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greater depth. Massive sulphide oxidation at the Stratmat Main Zone is enhanced due to
groundwater flow through the massive sulphide zone such that DO is constantly supplied by
recharging groundwaters (see Chapter Eight).

Although base metal and sulphate contents in Charlotte Brook waters are clearly anomalous
downstream from the Restigouche deposit compared to upstream (Fig. 13.8), base metal and
sulphate values are much lower than in groundwaters from boreholes (MM-88-06 and MM-88-
07) adjacent to Charlotte Brook. The interpretation is that Charlotte Brook was recharging
where it crosses the deposit at the time of sampling such that base metal contents and sulphate
are lower than expected. It is possible that during spring runoff, base metal and sulphate
contents may be more elevated, as in the seep water from the gossan (MLW95-300; Fig. 13.8).
The base metal and sulphate contents of Charlotte Brook highlight the importance of the local
hydrology which partly controls the potential transfer of the products of massive sulphide
oxidation in the subsurface to the secondary environment. Sulphide-associated metals and
sulphate may also be lower than expected due to dilution by non-mineralized base flow.

Taufen (1996) discussed the utility of hydrogeochemistry in mineral exploration based on
his investigations of metal dispersion in ground and surface waters from mine tailings at the
Waite and Amulet deposits in Quebec. He noted that in designing a hydrogeochemical
exploration program, it was important to determine the extent of acidic plumes emanating from
sulphide oxidation. Samples collected beyond the extent of acidic groundwater plumes would
be expected to have low base metal loads due to adsorption and coprecipitation processes
associated with increasing pH. Although this is certainly true, the results from the Halfmile
Lake, Restigouche and Stratmat Main Zone deposits indicate that massive sulphide oxidation is
not necessarily accompanied by large decreases in pH. For example, high base metal loads
occur in shallow groundwaters at the Restigouche deposit, yet pH values are still in the 6 - 7
range. Very low pH values of ground and surface waters are commonly associated with acid-
mine drainage problems where the high surface area of sulphide minerals, a ready access to

atmospheric O, and insufficient carbonate minerals for pH buffering result in low pH values.
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This is élso true for natural oxidation of massive sulphides in the absence of sufficient
buffering capacity in the host rocks, e.g., Red Dog and Drenchwater deposits, Alaska (Kelley
and Taylor, 1997). Although there are no limestone or dolomite units associated with
mineralization in the BMC, vein and fracture zone carbonate appears to be sufficient to buffer
sulphide oxidation and maintain circum-neutral pH values at the Restigouche and Stratmat Main
Zone deposits. The dispersion of base metals in ground and surface waters is, therefore, likely
to be more subtle than is the case for deposits such as Red Dog. The groundwaters collected at
the Wedge deposit and from the Heath Steele mine indicate that very high base metal contents
can certainly be expected in the BMC where the buffering capacity of the host rocks is
exceeded. However, in both these cases, the natural environment has been perturbed during
mining.

There are some limitations to the use of hydrogeochemistry in mineral exploration. Because
of the generally low base metal contents of natural waters (especially surface waters),
consideration must be given to sampling procedures to minimize sample contamination and
what filter size to use to remove suspended material. For example, Giblin (1994) suggested
that on site filtering in exploration programs should be avoided due to the added risks of
sample contamination. She also noted that metal loss by adsorption to container surfaces is
minimal for the purposes of exploration. However, filtering on site has the advantage of a
standard procedure which combined with sample acidification prevents precipitation of
Fe-oxyhydroxides and loss of metals by adsorption. If time and budgets warrant, it may be
advantageous to analyze an unfiltered aliquot, in particular for surface waters or groundwaters
with a high suspended sediment load. This study has shown, for example, that some
groundwaters have high metal contents along with associated high suspended sediment loads.
In addition, several recent studies have looked at element partitioning between the truly
dissolved loads and colloidal material that is less than the pore size of the filters being used. In
this study, of surface waters, this is unlikely to be a major consideration because the suspended

sediment load was very minor and the < 0.45 pum load can be considered as the “dissolved”
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load in an exploration program. However, in areas where there are large contrasts in suspended
and colloidal loads, there is the probability that metals are being fractionated into different
media which may affect interpretations as to what is anomalous.

Metal speciation in natural waters is very strongly controlled by pH, and to a lesser extent
Eh (Chapter Seven). Results of metal speciation in this study indicate that with increasing pH
values, metal CO, and HCO, complexes become increasingly dominant (Fig. 5.22). At higher
pH, there is increased likelihood that Pb and Zn will be stable in solution if they form neutral,
stable CO; complexes. However, the pH at which these complexes become significant is
higher than the typical adsorption edge for these metals on typical clays and amorphous Fe-
oxyhydroxides (see Chapter Seven, Fig. 7.43). As a result, there is no correlation between the
amount of Pb or Zn present as CO, complexes and metal abundance. Mineral saturation
calculations for surface waters (Chapter Five) indicate that no base metal mineral phases are
stable in these waters. The major control over metal dispersion is therefore related to adsorption
to Fe-oxyhydroxide phases (see Chapter Seven for discussion).

Arsenic and Mo occur primarily as oxyanions in natural waters and should be more mobile
at higher pH than the base metals. At both the Halfmile Lake and Restigouche deposits,
anomalous As contents increased with proximity to massive sulphide mineralization. At the
Halfmile Lake deposit, groundwaters have anomalously high Mo contents, compared to
surface waters and to groundwaters from the Restigouche deposit. It may well be that As and
Mo contents of surface waters would prove a useful exploration tool in the BMC.
Unfortunately, the analytical methods used in this study did not have sufficiently low detection
limits to measure these elements in surface waters.

Several studies which have investigated the utility of hydrogeochemistry for mineral
exploration have suggested that dissolved SO, contents act as a good proxy for base metals
because SO, is not affected by adsorption processes and is therefore more mobile at
circumneutral pH (Miller et al., 1991; Miller et al., 1992). In addition, SO, is produced as a

result of pyrite dissolution wich may be unrelated to Zn-Pb massive sulphide mineralization. At
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the Restigouche deposit the base metal contents of Charlotte Brook waters are a much better
predictor of proximity to the main deposit (Fig. 13.8). Dissolved sulphate contents of Charlotte
Brook downstream from the deposit are lower than many of the other streams, and the SO,
values are below the 50th percentile (Fig. 13.9A). This is an unexpected result given that
shallow groundwaters collected from borehole close to Charlotte Brook have very high SO,
and base metal loads consistent with significant oxidation of the shallow massive sulphides.
Previous work has suggested that variations in major cations might serve as guides for
exploration in hydrogeochemical studies (Giblin, 1994; Giblin and Snelling, 1983). Trace
metals are commonly adsorbed to Fe and Mn oxyhydroxides, potentially limiting the extent to
which they are transported and therefore limiting dispersion. An early example is the work of
Giblin and Snelling (Giblin and Snelling, 1983) who studied the hydrogeochemistry of
groundwaters associated with uranium mineralization in the Northern Territories of Australia.
They found that although U did not successfully delineate known mineralization, Mg ratios
(defined as Mg/(Mg+Ca+Na+K)) were successful due to the chlorite alteration halo associated
with U mineralization. At the Halfmile Lake and Restigouche deposits, the major elements
most likely to reflect alteration halos about massive sulphide deposits are Mg and K (chlorite
and sericite alteration, respectively). However, the abundance of these elements in surface
waters is more related to differences in lithology and the restricted solubility of chlorite and
sericite than to proximity to known mineralization (see Chapter Five). In most surface waters,
Mg contents are largely controlled by carbonate dissolution whereas K contents display little
compositional variance, probably due to weathering of feldspars to illite (Chapter Five).
Although hydrogeochemistry is certainly no panacea, the data presented in this study
strongly suggests that there is certainly a place for this methodology in mineral exploration in a
mature mining camp such as the BMC. However, it is clear from surface water compositions at
the Halfmile Lake and Restigouche deposits that background trace metal values are low and that

anomalies are subtle compared to deposits elsewhere (e.g. Red Dog deposit).
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13.5.4 Groundwaters in mineral exploration

As shown in sections 13.2.3 and 13.3.3 (and Chapters Seven and Eight) groundwaters
proximal to massive sulphide mineralization in the BMC have elevated As, SO, and base metal
(Zn, Pb, Cu, Mo, Sb, Cd) contents at levels considerably higher than local surface waters (Cf,
Figs. 13.1, 13.4, 13.7, 13.13). Circumneutral pH values in Halfmile Lake, Restigouche and
Stratmat Main Zone deposit groundwaters result in generally restricted mobility of base metals
due to adsorption, primarily to Fe-oxyhydroxide minerals, and in rare cases due to precipitation
of metal-sulphate minerals (e.g., anglesite in suspended sediments from the Restigouche
deposit; Chapter Nine). Thus, groundwaters may be useful in hydrogeochemical exploration
because of greater contrast between background and anomalous values of metals in ground and
surface waters (e.g., Fig. 13.14).

The use of groundwaters in mineral exploration has received relatively little attention.
Grimes et al. (1995) investigated contents of dissolved Au and related elements (As, Sb, W) in
groundwaters interacting with Au deposits in Nevada and showed that these elements were
anomalous, especially in reducing groundwaters. Grimes and de Carvalho (1994) studied the
utility of well water in part of the Neves-Corvo area, part of the Portugese Pyrite Belt, and
showed anomalous metal contents proximal to known mineralization.

There are several difficulties in the use of borehole waters in mineral exploration in the
BMC, not the least of which is the expense of drilling boreholes. In most parts of the BMC
there are insufficient domestic water wells for effective use of groundwater in an exploration
program. Drilling typically only occurs after a good exploration target has been identified.
However, once drilling has cornmenced, groundwater composition may be useful in vectoring
towards possible new targets and choosing locations for additional drill holes. For example,
groundwater (MLW95-546) has generally low base metal contents (Fig. 13.14) but the Pb is
non-radiogenic with a Pb isotopic composition similar to massive sulphide deposits in the
BMC (Chapter Twelve).

Groundwater exploration is difficult due to the complex nature of subsurface flow systems
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in fracture-flow dominated geology. However, metal values in groundwaters from boreholes
which intersect the Restigouche deposit clearly delineate massive sulphide mineralization,
whereas groundwaters recovered away from mineralization have generally background
compositions (Fig. 13.14).

There appears to be an effective depth below which significant sulphide oxidation is not
occurring. For example, at the Halfmile Lake deposit, all the boreholes sampled intersect
mineralization at depth (> 300 m) and base metal contents are much lower than in Restigouche
deposit groundwaters. At the Restigouche deposit, however, groundwaters interacting with
sulphides at shallow depths have anomalous base metal and sulphate contents whereas
groundwaters from borehole B-80-7 which intersects mineralization at 170 meters are not
anomalous (Fig. 13.15). At the Stratmat Main Zone deposit, extensive oxidation of the massive

sulphides occurs at 85-90 meters depth (Chapter Eight).

13.5.5 Saline waters from the Restigouche deposit

The saline waters at Restigouche have elevated Zn but have relatively low Pb contents and
sulphate contents which are below detection. This raises the question as to the origin of the
anomalous Zn. Normalized to TDS, the Zn contents are not anomalous, however. The shallow
bore holes which are proximal to the Restigouche deposit have elevated Zn and Pb contents
(see Fig. 7.37) and correspondingly high SO, consistent with oxidation of the massive
sulphide minerals in the Restigouche deposit. However, there is no obvious spatial relationship
between the high Zn contents of the MM-88-02 waters and the sulphide zone as the high Zn
values occur in groundwaters that were recovered with the straddle-packer at depths well below
the deposit. There are several possible explanations for the high Zn contents of the saline
waters:

1) the deep saline waters have mixed with more shallow groundwaters with high metal
contents resulting from the dissolution of sulphide during oxidation. If this is the case, the low

Pb contents could be explained by the low mobility of Pb in natural waters; note the sharp
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decrease in Pb contents with depth and distance from the deposit in the shallow borehole
waters (Fig. 13.15).

2) the high Zn contents may be unrelated to mineralization. Brines from the Mississippi oil
fields contain elevated Zn and Pb concentrations as a result of diagenetic reactions at elevated
temperatures (Saunders and Swann, 1990). The high Zn contents may also be due to a
combination of Cl and CO, complexes (only 25 - 30% of the Zn in these waters is present as
free ions) and reducing groundwater conditions which prevents the precipitation of
Fe-oxyhydroxides. Fe contents are also high in these waters.

3) these waters may have reacted with mineralization at depth. Borehole MM-88-02 is the
deepest hole drilled to date at Restigouche and was drilled to test a gravity anomaly (Westoll,
1990) but further investigation of deeper mineralization was abandoned due to the intersection
of thick diabase sills in the hole which were considered adequate to explain the anomalies. The
low Pb contents and lack of sulphate suggest that these fluids have migrated some distance
from the source of the metals.

As discussed in Chapter Seven, the preferred hypothesis is that the high Zn contents in the
MM-88-02 waters reflects further mineralization at depth and at an undefined distance from the
Restigouche deposit. These waters also have moderately high Ni, Cr, Cu and Co contents
suggesting either a different sulphide mineralogy or that these elements have been concentrated
in saline waters from background sources.

The presence of saline waters at the Restigouche deposit has another important implication
to mineral exploration. Because of density contrasts, saline waters may remain in situ over long
periods of time, effectively limiting the depth to which oxidizing surface waters can penetrate.
Thus a deeply buried deposit might be effectively isolated from detection by exploration

methods which rely on the hydromorphic transport of the products of sulphide oxidation.

13.5.6 Stream sediments

In this study, stream sediments were determined for total elemental abundances (Chapter
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Six). Although many exploration programs employ partial extraction techniques to try and
isolate the hydromorphic components from detrital components, total dissolution analysis can
be useful in both mineral exploration and environmental surveys. As was shown in Chapter
Six (major and trace elements) and Chapter Ten (REE), there is a clear hydromorphic
component to the stream sediments, even for the REE which are generally considered to be
immobile.

Although only total analyses were used in this study, anomalous metal values are clearly
distinguished from background values for the Restigouche deposit (Figs. 13.11, 13.12).
Stream sediments from Charlotte Brook downstream from the Restigouche deposit are
anomalous in Pb, Zn, In, Bi and Cd and decrease downstream away from the deposit (Fig.
13.11). The abundance of Pb in Charlotte Brook stream sediments downstream from the
Restigouche deposit are unusually elevated (up to 2000 ppm). Zinc contents show the least
decrease with distance from the deposit. Close to the deposit Zn/Pb ratios are < 1, whereas
beyond 2.5 km from the deposit, Zn/Pb ratios are > 1. Copper and Ag show only subtle
anomalies, and Co does not vary with proximity to the main sulphide deposit. With increasing
distance from the deposit, Pb, Zn, In, Bi and Cd display decreasing abundances.

Stream sediments from the Halfmile Lake deposit have lower metal values and anomalous
values are more difficult to distinguish from background streams with the limited data set
available. However, as shown in Chapter Six, hydromorphic and detrital contributions of trace
metals to stream sediments can be distinguished to a certain extent by comparison with local
host rocks. Zinc, Pb, Mo, and Cd show higher abundances in the Halfmile North, the
Upper/Lower AB and the West tributary streams close to mineralization. As with the surface
waters, comparison of stream sediment compositions between the Halfmile Lake and
Restigouche deposits indicates that more deeply buried ore bodies have more subtle surficial
geochemical anomalies. Therefore, exploration programs are required to sample in greater

detail than regional programs have in the past.
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13.5.7 Suspended sediments in VMS exploration
Previous studies of suspended sediment compositions have focussed on surface waters.
Seigel (1990), Siegel et al. (1993) and Cidu et al. (1995) showed that stream water suspended
sediments could be used to delineate Au and base metal mineralization. Siegel (1990) found
that suspended sediment showed more intense anomalies with better contrast with background
values when compared to stream sediments (total and partial extractioh analyses). Surface
waters at both the Halfmile Lake and Restigouche deposits typically were free of suspended
sediments during sample filtering (typically 750 to 1000 ml was filtered on site). However,
suspended sediments were common in groundwaters collected from the Halfmile Lake and
Restigouche deposits using both the flow-through bailer and straddle-packer systems (see
Chapter Nine). As discussed previously, base metals reach values similar to the highest values
measured for massive sulphides. For example, suspended sediments from the Restigouche
deposit have up to 15.3 weight % Pb compared to a maximum of 17.4 weight % Pb for
massive sulphides. The major difference between the groundwater suspended sediments
compared with stream sediments is that the suspended sediments are generally closer to the
source of mineralization, and Eh-pH conditions of the groundwaters with which the suspended
sediments are associated may be more conducive to the suspended sediments showing
anomalous compositions compared to stream sediments, i.e., the suspended sediments have a
greater hydromorphic component. At the Halfmile Lake deposit the main part of the deposit is
deeply buried such that surface water and stream sediment anomalies are subdued compared to
the Restigouche deposit. Groundwater suspended sediments are anomalous at the Halfmile
Lake deposit, showing metal contents in some cases well in excess of stream sediments
downstream from the Restigouche deposit. The suspended sediments from the Halfmile Lake
deposit are anomalous even though the groundwaters from which they were recovered do not
have very high base metal contents compared to the more shallow Restigouche deposit. It was
shown in Chapter Nine; that although the dominant mineralogy of most of the suspended

sediments is consistent with their derivation from the host lithologies (clays, quartz etc), bulk
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chemical analyses of the suspended sediments still revealed both detrital and hydromorphic
contributions. This suggests that base metals were dissolved in solution following massive
sulphide oxidation and subsequently immobilized on the suspended load, primarily by
adsorption (and probably co-precipitation). Thus, at both the Halfmile Lake and Restigouche
deposits, generally neutral to alkaline pH values result in a strong fractionation of base metals
to the suspended sediment phase compared to the dissolved phase.

The Zn/Pb ratios of the suspended sediments may be a useful vector toward massive
sulphide mineralization. Suspended sediments in groundwaters close to the Restigouche
deposit have ratios < 1 compared with ratios > 1 in sediment from groundwaters remote from
mineralization. Similarly, suspended sediments in boreholes HN94-65 and HT55-43 from the
Halfmile Lake deposit show decreasing Zn/Pb ratios downhole towards the massive sulphides.
This relationship between Zn and Pb is consistent with the greater solubility of Zn compared to
Pb due to the preferential adsorption (or co-precipitated) of Pb by suspended sediment. A
similar relationship between Pb and Zn is shown for stream sediments from the Restigouche
deposit as stream sediments in Charlotte Brook close to the Restigouche deposit have Zn/Pb <

1.

13.6 Summary

1) Surface waters can be routinely analyzed for trace metals to very low detection limits
because of recent advances in analytical techniques. This has removed one of the most serious
obstacles in the use of natural waters in mineral exploration. Although base metal contents of
surface waters at the Halfmile Lake and Restigouche deposits are low compared to other
deposits and mine tailings, anomalous Zn, Pb, Fe and Cd are clearly associated with the main
Restigouche deposit. The Halfmile Lake deposit is deeper and as a result surface water
anomalies are more subtle, although SO, and Zn contents increase with proximity to the
deposit.

2) Hydrology is an important control over massive sulphide oxidation and development of
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hydromorphic anomalies in both groundwater and, therefore, surface environments.

3) Groundwaters show greater base metal abundances and greater contrast between
anomalous and background compositions than surface waters, especially at the Restigouche
deposit and therefore could be a powerful tool in mineral exploration in the BMC. However,
application of this technique is limited due to poor access to boreholes away from areas of
known mineralization. Grou.ndwater geochemistry may also be useful in defining exploration
targets and in understanding metal dispersion from the site of massive sulphide oxidation to the
surface environment.

4) Suspended sediments in groundwaters associated with mineralization have very high
metal contents, primarily as a result of circumneutral groundwater pH values, fractionation of
the base metals from the aqueous to the suspended sediment phase, and lower dilution by
detrital components compared to stream sediments. Suspended sediment geochenﬁs&y may be
a useful exploration tool to complement ground and surface water hydrogeochemical
exploration. In particular, Zn/Pb ratios of suspended sediments decrease with increasing
proximity to massive sulphide mineralization.

5) The generally neutral pH values of ground and surface waters at the Halfmile Lake,
Restigouche and Stratmat Main Zone deposits results in more subtle base metal anomalies
compared to other massive sulphide deposits. As a result, the dispersion trains are generally
short making it essential that the sampling be carried out at a detailed scale if it is to be effective
in mineral exploration in the BMC. As a result, previous regional geochemical surveys are
unlikely to be effective in discovering new deposits in the BMC, particularly if they occur at
depth. In order to test the efficacy of hydrogeochemical methods in the BMC based on this
work, a large survey was initiated involving a 400 km? area. Stream and seep waters and
sediments and balsam fir twigs were collected at 500 meter intervals along all stream in the
survey area (Leybourne et al., 1997a).

6) Lead isotopes (Chapter Twelve) are a powerful tool in interpreting Pb sources. Although

analytical costs are high, Pb isotope analyses may be very useful in follow-up studies to better



distinguish false and real metal anomalies in both surface waters and sediments.



Table 13.1 Anomalous and background values for sulphide-associated elements in waters and sediments

Halfmile Lake deposit Restigouche deposit
Surface water _Stream sediment __ Groundwater Surface water__Stream sediment _ Groundwater
SO, Threshold-1 4.1 15 7 41
Threshold-2 32 3 43 6
Background <3 <3 <3 <6
Zn Threshold-1 6.2 350 150 18 1000 300
Threshold-2 2 40 3 500 48
Background <2 <350 <40 <3 <500 <48
Pb Threshold-1 0.12 68 1 1.7 410 30
Threshold-2 0.55 70 1
Background <0.12 <68 <t <0.55 <70 <l
Cu Threshold-1 3.5 550 4 1.9 100 20
Threshold-2 0.75 150 55 4
Background <0.75 <150 <4 <0.7 <55 <4
Cd Threshold-1 0.02 2 02 0.02 6 0.25
Threshold-2 22
Background <0.02 <2 <0.2 <0.02 <22 <0.25
As Threshold-1 2 16
Threshold-2
Background <2 <16
Mo Threshold-1 1.3 . 9.6 10 1.8
Threshold-2 4.8 4.9 0.9
Background <1.3 <4.8 <4.9 <09

Water data in pg/L except SO, (mg/L)

Sediment data in ppm
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Fig. 13.1 Cumulative probability plots of the main massive sulphide-related elements for Halfmile Lake
deposit surface waters.
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Fig. 13.5 Cumulative probability plots of the main sulphide-associated elements for Halfmile Lake deposit
groundwaters. MS,, and MS_y, refer to total nebulization and chelation ICP-MS data, respectively.
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Fig. 13.6 Proportional circle plots of Halfmile Lake deposit groundwater compositions.
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Fig. 13.7 Cumulative probability plots of the main sulphide-associated elements for Restigouche deposit
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CHAPTER FOURTEEN: CONCLUSIONS

Chapter Five

Chapter Five focussed on the composition of surface waters from the Halfmile Lake and
Restigouche deposits. These waters are dominantly Ca-HCO; in composition. Local lithology
is the dominant control over surface water composition, although Ca (and Mg) are primarily
controlled by dissolution of carbonate in veins and fractures. Surface waters at the Restigouche
deposit display larger compositional variability, in particular with respect to pH and SO,
which is consistent with greater oxidation of sulphide minerals in the near-surface environment
compared to the Halfmile Lake deposit. There is no stable isotopic evidence for significant
evaporative concentration of major solutes in the surface waters. Surface waters have higher
Cl- contents than local precipitation which is interpreted to be the result of rock weathering.
The host lithologies and stream sediments have sufficient Cl contents to account for the surface

water compositions.

Chapter Six

Stream sediments were collected in conjunction with the surface waters. Stream sediment
compositions are fractionated relative to host lithologies consistent with element mobility
during weathering and both hydromorphic and detrital contributions are apparent in bulk stream
sediment compositions. Many previous studies have normalized suspended sediment loads of
rivers to average upper continental crust in order to investigate elemental budgets and riverine
contributions to the oceans. Normalization of stream sediments from the Halfmile Lake and
Restigouche deposits to upper continental crust display large negative anomalies in mobile
elements (Ca, Sr and Na) and smaller anomalies for immobile elements (Nb, Hf) similar to
these previous studies. However, these fractionations largely disappear where the Halfmile
Lake and Restigouche deposit stream sediments are normalized to local lithologies. This

suggests that studies which rely on normalization to a universal standard such as upper
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continental crust to make inferences regarding riverine contributions to the oceans and rates of

crustal erosion, may be erroneous.

Chapter Seven

The geochemistry of groundwaters from the Halfmile Lake, Restigouche, Brunswick #12,
Heath Steele, Wedge and Willett deposits was presented in Chapter Seven. These deposits are
hosted in similar lithologies of similar age. The Halfmile Lake deposit is steeply dipping with
steep structures (Chapter Four) whereas structures are shallow dipping at the Restigouche
deposit and the main sulphide zone is closer to surface. Groundwater flow is dominated by
fracture-flow at both the Halfmile Lake and Restigouche deposits, and deposit lithologies,
geometry and structures play a fundamental role in determining the hydrology which in turn
controls the geochemistry of the groundwaters. The groundwaters recovered from these two
deposits are compositionally distinct.

Groundwaters from the Halfmile Lake deposit are dominated by low TDS (< 100 mg/L),
Ca-HCO3 compositions, although deeper groundwaters increase in TDS (< 230 mg/L) and are
more evolved Na-HCO,-type compositions. Although groundwaters were sampled from
depths up to 760 meters, no saline waters were observed. The Halfmile Lake deposit
groundwaters are interpreted to be modern meteoric waters which are rapidly transmitted to
depth along steep structures, consistent with the low TDS and stable isotopic compositions.
Any saline groundwaters that may have existed at the Halfmile Lake deposit have been
“flushed” from the system.

Groundwaters from the Restigouche deposit range from shallow Ca-HCO, and Ca-SO,
waters and to high TDS Na-Cl waters with increasing depth, in sharp contrast to the Halfmile
Lake deposit. Based on groundwater compositions, geochemical modelling and stable isotopes
there are several different groundwater systems at the Restigouche deposit. Low TDS Ca-
HCO,-type groundwaters represent shallow-recharge waters with major solute composition

controlled by dissolution of carbonate and silicate minerals in the shallow soil zone and upper
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parts of the weathered bedrock. Groundwaters with dominantly Ca-SO, compositions occur in
boreholes which intersect the Restigouche deposit massive sulphide at depths less than 120
meters and are modern recharge waters. The elevated sulphate and sulphide-related metals
reflect oxidation of the massive sulphide minerals. There is a deeper groundwater flow system
which is characterized by elevated Na and Cl concentrations due to greater water-rock reactions
and elevated HCO;" due to dissolution of carbonate in the footwall alteration zone to the ore
deposit. These groundwaters have much higher TDS contents (up to 2660 mg/L) than the
shallow groundwaters. Saline groundwaters (>20,000 mg/L. TDS) were recovered from the
deepest borehole at the Restigouche deposit.

The Br/Cl ratios of the groundwaters vary from values less than seawater in the saline
waters to values much greater than seawater for the shallow groundwaters and surface waters.
The shallow groundwaters and surface waters have similar Br/Cl values as those measured in
brines from the Canadian Shield. This data suggests either that the saline waters have interacted
with non-marine evaporites, or more likely, that Br and Cl are differentially released during
water-rock reaction.

The saline waters are interpreted to have been produced by long periods of water-rock
reaction. These saline waters have much heavier oxygen and deuterium isotopic compositions
indicating recharge under a warmer climatic regime. There is no compelling evidence to support
a marine origin for these waters. Elevated Cu, Co, Ni, and Cr contents of the saline waters
from borehole MM-88-02 suggest that these waters have interacted with mafic rocks. The
mafic dikes which cross-cut the Restigouche deposit may have acted as conduits for flow of

these water.

Chapter Eight
A single borehole was sampled with the straddle-packer system at the Stratmat Main Zone
deposit to better understand the origin of large negative self potential anomalies and subtle

positive thermal anomalies observed through the main massive sulphide zone and to investigate
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processes of massive sulphide oxidation below the water table. Groundwaters were sampled
systematically downhole and through the sulphide zone and display a rapid increase in TDS in
the sulphide zone. The dominant anion is SO42‘, particularly in the massive sulphides
indicating that the primary control over groundwater composition is sulphide oxidation.
Geochemical profiles of Fe and base metals through the ore zone are consistent with sulphide
oxidation, predominantly at the base of the massive sulphides, with increasing oxidation of
Fe?* to Fe3* and precipitation of Fe-oxyhydroxides towards the top of the sulphide zone. Base
metals also decrease toward the top of the ore zone due to diffusion and adsorption onto Fe-
oxyhydroxides.

The self potential anomaly associated with the ore zone (600 mV anomaly) is interpreted to
reflect the development of an electrochemical cell driven by oxidation of massive sulphides at
the base of the massive sulphides and reduction of dissolved oxygen at the top of the
sulphides. The thermal anomaly is interpreted to be due to greater groundwater flow through
the sulphide zone compared to above and below the sulphides and compared to nearby
boreholes. Thus, nearby boreholes have no temperature anomaly and have more subdued SP
anomalies. The groundwater flow through the sulphides provides a continuous supply of
dissolved oxygen to drive the sulphide oxidation reactions. Stable isotope and packer response
data are consistent with differential groundwater flow through the massive sulphides, with
groundwaters close to the bottom of the sulphides having been recharged under a slightly
warmer climatic regime. Carbon isotopes indicate that neutral to alkaline pH values are

maintained due to dissolution of carbonate.

Chapter Nine

Groundwaters from the Halfmile Lake and Restigouche deposits commonly had sufficient
suspended sediments on the filter papers for mineralogical and geochemical analysis.
Suspended sediments recovered from Halfmile Lake deposit groundwaters and those distal

from the Restigouche deposit are dominated by quartz and aluminosilicate minerals.
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Fe-oxyhydroxides are probably present as surface coatings and amorphous Fe-phases.
Suspended sediments from boreholes that intersect the Restigouche deposit massive sulphides
consist primarily of Fe, Pb, and Zn sulphate minerals.

The Halfmile Lake deposit suspended sediments are depleted in the mobile elements Cs,
Rb, and K compared to the host rocks. Suspended sediments show generally flat patterns
normalized to the host lithologies for most other elements but strong enrichments in the
hydrothermal suite of elements (Pb, Fe, Co, Zn, Ag, and Eu). The geochemistry of the
suspended sediments from the Restigouche deposit shows similar relationships, although the
degree of enrichment in metals associated with massive sulphide mineralization is greater.
Compared to coexisting groundwaters suspended sediments are relatively enriched in Al, Fe,
Pb, and relatively depleted in Ca, Sr, and Mg. Potassium and Rb are generally more strongly
fractionated into the suspended sediment phase than other mobile elements, indicating that their

abundance in the groundwaters is controlled by secondary silicate phases (e.g., illite).

14.7 Chapter Ten

Rare earth element concentrations are highly variable in waters of the BMC, with higher
concentrations typical of waters with higher Fe and lower pH. There are significant differences
between surface and groundwaters, and between groundwaters from different areas. The REE
contents of surface waters are broadly similar within and between deposit areas, although there
are differences between different streams which reflects differences in pH and lithology.
Surface waters typically possess strong negative Ce anomalies, which are produced by
oxidation of Ce3* to Ce** upon leaving the shallow groundwater environment. Groundwaters
are typically more reducing and have smaller to no Ce anomalies. Seeps commonly have no
negative Ce anomaly although adjacent stream waters display strong anomalies, which
indicates that the development of negative Ce anomalies in Halfmile Lake and Restigouche
deposit surface waters is rapid. Stream sediments also display negative Ce anomalies, but of

lower magnitude than surface waters, consistent with rapid oxidation where groundwaters



reach the surface environment.

Deeper groundwaters at Halfmile Lake are characterized by REE patterns that are similar to
the host rocks, whereas most groundwaters at the Restigouche deposit have LREE depleted
patterns compared to NASC. One of the major reasons for the differences between the
groundwaters from Halfmile Lake versus those from the Restigouche deposit may derive from
the fact that at the Halfmile Lake deposit the pH is somewhat lower and in addition the activities
of possible anionic complexes for the REE are low suggesting that the REE are more controlled
by source considerations. In contrast, the anionic concentrations at the Restigouche deposit are
generally greater suggesting that the distribution of the REE is more controlled by
solubility/speciation considerations. Shallow waters at the Halfmile Lake deposit and waters
from the Stratmat Main Zone deposit have unusual patterns which reflect either the influence of
adsorption onto colloidal minerals or onto fracture zone minerals or different fluid histories

compared to groundwaters from the Restigouche deposit.

14.8 Chapter Eleven

Oxygen and deuterium isotopes of surface and shallow groundwaters from both the
Halfmile Lake and Restigouche deposits are very uniform (-13 to -14%. and -85 to -95%o for
880y smow and 8Dygp 0w respectively). These values are lighter than predicted for northern
New Brunswick and, combined with high excess deuterium, suggest that recharge is
dominated by winter precipitation, recharged during spring runoff. The close similarity in
stable isotopic composition of surface waters and shallow groundwaters indicates that surface
waters were sampled primarily during base flow conditions. Deeper groundwaters from the
Restigouche deposit and from the Heath Steele, Brunswick #12, Stratmat Main Zone, and
Willett deposits have heavier oxygen and deuterium isotopic compositions than shallow
groundwaters indicating recharge under warmer climates.

Carbon isotopic compositions of dissolved inorganic carbon are generally heavy, ranging

from -15 to -5%o 813CD,c for most groundwaters and surface waters. Mass balance modelling



683
indicates that this range in carbon isotopic composition can be accounted for by closed system
groundwater evolution. Recharging groundwaters initially possess 813CDIC values of -18 to-
20%o due to equilibration with soil zone CO, and the 813CDlC evolves to heavier compositions
due to dissolution of fracture zone carbonate minerals. Fracture and vein carbonate minerals at
the Restigouche deposit have restricted carbon isotopic compositions of around -5 to -6%o.

The carbon isotopic compositions of the saline waters from borehole MM-88-02 at the
Restigouche deposit are very heavy (+12%0 8'3Cpy;c) and cannot be modelled by carbonate
dissolution. These heavy carbon isotope values are most consistent with fractionation of the
DIC due to methanogenesis. This interpretation is supported by the lack of dissolved sulphate
in these waters and the observation of degassing during sampling, interpreted to be due to the
release of methane.

Boron isotopes indicate that the salinity of BMC waters is controlled by variable degrees of
water-rock reaction with the host lithologies, which is consistent with Br/Cl ratios (Chapter

Seven).

14.9 Chapter Twelve

Most of the waters appear to follow two trends with respect to Sr isotopic compositions.
Groundwaters from the Restigouche deposit trend to less radiogenic Sr compositions with
increasing water-rock reaction, probably reflecting increasing contributions of relatively non-
radiogenic Sr from plagioclase weathering. Groundwaters interacting with the Restigouche
massive sulphides, and the Wedge and Heath Steele deposits appear to trend to more
radiogenic Sr isotopic compositions and higher Rb/Sr with increasing depth and water-rock
reaction. These relationships are most consistent with increasing contribution of 87Sr from
sericite associated with hydrothermal alteration proximal to the massive sulphides, and/or from
radiogenic carbonate in the stockwork. The saline waters from borehole MM-88-02 at the
Restigouche deposit have very high Sr and relatively non-radiogenic Sr isotopes, most likely

indicating equilibration with plagioclase, perhaps associated with mafic dykes that cross-cut the
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deposit. In contrast, saline waters from the Brunswick #12 deposit have the most radiogenic Sr
compositions in the study, suggesting interaction with K-feldspar and/or micas. The brackish
water from borehole MM-89-106 is more radiogenic than other saline and brackish
groundwaters at the Restigouche deposit. Low Ca/Na and moderately high Sr suggest some
influence from K-feldspar weathering.

Groundwaters associated with the Restigouche, Wedge and Heath Steele deposits are more
radiogenic than those distal to the Restigouche deposit, suggesting that there may be some
potential for the use of Sr isotopes in waters as an exploration tool.

Most waters have non-radiogenic Pb isotopic compositions similar to BMC galena. This
indicates that Pb derived from massive sulphide weathering dominates the Pb contents of most
of the waters used in this study. Notable exceptions are waters from boreholes MM-89-106
and MM-89-107 from the Restigouche deposit which have Pb which is more radiogenic than
the host rocks. Anomalously high 207Pb/204Pb in groundwater MLW95-504 from borehole
MM-89-106 indicates that the Pb in the water was derived from a high-jL mineral, perhaps
phosphate, consistent with the presence of phosphate in the suspended load of this water.
Several surface waters have 206Pb/204Pb indistinguishable from BMC galena, but have
anomalously low 207Pb/204Pb and 208Pb/204Pb, suggesting equilibration with low-p and low-
K mineral(s).

The Pb isotopic composition of the ground and surface waters indicates that Pb isotopes in
waters may be a powerful tool in mineral exploration. Groundwaters can potentially reveal
more deeply buried sources of mineralization compared to other techniques which employ Pb
isotopes, e.g., Pb isotopic analyses of glacial till and gossans. Two groundwaters distal to the
Restigouche deposit have ore-Pb isotopic compositions suggesting as yet undiscovered sources
of mineralization.

Stream sediment MLS96-664 has the least radiogenic Pb isotopic composition reported to
date from the BMC. Combined with high Zn, Ni and Co in sediments from this stream, the Pb

isotope value is interpreted to reflect massive sulphide mineralization in the subsurface which



has a greater contribution of Grenville age Pb compared to other deposits in the BMC.

The Nd isotopes of several groundwaters show a wide range in 143Nd/!44Nd, consistent
with differences in Sm/Nd and REE patterns. The fact that the Nd isotopic compositions of the
waters is different from host rocks and yields incorrect ages indicates that groundwaters are

preferentially incorporating the REE from certain minerals rather than from the bulk rock.

14.10 Chapter Thirteen

Geochemical modelling in combination with Pb isotopic compositions indicates that massive
sulphides at the Restigouche, Halfmile Lake and Stratmat Main Zone deposits are undergoing
variable degrees of oxidation with subsequent hydromorphic transport of sulphide-associated
metals (Zn, Cd, Pb, Cu, Fe). This suggests that the composition of natural waters may be
useful in mineral exploration in the Bathurst Mining Camp. Surface waters can be routinely
analyzed for trace metals to very low detection limits because of recent advances in analytical
techniques which has removed one of the most serious obstacles in the use of natural waters in
mineral exploration.

Although base metal contents of surface waters at the Halfmile Lake and Restigouche
deposits are low compared to other deposits and mine tailings, anomalous values are clearly
associated with the Restigouche sulphide deposit. The Halfmile Lake deposit is deeper and as a
result surface water anomalies are more subtle, although SO, and Zn contents are highest
closest to the deposit.

Groundwaters show greater base metal abundances and greater contrast between anomalous
and background compositions, especially at the Restigouche deposit and therefore could be a
powerful tool in mineral exploration in the BMC. However, application of this technique is
limited due to poor access to boreholes away from areas of known mineralization.
Groundwater geochemistry may also be useful in defining exploration targets. Suspended
sediments from groundwaters associated with mineralization have very high metal contents,

primarily as a result of circumneutral groundwater pH values and fractionation of the base
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metals from the aqueous to the suspended sediment phase. At the Halfmile Lake deposit,
suspended sediments have higher metal contents than waters or stream sediments. Thus,
suspended sediment geochemistry may be a useful exploration tool to complement ground and
surface water hydrogeochemical exploration. In particular, Zn/Pb ratios of suspended

sediments decrease with increasing proximity to massive sulphide mineralization.
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