comparison to sea water these waters had
high I' / CI" and low Br’ / CI'. These waters also generally have a hydrocarbon association.
Some of these waters (i.e. Wilbur Springs. California; Barnes. 1970; pg. 974) have low
concentrations of Ca*” and SO4* and high H,S. The reduction of SO4* during the oxidation
of reduced carbon with the subsequent precipitation of calcite may also account for some the
chemical traits.

Although the exact mechanism responsible for the composition of the saline waters
found in the area of Myra Falls are not known. it is proposed here that these waters represent
a variable mixture of meteoric waters and waters derived from subduction/underplated zones.
Underplated sediments lie within approximately 12 km beneath central Vancouver [sland.
The role of dehydration of hydrous minerals at depth in the subduction complex and possibly
the subsequent hydration of minerals at metamorphic fronts higher in the complex may
largely control the '®0 and 2H, as well as the CI" content of the saline waters.
Subducted/underplated waters would have originated as sea water. either in pore water or as
water on hydrous minerals in equilibrium with sea water. Pore water would largely be

expelled in the initial sediment compaction ieaving dehydration reactions to dominate the 80
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and ’H at greater depths during subduction. The isotopic composition of residual- water
involved in hydration reactions of minerals at overlying metamorphic fronts would rely upon
the temperature dependent fractionation. There may also be effects of membrane filtration
occurring in the underplated sediments beneath' Wrangellia

Characteristics of major elements and isotopes for the Thelwood Valley saline ground

waters are given in Table 6-1. along with general characteristics for some other saline ground

waters.
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Figure 6-12 Crustal transects through southern Vancouver Island. Top diagram is a seismic
interpretation of subduction in the accretionary front and under southern Vancouver [sland
(from Monger and Journeay, 1992). [WR = Wrangellia; C and D1 = the top of the sediments
in the subduction/underplating complex; the HIGH VELOCITY REGION in the central portion of
underplated region may be a Cenozoic subduction complex that is bounded top and bottom
by sediments; Clowes et al., (1987)] Location of transect is shown on the diagram on the
bottom left. Right-centre diagram indicates seismic reflectors and the 450° C isotherm
through the same section and diagram (bottom right) indicates that that fluid from
dehydration flows generally up-dip along the decollement (from Lewis et al., 1988). The 450°
C isotherm is progressively shallower towards northern Vancouver Island where the 650° C
isotherm may lie at less than 20 km depth (Lewis et al., 1988). The reflectors designated E
are near isothermal and likely have high fluid flow.
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6.2.7 Long term hydrologic stability of the Saline water

No matter what the original source of the saline ground water in Thelwood Valley, the
fact that this water currently exists at shallow depth in its present location is of great interest.
The mountainous setting in which the saline ground water is situated has high rainfall
(Section 1.6), and high piezometric gradients (Stapinsky, 1997) and the saline water
encountered at shallow depth was unexpected. Saline waters in crystalline rocks, even in
areas of low topographic relief are usually only encountered at considerable depths (i.e. >800
m for Sudbury saline waters, Frape and Fritz, 1982).

Ground waters from rocks within the M-P ridge that have been uplifted and are
currently well above the valley floor indicate that saline water flushing is fairly recent.
Chemistry of ground water in the upper Mvra-Price ridge (Myra 10 level) indicates that
elution of components of the saline water is ongoing. Chloride has been flushed from the
rocks of the upper M-P ridge but higher than expected Na" concentrations in the central core
of the ridge suggest that only a small number of pore-volumes of meteoric water have moved
through the rock (Section 3.9.1).

Uplift in central Vancouver Island region has been rapid during the Neogene (Parrish,
1983). The Buttle lake uplift has been progressively exhumed over the last 107 years and the
total uplift in this area over this time period is estimated to be at least 2¢10° metres. Although
Parrish (1983) did not estimate the amount of uplift on central Vancouver Island for periods
greater than 10 years; regions of the Coastal mountains on mainland British Columbia
directly adjacent to central-northern Vancouver Island have undergone uplift estimated in
excess of 6 and 8 km over a period of 40+10° years. These areas of the Coastal mountains
with high uplift over the past 40¢10° years have estimated uplifts of greater than 4 km in the
past 107 years (Parrish, 1983) (illustrated in Figure 6-13). Yorath and Nasmith (1995)
estimate that as much as 10 km of erosion may have been shed from central and southern
Vancouver Island during and after uplift in the Tertiary period. The magnitude of uplift may
be responsible for elevating the saline waters into their current location, as the rate of uplift in
the Buttle Lake region has outstripped the elution of saline ground waters by meteoric waters

(including glacial melt waters).
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Contemporary uplift continues throughout the central Vancouver Island region despite
subsidence of up to 8 cm in the Campbell River area of Vancouver Island after a 1946
earthquake (Dragert, 1987). Uplift has recently accelerated in this area (~5 mm yr') making it
difficult to assign a vertical velocity to this region (Dragert, 1987; Holdahl, et al., 1989); but
in the Buttle Lake area, contemporary vertical uplift is in the range of approximately 2 cm per
year.

The hydrology within this system has largely remained very stable until perturbed by
mine openings. However. once underground caverns have been opened and steep hydraulic
gradients are developed. modern meteoric water rapidly moves along permeable pathways to
working depths within the mine (i.e. Section 6.2.5).

The saline ground water at shallow depth illustrates that the rate of uplift in the Buttle
Lake region has been greater than the degree of flushing of residual saline water by water of
meteoric origin. The presence of the saline ground water at shallow depth attests to the long

term stability of the hydrologic regime present in this setting.
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Figure 6-13 Rate of contemporary uplift and magnitude of uplift for Vancouver Island and
adjacent mainland British Columbia. The Buttle lake region has undergone an estimated >2
kilometers uplift in the past 107 years (Parrish, 1983: Monger and Journey, 1992) and
continues to be uplifted at an average contemporary velocity of around 2 mm per year
(Holdahl, et al.. 1989). Areas of the coastal mountain range on mainland British Columbia
which have had greater than 3.5 kilometers uplift over this time period have had greater than
5 km (and up to 9 km) uplift over the last 4¢107 years.



7. Ground Water Hydrogeochemical Explora'tion
Methods

7.1 Introduction

Hydrogeochemistry in mineral exploration offers a third dimensional and deeper
penetrating technique presently not available with other geochemical applications. When
used together, detailed lithogeochemical surveys, comprehensive structural analyses
emphasizing ore and ground water controls, and ground water geochemical programs can be
an effective exploration protocol for discovering blind ore deposits. Unfortunately research in
ground water geochemical techniques is greatly lacking compared to the other two mentioned
methods, despite the fact that analytical methods for waters have been refined to be more
reliable, utilize smaller volumes for complete analyses of muiti-elements by only a few
methods (ICP-MS and ICP-ES for cations and lon Chromatography and Alkalinity titration
for anions), and is capable of detecting cations into the parts per billion and parts per trillion
ranges.

Indicator elements are generally major economic components of the ore-body and
their presence may indicate proximity to mineralization whereas pathfinder elements are
generally non-economic trace elements that occur in association with mineralization and
alteration and may often be more readily transported in water than ore-forming elements.
Hydrogeochemical elemental dispersion in the vicinity of ore deposits should offer a larger
exploration target than lithogeochemical halos.

One of the greatest advantages of using ground waters in exploration programs is the
fact that, once waters have traversed an ore zone and/or its alteration halo, they are capable of
maintaining a chemical signature of that zone for some distance from mineralization. The
chemical signature will be characterized by anomalous concentrations of indicator and
pathfinder elements and their differential mobilities will determine both the strength and
persistence of the ground water anomalies. Sampling waters flowing from drill holes

effectively increases the volume of rock being sampled.

247
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Marchant (1978) conducted a comprehensive historical review of the use of ground
waters in geochemical exploration. Much of the work on this subject, especially in regards to
base-metal exploration, was conducted in the former Soviet Union where it was found
effective in the discovery of a number of ore deposits (e.g. Udodov et al., 1973; Goleva,
1979). In North America, ground water hydrogeochemical exploration methods have not been
extensively employed, with the exception of uranium exploration. Recently, ground water
hydrochemical exploration methods have been combined with stream sediments (Laville-
Timsit and Wilhelm, 1989), surface water geochemical techniques (Cidu et al, 1995), and
used independently in regional surveys in arid regions of China (Ren et al., 1989) and
Australia (Morris, 1982; Giblin, 1990), and also have been utilized in gold prospecting
programs (Grimes, 1992: Grimes et al., 1995).

In a review of hydrogeochemical exploration methods for poly-metallic mineral
deposits Miller (1979) suggested that Pb, Zn, Cu, As, Mo, Ni, Ag, Cd, Sb, Se, and Be may act
as indicator/pathfinder elements in strongly oxidizing environments. He also indicated that in
mountainous terrains with high precipitation and steep hydraulic gradients, the limited
contact time between ground water and mineralization may lower element contrasts and
thereby restrict the application of hydrogeochemical prospecting methods.

A detailed hydrogeochemical sampling program within the Myra Falls polymetallic
volcanogenic massive sulphide miring camp of the Buttle Lake Paleozoic Inlier, Vancouver
[sland, British Columbia (Figure 1-5) was undertaken to develop methods in
hydrogeochemical exploration in mountainous high rainfall terrains. Waters were sampled
from 226 sites, including surface waters (n=37) and ground waters accessed from
underground workings (n=189) within the Myra-Price ridge. Underground sites included
flowing fractures and drill holes, some of which intersect the volcanic hosted poly-metallic

massive sulphide Price deposit.
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7.2 Field Methods, Sample Collection, and Analytical
Techniques

Surface waters were collected from permanent and temporal streams. Ground waters
were sampled from flowing drill holes and wet fractures and faults accessed from the
Thelwood valley mountain side by four exploration and access tunnels originating at 238 m,
416 m, 580 m, and 626 m elevations; Price 13, 9, 5, and 4 levels, respectively. Most drill
holes were arranged in a fan-style vertical orientation that radiated out from drilling stations
located at approximately 15.2 m spacing. Drill holes intersecting the Price ore-body were
accessed from the 4 and 5 levels. Drill holes intersecting the OCB unit were accessed from 9
level.

Onsite measurements consisted of water temperature, pH, platinum electrode
oxidation-reduction potential (Eh), dissolved oxygen (DO), and electrical conductance (EC).
Waters were pressure filtered at 0.45um. A sample for major cation and trace element
analyses was preserved with ultra-pure nitric acid (2% by volume). Samples were refrigerated
until analysed at the Geological Survey of Canada Laboratory. Total alkalinity was measured
by titration; anions were determined by ion chromatography. Major cations and trace
elements were determined using ICP-MS, ICP-ES, and AAS. The concentration of many
elements: NO,, NO;. F. Br. Cs. Be, Sc, Ti, Ag, Ga, In, Hg, Tl and Bi, were below the limit of

detection for most waters and their application in exploration have not been pursued further.
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7.3 Preliminary Statistical Analyses

Histograms and probability plots were prepared for each variable showing that all
variables had some degree of skewness. Muiti-modal populations were very evident in Na™,
S04, and Ba®*. Variables were transformed into gaussian distributions using the generalized
power transform methods of Box and Cox (1964) in the form:

)'—
y=52 0s0)

and
y=In(x) (A =0)
where x is the original concentration, y is the transformed value and A is a chosen value to
minimize skewness and kurtosis.

Minimizing asymmetry within each variable may introduce a highly peaked
distribution; therefore, A was incrementally adjusted using the weighting scheme that
included kurtosis (K) and skewness (S) of the data as suggested by Howarth and Earle (1979)
to achieve a minimum value of F in the function:

F=2ls|+p3-K.

Below detection values and extreme outliers were removed prior to determining A. To
minimize the effect on further statistical procedures below detection values were recoded to
values based on fitting the median cumulative probability of below detection values to a
normal population. Detection limits, recode values, A, and median values for select elements

and variables of interest are shown in Table 7-1.
Median values are robust estimators of central tendency of distributions and are least
affected by outlier and censored data points as compared to other measurements of central

tendency such as means; and as such, median concentration values for surface and ground

waters are presented in Table 7-1.
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7.4 Hydrochemistry

Oxidizing conditions in ground waters circulating through mineral deposits will
mobilize elements related to the deposit. Increased fracturing, shearing, and foliation in zones
affected by hydrothermal alteration will act as conduits for ground-water flow and increase
the contact surfaces for water to react in these zones. The resulting water-rock interaction
may impart a specific chemistry to the waters. Complexation of trace metals with HCO; and
SO4>" may enhance the solubility of trace metals; whereas adsorption to hydroxides and clays
in the fracture and fault systems, and precipitation due to over-saturation of secondary
minerals will remove metals from the water.

Electrical conductivity (EC), an indicator of the total dissolved solids (TDS) in
waters, is quite low for both surface and ground waters. Median values of EC are 140 and
198 uScm’ for surface and ground waters, respectively. The pH values are slightly acidic to
moderately basic and range from 6.1 to 9.6 with near-neutral median values of 7.3 and 7.5 for

surface and ground waters, respectively. Redox (Eh) values range from -0.04 to 0.52 V.

(DO) is present in all waters; surface waters have a median value of 10.1 mgL'l, which is
approximately at saturation with respect to atmospheric oxygen for field conditions. Ground
waters have greater variability ranging from 0.8 to 18 mgL"', with a median value of 9.6

mgL™.

7.4.1 Surface Water Chemistry

Surface waters are dominated by Ca?" and HCOy (Figure 7-1), and have low
dissolved solids as indicated by EC. Median values for all major elements are lower in
surface waters than in ground waters; this is especially true for SO,, where the maximum
surface concentration of 15 ppm is only slightly greater than the median ground water
concentration of 12 ppm. The median SO4* concentration of surface waters (0.94 ppm)
closely reflects rainfall concentration (0.91 ppm). Median Cu and Pb in surface waters are
below detection and maximum values of these elements are very low. Median concentrations
for the remainder of the trace metals in the surface aqueous environment are below detection,

with the exception of Zn and Mn. Zinc concentrations are somewhat higher than Cu or Pb.
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and median Zn concentration in surface waters (3.8 ppb) is only slightly less than in ground
waters (5.0 ppb). Two surface waters sampled on the upper Price hillside in close proximity
to the Lynx-Myra-Price horizon have Zn concentrations of 13 and 17 ppb and may be
influenced by oxidation of primary mineralization. [n general the surface water environment

experiences a high degree of dilution of base flow from the high runoff in this mountainous

setting.

7.4.2 Ground Water Chemistry

Ground water major cation compositions are dominated by Ca’" and Na" with only a
minor contribution from Mg”"; anion compositions trend from HCO;  dominant to SO,*
dominant waters. Calcium and HCOj3™ concentrations are slightly higher than surface waters
reflecting dissolution of fracture calcite (Figure 7-1). The chemistry of many ground waters

reflects little interaction with rocks other than contact with quartz-chlorite-calcite lined

IHH] Surface water

x  Ground water

Ci

Figure 7-1 Piper plot displaying ground waters and the field of surface waters used for
hydrogeochemical prospecting.
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fractures. These waters are dominated by Ca®" - HCO;" chemistry (Figure 7-1) and have very
similar chemistry to surface (recharge) waters. Sources of sulphate include: SOs* in recharge
waters, dissolution of barite, and oxidation of disseminated and massive sulphides. The
proportion of Na™ tends to increase in ground waters towards the central core of the mountain
where ground waters have greater residence time and Ca®* - Na™ exchange is thought to be
occurring. A higher proportion of SO4* in some of the Na-dominated ground waters indicates
that a greater degree of sulphide oxidation is occurring in some of these waters.

The ore-forming elements (Zn, Cu, and Pb) show large contrasts with Zn
concentrations spanning over 3 orders of magnitude (Table 7-1). Minor elements associated
with ore forming minerals such as Cd, Sb, and Se, are present but are moderately to heavily
censored by values below the detection limit. Cadmium levels tend to be above detection
level only when Zn concentrations are uigh (Zn>50 ppb), although not all waters with high
Zn rigidly conform to this observation. Antimony and U, and to a lesser extent Se, tend to
increase with increasing Zn.

Table 7-2 shows correlation coefficients between selected transformed element
concentrations in ground waters. The ore-forming elements, Zn, Cu, and Pb, have high
correlation coefficients with each other. Zinc is also highly correlated to Mn, Cd, Sb, and U.
All but Mn are concentrated in Price massive sulphides. Copper and Pb tend to have lower
correlations with ore-accessory elements. Correlations between SOs™ and ore-forming and
ore-accessory elements are low. The strong negative correlation between SO,*" and Ba results
from the increased precipitation of barite during the addition of SO4> to water through
sulphide oxidation. The low correlation coefficients between S04 and Zn, Cu, Pb, and Cd is
probably due to the fact that pyrite is a major source of SO4” in solution, however Fe is not

correlated to SO4* due to the precipitation of Fe-hydroxides in the oxygenated waters and the

presence of anhydrite in this setting.
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Table 7-1 Detection limits, recode and A values, and summary statistics for surface and
ground water chemical parameters. All concentrations are ppb except where noted.

Surface waters Ground waters
. d Power
Element Dcu.:ct'xon Recod®  Transformation Min. Median Max. Min. Median Max.
Limit Value * b
X value
Temp (°C) - - -0.75 7.6 1.5 19.0 58 6.7 11.9
EC (uS/cm) - - 0.05 50 140 307 76 198 782
pH - - -0.90 6.1 7.3 79 6.4 1.5 9.6
Eh (V) - - 3.15 0.36 0.41 0.52 -0.04 0.41 0.48
DO (mg/L) - - 1.35 5.7 10.1 12.2 0.8 9.6 18.3
SiO2 (ppm) 0.0l as Si - 0.25 1.1 34 4.9 0.9 5.3 19
Ca (ppm) 0.005 - 1.30 24 25.0 38.0 2.4 37.0 72
Mg (ppm) 0.002 - 0.20 0.14 0.7t 2.7 0.02 1.7 12
Na (ppm) 0.02 - -0.10 0.052 0.77 2.0 0.31 2.0 160
K (ppm) 0.02 0.01 0.35 0.01 0.029 0.17 0.01 0.26 1.7
HCO3 (ppm) - - 2.00 6.9 73.9 115 18.3 115 177
SO4 (ppm) 50 - 0.00 0.46 0.94 15 0.66 12 286
Cl (ppm) 50 - -0.45 0.25 0.44 0.75 0.21 0.82 28
Al 0.5 0.48 -0.40 4.6 8.4 56 0.48 4.2 40
Fe 3 1.65 -0.05 1.65 4.0 22 1.65 9.0 160
Li 1 0.13 -0.85 0.13 1.0 2.0 0.13 1.0 79
Rb 0.2 0.003 0.60 0.003 0.003 0.1 0.003 0.003 0.8
Sr 0.03 - 0.15 49 20 180 25 410 6550
Ba 0.5 - 0.30 1.0 5.4 63 84 77 380
B 16 2.8 0.00 28 2.8 49 28 2.8 2900
\Y 0.5 0.07 -0.30 0.07 0.07 0.89 0.07 0.07 4.7
Cr 0.2 0.06 0.30 0.06 0.06 0.7 0.06 0.06 30
Ni 1 0.3 0.10 0.3 0.3 0.69 03 0.3 7.6
Co 0.2 0.01 -0.05 0.01 0.01 0.05 0.01 0.0i 1.4
Mn 0.2 0.18 -0.20 0.18 0.36 29 0.18 1.3 110
Mo 0.5 0.01 0.60 0.01 0.01 0.69 0.0t 3.1 20
Zn 2 0.44 0.00 0.44 38 17 0.44 5.0 1400
Cu 0.5 0.23 -0.15 0.23 0.23 1.8 0.23 0.96 40
Pb 0.2 0.15 -0.80 0.15 0.15 1.3 0.15 0.34 34
Cd 0.5 0.24 -1.45 0.24 0.24 0.24 0.24 0.24 12
As 1 0.58 0.10 0.58 0.58 0.58 0.58 5.1 81
Sb 0.2 0.15 -0.30 0.15 0.15 0.85 0.15 0.87 130
Se 2 1.25 -0.60 1.25 1.25 3.0 1.25 1.25 12
u 0.2 0.07 0.10 0.07 0.07 0.07 0.07 0.3 6.7

* For samples below detection.
* Box and Cox (1964) power transformation (Ln transformation for & = 0)
surface waters n=37, ground waters n=189

Graham Phipps table of parameters 22/01/98
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7.5 Zinc Threshold Estimation and Anomaly Detection

Filtration studies of selected ground waters associated with the Price deposit carried
out concurrent to this study (Chapter 4; Phipps et al., 1997) show that, of the ore indicator
elements only Zn is predominantly transported as dissolved species. Adsorption to suspended
particulates, which are dominantly amorphous Fe-hydroxides >0.45pm in size, is quite high
for Cu (median loss of 40 to 50% of total Cu in HCO; and SO4> dominated waters), and Pb
(70 1o 80% loss of total Pb); whereas median sorption losses of Zn to suspended solids was
around 10% and 5% of the total Zn concentration in HCO;™ and SO,* waters, respectively.
Within the bicarbonate and sulphate ground waters associated with the Price deposit and
surrounding area, Zn has similar mobility and behavior and therefore these waters can be
treated comparably with respect to Zn. The superior mobility of Zn in waters oxidizing
sulphide mineralization has been shown by many authors (e.g. Cameron, 1978; Giblin, 1978;
Laville-Timsit and Wilhelm, 1989).

Precipitation of secondary minerals will limit the concentration of Zn in solution.
Mann and Deutschler (1980) investigated the most probable Zn phases to precipitate in
various solution matrices. The first phase to precipitate in bicarbonate and sulphate waters
with pH values between 6 and 8 is smithsonite (ZnCO;). No ground waters in this study were
saturated with respect to smithsonite or any other common Zn mineral as calculated using the
speciation program PHREEQC (Parkhurst, 1995) and the geochemical data base of
WATEQ4F (Ball and Nordstrom, 1991). Other than slight losses by sorption to Fe-
hydroxides. Zn would be expected to remain in solution.

Since Zn is a major constituent of the ore deposits and it has the lowest losses due to
sorption, it lends itself as an excellent indicator element.

[n geochemical surveys it is assumed that both background and anomalous
populations are adequately represented in the data set. Estimating the threshold, which is the
maximum background or non-mineralized concentration, is the greatest problem encountered
in exploration data analyses. While there is no single widely accepted method of threshold
estimation: subjective cut-off values such as mean plus 2 or 3 standard deviations would be

completely unsatisfactory, especially in an area of known mineralization where anomalous
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waters would be expected to account for more than a small proportion of the population.
Garrett (1991) states there are no compelling reasons to keep a data-set whole when
disaggregating the data set into separate dominant populations will aid in the interpretation.
Disaggregating or partitioning data sets into constituent populations for grouping of data sets
and for estimating threshold values has been successively demonstrated by Sinclair (1974,
1976, 1991) as an aid in geochemical data analyses.

A gaussian distribution will plot as a straight line on a chart of standardized normal
distribution function (x =0, s =1), where x is the mean and s is the standard deviation of the
element of interest. Deviation from a straight line may indicate the presence of outliers (real
or the result of induced errors) a truncated population, or more than one population. The
probability plot (Figure 7-2) of natural log (In) transformed ground water Zn values reveals
that a mixture of two populations is present. An inflection point divides the data-set into 82%
and 18% proportions. The median and median +ls of each idealized population from
transformed values are presented in Table 7-3. The two populations were then recombined at
their respective proportions. Selected points are re-plotted and show a good fit to the original
data (Figure 7-2).

While there is good separation between the median zls concentrations within
transformed values, there is considerable overlap between the two populations. This can be
expected from ground waters in close proximity to massive sulphide mineralization, where
some ore-minerals are disseminated outside of the massive mineralization (see Zn
concentrations for various rock units in Table 1-3). The result is an overlap of the two Zn
populations and therefore a degree of uncertainty must be expected in assigning a threshold
value. The degree of uncertainty will decrease as the threshold value is raised. Based on the
two constituent populations of Zn there would be approximately 10% of the cumulative
population A above a threshold of 20 ppb Zn (Figure 7-2). This value drops to 5% and 1% as
the threshold value is raised to 25 and 38 ppb, respectively. By raising the threshold there is
less chance of assigning a background Zn concentration as anomalous, analogous to a Type |
error, with the consequence of not recognizing anomalous sites (Type Il error). The threshold

value chosen would have to be based on the acceptable risk of uncertainty (or confidence).



Chapter 7

Hydrochemical Exploration 258

Zn population A .}
542 il

Zn population B

Z Probability (standard deviation)
(=}

n (<DL)=54

ox

n (total)=189

.
~

0 2 4 6 8
Zn Ln ppb

Figure 7-2 Probability plot of ground water Zn partitioned into 2 constituent populations.
Original data (x) and recombined ideal mixture of partitioned populations (o) plot in very
good agreement. Below detection values are not used in calculation of Zn population A.

Table 7-3 Ground water Zn sub-population parameters. Populations correspond to A and B
in Figure 7-2. Sd is standard deviation.

Population  Proportion Median Median Trans- Transform Median Transform Median
% ransform  (ugL”')  form -18d -18d +18d +18d
In(ugL™) S In(ugL) (ugL”') in(ugl™)  (ugL™)
A 82 1.28 36 1.28 0.00 1.0 2.6 13
B 18 5.18 178 1.08 4.11 61 6.3 520
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7.6 Applications to Exploration (Price Deposit)

In the Price area the high DO ground waters will oxidize dissolved Fe (predominantly
from pyrite) producing Fe®* which is rapidly removed from solution as oxy-hydroxides. The
high surface charge of Fe-hydroxides will preferentially remove metals from water by
adsorption and co-precipitation (Pb>Cu>Zn). Oxidation of economic mineralization (with a
low ratio of pyrite to ore minerals) will result in a greater proportion of pathfinder elements
entering the water as compared to the iron released from pyrite oxidation. This will result in a
lower removal of indicator and pathfinder elements from the water through losses to sorption
as Fe-hydroxides precipitate. This is evident by higher Cu and Pb concentrations in ground
waters with lower Fe concentrations (Table 7-4). This may allow additional
indicater/pathfinder elements to be used in assessing and enhancing the strengths of the Zn
anomalies. At greater distances along ground-water flow paths with continued oxidation of
ubiquitous pyrite greater losses of metals by adsorption to Fe-hydroxides would be expected.

Ground water chemical data (Table 7-4) for two sections intersecting the Price ore-
body, 150 m apart illustrate element contrasts between background and anomalous ground
waters draining this ore-body and its surrounding rock units (Figure 7-3). Water emanating
from drill holes located above mineralization (drill holes Pr4-54. Pr4-36 and Pr4-35 on
section 51+50 m E. and Pr4-103 and Pr5-74 on section 50+00 m E) and water from drill
holes Pr5-75 and Pr5-76 on section 51+50 m E display background chemistries. These
ground waters (e.g. Pr4-35 and Pr4-36) have concentrations of major ions (i.e.. SOy, SiOs,
Na, Sr) similar to surface waters (Table 7-1), and have therefore undergone little rock
interaction following recharge.

Zinc concentrations reach maximum values of 1100 and 1400 ppb at anomalous sites
on these sections. illustrating that large ground water Zn contrasts can be generated in areas
with high relief and high rainfall. Ground waters containing above threshold values of Zn can
therefore be designated as anomalous and concentrations of associated pathfinders (Cu and
Pb) and indicators (e.g. Cd. Sb, Mn, As, and U) in some cases can be examined to determine

the strength of the ground water anomaly and the degree of proximity to ore.
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Lithium, Rb, B, and Mo concentrations, although variable, tend be higher in ground
waters at 50+00 m East as compared to those at 51+50 m East and ground waters at section
51+50 m E tend to have higher Ba concentrations than those at 50+00. This illustrates that
not all ground waters interacting with ore and alteration minerals will have the same suite of
enhanced elements. Strontium tends to be elevated in most ground waters reflecting its
elevated concentrations in hangingwall rocks (Table 1-3). Copper, Pb, Cd, and Sb show
enrichments in ground waters with anomalous Zn concentrations in both sections, although,
this is not always the case in other anomalous waters. Manganese, although not greatly
abundant in the ore (Table 1-3) tends to be elevated in most of the anomalous waters. The
reason for this is unclear; the origin of Mn may be from overlying mafic rocks (G-flow unit).

Elements with a mafic rock affinity (V, Cr, Ni. and Co) are often elevated in ground
waters draining areas underlying the mafic G-flow unit in the Price area.

Uranium, As, and Sb, which are enriched in the ore, tend to be slightly elevated in
anomalous waters. These elements in conjunction with other pathfinders are useful in
anomaly enhancement.

In summary Zn is a definitive indicator element due to its superior mobility in the
ground water environment. Other indicator and pathfinder elements (Cu, Pb, Cd, Mn, As, Sb,

and U) may enhance the Zn anomalies and give some indication of proximity to ore.

7.7 Discrimination Between Massive Sulphide

Mineralization and Ore Clast Breccia (OCB)

Summary statistics for ground waters with Zn > 20 ppb in the vicinity of the Price
ore-body (levels 4 and 5) (n=32) and from drill holes intersecting the OCB unit (n=7), are
outlined in Table 7-5. Ore forming elements (Zn, Cu, and Pb) are not definitive as
discriminators between the two types of mineralization since both types of mineralization
contain similar sulphide minerals. Mean values of K, Rb, B, Sr, and Mg (sericite/muscovite,
plagioclase. and chlorite origin), are significantly greater in waters associated with the Price
ore-body as compared to the OCB. Barium, Cd. and Sb are the only ore related pathfinder

elements that have a much greater mean and maximum concentration in ground waters
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related to the Price deposit as compared to ground waters associated with the OCB. The
elevated Ba concentrations in the Price waters is related to the higher barite concentration
within the Price ore and host rocks. Cadmium is usually only detected when Zn
concentrations are high and the higher mean Cd concentration in ground waters related to the
Price ore-body is likely due to the higher maximum Zn concentrations in ground waters
associated with Price ore. Chromium, although in very low concentrations, is found in ground
waters associated with the Price deposit. Chromite is present above the hanging wall of the
Price ore-body (Juras. 1987) but this mineral should be resistant to chemical attack. Boyvle
(1974) reports that Cr is sometimes present as chrome-mica in alteration zones associated
with polymetallic sulphide deposits. Weathering of micas would release Cr which would be
transported mainly in the form of the anion complex, chromate (CrO,).

Mean U concentrations are also significantly different for these two environments.
Uranium is slightly elevated in the massive sulphides (Table 1-3), and is present in specific
fault zones as determined by geophysical logging on the property (J. Mwenifumbo, personal
communication, 1997). Average U concentration in ground waters related to Price ore is
greater than the maximum value from the OCB ground waters.

The use of the elements K, Rb, Ba, Cd, Sb, and U, related to primary depositional
processes and host rock alteration, provides an effective tool in discriminating between the
Price ore-body and the ore-clast breccia unit after initial delineation of anomalous ground
waters using Zn as an indicator element. Elements elevated in overlying stratigraphic units of

the Price deposit (i.e., Cr, Sr. Mn, and Mg) may also be helpful in discrimination processes.
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Table 7-5 Summary statistics for Zn>20 ppb in groundwaters from the vicinity
of the Price ore-body (Price 4 and 5 levels) and ore clast breccia unit (OCB).
Recode values from Table 7-1 are used for concentrations less than detection.
Concentrations are in ppb except where noted.

Price Ore body Ore Clast Breccia
(n=32) (n=17)

Element Min. Mean Max. Min. Mean Max.
Tcmp (°C' 6.0 6.6 9.3 6.7 7.0 7.2
EC (mS/cm) 163 234 458 76 178 277
pH 6.4 7.3 8.1 72 7.7 8.1
Eh (V) 0.37 0.41 0.44 0.35 0.40 0.45
DO (mg/L) 3.9 9.3 1.2 5.3 10.0 18.3
SiO2 (ppm) 3.2 5.5 9.6 2.1 3.6 4.9
Ca (ppm) 31 41 72 15 35 53
Mg (ppm) 24 4.7 12 0.45 0.90 1.3
Na (ppm) 0.56 3.5 29 0.60 1.5 1.9
K (ppm) 0.11 045 1.7 0.032 0.045 0.067
HCO3 (ppm) 98 124 170 39 86 109
SO4 (ppm) 4.3 21 107 59 19 7
Cl(ppm) 0.59 0.93 1.8 0.38 0.52 0.61
Al 1.3 4.6 16 4.6 7.1 11
Fe 1.7 16 41 3.0 15 38
Li 0.1 1.2 6.0 0.1 1.0 2.0
Rb 0.003 0.20 0.80 0.003 0.017 0.10
Sr 160 1476 6550 63 150 320
Ba 16 130 330 25 6l 90
B 28 29 180 2.8 28 2.8
\ 0.07 0.17 1.0 0.07 0.10 0.25
Cr 0.06 0.23 1.2 0.06 0.08 0.22
Ni 0.30 1.0 7.6 0.30 0.53 1.9
Co 0.01 0.04 041 0.01 0.18 0.60
Mn 0.60 14 110 1.1 44 1
Mo 0.01 43 20 0.01 34 6.9
Zn 20 299 1400 22 60 130
Cu 0.23 5.2 28 1.1 9.0 40
Pb 0.15 7.0 34 0.15 0.9 3.0
Cd 0.24 .7 12 0.24 0.28 0.6
As 0.58 11 43 0.58 5.5 19
Sb 0.15 15 130 0.34 1.8 5
Se 1.3 2.8 12 1.3 24 42
U 0.07 1.6 5.8 0.07 0.30 0.5
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7.8 Conclusions

Zinc concentrations ranged from below detection, to 1400 ppb in ground waters
related to the Price ore deposit, illustrate that even in mountainous regions with high rainfall
that contact between ore minerals and ground water is sufficient to impart high element
contrasts.

Anomalies are first identified using Zn as the preferred indicator element due to its
superior mobility in the oxygenated ground waters typical in this setting. Threshold levels
were determined by partitioning of the distributions of transformed Zn concentrations into
two constituent sub-populations. The background Zn population is represented by 82% of the
ground waters and has a median concentration of 3.6 ppb; the second population represents
the remainder of the ground waters with a median concentration of 178 ppb. The threshold
concentration is dependent upon the willingness to assume uncertainty of designating
background ground waters as anomalous and is 20 ppb, 25 ppb, and 38 ppb Zn, for
uncertainties of 10%, 5%, and 1%, respectively. Exploration programs in new regions may
find cut-off values to differ depending on the distribution of background and anomalous
populations.

The strength of the anomaly, after initially being defined on the basis of Zn, can then
be further enhanced based on a combination of indicator and pathfinder elements. The list of
elements useful in anomaly enhancement include: Cu, Pb, Cd, Mn, B, Sb, and U.

The presence of the ore-clast breccia (OCB) unit presents a problem in developing
hydrogeochemical exploration methods in this mining camp. Using Zn as definitive indicator
element does not differentiate between anomalous ground waters related to massive sulphide
mineralization and the OCB unit. Effective discrimination of ground water anomalies is
possible between these two types of mineralization through the use of elements associated
with hydrothermal alteration, primary mineralization, and in this setting, elements in the
stratigraphy overlying the Price deposit. Elements associated with the hydrothermal alteration
such as K., Rb. and B are elevated in ground waters associated with the Price ore deposit as
compared to the OCB. Elements concentrated in the massive sulphide mineralization, such as

Ba. Cd. Sb. and U, are also important in differentiating between these two types of
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mineralization. Elements related to weathering the mafic volcanics overlying the Price ore-
body (Sr, Cr, Mg, and Mn) prove advantageous in this setting through additional elements
used in discrimination of waters that have been in contact with the mafic units overlying the
Price ore.

Hydrogeochemical exploration for volcanogenic massive sulphides in mountainous
terrain of Canadian Cordiliera can be easily and economically applied since a full suite of
elements need not be determined. Anions such as: F, Cl, Br, NO;, NO;, HCOs, are of little
efficacy in a hydrogeochemical exploration program for this type of mineralization. Likewise
SQ,, which has several sources not exclusively related to massive sulphide mineralization
need not be analysed. Major cations are also not essential in determining anomalous waters
thus limiting the number of metals analysed allowing for rapid and cost effective analyses of

waters using [CP-ES/MS techniques.



8. Conclusions

The primary objectives of this research were of a divergent nature, namely an
environmental isotope and hydrochemical assessment, and develop an improved
hydrogeochemical method of mineral exploration in the Myra Falls location. The importance
of understanding flow systems in a mountainous setting and the mobility of metals in ground
waters related to poly-metallic massive sulphide mineralization in this environment is highly
relevant in assessing elements to be used in hydrochemical exploration programs, and also in
mitigating the environmental consequence of mining these deposits. The following is a
reiteration of the primary objectives of this study which are:

1.Characterize ground water geochemical facies and determine the geochemical and

isotopic evolution of waters, the spatial variations of ground waters, and mean

residence times of ground waters within a fractured flow system located in
mountainous terrain with high precipitation.

2. Obtain an understanding of the hydrochemical processes that control concentrations

and mobility of metals in this setting.

3.Develop ground water hydrogeochemical exploration methods that can be used for

discovering new mineralization, and/or extensions to existing ore-bodies within the

Myra Falls mining camp.

4. Create a quality controlled database of ground and surface water chemistry that can

be used in future environmental investigations in this area.

The fourth objective has largely been met in the internal report entitled “GSC-
Westmin Resources Industrial Partners Project, Myra Falls Hydrogeochemistry: Sample
Quality Control and Hydrochemical Database™ by G.C. Phipps, D.R. Boyle and 1.D. Clark.
Additional information contained within this thesis will also be beneficial for future
investigations within this area and will hopefully be of use in areas with similar
physiographic settings.

The hydrochemical regimes operating within the mining complex and processes such
as recharge. circulation. and mixing can be differentiated on the basis of chemical and

isotopic characteristics of the water.

267
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8.1 Water Facies

8.1.1 Precipitation and Surface Waters

Precipitation in the Myra Falls region is high (>2500 mm yr"') and predominantly
occurs during the fall and winter months. Tritium in precipitation is quite low (2.7 £0.8 TU),
which is typical in a near-coastal setting.

The mean isotopic value of the amount-weighted rainfall is §'*0 = -12.0%o, and §°H
= -87.2% VSMOW, which lies on the global meteoric water line (GMWL) as defined by
Rozanski et al. (1993). The winter LMWL, which corresponds to the high precipitation
period [Oct. - March, inclusive], is 8°H = 8.49 +1.47%o * 5§'30 +15.1%o; with a deuterium
excess = 9.1%o. The winter LMWL lies above the summer LMWL which is §°H = 8.39
+0.97%0 * 5'%0 +3.9%0. The local meteoric water lines for Myra Falls rainfall follow the
deuterium excess trend of precipitation in Victoria B.C. which is winter deuterium excess
being greater than the summer precipitation. The winter LMWL for Myra Falls lies above the
LMWL for Victoria B.C. for the same period.

Precipitation at higher elevations, dominantly from snowfall in the winter months, is
isotopically depleted from the monitoring station rainfall values. The effect on '%0 in
precipitation recorded in surface waters due to elevation is -0.15%0 8'0 per 100 m rise in
elevation in the Myra Falls area.

Surface streams, besides showing the effect of elevation on 80 and &°H, have
8" Cpic averaging -5.1%0 VPDB (mean Pco; = -2.8; n=3) resulting from atmospheric CO,
equilibration and some contribution from interflow waters previously contacting organically
derived CO> from soil zones.

The chemistry of local precipitation and surface waters is dominated by Ca**-HCO;"
ions. The SO,* and Mg** components increase in surface waters that have had anthropogenic
influence and coincides with decreasing pH. This includes waters associated with the Lynx
open pit, waste rock dumps and infrastructure (roads etc.) built with waste rock. Chloride,

Na“, and K” have low concentrations in all surface waters.
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8.1.2 Shallow Ground Water

Shallow ground waters are of recent meteoric origin, contain tritium, have low (<200
ppm) total dissolved solids (TDS), Ca**-HCO; chemistry, and are nearly saturated with
respect to dissolved oxygen (DO). These groﬁnd waters are mainly limited to the fractured
rock carapace of the Myra-Price ridge, and shallow zones within Thelwood Valley.

Carbon-13 in dissolved inorganic carbon (DIC) is variable (~ -8%o to -14%0 VPDB).
Shallow ground waters from Price 4 and 5 levels (626 and 580 m elevation, respectively)
have an average 5'°C of -13.0%0 VPDB (+0.8%o 10; n=6). These ground waters are generally
close to calcite saturation. The average 5'°C decreases only slightly from this value in the
Price 13 level waters (-12.6%0 £0.5% VPDB; n=4). In shallow ground waters 3¢ correlates
somewhat to sample location within the Myra-Price ridge. Ground waters with higher
bicarbonate (~80 to 160 ppm) and lower s8¢ (~<-10%0 VPDB) correlate with ground waters
recharged at higher elevations through soil cover. Lower Pco; and lower §"°C ground waters
correlate to lower elevations of recharge where there is scant vegetation (i.e. poor soil
development due to high topographic gradient and loss of vegetative cover due to a forest
fire). Carbon-13, at least in the central portions of the M-P ridge, indicates recharge is
occurring in equilibrium with soil CO, with a 8"°C of approximately -27%0 VPDB. The
equilibrium with soil CO; is highly dependent upon location and topography of the area.

Many of these waters contact sulphide mineralization but have near neutral pH, and
SO4* remains subordinate to HCO5". In dilute shallow ground waters §*'S in SO,* ranges
from about -8%o to +6%0 CDT (mean value of 1.2%.), which is within the same range as §°*S
in local sulphide minerals (—8%o to +4%0 CDT; mean of 0.9%) indicating negligible
fractionation during oxidation of sulphide minerals. These waters generally have low SO,
concentrations, ordinarily less than about 50 ppm. The §'%0 (n=2) in dissolved sulphate in
these waters suggest the SO4" is largely derived from sulphide mineral oxidation via the Fe**
oxidation mechanism rather than oxidation directly from O,.

A progressive shift in dominant cation occurs in shallow to intermediate depth waters
which have Ca’*-Na'-HCO; and Na'-Ca’*-HCO; chemistry. These ground waters are

meteoric and occur within the central core of the Myra-Price ridge. They have gained Na by
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cation exchange in rocks previously saturated with Na*-Ca®*-Cl” water. Total dissolved solids

in these ground waters are similar to Ca>*-HCO;™ ground waters.

8.1.3 Ground Waters of Intermediate Depth

Ground waters of meteoric origin with Na'-Ca?*-SO,* and Ca*-SO,* chemistry
occur at intermediate depth in areas underlying previously mined areas and in areas where
dissolution of sulphates (anhydrite?) has dominated the anion chemistry. Sodium is acquired
through exchange processes.

In deeper workings of the HW mine, Na’-Ca®*-SO4* and Na'- SO4% ground waters
(with variable CI") occur. These waters have TDS, DO and redox intermediate between
HCO;" and Cl" dominated ground waters. They also invariably contain some mixture of either
Cab-HCO;' meteoric water, or Na'-Ca**-Cl” saline water. The sulphate has 8348504 and
880504 similar to the saline water indicating a common source in these waters, which is not
the result of sulphide mineral oxidation. The 5'%0 and 8?H of these water is highly

influenced by the amount of Cl” water component.

8.1.4 Saline Ground Waters

The discovery of saline waters in the Myra Falls mining camp was unexpected. This
water exists within a few hundred meters below ground surface in Thelwood Valley and is
also present proximal to and underlying developed areas within the HW mine.

Saline, Na"-Ca*"-CI", ground waters (TDS >30,000 ppm) were discovered in areas
undisturbed by mining operations. These waters are reducing, have alkaline pH, contain very
low HCOj', are most likely '*C-free, and contain a high volume of helium. Similar I7CI" and
Br/CI ratios infer a common source of Cl" in all ground waters (including non-saline). The
§'%0 and &°H are progressively enriched with increasing CI” concentration forming a trend
similar to sedimentary basinal brines.

Alkalinity for the saline waters is quite variable but tends to be low. The highest
salinity waters have alkalinity measurements of less than 20 ppm as HCO;". In saline ground
waters an increasing proportion of waters have reached saturation with respect to calcite

(mean Sicacite = 0.3 £0.7) as compared to shallower waters. There are two trends in the
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5'3Cmc in saline waters accessed from deeper sampling. The first is a constant 8'3CD|¢ value
of -9.21 £0.9%. VPDB (lo) in waters unaffected by sulphate reduction. A second separate
trend of depleted °C is apparent in highly reducing waters. The use of canola oil as a drilling
additive in new Thelwood Valley drill holes has lead to a depleted carbon source (~-30%o
VPDB) as an electron donor for sulphate reduction. The 6'3Cmc decreases with an increasing
component of oxidized modern organic carbon.

It is apparent that the SO;> related to the saline water has a SO4* isotopic signature
different than the sulphide minerals. Saline waters have SO,” concentrations approaching
1500 ppm. These waters are close to saturation with respect to gypsum. The CI
concentrations are high and the SO4/C| mass ratio is around 0.06. The 5'®0gqy in the saline
waters is approximately 10.5+0.5 VSMOW. While the 'S is around 17.5+2.5%. CDT.
Uncertainty in these values exists due to mixing processes, and also because of sulphate

reduction in the saline waters. Active sulphate-reducing ground waters have §*Ssq; values

greater than 20%0 CDT. The mean isotopic enrichment (Eso4.125) is 34.5%0 CDT (n=3).
The unique chemical and isotope character of the Cl- waters imply they are exotic to
this setting and are believed to originate from subduction processes, namely dewatering of

underplated sediments (and oceanic crust?) beneath Vancouver Island.

8.2 Ground-water flow, Mixing, and Circulation

Ground waters of meteoric origin preserve the §'®0 elevation variation recorded in
precipitation (-0.15%o per 100 m rise). A transect through the Myra-Price ridge (via 13 level)
shows a depletion in the ground waters sampled from the centre of the ridge which
corresponds to higher recharge elevations for these waters. The §'*0 values for ground waters
accessed from Myra 10 level (367 m) are quite similar to those from the underlying 13 level
(241 m) on the west side of the Myra-Price ridge. This implies a strong vertical or subvertical
flow through fractures in the crystalline rock between these two levels. Large continuous
structural features. such as the Myra-Price fault. may be the exception to this statement.
Waters collected from this same fault system on Myra 10 and 13 levels have quite different

8'®0 values. Ground water from the Myra Price fault on Myra 10 level follow the trend of



Chapter 8 Conclusions 272

other waters with decreasing 8'%0 towards the centre of the M-P ridge; whereas, the ground
water sampled from the same fault system from Myra 13 level have higher §'%0 and appear to
be recharged at a lower elevation. Ground waters within this fault system may be subjected to
channeled flow. '

Flushing of saline water from upper elevations of the Myra-Price ridge and lower HW
ground waters has resulted in removal of all or most of the CI" and in elution of cations (Ca®*
= 2Na" exchange). The 5'%0 - §2H of low chloride ground waters from the Myra-Price ridge
is similar to recent meteoric waters. The low, but detectable CI" (~10 to 30 ppm) probably
results from diffusion of a residual saline water from bi- or multi-modal porosity of the rock
(various scales of fractures, and matrix porosity). The low CI” and higher Na” concentrations
of the eluting waters indicates that only a few pore water volumes have passed through the
rock and the flushing process is a recent hydrologic phenomenon. Cations in exchange sites
have not yet achieved equilibrium with the water since saline water was displaced from these
rocks.

The depth of circulation of meteoric water within the HW mine setting is strongly
controlled by the depth of mine workings and subsequent dewatering. Even though the HW
mine is very dry, mine openings will act as low pressure zones for water flow. Within the
HW mine, waters are drained from the developed areas allowing flushing of Na“-Cl" waters
by recent meteoric water. The extent of the flushing is controlled by the rock permeability.
High permeability structures, like the North fault, allow rapid flushing of recent meteoric
waters down to working depths of the HW mine in short periods of time after mine
development. Water emanating from the North fault on HW 20 level contains 4.2+0.5 TU,
low TDS (~150 ppm) and low CI" (~1 ppm), and is characterized by Na'-CaZ*-HCO{
chemistry. The 5'%0 of this water suggests recharge around 900 metres elevation, and since
the drift was not developed until 1989, high flow rates followed development. This would
represent a maximum apparent flow velocity of around 810 m s'. This value is within the
same range estimated using tritium for another ground water from the same level flowing
from HW-20 653 drill hole. The estimated vertical velocity from this latter water was

approximately 6°10° ms™.
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Thelwood Valley is unaffected by mine development. Ground waters in this area
exhibit a narrow mixing interface between modern Ca®"-HCO;™ and increasingly saline water
from depth. However, the effects of heterogeneous flow in the fractured rock is evident in
ground waters sampled from drill holes. In drill hole PR-92, located in Thelwood Valley, a
fresh water inversion occurs at depth. Low TDS ground water inflows coincide with higher
hydraulic heads.

Mixing of meteoric waters and saline waters in Thelwood Valley appear to be more
ideal with less cation exchange as compared to the ground waters from the Myra-Price ridge
and HW mine (especially at Cl" concentrations > 200 ppm) . This may be the resuit of a more
stable zone of mixing in this region. Exchange sites on minerals may have equilibrated with
the water composition that is present. No disturbance to the natural hydrology due to mining
has occurred in the Thelwood Valley, with the possible exception of the drill hole openings
themselves. This information suggests a greater stability of hydrologic and ground water
regimes in this area as compared to areas affected by mine development.

Saline water has been displaced from rocks within the Myra-Price ridge and is
currently being displaced in areas of new mine development. The elution of Na” lags behind
CI' flushing and is expected to continue as the first few pore volumes of meteoric water move
through the rock. The presence of saline water at shallow depth in Thelwood Valley and the
current Na" elution process in and below the Myra-Price ridge attest to the stability of the
local hydrology until it is perturbed by mining development. However, once mine
development commences, highly permeable fault and fracture systems can rapidly circulate
meteoric waters into working depths within the mine.

The saline ground water at shallow depth illustrates that the rate of uplift in the Buttle
Lake region has been greater than the degree of flushing of residual saline water by meteoric
water. The presence of the saline ground water at shallow depth attests to the long term

stability of the hydrologic regime present in this setting.
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8.3 Controls on Metal Transport, Mobility, and
Speciation

The pH of ground waters related to the Myra Falls mineral deposits is generally near
neutral, and acidic ground waters with high metal loads are extremely rare. Amorphous oxy-
hydroxides are common and comparisons from filtrate concentrations (non-filtered, 0.45,
0.22, 0.10, and 0.05 pm) indicate that the majority of suspended particles are greater than
0.45 pum. These particles are composed of Fe oxy-hydroxides but also include Mn and Al.
The presence of these particles greatly affects the mobility of Zn, Cu, Pb, and Cd in ground
waters. The sorption of Pb is greater than Zn and Cu and is affected little by the solution
matrix. In HCO3™ waters, the order of sorbed metals to suspended particles is Pb > Cu > Cd ~
Zn; which follows the order of first hydrolyses for these metals. In SO,>" waters the order is
Pb > Cu > Zn; while, in CI" waters the extent to which metals are sorbed decreases in the
order of Pb > Zn > Cu. The order of element mobility has implications toward understanding
of the natural in situ metal attenuation and metal transport of pathfinder metals used in
hydrogeochemical prospecting.

The formation of Fe-Al-(hydr)oxides occurs in the presence of metals in solution
which may account for the high degree of metal sequestration from solution. The fate
(retardation) of metals in ground water at normal ground water gradients may be greatly
influenced by the formation of Fe-hydroxides. '

A vast range of As(V)/As(llI) ratios were found in ground waters of Myra Falls. The
highest As concentrations are found in waters with the lowest Eh. These waters also tend to
have the lowest As(V)/As(Ill) ratios indicating that As(Ill) is more mobile in this setting.
Higher aqueous As concentrations may be related to the instability of (ovy)hydroxides in the
lower Eh conditions. The presence of oxidized Mn particulates may be influential in
establishing the redox state of As in these ground waters.

If the Price deposit is stratigraphically and mineralogically similar to the mined out
Myra ore-body, then the consequence of mining the Price deposit may not be an increased
mobilization of all trace metals. Comparisons of trace element chemistries of Myra and Price

mine ground waters indicates a wide overlap of individual element concentrations. Ground



Chapter 8 Conclusions 275

waters associated with the unmined Price deposit have higher median concentrations of
elements mobile as oxy-anions such as: V, Cr, As, and Mo. Mining activity has the greatest
effect on the concentrations of Zn and Cu in Myra ground waters compared to baseline levels

determined from the Price ground waters.

8.4 Geochemical exploration

Since Zn is the most mobile of ore-related elements in the non-saline, bicarbonate and
sulphate dominated ground waters, it is the preferential definitive pathfinder in
hydrogeochemical exploration. Hydrochemical anomalies related to the Price Zn-Cu-Pb ore
deposit are first identified using Zn as the preferred indicator element. Threshold levels were
determined by partitioning of the distributions of transformed Zn concentrations into two
constituent sub-populations. The background Zn population is represented by 82% of the
ground waters and has a median concentration of 3.6 ppb; the second population represents
the remainder of the ground waters with a median concentration of 173 ppb. The threshold
concentration is dependent upon the willingness to assume uncertainty of designating
background ground waters as anomalous and is 20 ppb, 25 ppb, and 38 ppb Zn, for
uncertainties of 10%,. 5%, and 1%, respectively. Exploration programs in new regions may
find cut-off values to differ depending on the distribution of background and anomalous
populations.

The strength of the anomaly, after initially being defined on the basis of Zn, can then
be further enhanced based on a combination of indicator and pathfinder elements. The list of
elements useful in anomaly enhancement include: Cu, Pb, Cd, Mn, B, Sb, and U.

The presence of the ore-clast breccia (OCB) unit presents a problem in developing
hydrogeochemical exploration methods in this mining camp. Using Zn as a definitive
indicator element does not differentiate between anomalous ground waters related to massive
sulphide mineralization and the OCB unit. Effective discrimination of ground water
anomalies is possible between these two types of mineralization through the use of elements
associated with hydrothermal alteration, primary mineralization, and in this setting, elements

in the stratigraphy overlying the Price deposit. Elements associated with the hydrothermal
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alteration such as K, Rb, and B are elevated in ground waters associated with the Price ore
deposit as compared to the OCB. Elements concentrated in the massive sulphide
mineralization, such as Ba, Cd, Sb, and U, are also important in differentiating between these
two types of mineralization. Elements related to weathering the mafic volcanics overlying the
Price ore-body (Sr, Cr, Mg, and Mn) prove advantageous in this setting through additional
elements used in discrimination of waters that have been in contact with the mafic units

overlying the Price ore.
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NOTE TO USERS

Oversize maps and charts are microfilmed in sections in
the following manner:

LEFT TO RIGHT, TOP TO BOTTOM, WITH
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