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Abstract

Specific criteria used for exploration for new ore may be derived from genetic models.
These might include specific lithological assemblages, fractionation trends, alteration
assemblages and ore-controlling structures, for example. Three "lithogeochemical" methods
of use in exploration include: diagnostic petrogenetic trends, obtained from geographical or
statistical analyses of major and minor element data; diagnostic mineral assemblages,
obtained through petrographic and XRD analyses; and specific elemental signatures (gains,
losses, and isotopic shifts), also obtained from analytical data.

Volcanogenic massive sulfide deposits formed from high-temperature metalliferous
fluids generated in the sub-seafloor through heating (from a subvolcanic intrusion) of down-
welling seawater. Both the subvolcanic intrusions and related volcanic rocks have somewhat
aberrant petrochemical trends, caused by unusually rapid heat removal to the hydrothermal,
system; extensive fractionation is evident in both major element and REE trends. Alteration
includes lower semi-conformable horizons, albite-epidote-actinolite-quartz zones, and under
some deposits, broad carbonatized zones. Alteration pipes vary from those with cores of Fe-
chorite and silica and rims of Mg-chlorite (after smectite), through Mg-chlorite core and
sericite-rim pipes, to silica-sericite ™ /-Fe-carbonate pipes. All are Na-, Ca- and Sr-depleted.

Lode-gold deposits are associated with major transgressive (typically high-angle
reverse) fault zones. Vein systems typically occur either in dilational jogs, near fault
terminations, or at contacts between units with high ductility contrast. Regional alteration
is dominated by CO, addition. Fe-dolomite and/or ankerite are most common near the
deposits, but dolomite or calcite form the regionally-developed alteration assemblage.
Sphene occurs distally, but rutile is common near vein systems. Sericite and albite or K-spar
occur within a few 10°s of metres or less of the deposits.

Magmatic sulphide deposits formed by segregation of immiscible sulphide liquid from
a parent mafic or ultramafic magma. Deposits occur in intrusions and flows with unusually
high Mg/Fe ratios. Ni is depleted relative to Mg in fertile intrusions. Olivine in "barren"
intrusions is rich in Ni, compared with "fertile" intrusions. Because sulphur saturation is
promoted by assimilation of sulphur from an external source, Se/S ratios are higher in ore-
bearing intrusions. Sulphur isotopes may deviate strongly from mantle compositions because

of assimilation, particularly in post-Archean intrusions.
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Résumé

Certains criteres utilis€s pour I’exploration de nouveaux minerais peuvent étre tirés
de modeles génétiques. Ceux-ci peuvent étre, entre autres, des assemblages lithologiques
spécifiques, des tendances de fractionnement, des assemblages d’altération et des structures
de contr6le du minerai. Les trois méthodes "lithogéochimiques" suivantes sont utilisées en
" exploration: les tendances pétrogénétiques diagnostiques, obtenues a partir d’analyses
graphiques ou statistiques de données des éléments dominants et secondaires; les
assemblages de minéraux d’altération diagnostiques, obtenus par des analyses
pétrographiques et de diffraction des rayons X; et les signatures spécifiques d’éléments
(gains, pertes et déplacements isotopiques), également obtenus & partir de données
analytiques.

Les gisements de sulfures massifs d’origine volcanique se sont formés a partir de
fluides métalliféres & haute température produits par chauffage dans des couches
subocéaniques (a partir d'une intrusion hypovolcanique) d’eau de mer descendante. Les
intrusions hypovolcaniques et les roches volcaniques associ€es présentent des tendances
pétrochimiques quelque peu aberrantes, causées par une €limination inhabituellement rapide
de la chaleur dans le syst¢tme hydrothermal; on observe un fractionnement poussé dans les
tendances des €léments principaux et des terres rares. L’altération se traduit par des
horizons inférieurs semi-concordants, des zones d’albite-€pidote-actinote-quartz et, dans
certains dépdts, par de grandes zones carbonatées. Les cheminées d’altération varient en
composition: les unes ont des noyaux de chlorite ferrugineuse et de silice et des bordures
de chlorite magnésienne (apres smectite). D’autres ont des noyaux de chlorite magnésienne
avec des bordures de séricite et, enfin, certaines sont forrmées de silice-séricite avec plus ou
moins de carbonate de fer. Elles sont toutes appauvries en Na, Ca et Sr.

Les gisements auriferes filoniens sont associés a d’importantes zones de failles de
transpression (en général, des failles inverses a angle €levé). Les filons sont habituellement
présents soit dans des ressauts de dilatation, pres de I'extrémité des failles, ou aux contacts
entre les unités & fort contraste de ductilité. L’altération générale est caractérisée par un
supplément de CO,. La teneur en dolomie ferrugineuse et/ou en ankérite est plus élevée
pres des gisements, mais la dolomie et la calcite forment ’'assemblage d’altération régionale.

Le sphéne est présent a distance mais le rutile se retrouve pres des systémes filoniens. La



séricite et I'albite ou le feldspath potassique sont présents a moins de quelques dizaines de
metres des gisements.

Les gisements de sulfures magmatiques se sont formés par la ségrégation d’un liquide
de sulfures non miscible a partir d'un magma mafique ou ultramafique. Les gisements sont
localisés dans des intrusions et des coulées ayant les rapports Mg/Fe inhabituellement
élevés. Le Ni est appauvri par rapport au Mg dans les intrusions fertiles. L’olivine, dans les
intrusions "stériles", est riche en Ni, comparativement aux intrusions "fertiles". Etant donné
que la saturation du soufre est favorisée par ’assimilation de soufre par une source externe,
les rapports Se/S sont plus élevés dans les intrusions minéralisées. Les isotopes de soufre
peuvent dévier fortement en composition de ceux du manteau en raison de leur assimilation,

en particulier dans les intrusions post-archéennes.
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INTRODUCTION

The ease of discovery of new orebodies is decreasing as the limits of "conventional"
technology are reached. Conventional prospecting and airborne geophysical surveying will
continue to assist in finding new ore, but with the need to look beneath deep overburden, or
to find resources within the upper two kilometres of the crust, a multi-disciplinary approach to
exploration is imperative.

The search for new ore must start with an exhaustive application of geological principles.
Effective ore deposits research has always had a firm underpinning of good mapping.
Exploration companies rely on accurate maps as the basis for selection of prospective areas.
Mappers should be aware of the principal geological attributes of ore-bearing areas, and
specifically record these on their maps, if these maps are to be of maximum use to the
exploration industry. Identification of these attributes usually results from ore-deposits research.
For some deposit types, the best tools at our disposal are the critical geological attributes. For
example, knowledge of the sedimentological characteristics of paleoplacer-associated (Elliot
Lake-type) uranium and gold deposits has been widely applied in finding additional deposits.
Mapping that includes analysis of sedimentary facies as well as close attention to stratigraphic
detail is essential in exploration for additional deposits of the paleoplacer type.

Today, a multitude of research techniques, including intensive petrochemical,
mineralogical and isotopic techniques are usually brought to bear on an ore-genesis problem.
The results of research are to produce a geological model for the formation of any ore deposit
type. These models are continually evolving, and occasionally take a major evolutionary leap.
They are only useful if they identify specific geological attributes that can be used in determining
areas of high ore potential. Critical lithological assemblages, specific fractionation trends, and
diagnostic alteration assemblages are examples of attributes that were originally documented
during the quest for genetic models, but have important application in exploration for new ore.

This review can only touch on a few deposit types. The applicability of lithogeochemical
and mineralogical methods to exploration is highly dependant on deposit type. For example, the
well-documented mineralogical and chemical characteristics of alteration associated with both
porphyry copper/molybdenum and volcanogenic massive sulphide deposits have been used very
effectively as an exploration tool for many years. Unique fractionation trends, the presence of

magmatic sulphide minerals, and anomalous Se/S ratios can be applied in the search for



magmatic sulphide ores. Alteration associated with vein-gold deposits, however, has more limited
application. For the latter deposit type, a good understanding of structural control has proven
to be the most useful tool in finding new resources, particularly in established districts.

The deposit types to be reviewed here are those specific to the Canadian Shield, and

primarily those associated with greenstone belts.

VOLCANOGENIC MASSIVE SULPHIDE DEPOSITS

Volcanic-associated deposits occur in terrains dominated by volcanic rocks; the deposits
are typically in volcanic strata, but may also be in or near sedimentary strata that are an integral
part of a volcanic complex. Volcanic-associated deposits contain variable amounts of
economically-recoverable copper, zinc, lead, silver and gold. Their close spatial (and probably
genetic) association with volcanic rocks has prompted the use of the classification term
"Volcanogenic Massive Sulphide deposits", or "VMS deposits" as their most common acronym.

VMS deposits occur as two compositional classes, the copper-zinc and zinc-lead-copper
groups (Franklin et al., 1981). Archean deposits of the copper-zinc group have been further
- divided into two types (Morton and Franklin, 1987): one typified by the deposits in the Sturgeon
Lake area ("Mattabi-type"); and, the other by deposits at Noranda and Mattagami Lake, P.Q.
("Noranda type"). Although this subdivision is subject to revision, each of its types displays
distinctive compositional and alteration aspects. Consequently, mineralogical and petrochemical
criteria used as exploration guides must be sufficiently extensive to include both sub-types of
deposits.

Some of the geological attributes (Figure 1) that are of use in exploring for VMS deposits
include :
1. Presence of submarine volcanic strata; paleo-water depth controls some variations in volcanic
morphology, as well as alteration assemblages and ore composition. Volcanological studies

provide useful information to help determine which assemblages and compositions to expect.
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Figure 1. Composite section through a volcanogenic massive sulphide system. Note locally
advecting seawater near the deposit, which could form a Na-depleted, Mg-enriched
alteration zone. The scale of this alteration depends on the longevity of the system, as
well as the physical nature of the footwall rocks.

2. Presence of a sub-volcanic magma chamber at shallow crustal levels (ca. 2 km). These can
be any composition represented in the overlying volcanic rocks, and are: a) sill-like, but locally
transect stratigraphy; b) texturally variable, composite intrusions, formed through multiple
recharges of the magma chamber; ¢) highly fractionated, with "reverse zonation" common in
felsic intrusions; mafic portions are more abundant along their top (as irregular pods) and ends;
d) devoid of a significant metamorphic halo relative to intrusions emplaced at deeper, drier
crustal levels; e) potential hosts to very low grade porphyry-copper zones that are superimposed

on all rock types.
3. Presence of high-temperature reaction zones (one form of semi-conformable alteration)

within about 1.5 km of the subvolcanic intrusions. Quartz-epidote-albite alteration, commonly

mistakenly mapped as intermediate to felsic rocks, is prevalent under many copper-zinc deposits.
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4. Presence of laterally extensive carbonatized volcanic strata that are depleted in sodium near
deposits that formed in relatively shallow water (accompanied by explosion breccia, debris flows,
some subaerial volcanic products). These possibly represent the zone where ambient seawater

reacted with the upper part of the hydrothermal reservoir.

5. Syn-volcanic faults that are recognizable because: a) they do not extend far into the
hangingwall of most deposits; b) they are commonly altered, with pipe-like distribution of
mineral assemblages, in their stratigraphically highest: portions; ¢) they may have asymmetric

zones of growth-fault-induced talus; and, d) they may be locally occupied by syn-volcanic dykes.

Virtually all of these formed in tensional tectonic regimes, and may be listric. Some may
be related to caldera margins, and thus curvilinear; others may be margins of elongate axial
summit depressions {grabens), and sub-parallel to the axis of spreading (Kappel and Franklin,
1989).

6. Alteration pipes may have sufficient vertical stratigraphic extent to be mappable. The
volcanic rocks in virtually all pipes are sodium depleted, but mineralogical characteristics vary.
Most commonly, rocks are silicified near the deposits, sericitized less locally, and have variable
amounts of both Mg- and Fe-rich chlorite or smectite. Less commonly, but important in many
Cu-Zn districts, the pipes may have intensely chloritized cores, with sericitic rims. Peripheral
to the distinctive pipes, there is commonly a broad zone of more subtly altered rock; smectite
and zeolite minerals may be important. Chemical changes in these latter alteration zones may
be very subtle, requiring mineralogical or isotopic studies to detect them.

Metamorphosed pipe assemblages are usually relatively easy to recognize. Typically,
rocks in Mg-enriched pipes have been recrystallized to anthophyllite and cordierite. Adjacent,
less intensely altered rocks may contain staurolite. Gahnite and Mn-rich garnets may be
important accessories. The relatively high ductility of altered volcanic rocks compared with their
hosts resulted in exceptional deformation in some districts. They may have become detached

completely from their related orebodies.
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7. Strata immediately above deposits may contain indications of mineralization. Hanging-wall
volcanic rocks may contain alteration pipe assemblages, or at least zeolite-smectite assemblages
similar to the peripheral alteration associated with the pipes.

More importantly, hydrothermal precipitates, such as ferruginous chert, sulphidic tuff, and
products of oxidation of sulphide mounds may be sufficiently laterally extensive to be detected.

Base metal contents within these, although of sub-ore grade, may increase towards the deposits.

Petrochemical Trends

Recent studies of hydrothermally active sites on the modern seafloor (Embley et al,,

1989) as well as research on subvolcanic and related volcanic rocks associated with ancient
deposits (Campbell et al.; 1982) have demonstrated the presence of very specific, and possibly
unique petrochemical trends that are related to the ore-forming process. As described above,
an important constituent of the hydrothermal system is the heat source, commonly represented
by a sub-volcanic intrusion. Compositional variations within these intrusions can be affected by
the presence of a hydrothermal system in two ways: the rapid removal of heat can cause
exceptional fractionation to occur within the subvolcanic intrusion, and secondly, hydrothermal
fluid may enter into the melt.

The presence of anomalously fractionated basaltic sequences has been documented on
the Galapagos ridge (Embley et al., 1988) and at Cyprus (Schminke et al., 1983). In both cases,
fractionation has proceeded from N-MORB through ferrobasalt, Fe-Ti basalt to andesite (Figure
2). Sulphur and the volatile contents increase with amount of fractionation, although sulphur
decreases remarkably in the end-member andesite. Efficient removal of olivine and immiscible-
sulphide droplets into the base of shallow magma chambers has occurred during fractionation.

Fractionation has also occurred in shallow-level felsic subvolcanic magma chambers, as
at Sturgeon Lake (Beidelman Bay intrusion) and Noranda (Flavrian intrusion). Again, rapid
removal of heat has forced disequilibrium crystallization, and caused early formation of
anonmalous amounts of Ca-plagioclase and ferromagnesian minerals. Irregularly-disposed mafic
portions of these intrusions are common near their stratigraphic top and lateral terminations.
Removal of feldspar from the melt has resulted in depletion of the melt in europium relative
to other REE’s, forming a distinctive REE pattern (Figure 3) in the residual melt (i.e. in the

felsic part of the subvolcanic intrusion and related felsic volcanic products) (Campbell et al.,

1982).
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Figure 2. Fractionation index of seafloor basalt near active spreading ridges. Note the high values
and relatively narrow range of Mg numbers (Mg/Mg + Fe) for basalts not associated
with VMS deposits (Northern Rift Zone), compared with the large range and low values
for those rocks associated with deposits (Horst and southern rift zone).
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pattems displaying a prominent negative Eu anolmaly is associated with massive
sulphide deposits, the relatively flat pattern with "barren" areas.

Caution must be exercised in using incompatible elements as indicators of ore potential.
The primary distribution of these elements in the juvenile melt (prior to any potential
fractionation) should be determined. Also, chemical alteration can mask primary rock types,
causing misleading comparisons. Incompatible element studies should be conducted at a district-
scale, and based on extensive study in well-mapped mining camps.

Although virtually no data exist on the Cl contents of ancient sequences, these data may

be useful indicators of the potential for hydrothermal activity to have occurred in an area.
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Recent data on the Sr isotope and Cl contents of the various members of the fractionated suite
at Galapagos indicates that this melt was progressively contaminated by seawater. This could
have been caused either by assimilation of old crust or ingress of hydrothermal fluid into the
melt. Cathles (1990) suggested that the latter process may be important in forming large

hydrothermal systems.

Alteration beneath Cu-Zn massive sulphide deposits

Alteration has been studied more extensively than most attributes of these deposits.
Alteration mineral assemblages and associated chemical changes have been very useful
exploration guides. Alteration occurs in two distinct zones beneath these deposits (see Figure
1). 1) Alteration pipes occur immediately below the massive sulphide zones; here a complex
interaction has occurred among the immediate sub-strata to the deposits, ore-forming
(hydrothermal) fluids and locally-advecting sea water; and, 2) Lower, semi-conformable
alteration zones (Franklin et al, 1981) occur several hundreds of metres or more below the
massive sulphide deposits, and may represent in part the "reservoir zone" (Hodgson and Lydon,
1977) where the metals and sulphur were leached (Spooner and Fyfe, 1973) prior to their ascent
to and expulsion onto the seafloor.

Under Precambrian deposits formed in deep water (Noranda-type), alteration pipes
typically have a chloritic core, surrounded by a sericitic rim (Figure 4). Some, such as at
Matagami Lake, contain talc, magnetite and phlogopite. The pipes usually taper downwards

within a few tens to hundreds of metres below the deposits to a fault-controlled zone less than

a metre in diameter.
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Figure 4. Composite characteristics of a "Noranda-type" alteration pipe.
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Beneath deposits formed in shallow water (Mattabi-type), the pipes are silicified and
sericitized; chlorite is subordinate and is most abundant on the periphery of the pipes.

Aluminosilicate minerals, such as pyrophyllite and andalusite, are prominent (Figure 5).
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Figure 5. Composite characteristics of local and regional alteration associated with massive
sulphide deposits formed in shallow-water (< 2 km).

Alteration pipes under Phanerozoic Cu-Zn deposits are similar to, but more variable than
those under their Precambrian counterparts. For example, Aggarwal and Nesbitt (1984)
described a talc-enriched alteration core, surrounded by a silica-pyrite alteration halo, beneath
the Chu Chua deposit in B.C. The Newfoundland, Cyprus, Oman and Galapagos Ridge
deposits have Mg-chlorite in the peripheral parts of their pipes, together with illite. Fe-chlorite,
quartz and pyrite typify the central parts of the pipes.

Virtually all alteration pipes are characterized by Na depletion. Base metal additions are
also ubiquitous, although highly variable in scale. The alteration pipes under deposits such as
Millenbach and Ansil extend stratigraphically downwards for hundreds of metres, and contain
abundant chalcopyrite. Under Mattabi, however, only a few metres of the footwall contain
abundant chalcopyrite. As noted above, chlorite species varies considerably; the well-known Mg
addition under some deposits is by no means a common feature under many other deposits. At
Mattabi, for example, Mg is depleted in the footwall (Franklin et al., 1975), but Fe and Mn are
enriched. Enrichment in Mn occurs only where syn-depositional carbonate alteration is
prominent in the footwall.

The lower semiconformable alteration zones have been recognized under deposits in

several massive sulphide districts. These include laterally extensive (several kilometres of strike



length) quartz-epidote zones, several hundred metres thick, that extend downwards a few
hundred metres stratigraphically below the Noranda, Matagami, and Snow Lake deposits of the
Canadian Shield. Zones containing epidote, actinolite and quartz in the lower pillow lavas and
sheeted dykes of the ophiolite sequences at Cyprus (Gass and Smewing, 1973) and in East
Liguria, Italy, were explained by Spooner and Fyfe (1973) to be due to increased heat flow as
a result of convective heat transfer away from the cooling intrusions at the base of these
sequences. All of the epidote-quartz zones are depleted in copper, zinc and sulphur. They
represent the zone of high temperature hydrothermal reaction (ca. 400°C), under Jow water-rock
ratio conditions, where the metals and sulphur entered into the ore-forming solution (Richards
et al., 1989; Spooner, 1977; Spooner et al.,1977a; Spooner et al., 1977b).

The albite-epidote-quartz alteration zones are generally metal-depleted. Skirrow and
Franklin (in prep) show that virtually all of the copper has been removed from the albite-
epidote-quartz zone in the footwall to the Snow Lake (Manitoba) deposits. Only about one-third
of the zinc has been removed. Silica and calcium have been added, and magnesium has been
lost. MacGeehan and Maclean (1980) illustrate similar changes for the footwall sequence at
Matagami Lake, P.Q.

IR I I I R I I I T .
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Figure 6. Regional distribution of carbonate alteration in the Sturgeon lake district, Ontario.
Carbonate is shown with "C" symbols. The carbonate-bearing rocks are usually Na-
depleted.
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Zones of alkali-depleted, variably carbonatized strata occur directly beneath some
deposits in sedimentary rocks, and under the Mattabi-type deposits. These may extend for as
much as tens of kilometres along strike, and occur in the upper few hundred metres of the
footwall (Figure 6). These zones probably represent a sealed cap to the hydrothermal reservoir,
and formed through progressive heating of downward percolating seawater, with some possible
input CO, from an underlying magma chamber, or by pyrolysis of organic compounds in the
footwall.

The distinctive change in carbonate species provides a very important exploration guide.
Franklin et al. (1975) and Morton et al (1990) have shown that on a regional basis, calcite has
been added to the felsic strata, and Fe-dolomite to mafic strata (see Figure 5) in the Sturgeon
Lake, Ontario, area. Siderite is the carbonate species that occurs immediatley below and within
a few hundred metres of deposits, whereas Fe-dolomite and calcite occur farther away from the
deposits. Although the total CO, content of the rocks remains essentially unchanged (about 5-10
% of the rock), the high Fe content of the mineralizing fluid that passed through these rocks
converted the earlier-formed Ca and Fe-Mg-Ca carbonates to siderite. Concomitantly, Mn was
incorporated into the siderite. Data on carbonate nodules that are presently forming under the
deposits at Middle Valley and Escanaba Trough confirm this transition.

The alkali depletion that is common in many alteration zones is manifest as abundant
aluminosilicate minerals (andalusite and, less commonly, kyanite) in areas of abundant carbonate
alteration. In the absence of carbonate, margarite (at Snow lake; Zaleski, 1989) and chlorite
replace the feldspar.

Amphibolite-grade metamorphism significantly changes the alteration assemblages under
VMS deposits. At upper greenschist facies, chloritoid forms in the carbonatized alteration zones.
Although Mg-chlorite remains stable well into amphibolite facies, Fe-chlorite has changed to
staurolite in districts such as Snow Lake, Manitoba (Walford and Franklin, 1982) and
Manitouwadge (Friesen et al., 1982). In very Fe-rich rocks (and in the absence of potassium)
anthophyllite is abundant (Froese, 1969).

The mica species in alteration pipes are poorly documented. At Mattabi, although sericite

is the most abundant mica, paragonite is common, even in Na-depleted rocks.

1-10



Alteration beneath Zn-Pb-Cu deposits
Alteration associated with Zn-Pb-Cu deposits is typified by that in the Hokuroku district
of Japan (Figure 7). Canadian deposits, such as those at Buchans, Nfld. and the Buttle Lake,

B.C. districts, have similar alteration patterns to Hokuroku deposits and those in the Tasman
Geosyncline, Australia. The "lower semiconformable" alteration zones, such as those which
underlie the Cu-Zn deposits, are unknown under these deposits. However, the lower strata are

difficult to access in Japan, and structural complexities at Buchans, Buttle Lake and Tasmania

5§ Km —)1
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Figure 7. Mineral zonation associated with Zn-Pb-Cu deposits (Kuroko type). After Iijima, 1974.
For descriptions of zones see text.

Four alteration zones (Figure 7) in the Hokuroku district have been described by Shirozu
(1974), Ijima (1974), Date et al,, (1983). The most intense zone of alteration, zone four, is
immediately below the deposits, and consists of silicified, sericitized rock, with a small amount
of chlorite. Zone three contains sericite, Mg-chlorite, and montmorillonite, and is not silicified.
Feldspar is absent from zones three and four. Zone two consists of sericite, mixed-layer
smectite minerals, and feldspar. Zone one contains zeolite (typically analcime) as an essential
mineral, with montmorillonite. Outside these four zones, the volcanic rocks have been affected
by deuteric alteration, which formed clinoptilolite and mordenite. Metamorphism and
deformation obscure the alteration minerals associated with zones 1 to 3. At Buttle Lake, for
example, zone four alteration is most prominent; carbonate is also present, and is also present
distal to the the Hokuroku deposits. Although chlorite is much less abundant under Zn-Pb-Cu
deposits than under Cu-Zn deposits, the alteration pipe under the Woodlawn deposit

(Tasmania) is very chloritic (Petersen and Lambert, 1979). Alteration under the sediment-



associated deposits of this group consists of locally distributed sericite-quartz; many deposits do

not have obvious alteration zones.

Syn-depositional indicators of ore potential

Many massive sulphide districts have "sedimentary" or distal, syn-depositional strata that

reflect the ore-forming process. For example, the various sulphidic tuff horizons at Noranda
(Kalogeropoulos and Scott, 1983,1989), the Key Tuffite horizon at Matagami Lake (Davidson,
1977), the ochres at Cyprus (Herzig et al., in press), and the shale beds associated with several
deposits (Kidd Creek, Uchi, West Arm) were all deposited penecontemporaneously with VMS
deposits. Modern seafloor hydrothermal sites also have hydrothermal sediments surrounding
them (Hannington et al., 1990). Finally, many VMS deposits have thin, laterally extensive "tails"
leading away from the economic sulphide deposits; these may extend for hundreds of metres
or more. They usually contain sub-economic metal contents; most are composed of "barren”
pyrite.

The "near-field" sedimentary strata may be divided into two groups; those that contain
sulphide as at least an accessory mineral, and those that contain oxide minerals. The origin of
each of these is somewhat complex. Sulphidic sediments may have incorporated fallout particles
from hydrothermal plumes. They may also have formed from the discharge of poorly-focussed

low-temperature hydrothermal fluids in areas surrounding the high temperature vents. The oxide
zones may be formed from the oxidation of sulphides (Hannington et al., 1990; Kalogerlopolous
and Scott, 1983), or by direct precipitation of oxide minerals (i.e. iron formation).

The geochemical aspects of these two types of deposits that pertain to exploration have
only been examined in a few districts. Some preliminary findings are as follows.

For sulphidic sediments: '

1) Bése metal contents increase towards the ore zone, although rather irregularly
(Kalogeropoulos and Scott, 1989).

2) The silver contents of disseminated sulphides in any type of VMS-related
sedimentary rock are higher than in those in pyrite from strata where the sulphide was
generated biogenically (Elliot, 1984). At Kidd Creek, for example, disseminated sulphide in the
hangingwall graphitic shale unit contains 60 ppm Ag, in comparison with the silver content of

pyrite from unmineralized black shale of 18 ppm. Pyrite from VMS-related sedimentary rocks
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also has lower Ni and Co contents(200 and 120 ppm, respectively) than the abundances in
biogenically-generated pyrite(2000 and 650 ppm).

3) The sulphur isotopic composition of sulphides in sediments that are associated with
Archean or Proterozoic VMS mineralization typically have a very narrow range (¥, 1 %),
clustered around 0 %/, in contrast to sulphides in shales not associated with VMS deposits,
which are probably biogenically generated (Goodwin et al. 1976), and have very wide ranges
(typically -8 to +8 /).

For oxide-rich sediments derived through degradation of VMS sulphides, only a few

indicators are noteworthy.

1) Hannington et al. (1988) have demonstrated that gold is enriched by a factor of
10 to 100, by a secondary process in the oxidized sulphidic sediments at the TAG field (Mid
Atlantic Ridge) and in the ochres at Cyprus (Herzig et al., in press). This enrichment may only
be present where bottom water was oxidizing, i.e. in Phanerozoic open-ocean areas.

2) The lead isotope composition of oxidized sulphide material is conserved from the
primary deposit composition, and is much less radiogenic than the lead in oxides generated by
weathering of ferruginous (non-sulphide) rocks, or from iron formation (Gulson and Mizon,

1979).

LODE-GOLD DEPOSITS

Lode gold deposits occur in close association with major deformation zones, and can
occur in virtually any rock type (Keays et al,, 1989). The general characteristics of Archean
examples of this deposit type have been summarized by Kerrich (1983), Colvine et al. (1988)
and Card et al. (1989). This deposit type occurs in sequences of all ages, although they may be
more plentiful in Archean rocks; Superior Province has produced 142 million ounces of gold,
only surpassed by the paleoplacer deposits of the Witwatersrand (Card et al., 1989). Otherwise
their geological characteristics are similar regardless of age.

The lode-gold group of deposits includes both vein- and disseminated (or sulphidic
schist)-types. These two types account for the majority of the gold produced in Canada. They
are associated with major fault zones, and are themselves structurally controlled. They appear
to form very late in the geological history of their regions, typically after the peak of

metamorphism.



Some geological attributes useful for exploring for this deposit type (after Poulsen, in

press; Robert, in press) are:

1) Areas containing significant volumes of mafic volcanic rocks and a major fault zone,
especially near the edge of a volcanic domain are most favorable. Shear zones or faults

demonstrating high-angle reverse to reverse oblique motion contain the largest deposits (Sibson

et al.,, 1988).

2) Gold deposits do not normally occur in the first-order fault or shear system, but in

subsidiary fault and shear zones.

3) Favourable segments of fault or shear zones are those intersecting favorable host rocks
such as small felsic intrusions, iron-formations, and iron-rich rocks. Also, portions of a shear or

fault system where splays or deviations from the overall trend are evident are more productive.
4) Rocks surrounding the deposits are commonly (but not ubiquitously) carbonatized.

Petrochemical Trends
As gold deposits formed well after nearly all of their host rocks, little, if any information

on the petrogenesis of these rocks has relevance to the deposits. A hypothesis has been
presented (e.g. Callan and Spooner, 1989) for a genetic relationship between the tonalite -
trondhjemite - granodiorite magmatic assemblage and gold deposits. The isotopic data used in
their argument do not provide a unique resolution of this hypothesis. Although the common
association of small albitic porphyry intrusions with gold deposits also provides some possibility
for a genetic relationship, age data (Anglin et al., 1988; Marmot and Corfu, 1989), as well as
petrogenetic arguments (the porphyry bodies usually pre-date the metamorphic peak, the veins
post-date it; Robert, in press) make any genetic relationship virtually impossible.

Rock et al. (1989) and Wyman and Kerrich (1989) noted the association of gold deposits
with shoshonitic (typically lamprophyric) intrusions. Although no direct genetic (or temporal)
connection with this magmatic suite has been confirmed, the age of these intrusions is similar

to ages determined for some gold veins (Bell et al, 1989). This similarity may reflect some
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common source attributes for gold-bearing fluids and alkaline rocks, but no more direct genetic

relationship has been established.

Alteration

Alteration associated with gold deposits has a very complex genesis. Only a few
"diagnostic" features have been observed, and these must be treated with some caution (Fryer
and Franklin, 1982).

Alteration is caused by two processes.

1) Dynamo-thermal alteration, usually on a regional scale, accompanied the formation
of most major shear and fault zones. Feldspar destruction (yielding a mica) was commonly
accompanied by dissolution of some components, leading to volume loss within a shear zone
(Beach, 1976). Alkali elements may have been gained, through mica formation, or lost, through
feldspar destruction. Typically, ferromagnesian components are conserved. Fluid movement
through shear zones caused hydration, and possible re-setting of isotopic systems. All of these
alteration processes can combine to yield a geochemical signature with no relevance to the ore-
forming process. Almost any shear zone will be mineralogically and chemically modified; caution

must be exercised in using these changes to determine ore potential.
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2) Ore-related fluid movement through the area of gold mineralization imparted
mineralogical and geochemical change at two scales (Figure 8). Many aspects of alteration
associated with gold deposits are reviewed by Colvine et al. (1988).

At a local scale, sulphidation, alkali metasomatism (either K or Na), boron enrichment,
hydration and carbonatization are very common. The scale of alteration is typically from a few
centimetres to a few metres adjacent to veins. The area affected by alteration is controlled by
the fracture-induced permeability of the rocks. Pervasive alteration is present in schistose
deformation zones, but much more defined (and possibly equally extensive) alteration is
observed adjacent to extensional veins. For example, at the Doyon Mine (Guha et al.,, 1982)
vein and disseminated gold mineralization occurs within a broad envelope of highly sheared,
sericitized volcanic rocks. In contrast, Robert and Brown (1986) documented very well defined
alteration zones, typically a few metres wide, adjacent to the veins at the Sigma Mine.

Mass balance studies (Robert and Brown, 1986; Ames et al., 1991; Dube, 1990; Clark et
al., 1989; Kerrich, 1983) yielded results that demonstrate a lack of consistency in alteration styles
for lode gold deposits. A few generalities can be drawn.

1) The complexity of chemical gains and losses increases as the ore-bearing veins are
approached.

2) Alteration mineral assemblages, as well as chemical gains and losses, are
furthermore a function of pre-alteration mineral assemblages. The latter generally reflect the
primary rock type, but metamorphic modification of the pre-ore mineral assemblage can
significantly affect the final alteration assemblage. For example, an ultramafic rock that was
already converted to a talc-chlorite assemblage will react quite different]y during alteration in
comparison with a rock composed of olivine, pyroxene and plagioclase.

3) Either Na,O and K,O (but rarely both) are the most extensively added
components. K,O addition is most common. Sericite and biotite are common alteration
minerals, particularly, but not exclusively in disseminated-type deposits. Paragonite may also be
present (Ames et al,, in press). Albite or K-feldspar is more common adjacent to veins which
occupy brittle fractures. At Hemlo, however, K-feldspar (microcline) is extensively developed
around the ore (Kuhns, 1986), with sericite alteration peripheral to the microcline zones.

Elemental additions most diagnostic of gold mineralization are (in approximate order of

importance) Au, S, CO,, K, Rb, SiO,, Na, As, Sb, W, B, Mo and Pb (Davies et al., 1982;
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Andrews et al,, 1986 and references therein). A few elements, notably Ca and Sr, may be
depleted, due to feldspar destruction. Given that volume reduction may have occurred during
deformation, some immobile elements (e.g. Al,O,, TiO,, Zr) display apparent increase, but mass
balance calculations may confirm that such changes occur through volume or mass change,
rather than real gain or loss. The size of geochemically anomalous zones of these elements is
variable, from centimetres to hundreds of metres away from ore. Typically, the zones'of
geochemically measurable alteration are about the same width as the ore deposits themselves,
and are symmetrical to the ore zone.

4) Sulphide minerals (commonly pyrite) typically have overgrown and replaced
ferromagnesian minerals. Iron was added at the Victory Mine (Clark et al, 1989), but
sulphidization was prominent at the San Antonio and Norbeau deposits (Ames, 1991; Dube,
1990). Sulphidization is probably a particularly important indicator of gold mineralization, as
reduction in the sulphur content of the gold bearing fluid probably de-stabilized the Au-
bisulphide complex, inducing very efficient deposition of gold.

Pyrite (or, less commonly pyrrhotite) is most abundant where gold-bearing fluids have
interacted with iron-rich rocks. Sulphidized iron formation (e.g. Geraldton; Anglin and Franklin,
1986) and sulphidized Fe-basalt are important hosts to gold mineralization. As noted by Kerrich
et al., 1977), the Fe 2*/Fe3” ratio increases towards gold veins, largely in response to pyrite
formation.

5) Alumina appears to have been mobile on a very local scale. Silicification is most
common in broad shear zones, where silica-sericite-pyrite alteration assemblage typifies many
disseminated-type deposits.

6) Tourmaline, scheelite, and arsenopyrite are all locally abundant in some deposits.
In addition, very minor amounts of base-metal sulphides occur in some veins; molybdenite and
chalcopyrite seem most common, but sphalerite and galena are recorded at several deposits
(Hodgson and MacGeehan, 1982). Virtually none of these minerals are sufficiently abundant to
provide an indication of ore potential, although all may occur as weathered and transported
products in overburden.

Regional scale alteration is well developed in some districts, such as Timmins (Davies and
Whitehead, 1982), Red Lake (MacGeehan and Hodgson, 1982), and Geraldton (Anglin and
Frénklin, 1986), less well developed at Bissett (Ames et al., 1991), and not prominent or even



absent at others, such as Hemlo, and the Thompson Bousquet - Doyon (Malartic) group of
deposits. Apart from shear-related mica alteration that may be widely distributed, depending
on the breadth of any particular shear zone, the principal alteration type is carbonatization.
Carbonate alteration has been intensively examined at the Victory Mine area in Western
Australia (Clark et al. 1989), the Timmins district (Davies et al., 1982), the Chibougamau area
(Dube, 1990), Red Lake (Andrews et al., 1986) and Bissett, Manitoba (Ames et al., 1991).
Summarizing their work, the principal changes at a regional scale are as follows:
i) Virtually all rock types are affected by addition of CO, only. Other components
of the carbonate minerals are derived through metasomatic alteration of the host rock.
i) The species of carbonate mineral present is a function of both the mole fraction
of CO, (X CO,)of fluids and the pre-alteration mineral assemblage. Clark et al. (1986)
demonstrated at the Victory mine that close to the mineralization, ferruginous dolomite/ankerite
is the prevalent carbonate species, whereas further from the deposit, calcite predominates.
Significantly, silicate and oxide assemblages also reflect varying amounts of alteration. The
equations presented by Clark et al. (1986) and Ames et al. (1991) are instructive. These
represent a progressive set of reactions, describing the effect of an H,0-CO, fluid on a meta-
gabbro or meta-basalt. They are written here in generalized form:
In meta-gabbro, the reactions are (Ames et al., in press):

1) At a scale of tens of metres or more away from the vein systems, two reactions

describe the principal changes:
actinolite + epidote + CO, + H,O --> chlorite + calcite + quartz.

The specific reaction affecting titanite to form leucoxene produces a mineral assemblage

that is readily visible:
titanite + CO, --> calcite + rutile + quartz
2) At a scale of 2-5m away from the veins, ankerite appears in the alteration asemblage:

chlorite + calcite + CO, + albite --> ankerite + paragonite + quartz
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3) Immediately adjacent to the veins (~0.5 m), K is added:
paragonite + quartz + K --> muscovite + albite

In gabbroic rocks where potassium was added (either from the altering fluid or prior to
carbonatization), the reactions described by Clark et al. (1986) pertain:

On a regional scale (10’s or more metres):

1) amphibole + epidote + H,O + CO, + K,O --> biotite + chlorite + calcite + quartz
2) sphene + CO, -- rutile + calcite + quartz

With increasing X CO, (i.e. closer to the veins):
3) biotite + chlorite + calcite + CO, --> dolomite + muscovite + quartz + H,O

The important aspects to note are the presence of rutile (rather than sphene) as a result
of CO, metasomatism, and that with increased X CO,, and that the biotite - chlorite - calcite
assemblage produced in reaction 1) changes to dolomite - muscovite - quartz. Knowledge of the
titanium mineral species, as well as the mica species and carbonate composition can provide
some estimate of "closeness” to a gold-bearing (hopefully !) system of conduits (i.e. faults/shear
zones). This type of mineral determinative work can be done by X-ray diffraction, an

inexpensive and rapid method. The carbonate species can effectively be determined by staining

methods.

MAGMATIC SULPHIDE DEPOSITS

Magmatic sulphide deposits form by the segregation of an immiscible sulphide liquid
from a parent silicate magma. The magma is generally of mafic or ultramafic composition and
the elements of economic interest which concentrate in the molten sulphide include nickel,
copper, cobalt and the platinum-group elements. The most important examples of this category
in Canada are the world class deposits at Sudbury, Ontario and in the Thompson Nickel Belt

in Manitoba. Other significant deposits occur at Shebandowan and Timmins in Ontario, Lynn
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Lake in Manitoba, and the Ungava belt in Quebec.

A number of lithogeochemical approaches have been suggested for the exploration for
magmatic sulphide deposits but few of these have found wide application. Probably the most
useful application of lithogeochemistry has been in the delineation of the stratigraphy within
igneous intrusions or sequences of volcanic rocks. Lithogeochemistry can also be used as a
direct indicator of the presence of magmatic sulphides but these methods require more research

and development before they can be used routinely.

Delineation of Igneous Stratigraphy

Magmatic sulphide deposits are, by definition, syngenetic with the igneous bodies in which
they occur. Sulphides segregate at specific times during magmatic differentiation and are
therefore associated with particular phases or stratigraphic units within an intrusion or volcanic
succession. While these units are normally defined on petrographic criteria including mineralogy
and texture, their chemical compositions are often more distinctive than subtle petrographic
differences. Moreover, petrographically homogeneous units commonly display significant
compositional variations (i.e., cryptic variation). Finally, ultramafic rocks in particular are very
susceptible to alteration which may completely obliterate any primary minerals and texture
leaving lithogeochemistry as a the primary means of identifying the protolith.

For these reasons alone, lithogeochemistry should form part of any exploration program
for magmatic sulphide deposits. The compositional parameters which will be most useful will
depend on the circumstances in each case. However, as a general rule, some attention should
be given to defining a "differentiation index". For example, in mafic and ultramafic rocks where
fractional crystallization of olivine and pyroxene is a dominant differentiation process, the
magnesium number! is frequently used for this purpose. In the case of ultramafic volcanics
(komatiites), the absolute MgO content, recalculated on a volatile-free basis, serves as a
practical differentiation index.

Komatiite-associated nickel sulphide deposits provide one of the best examples of the use
lithogeochemistry for this purpose. These deposits are associated with extrusive komatiites in

Archean greenstone terranes in Australia, Canada and Zimbabwe. Gresham and Loftus-Hills.

IThe magnesium number, sometimes abbreviated as Mg# or mg, is simply the atomic ratio Mg/(Mg+Fe).



(1981) give an excellent review of the characteristics of deposits in the type area of Kambalda,
Western Australia. The sulphide accumulations occur in the lower parts of thick komatiite
sequences with the bulk of the ore occurring at the base of the lowermost flow-unit. The ore-
bearing units average 50 m but may exceed 100 m in thickness whereas flows in the lower part
of the sequence but remote from ore are typically 15 to 20 m thick. The ore-bearing and barren
flow units are also compositionally distinct. The thick basal flows are richer in magnesium,
averaging 40 to 45% MgO és compared with 36 to 40% in the barren flows (Figure 9). The
fine-grained, flowtop spinifex-textured peridotites in these units tend to contain from 28 to 32%
MgO whereas elsewhere they have less than 26%. This provides a very useful exploration

guideline.
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Figure 9. Schematic cross section of a typical Kambalda "ore shoot" showing the MgO contents
of the ore-bearing and barren komatiite units (after Lesher and Groves, 1984).

Presence of Magmatic Sulphide

The formation of a magmatic sulphide deposit requires that the parent magma be at least
locally saturated with sulphide for a finite period of time. Saturation leads to the segregation
of droplets of immiscible sulphide liquid which then must accumulate to some degree if
economic concentrations are to be formed. Since it is virtually impossible for the accumulation
process to operate with anything approaching 100% efficiency, some significant proportion of
immiscible sulphide will remain dispersed and ultimately become trapped in the silicate host
rocks. The presence of magmatic sulphide grains in an igneous rock is thus an indication of a

potentially "fertile" magma.



Magmatic sulphide grains can sometimes be recognized in mafic and ultramafic rocks
which are not too badly altered. Such grains are commonly minute and may not be readily
distinguished from secondary sulphides without microscopic examination. They are
characterized by a polymineralic composition (commonly pyrrhotite-chalcopyrite-pentlandite)
and their textural relationship to primary silicate minerals (globular or cuspate appearance
where they are moulded around silicates). Duke and Naldrett (1976) give some of these criteria
in their description of magmatic and secondary sulphides in the Main Irruptive at Sudbury.

Cameron et al. (1971) applied a lithogeochemical approach to detect the presence of
small quantities of such "residual” magmatic sulphide in ultramafic rocks. They determined the
concentrations of S and of sulphide-bound Ni, Cu and Co, and found that all four elements were
enriched in ore-bearing as compared with barren rock suites. Copper and sulphur were the
most significant factors in the discriminant function which distinguished the two populations.
A practical consideration here is that Cu and particularly S tend to be mobile during alteration

of ultramafic rocks. This means that a relatively large number of samples from each body

should be analysed.

Sulphur Isotopes and Se/S Ratios

It is widely believed that a significant component of the sulphur in most massive
accumulations of magmatic sulphides is of crustal rather than mantle derivation. The parent
magma from which these accumlations segregated presumably became saturated with sulphide
by assimilation of crustal sulphur. This applies to komatiite-associated nickel sulphides (i.e.,
Kambalda-type deposits), deposits in intrusions of continental flood basalt affinity (e.g., Noril’sk,
Duluth Complex, Insizwa), and the ores of the Thompson Nickel Belt, among others. It is
important to note, however, that the sulphur in many disseminated magmatic sulphide deposits
(e.g., the stratabound platinum "reefs") is largely of mantle origin.

These observations suggest another lithogeochemical approach to the exploration for
massive Ni-Cu sulphide ores. It was noted above that the presence of minute quantities of
magmatic sulphides in an igneous rock is indicative of a "fertile" intrusion or lava sequence.
Taking this one step further, geochemical parameters may be used to determine the likely
source of the sulphur in these magmatic sulphide grains. A strong supracrustal signature would

indicate that the parent magma had assimilated sulphur, which in turn suggests that the body
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in question would have some potential to host a massive sulphide accumulation.

Two parameters which are indicative of the source of sulphur are the sulphur isotopic
composition and the Se/S ratio. The quantity d6>* is close to zero in sulphur of mantle origin
but often very different from zero in supracrustal sulphur (at least in post-Archean rocks).
Similarly, rocks of mantle derivation typically have lower Se/S ratios in the range of 250 to
350 x 10" whereas the ratio in supracrustal rocks is typically less than 100 x 10 (e.g., Eckstrand
et al. (1990).

Chalcophile Element Depletion
Chalcophile elements (Cu, Ni, Co, PGE, etc.) partition strongly into molten sulphide in

preference to silicate liquid, and magmas from which sulphide has segregated will be depleted
in these elements. Chalcophile element depletion, as revealed by lithogeochemistry, is therefore
a potentially useful indicator of igneous bodies which have crystallized from sulphide-saturated
magmas (Naldrett et al., 1984).

The magnitude of this depletion will depend upon a number of factors including the
partition coefficient of the element, the relative masses of sulphide and silicate melts, and the
mechanism by which the two liquids equilibrate. Komatiitic sequences provide an ideal situation
in which to apply the chalcophile element depletion approach to exploration because they
usually include spinifex-textured peridotites which have compositions equivalent to magmatic
liquids. Duke and Naldrett (1978) quantitatively modelled the depletion patterns of Ni, Cu, and
Co in komatiitic magmas, and predicted that these could be used as an exploration guide for
Kambalda-type deposits. Subsequent studies have shown that the spinifex-textured peridotites
at Kambalda (Lesher et al.,, 1981) and Scotia (Stolz, 1981) are indeed depleted in Ni. In each
case, the entire komatiite sequence shows evidence of depletion (Figure 10) which means that
this lithogeochemical approach would be useful in identifying fertile komatiite successjons but
not in detailed exploration within these sequences. In applying this approach, it is important
to sample the fine-grained spinifex in the flow-top which will most closely approximate the initial

liquid composition.
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Figure 10. Ni-depletion in the ore-bearing komatiite succession at Kambalda, Western Australia.
The solid line represents the model compositional trend produced by fractional
crystallization of olivine; the dashed lines show the effect of removal of olivine and
sulphide in 200:1 and 50:1 ratios (Duke, 1979). The dots give the compositions of
spinifex-textured peridotites (STP) from Lesher et al. (1981).

In dealing with plutonic rocks, it is only rarely possible to identify rocks which have
"liquid-equivalent” compositions. However, the chalcophile element depletion concept also
applies to minerals which crystallized from sulphide-saturated magmas. Olivine is the most
useful mineral in this respect because it normally contains readily detectable concentrations of
Ni. Naldrett et al. (1984) have described a number of examples of nickel depletion in olivine
from mineralized intrusions including the Insizwa Complex of South Africa, the Moxie and
Katahdin intrusions in Maine, and the Dumont Sill in Quebec. Paktunc (1989) has documented
Ni-depleted olivines in the St. Stephen intrusion in New Brunswick which hosts a number of

zones of magmatic Ni-Cu mineralization.



Chromite Compositions

Lesher and Groves (1984) reported that chromites from mineralized komatiite sequences
at Kambalda contain significantly higher levels of Zn than those from unmineralized sequences,
specifically, 0.6 to 2.2 atomic % as compared to less than 0.6 atomic %. Chromites from
ultramafic host rocks to ore at Thompson, Manitoba were found to contain similar high levels.
The suggestion of Lesher and Groves (1984) that this enrichment is due to concentration of Zn
in the silicate liquid during sulphide segregation is inconsistent with the inferred silicate/sulphide
mass ratio?. A more likely explanation may lie in the fact that the magmas from which the
sulphides segregated almost certainly assimilated significant quantities of sulphidic sediments
which were also Zn-rich. Whatever the explanation, however, the elevated Zn content of

chromites from some mineralized sequences may be a useful indicator.

SUMMARY
Alteration associated with both lode - gold and volcanogenic massive sulphide deposits

results from interaction of high-temperature fluid with wall rocks. The fluids responsible for both
deposit types probably had about the same range of temperatures (ca. 300-400°C). Judging from
their respective products, lode-gold related fluids had very low base metal contents relative to
VMS-forming fluids. Major districts containing either of these deposit types had fluids associated
with them that contained high CO, contents; these CO,-rich fluids may not have been the actual
ore-forming fluid in either case, although these relationships have not been clarified.
Precipitation mechanisms of the ore contituents (and certainly depositional environments)
were very different. Gold deposits formed through cooling on expansion of the fluid (e.g. in
dilational structures; Sibson et al., 1988) or through reduction of the sulphur content of the fluid,
by reaction with iron in the wallrocks to form pyrite. The latter reaction effectively reduces the
solubility of gold if it was being transported in a bisulphide complex. Deposition probably
occurred about 4 km below the erosional surface of the time (Robert, in press). Precipitation
of metals from a VMS-forming fluid occurred primarily through cooling, either on contact with

cold seawater at the seafloor or by heat-conduction in the immediate footwall.

2See Duke (1990) for a discussion of the silicate/sulphide ratio which may have prevailed at Kambalda.
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In the case of gold deposits, water, sulphur and CO, are the primary constituents added
to the wall rocks. K and Na were also added, but the "reservoir" of these elements is presumed
to be the hydrothermal fluid responsible for mineralization; this fluid had limited amounts of
these alkali elements. In contrast, much of the alteration associated with VMS deposits was
formed from locally advecting (and progressively heated) seawater. Retrograde solubility of Mg,
and the virtually unlimited reservoir of Mg and K, provided the opportunity for much more
extensive addition of these elements to the footwall. Iron, sulphur and silica are derived from
the ore-forming fluid, however, and usually are added only in the immediate footwall area.

One of the more important aspects of alteration associated with these two deposit types
is carbonatization at a regional scale. How can carbonatization related to gold deposits be
discriminated from that related to VMS deposits ? Some guidelines are:

1) Carbonatization associated with gold deposits typically post-dated the peak of
metamorphism. Also, the carbonatized rocks were not subjected to alkali-depletion, as was the
case of the footwall sequences associated with VMS deposits. Consequently, the carbonate
alteration associated with gold deposits was not metamorphosed, or if it was, this metamorphism
occurred in rocks with "normal” alkali contents; metamorphosed alteration might contain
diopside (or even secondary olivine, if temperatures were high enough). Metamorphosed
carbonate alteration associated with VMS deposits probably contains chloritoid (Lockwood and
Franklin, 1986) or staurolite, due to the alkali-deficient nature of the rocks. Also, the latter
rocks are strongly per-aluminous, and typically contain andalusite (or sillimanite at higher
metamorphic grades).

2) Mass balance studies of each alteration type should indicate that Ca, Mg, Fe and CO,
were added in VMS-related carbonate alteration, but only CO, (and locally, possibly some K
or Na) was added during gold-related alteration.

3) The "local" alteration assemblages associated with gold mineralization (e.g. ankerite
and paragonite) may be much more regionally developed under VMS deposits. Although little
is known about the source of CO, associated with VMS deposits (it could either be part of the
hydrothermal fluid, a degassing product of an underlying sub-volcanic magma chamber, or
formed from downward-advecting, progressively heated seawater), there is no indication of X

CO, gradients associated with its formation.
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RECOMMENDATIONS

A few admonitions may be worth considering:

1) Geological models for ore deposition are based primarily on empirical field
observations, and refined using laboratory data. The field observations typically include some
recurring, somewhat extraordinary assemblage of rocks, alteration patterns, or structures, for
example. Careful examination of geological information, or preferably, mapping, should be the
most powerful exploration tool. Where outcrop is sparse, geophysical or geochemical remote
sensing methods, if applied with the full knowledge of the characteristics of ore deposits and
their alteration assemblages, should provide guidance.

2) Petrochemical trends can be useful indicators of ore potential for magmatic and
seafloor-hydrothermal deposits, but are of little use for most types of vein deposits. Good-quality
analytical data are needed if reliable petrogenetic indicators are to be used. These data should
include determination of the volatile (CO, and S) and halogen elements and compounds.
Indiscriminate determination of a large suite of volatile and trace elements could be expensive.
Where possible, sampling should be done with the best geological knowledge at hand.

3) Alteration mineral assemblages provide excellent exploration guides for VMS and lode
gold deposits. Some of these can be determined in the field, others with a petrographic
microscope, and only a few require x-ray diffraction analyses. All of these techniques are
inexpensive, readily available, and usually unambiguous. Mineral assemblages as exploration
guides are under-used as techniques in the exploration arsenal. Some useful staining methods
are available for determining the composition of carbonate minerals in the field. In the case
of magmatic sulphides, on the other hand, alteration often obscures primary trends making the
interpretation of lithogeochemistry more difficult.

4) Lithogeochemistry as an exploration technique has been used widely, and,
unfortunately, indiscriminately. The exploration geologist armed with some knowledge of
alteration processes could use subtle variations in the chemical composition of a rock to good
advantage. For example, Na is lost where the water/rock ratio was high in an alteration zone
(i.e. near a VMS deposit), but gained where this ratio was low (i.e. in the high temperature
reaction zone, 1-2 km below the deposits). Both types of anomaly can be useful guides to ore,
but must be applied with full consideration of stratigraphic implications. Analysis of the mineral

assemblages in such rocks will yield much more information than the chemical data alone.



"Cook-book" applications of lithogeochemical prospecting methods are potentially very

misleading.
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Abstract

Glacial dispersal is a term describing the processes throﬁgh which debris is created
and picked up by glaciers, transported in, on or under them, and ultimately released from
them some distance from its origin. This size distribution of mineral or rock grains in glacial
sediments and, therefore, the geochemical characteristics of different size fractions is dictated
by the physical properties of the various components, properties which govern how
effectively the components will be comminuted by the crushing and abrasive processes that
accompany glacial erosion and transport. Because each pass of a glacier erodes unweathered
bedrock and adds it to the lightly weathered debris produced during earlier glaciations,
glacial sediment tends to be rich in labile components (sulphides, carbonates, etc.), which
are particularly susceptible to weathering in the near-surface environment. To be able to
interpret the patterns of geochemical dispersal effectively in glaciated terrain, it is imperative
that the geochemist/glacial geologist recognize the possible geochemical effects of chemical
partitioning by grain size and the effects of weathering on labile components. Sample
populations and analytical techniques must be appropriate for depicting glacial dispersal so
that they do not produce results that merely represent artifacts of sample-to-sample
inconsistency in textural variation or weathering status. Along with the precautions
mentioned above, samples must ensure that sediment facies are properly identified and that
the stratigraphic position of the unit sampled is understood. If the above criteria can be
fulfilled satisfactorily, areal patterns of geochemical dispersal from specified source areas will
be seen to have characteristic ribbon or fan shapes with the apices at or near the sources.
Geochemical concentration profiles in drift within dispersal trains are ideally exponential,
high concentrations of a component near its source (head of dispersal) declining
exponentially to concentrations just above background (tail of dispersal) for some distance
down ice. Recently, large-scale dispersal trains with uniformly high, non-declining
concentrations of debris from easily eroded source areas, thought to be related to ice
streaming within continental ice sheets, have been observed to obscure local geochemical
signatures in drift over significant areas. Local drift at the base of these exotic sediments,
which often can be sampled only by drilling, generally has provenance characteristics that
reflect dispersal from local sources. Finally, the composition of any sample may be the
integrated geochemical signal of overlapping or superimposed dispersal trains at a variety
of scales from continental (100s of km in length) to regional (10s of km in length) to local
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(km in length) to small-scale (100s of metres in length). It is the task of the explorationist
to determine and distinguish, considering all the caveats and principles mentioned above,
what the economic significance of a sample is within the context of the vertical or areal

geochemical pattern of which it is a component.

Résumé

Le terme dispersion glaciaire désigne ’ensemble des processus par lesquels les débris
arrachés et entrainés par les glaciers (soit sur le dessus, a P'intérieur ou a la base de ceux-ci),
sont relachés a une certaine distance de leur point d’origine. La granulométrie des
particules de minéraux ou de roches dans les sédiments glaciaires et, par conséquent, les
caractéristiques géochimiques des différentes fractions granulométriques, sont fonction des
propriétés physiques des différentes composantes, propriétés qui déterminent la fagcon dont
ces composantes sont réduites par les processus de broyage et d’abrasion qui accompagnent
Pérosion et le transport glaciaires. Etant donné qu’a chaque passage d’un glacier, la roche
en place non altérée est érodée et que les sédiments produits sont ajoutés aux débris
légérement altérés déposés par les glaciations antérieures, les sédiments glaciaires ont
tendance a étre riches en matériaux facilement altérable (sulfures, carbonates, etc.) qui sont
particulierement susceptibles d’étre lixivi€s s’ils sont situés pres de la surface. Pour étre en
mesure d’interpréter les dispersion géochimique en terrain glaciaire, il est essentiel que le
géochimiste ou le géologue spécialis€ en glaciologie connaisse les effets g€ochimiques
possibles du fractionnement chimique entre les différentes fractions granulométriques ainsi
que les effets des intempéries sur ces matériaux facilement altérables. Le choix des
échantillons et les techniques d’analyse utilis€ées doivent permettre de décrire la dispersion
glaciaire pour que les résultats produits ne représentent pas que de simples incohérences
entre échantillons dues a des variations texturales ou au degré d’altération. En plus de
prendre les précautions ci-dessus, il faut s’assurer lors de ’échantillonnage que les faciés
sédimentaires soient correctement identifi€s et que la position stratigraphique de I'unité
échantillonnée soient connue. Si tous ces critéres sont satisfaits, les patrons de dispersion
géochimique a partir de zones sources spécifiques seront caractérisées par des formes
rubanées ou coniques dont la pointe se trouve a la source ou prés de celle-ci. Les profils
montrant les concentrations géochimiques dans les dépdts glaciaires a I'intérieur des trainées
de dispersion suivent idéalement une répartition exponentielle: concentrations élevées pres
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de la source (téte de dispersion) diminuant exponentiellement pour atteindre des
concentrations légérement supérieures au fond (queue de dispersion) a une certaine distance
en aval glaciaire. On a observé récemment que des trainées de dispersion a grande échelle,
formées de débris de roches-sources facilement érodées et qui n'ont pas tendance a
diminuer d’intensité avec la distance, et qui sont probablement liées & des zones
d’écoulement rapide au sein d’un inlandsis, brouillaient les signatures géochimiques des
dépots glaciaires locaux sur d’assez grandes superficies. Les débris locaux a la base de ces
sédiments exotiques, qui souvent ne peuvent étre échantillonnés que par forage, présentent
en général des caractéristiques de provenance qui refleétent une dispersion a partir de
sources locales. Enfin, la composition de tout échantillon peut refléter le signal géochimique
intégré d’un ensemble de trainées de dispersion a différentes échelles allant de continentale
(centaines de kilomeétres de longueur) a régionale (dizaines de kilométres) a locale (quelques
kilometres) a zonale (centaines de meétres). Il reléve du géologue de terrain de déterminer
et de distinguer, en tenant compte de toutes les mises en garde et les principes donnés

ci-dessus, I'importance d’un échantillon dans un contexte économique, selon la configuration

géochimique verticale ou horizontale dont il est une composante.



INTRODUCTION

The composition of glacial sediments has long been of interest in wholly or partially
glaciated countries with bedrock geology favourable for mineralization. In Fennoscandia, the
tradition of tracing glacially displaced mineralized boulders back to their sources has been -
practised intensely in the 20" century but is based on observations of boulder transport that
predate the general acceptance of glacial theory by a century and a half (Tilas, 1740). In the
latter part of the twentieth century, the mapping and interpretation of glacially dispersed
mineralized debris increasingly has involved the application of new analytical technologies to
measuring the compositions of the finest fractions of glacial sediments and of the proglacial
sediments derived from them (Shilts, 1976). As a consequence of the applications of these new
technologies, explorationists now rely heavily on geochemical analyses to provide objective data
on patterns of dispersal of glacially eroded detritus from bedrock sources of possible economic
interest. In addition to or in place of traditional geochemical analyses of sieved fine fractions
of glacial sediments, increasingly sophisticated techniques are now used to concentrate clay-sized
minerals or coarser minerals with high specific gravities. Separates produced by various
concentrating techniques are analyzed geochemically and examined microscopically or by various
modern instruments, such as the microprobe or scanning electron microscope with
backscattering or energy dispersive capabilities (for example, Peuraniemi, 1987; Saarnisto and
Tamminen, 1987; DiLabio, 1990).

The purposes of this paper are (1) to discuss some of the sedimentological and diagenetic
processes that are unique to the glacial and postglacial environment, and (2) to indicate the
present thinking on how to interpret the compositional signals commonly derived from drift.
Only after mastering fundamental concepts behind these two aspects of glacial deposition may

the explorationist be able to interpret geochemical data with confidence and efficiency.

SOME CONSTRAINING PRINCIPLES AND CONCEPTS
In 95% of Canada, in northern Europe, throughout the north-central and northeastern
United States, in Antarctica, and in glaciated terrains elsewhere in the world, the chemical and

physical signature of bedrock on soils and surficial sediments has been distorted by glacial



dispersal. Glacial dispersal is a term that describes the processes through which debris is

entrained in ice, transported, and deposited some distance away.

Glacial origin imparts several important differences to the composition of sediments and

soils of glaciated landscapes, when compared to unglaciated landscapes where unconsolidated

overburden is formed by chemical (soil forming), aeolian, or fluvial processes:

(D

(2)

)

(4)

)

In glaciated terrain, enrichment of a mineralogical or chemical component is not
confined just to the area where that element is enriched in bedrock; glacial transport may
disperse components over wide areas, areas several times larger than the outcrop areas
of their sources.

Dispersal by glaciers is usually independent of drainage divides, except in mountainous
areas where valley glaciers are often confined to ancestral valley systems. Thus, with the
exception of some valley glaciers, detritus from a given source can be distributed
throughout several drainage basins.

Because glacial sediments at any given location are composites of detritus eroded from
several, often genetically diverse bedrock sources, minerals and, therefore, chemical
components of several origins may be found together in one sample. Such seemingly
geochemically incompatible groupings as uranium - zinc - chromium may occur, for
instance, where a glacier has traversed bedrock including acid, basic, and ultrabasic
igneous strata in close proximity, a lithologic assemblage that is not uncommon in
geologically complex terranes such as the Canadian Shield.

The finest portions of glacial sediments, particularly the chemically reactive clay (<2 pum)
sizes, are composed predominantly of easily crushed bedrock detritus, such as
phyllosilicate (micaceous) minerals, hematite, serpentine, etc. These components are
glacially abraded to clay sizes by virtue of their soft or easily cleavable nature, have
relatively low exchange capacities, and generally are not the products of weathering, in
contrast to fine fractions of soils in unglaciated areas. That is not to say, however, that
some true clay minerals and other products of preglacial, interglacial, or interstadial
weathering are not eroded and mixed with clay-sized detritus produced by glacial grinding
of fresh bedrock or clast surfaces.

In glaciated carbonate terrains, and in areas where the bedrock contains sulphides,

olivine-serpentine, or other minerals that are broken down during the first stages of



weathering, unweathered glacial sediments can contain these components in abundance.
In contrast to unglaciated areas, which are mantled by overburden comprising chemically
produced regolith with a relatively simple assemblage of stable primary and secondary
minerals, the mineral assemblages of glacial overburden are complex in direct
relationship to the complexity of the bedrock terrane eroded by their depositing glacier.
Selective chemical removal of the labile components by weathering processes has
occurred only in and just below the thin postglacial solum formed on glacial sediments,
and there has been little post-depositional concentration of those secondary weathering
products characterized by enhanced exchange capacities, such as Fe-Mn hydroxides or
oxides, true clay minerals, etc.

For mineral exploration, the implication of a composition that reflects unaltered,
but mixed, mineralogies of eroded bedrock is that even the most labile minerals of
economic interest, such as sulphides, are preserved in unweathered glacial deposits.
Therefore, if unweathered samples can be obtained, visual examination or geochemical
analysis of the sediment can reveal primary mineralogy of source outcrops. Likewise,
glacial sediment can be traced directly to its source without having to account for the
effects of the low-temperature geochemical alteration of primary minerals that
accompanies weathering. In weathered glacial sediments and in regolith derived by
chemical degradation of bedrock in unglaciated areas, cations are redistributed by
adsorption on or absorption into a variety of secondary mineral phases with high

exchange capacity, such as hydrous iron or manganese oxides or clay minerals.

GEOCHEMICAL PATTERNS ON GLACIATED LANDSCAPES

The ribbon of compositionally distinct debris trailing down-ice from a particular source,
once deposited, is called a dispersal train. Because glaciers in general and continental glaciers
in particular traverse so many different lithologies from their flow centres to points of
deposition, each sample of glacial drift can be regarded as having a composition reflecting the
overlapping of many dispersal trains (Figure 1). It is the task of the glacial geologist to sort out
the signatures of the various overlapping trains and, in the case of mineral exploration, to
determine a method by which the components of one particular train can be differentiated,

mapped, and traced back to their source.
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If boulders of mineralized bedrock are found, the task of tracing them to their source,

while often not easy, is more straightforward than tracking down the source of a geochemical

anomaly. Boulders reveal the "personality” of their source outcrops — the enclosing lithologies,



mineralogy, and chemistry of the economic occurrence are often preserved together in a
boulder. A geochemical anomaly, on the other hand, has little "personality”, comprising usually
an elemental enrichment above background, which usually can tell the geochemist little about
the minerals responsible for the enrichment, much less about the nature of the unmineralized
host rocks. By looking at its association with different trace and minor elements, however
(modern analytical techniques make it increasingly inexpensive to do rapid analyses of a wide
range of elements), it is often possible to make an ‘educated guess' about the significance of
an anomaly, and thereby to determine something about the geochemical and petrological
"personality” of the source outcrops.

To use geochemistry of drift for determining patterns of dispersal of cations from their
original outcrops and the nature of the outcrops themselves, it is necessary to understand how
they and their host mineral phases are distributed in various facies of glacial sediment. Also,
even a single till sample may yield a wide range of apparent concentrations of a single chemical
component, depending on which size or specific gravity fractions are subjected to analysis. In
order to construct a map that truly represents drift provenance, it is necessary to understand

the non-provenance-related factors that influence analytical results. In addition to the obvious

need to determine the sedimentological nature and stratigraphic position of material sampled

for quantitative analysis, there are two major factors, chemical partitioning and post depositional

weathering, which must be evaluated before analytical results can be related to provenance.

CHEMICAL PARTITIONING

Glacial sediments, regardless of the sedimentary processes by which they are ultimately
deposited, are generated predominantly by abrasive or crushing processes associated with clast-
to-clast or clast-to-bedrock impacts of particles held rigidly in glacier ice. For this reason, each
sample of glacial or derived sediment represents a melange of crushed bedrock from outcrops
up-ice from where it is collected. Samples of proglacial or postglacial water or wind-deposited
sediments may be further transported in a variety of directions, depending on the topographic
gradient before and after isostatic rebound and on prevailing wind direction. Till, the ultimate
glacial sediment sample, represents closely the load actually suspended in glacial ice. It is

composed of rock and mineral fragments with a potential grain size range from the largest



fragments broken off source outcrops to the finest ‘dust’ created by clasts scraping against

outcrops or against each other while in transport within the glacier.

Texture/Composition Groups: Quebec Till
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Figure 2. Histograms showing typical variation in amount of material in various size fractions
and mineralogical partitioning in till (from Shilts, 1971).

The mineralogical/petrological composition of the various sizes of particles in till is
primarily a function of their physical properties — micas and other soft or cleavable minerals
predominante in the finest fractions; quartz, pyrite, and other hard, noncleavable minerals
dominate the sand fractions. Thus, there is a marked mineralogical partitioning in the glacial
load, in till formed from it, and in water (and wind)-lain sediments derived from it either before

or after its deposition (Figure 2). This physical, mineralogical partitioning translates



geochemically into chemical partitioning for the obvious reason that size fractions dominated
by certain mineral phases will reflect the chemical make-up of those phases.

Studies of partitioning in glacial sediments are designed to determine how and where
metal is held as well as the optimum grain-size range for providing geochemical analyses that
accurately reflect provenance. Although many geochemical partitioning experiments have been
carried out on glacial or postglacial sediments, very few have dealt with the reactive, clay-sized
(<2 um) fraction. In slightly weathered or unweathered till, this fraction, although commonly
referred to as the "clay" fraction, is actually composed largely of minerals that were easily
reduced to clay size by the physical processes of glacial grinding and abrasion. Although quartz,
feldspars, carbonates, and other minerals can be present in the clay-sized fraction, it is
commonly dominated by well crystallized phyllosilicates (mainly chlorite and micas). Locally,
it may contain significant amounts of less common "soft" minerals, such as kaolinite and other
true clay minerals, serpentine, graphite, and hematite.

Nikkarinen, et al. (1984) and Shilts (1984) both demonstrated that analyses based on total
leaches of a wide range of grain sizes revealed copper and zinc to be significantly enriched in
clay-sized fractions, particularly in anomalous samples known to be related to massive sulphide
mineralization. Furthermore, selective, weak laboratory leaches applied to the clay-sized
fractions of till usually removed only a small percentage of the total metal available, suggesting
that the metal is held largely in the structures of primary phyllosilicate minerals and is not
adsorbed appreciably or incorporated into secondary mineral phases. Selective leaches caused
most oxidized samples to yield significant percentages of Fe and Mn from secondary oxide-
hydroxide phases, but usually little other metal, suggesting either that the secondary phases
generally have not been efficient scavengers of cations or that little metal was released during
weathering.

The implications of these results are significant in evaluating geochemical data from till
or other glacial or derived sediment (Table 1). They suggest that concentrations of many

cations in separates containing a wide range of grain sizes are strongly skewed by the amount

of <2 um material, the coarser sand and silt-sized fractions often acting as diluents for some

cations of economic interest.



Table 1 - Examples of Partitioning

Tills rich in ultramafic debris: (A) Basal till near an Archaean komatiite, central District
of Keewatin; (B) Basal till near Paleozoic ophiolite complex, Quebec Appalachian
Mountains; (C) Flow till forming lateral moraine of modern glacier; on Mesozoic ophiolite

complex, Swiss Alps, near Zermatt.

Cr (ppm) Ni (ppm) As (ppm)
Size fraction/element A B C A B C A B C
Bulk Sample - 284 | 1744 - 500 | 1600 - 8 4
2.0-6.0 mm 3320 | 400 | 1780 | 1050 | 880 | 1600 | 160 51 2
0.25-2.0 mm 3220 | 294 | 1852 970 | 556 | 1500 | 157 13 2
0.044-0.25 mm 2520 | 200 | 1980 745 | 267 | 970 | 162 41 3
0.004-0.044 mm 1856 | 236 | 1424 910 | 403 | 1020 | 245 16| S
0.001-0.004 mm 3560 | 274 | 1148 | 1200 | 743 | 2300 | 553 10 [ 11
<0.001 mm - 256 | 1468 - 913 | 4100 | 770 13| 12

85 SK 22265 Oxidized, sandy, granite-rich till, near Tangier Lake, Nova Scotia

Size fraction/element | W (ppm) | Cu (ppm) | As (ppm)
Bulk Sample 500 106 8
2.0-6.0 mm 60 31 2
0.25-2.0 mm 360 53 3
0.044-0.25 mm 500 90 6
0.004-0.044 mm 550 167 13
0.001-0.004 mm 1800 500 45
<0.001 mm >2000 609 80

Explanation for Table 1

Bulk Sample  total sample finer than 6 mm

2.0-6.0 mm fraction almost wholly composed of rock fragments

0.25-2.0 mm fraction composed of mixture of rock fragments and mineral grains

0.044-0.25 mm sand and coarse silt; fraction composed almost wholly of mineral grains,
dominated by quartz and feldspar (usually >90%)

0.004-0.044 mm Silt; mineral grains dominated by quartz and feldspar

0.001-0.004 mm Clay; mineral grains dominated by phyllosilicates, and other soft minerals

<0.001 Clay and colloidal particles.

Analysis by Atomic Absorption techniques after HF-HCIO, ~ HNO, ~ HCI leach for Cr,
Mn, Fe, Co, Ni, Cu, Pb, Zn, Mo, Cd. Sn by x-ray fluorescence. U by fluorometric
technique. As by colourimetric technique after HNO, ~ HCIO, leach. Au by neutron
activation. W by colourimetric on carbonate sinter. All analyses by Bondar-Clegg & Co.

Ltd.
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Table 1 (cont'd)

90 KAL-001-Oxidized, slate-rich basal till overlying gold-bearing quartz vein in gabbro, near
St-Magloire, Quebec Appalachians

Size fraction/element Au (ppb) As (ppm) Sb (ppm)
<0.064 mm 624 207 0.6
0.064-2.0 mm 399 120 0.5
0.002-0.064 mm 838 215 0.7
<0.002 mm 83 341 : 1.6

80AR-0772 - Sandy, clay-poor pebbly till, Grenville of E. Ontario

Size fraction/Element As (ppm) Zn (ppm) Cu (ppm)
Bulk Sample 42 56 15
.2.0-6.0 mm 2 40 7
0.25-2.0 mm 21 38 8
0.044-0.25 mm . 12 42 8
0.004-0.044 mm 189 65 16
0.001-0.004 mm 630 385 165
<0.001 mm - 830 440

85 TR-041, Till, composed mostly of weathered, tin-bearing granite, near Rocky Brook, New
Brunswick

Size fraction/element | Sn (ppm) | U (ppm) | Mn (ppm) | Fe (%) | As (ppm)
Bulk Sample 20 5.2 175 1.0 <2
2.0-6.0 mm 21 1.9 83 0.3 <2
0.25-2.0 mm 20 35 169 1.0 <2
0.044-0.25 mm 41 43 400 14 2
0.004-0.044 mm - 13.3 893 2.8 10
0.001-0.004mm 82 11.8 1255 34 25
<0.001 mm . 11.3 1528 32 30
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Table 1 (cont'd)

85 NJ-002, Oxidized flow till in ice-contact gravel complex, Franklin Furnace, New Jersey

Size fraction/element Zn (ppm) | Cd (ppm)
Bulk Sample 1850 0.6
2.0-6.0 mm 1600 0.7
0.25-2.0 mm 1900 0.4
0.044-0.25 mm 1750 0.7
0.004-0.044 mm 925 0.3
0.001-0.004 mm 2778 3.6
<0.001 mm 6000 3.8

80 AR-0283 Gray, blocky basal till, Grenville of E. Ontario

Size fraction/element U (ppm) | Zn (ppm)
Bulk Sample 11.9 135
2.0-6.0 mm 2.8 93
0.25-2.0 mm 1.9 93
0.044-0.25 mm 3.7 70
0.004-0.044 mm 11.2 138
0.001-0.004 mm 55.0 470
<0.001 mm 104.0 790

80 - LAAMK 007, Red clayey basal till, rich in Dubawnt Group erratics, District of
Keewatin

Size fraction/element. Cu (ppm) Pb (ppm) Cr (ppm)
Bulk Sample 600 1850 132
2.0-6.0 mm 1920 3050 240
0.25-2.0 mm 760 1700 180
0.044-0.25 mm 208 620 66
0.004-0.044 mm 300 540 69
0.001-0.004 mm 2040 3150 198
<0.001 mm 7200 7100 410




Table 1 (cont'd)

80 SMA - 192 Near-surface basal till, Central District of Keewatin

Size fraction/element Pb/ppm U (ppm) Mo (ppm) | As (ppm)
Bulk Sample 136 1.7 8 23
2.0-6.0 mm 168 0.9 8 S
0.25-2.0 mm 74 1.1 4 7
0.044-0.25 mm 44 1.2 6 8
0.004-0.044 mm 102 55 6 25
0.001-0.004 mm 570 8.0 15 76
<0.001 mm 1300 2.6 26 112

80 AR-0109 Oxidized, ice-contact, gravel, poorly sorted, Grenville of Eastern Ontario

Size fraction/Element Cu (ppm) Ni ppm Cr ppm
Bulk Sample 56 326 935
2.0-6.0 mm 36 387 1116
0.25-2.0 mm 27 213 690
0.044-0.25 mm 27 221 1093
0.004-0.044 152 661 1284
0.001-0.004 mm 267 982 1212
<0.001 mm 484 1228 1111




Without adequate attention to the effects of partitioning, a drift geochemical map can
become essentially a map of till texture, as graphically illustrated by Figures 3 and 4, compiled
from till sampling around volcanigenic base metal mineralization at Spi Lake, in south central
district of Keewatin. The true picture of glacial dispersal around this potential ore body was

provided by direct analyses of the clay fraction of drift, as discussed by Ridler and Shilts (1974)

0

% Clay of Silt & Clay Zinc in Silt & Clay

Kaminak Lake Area, NWT (ppm)
Kaminak Lake Area, NWT

Figure 3. 34: Map showing contoured distribution of weight percent clay (<2 wm) in silt-clay
(<250 mesh), sieved separates from till, Spi Lake area, District of Keewatin. 3B:
Contoured map of zinc concentrations in silt-plus-clay separates from till samples in
Figure 34. Similarity of contour patterns caused by enrichment of zinc in clay (<2
um) fractions (from Shilts, 1971). '
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Figure 4. Plot of zinc in silt plus clay (-250 mesh) fractions against weight percent clay, for
samples from vicinity of Figure 3. Note strong textural control of zinc concentrations.

A question that remains unresolved in many areas of volcanogenic or sediment-hosted
massive sulphide bodies is why outcropping massive sulphide and other types of mineralization
are indicated by geochemical patterns derived from a size fraction that is dominated by silicate
minerals and appears to contain few or no sulphides. In addition, the inference that metal
detected in the clay fraction is largely structural and not adsorbed and the fact that most
dispersal trains from sulphide bodies are far larger than the outcropping ore body could
reasonably be expected to produce, pose important questions about the geochemical pathways
from ore to host rock to glacial sediments. In the case of syngenetic ores, perhaps the answers
to these questions lie in modern geochemical studies of the relationship between actively

forming sulphide deposits and the clays of their surrounding sediments near submarine



hydrothermal vents in modern oceans (Barrett, et al., 1988). It is possible that metal in solution
near these vents is interstratified with or taken into the lattices of nearby authigenic clays and
is retained in the phyllosilicates derived from them during subsequent diagenesis or
metamorphic alteration. Thus, ore bodies formed syngenetically in a sedimentary/volcanic
sequence may be surrounded ultimately by a ‘halo’ of host rocks with metal enriched
phyllosilicates.

Once glacial sediments are deposited, post-depositional, low-temperature geochemical
processes (mostly weathering) will alter and distort the chemistry of their mineral phases, which
were originally sorted on the basis of their resistance to abrasion, but in general, the pattern of
partitioning will persist. The comparison of a sample of highly altered till, collected near an
ultramafic source of platinum-group, precious, and trace metals, to a sample of "normal” till 170
m down-ice demonstrates well the persistence of the partitioning pattern (Table 2). In this
example, the absolute concentrations of metals in the altered sample range from 2 to 10 times
higher than those in the unaltered sample, but the trends through the various grain sizes persist.
Pd, Nj, Cuy, and to a lesser extent Co show the typical distinctive trend of significant enrichment
in the <2 um fraction of both samples, as documented in Table 1. In this example, Ni actually
may be enriched in the <2 um fraction because of its presence in serpentine, a very soft mineral
which readily abrades to very fine sizes.

The general decrease in gold concentrations in finer sizes is probably related to the way
this malleable metal abrades during glacial transport; contacts of gold grains with other clasts
cause folding or displacement of gold on the grain in a fashion analogous to a knife being drawn
across butter, but material is not appreciably flaked off the grain to be redistributed into finer
sizes. Furthermore, large flakes of gold, a common morphology in bedrock, are folded and
crumpled during glacial transport until they are reduced to smaller, compact balls, again without
losing much mass, much in the way that a large piece of paper can be crumpled into a ball. For
chromium, the trend of decreasing metal in finer grain sizes probably reflects the occurrence
of Cr predominantly in mineral phases such as magnetite or chromite as opposed to phases such
as fuchsite. Because the spinels are hard and non-cleavable, they do not easily reduce to silt
and clay sizes by abrasion, whereas easily cleavable, Cr-bearing phyllosilicates, such as fuchsite

would tend to be reduced to clay size.



Table 2 — Partitioning in till over ultramafic bedrock, northern Ungava, Quebec*

Raglan 3** Pd Pt Ni Co Cr Cu Au
(ppb) | (pPb) | (PPm) | (Pppm) | (ppm) | (ppm) | (ppb)
Bulk Sample 1100 | 330 2966 |91 1305 | 4460 120
(<6.0 mm)
<63 um (silt + clay) | 980 210 3466 | 84 669 5400 160
2.0- 6.0 mm 2100 | 500 2579 |91 2360 | 4230 620
0.25-2.0 mm 1400 | 490 | 3249 | 117 1760 | 4430 230
63-250 um 1100 | 220 (2306 |79 904 3380 130
45-63 pum 900 | 180 | 2164 |62 913 3300 160
| 2445 um 720 | 300 |2418 |72 629 3620 210
<2 um 2300 | 110 | 6355 | 118 882 >10 000 | 60
Raglan 5***
Bulk Sample 130 | 60 679 | 53 845 477 20
(<6.0 mm)
<63 um (silt + clay) | 100 | 96 592 | 41 407 433 44
2.0-6.0 mm 130 | 85 727 | 60 1440 | 411 4
0.25-2.0 mm 140 |75 674 | 64 1010 | 436 6
63-250 um 110 |50 446 | 40 538 346 8
45-63 um 68 100 |406 |34 469 291 34
245 um 78 70 490 | 37 445 344 26
<2 um 390 | 70 1601 | 104 1045 1405 10

* Samples collected by and donated by Michel Bouchard, Université de Montréal
** Sample of highly altered till collected from a mudboil 8 m down ice from

PGE/Sulphide mineralization
*** Sample of apparently unaltered till collected from till plain 170 m down ice and

downslope from gossan near ‘Raglan 3'.



WEATHERING OF TILL
Postglacial weathering takes place in the zone of oxidation above the groundwater or

permafrost table and can alter drift geochemistry to considerable depths below the surface
(Rencz and Shilts, 1980; Shilts, 1976, 1984; Peuraniemi, 1984; Shilts and Kettles, 1990).
Furthermore, the effects of weathering on the geochemistry of relatively impermeable silt and
clay-rich till are quite different than those on some of its more permeable silt and clay-poor
derivatives, such as esker or other ice-contact gravels (Shilts, 1973a). In an oxidizing
environment, labile minerals such as sulphides and carbonates are generally destroyed above the
water or permafrost tables, their chemical constituents being carried away in solution or
precipitated or scavenged locally by clay-sized phyllosilicates and by secondary oxides/hydroxides,
depending on the element and the local geochemical environment. In poorly-drained sites,
where the water table is at or close to the surface and/or the surface is covered with an organic
mat, a reducing environment promotes little or no destruction of primary labile minerals
(Peuraniemi, 1984).

In porous and permeable glacial sediments, particularly well-sorted sands and gravels,
destruction of labile components also takes place, but additional weathering of primary silicate
mineral phases that are unstable in the near-surface environment produces a fine debris of
secondary mixed-layer clays, hydroxides, oxides, etc. which can be physically translocated by
percolating groundwater from the surface downward through the deposit (Shilts, 1973a). This
is especially important for eskers or other coarse-grained deposits that have little or no primary
fine fraction because of the high-energy fluvial environment in which they were deposited.
Furthermore, many such deposits stand as ridges or hummocks, largely above the ground-water
table. The enhanced scavenging ability of these secondary materials gives the fine fractions of
glaciofluvial and similar deposits elevated background concentrations of trace elements relative
to the same size fractions of nearby till, the fine fractions of which were produced largely by
physical crushing of well crystallized primary minerals with much lower exchange capacity
(Figure 5).

For reasons cited above, weathering restricts the use of heavy mineral or other coarse-
grained fractions of near-surface till and derived, coarse-grained, sorted sediments, except in the
case of resistate ore minerals (cassiterite, gold, chromite, etc.). The contrast between the

mineralogy and chemistry of fine fractions of till and sorted sediments derived from till makes



accurate sample characterization according to sediment facies absolutely essential to interpreting
exploration geochemistry results in glaciated terrain. Mixing oxidized samples of till with those

of derived sediments, can lead to the classic pattern of non-provenance related geochemical

enrichment depicted by Figure 5.
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Figure S. Concentrations of Mn in clay (<2 wm) and Au in -250-mesh (silt-clay) fractions of till
and esker ("Vee" pattermn) samples, District of Keewatin. Mn reflects high
concentrations of secondary weathering products, Au almost exclusively reflects
provenance (from Shilts and Wyatt, 1989).

Because till and associated sediments in the Appalachian region of Quebec are rich in
sulphide minerals, deep till sections in this region have been studied to determine the effects
of post depositional weathering on mineralogy and chemistry (Shilts, 1975, 1984; Shilts and
Kettles, 1990).

Shilts and Kettles (1990) studied weathering processes in several natural stream banks
near Thetford Mines, Quebec. At allsites hard, olive-grey till weathers to a brown to tan colour
to a depth of about 2 m below the ground surface. The till contains many cobbles but few

boulders and, where unoxidized, has a noticeable component of sand to granule-sized pyrite



cubes and fragments. The pyrite is derived from the Vunderlying and surrounding bedrock,
quartz-albite-sericite schists with abundant recrystallized pyrite cubes. A northeast-striking belt
of chlorite-epidote schists comprising metabasalts and rhyolites with known base-metal
mineralization lies less than 15 km northwest (up ice) from most of the sections (Harron, 1976).

The most important glacial dispersal direction, presumably the one that prevailed during

deposition of the till, was southeastward.
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The effects of weathering on labile minerals are reflected by trace metal concentrations
in sand-sized heavy mineral (s.g. >3.3) separates from till samples collected in vertical profile
through typical stream-cut sections (Figure 6a). For all the elements studied, except for
chromium, there is a sharp decrease in metal concentration in heavy minerals at and above the
oxidized zone, through the upper 2 metres of till. Although not apparent in this section, in
some nearby sections there is a corresponding increase in concentration of some cations in clay
fractions of oxidized samples, which indicates that clay-sized phyllosilicates and/or secondary
oxides and hydroxides can scavenge some of the metal released by weathering (Shailts and
Kettles, 1990). Although not analyzed at this section, sulphur and iron also decrease markedly
in the zone of oxidation at nearby sections (Figure 6b), supporting the conclusion that pyrite and
other sulphide phases were the hosts for metal that has been translocated in the zone of
oxidation (Shilts and Kettles, 1990).

This and similar studies demonstrate that weathering effects can be important well below
the shallow (<1 m thick) postglacial solum. The effects of most importance in mineral
exploration are the destruction of primary labile mineral phases, and the redistribution of their
cations into secondary or other mineral phases or into groundwater. Thus, it is of paramount
importance to have some understanding of this source of vertical geochemical variation when
evaluating geochemical patterns obtained from separates coﬁtaim’ng the silt and coarser fractions
of till, particularly if analyses are performed on heavy mineral concentrates. The postglacial
weathering problem is, of course, not nearly so important in exploration for resistate minerals
such as chromite, tin, gold, etc., but their apparent concentrations can be augmented in oxidized
samples if large concentrations of labile minerals present in unaltered samples were removed
by weathering processes (Figure 6a).

Assuming that geochemical or other analyses have been carried out in such a way as to
avoid non-provenance-related variations, such as those caused by misidentification of sediment
facies or stratigraphic position, partitioning, or post depositional weathering, the real variations
of geochemical, mineralogical, or lithological parameters may be contoured to provide maps of
provenance-related compositional variations. These maps will show, ideally, patterns of glacial

dispersal.



DISPERSAL PATTERNS
Glacial dispersal, where reflected adequately by the available sample spacing, can take

several forms, depending on where the source outcrops are located with respect to former
centres of outflow and with respect to certain dynamic features within the former ice sheets
(Boulton, 1984: Bouchard and Salonen, 1990; Shilts and Smith, 1989).

As a glacier transports an indicator! component away from a particular source, the
concentration of the component is attenuated, both by addition of debris eroded from the
dispersal area and by deposition of indicator components along the way. Generally, the decline
in concentration of indicator components with distance can be plotted as a negative exponential
curve, high frequencies declining rapidly to low frequencies, which are then maintained at levels
above background for distances several times greater than the width of the source outcrop. The
author has defined the zone of rapid decrease in indicator frequencies as the ‘head’ of
dispersal and the extended zone of lower frequencies as the ‘tail’ of dispersal. The area of

dispersal is called the ‘dispersal train’ (Figure 7), and the curve itself the ‘dispersal curve’

(Shilts, 1976) (Figure 8).

NICKEL

Figure 7. Three-dimensional representation of heads and tails of nickel dispersal trains from
ultramafic outcrops within the Quebec Appalachian ophiolite belt, based on analyses of the <64
um fraction of about 1500 samples of till, view northeast along strike. Southern, southeastern and
eastern edges of raised nickel background areas are Vermount, New Hampshire, and Maine portions

of U.S.A. border with Quebec. (from Shilts, 1976).

IIndicator" is a glacially transported rock, mineral, or chemical component that is
derived from and can be traced to a specific source area.
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The apparent shape and dimensions of the dispersal curve and dispersal train are

influenced in turn by a number of factors:

Q)

component will be eroded and available for transport.

The lithologic nature and topography of the source area influences how much of a

If the source area is a

topographically positive feature and is composed of ‘soft’ rock (limestone, serpentinized

peridotite, etc.) or rock that is highly fractured as a result of structural (jointing) or

periglacial (frost heaving) disruption, it is likely to provide a source of debris through

repeated glacial events. Hard, massive outcrops, such as rhyolites or basalts, provide



2

©)

comparatively less debris, even if they stand as positive features. If the source outcrops
are in narrow depressions aligned with the general direction of glacial flow, the increased
velocity of ice flowing through the constriction may generate much more debris than flow
on adjacent, flatter terrain. In such cases dispersal trains may be particularly well
developed (Shilts and Smith, 1989, p. 51).

The topography of the dispersal area has an important effect on the shape and continuity
of both the dispersal curve and dispersal train. In the ideal case, the dispersal area has
relatively little relief; the shapes of the curve and the train are controlled principally by
the rate of dilution by debris eroded from the dispersal area and mixed with the indicator
component and by the rate of deposition of indicator components in the dispersal area.
In a topographically irregular dispersal area, ridges, escarpments, valleys, and other
features may block or divert debris carried in the ice, destroying, displacing, or truncating
dispersal curves or trains. Blocking or diversion is particularly common in geologically
(and topographically) complex areas such as parts of the Canadian and Fennoscandian
Shield, the Appalachians, and the Cordillera (Figure 9).

Since there are several sedimentary environments associated with deposition of till, it is
important to try to recognize the circumstances under which debris that forms the till is
transported in and released from glacial ice. In general, glaciers carry two types of
sediment load — a dense concentration of debris near their base and a less dense load
of debris scattered throughout or on the rest of the ice mass. Basal debris forms
relatively dense, compact till which is lodged beneath a glacier or is melted out of the
sole of the glacier during the waning stages of glaciation. Debris carried higher in the
ice (englacial debris) or on the ice surface (supraglacial debris) is melted out with or
without accompanying deformation, or it slumps off the glacier ice by various mass-
wasting processes during retreat of an ice sheet or valley glacier. These two groups of till
facies, basal and supraglacial, are important to recognize during dispersal studies,
because they can vary radically in composition (Figure 9) (Shilts, 1973b). In general,
supraglacial deposits tend to be dominated by the lithologies of the topographically
higher (often local) or more distant elements of the dispersal area, while basal deposits
tend to be dominated by topographically lower elements of the dispersal area. However,

where glaciers were advancing up river valleys cut deep into highlands, they may have



carried their basal load far up the valleys, in which case the resulting basal deposits may

contain significant amounts of components of distant origin (Holmes, 1952; Shilts, 1976,

Aber, 1980).
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Shilts, 1973b).
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(4) In the vicinity of ice divides in Keewatin and Quebec regional dispersal trends do not
necessarily agree with other indicators of latest ice movements — striae in particular
(Shilts, 1984; Shilts and Smith, 1989). Similarly, in some regions where directions of ice
flow are known to have shifted through considerable angles during multiple or single
glacial events, individual or multiple tills can show considerable vertical variations,
especially in geologically complex areas (Figure 10) (Shilts, 1976, 1978). The reasons for
vertical and spatial variations, or lack thereof, during a single glacial event are presently
poorly known, but probably are related to the changing dynamics of the base of the

glacier in a given region with time. In other words, erosion may be enhanced at some



©)

stage(s) of the glacier’s occupation of a particular piece of terrain. The length of time
that a glacier was flowing at a particular azimuth also may have affected the distance that
debris could be transported, a consideration that is particularly important in the vicinity
of ice divides, many of which came into existence or moved to their last position late in
a glacial event. It is known that basal ice flow velocities increase exponentially away
from centres of outflow, with the result that much of the debris in transit near the centre
takes a great deal of time to move any appreciable distance (Boulton, 1984, p. 219).
The magnitude of dispersal and the proportion of "far-travelled" to "local" components
in till (and its various varieties and derivatives) are concepts about which it is difficult to
generalize, notwithstanding attempts by Clark (1987), Bouchard and Salonen (1990), and
others to do so. The complexity of factors governing actual and apparent dispersal in
any particular region precludes the development of universal rules. Many studies have
drawn conflicting conclusions with respect to these concepts, the conflicts being created
largely by the local nature of the studies with attendant influence of local factors on the
compositions of the till studied.

Because of the negative exponential character of the ideal dispersal curve, the
common observation that most material is dispersed a short distance from its source, and
that the bulk of any till sample consists mostly of "local" debris can be considered to be
generally true. However, the presence of abundant "local" pebbles and cobbles should
not be taken to mean that the finer fractions of the.till are of similar local origin, nor
should the opposite be taken on faith. For instance, some modern glaciers on Bylot
Island (Canada) have been observed to carry almost 100% coarse Precambrian debris
at their snouts, which are at least 10 km down ice from the nearest Precambrian outcrop.
The local bedrock comprises unconsolidated or poorly consolidated Cretaceous sediments
which are so easily disaggregated that they rarely form clasts coarser than granule size.
Analysis of the sand and finer sizes of the glacier load reveals that it is made up
predominantly of detritus derived from the underlying bedrock (Dilabio and Shilts,
1979), underscoring the caveat against proposing universal rules to quantify dispersal

patterns (Figure 11).
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(6)  Concentration of a component declines gradually in the down ice direction until it merges
with and becomes indistinguishable from natural or analytical variations in background.
Generally, the more distinctive a component is with respect to the chemistry or lithology
of rocks of the dispersal area, the farther it can be traced. Chromium, for instance, is
depleted in most crustal rocks; therefore, chromium anomalies generally can be traced
for long distances from ophiolitic or other ultramafic complexes that have high chromium
concentrations. Likewise, red volcaniclastic pebbles derived from outcrops of late
Proterozoic Dubawnt Group bedrock west of Hudson Bay have been traced for long
distances, even where present in very small amounts, across terrain underlain by

Archean-age gneissic bedrock and by light coloured Paleozoic limestones of northern

Hudson Bay (Shilts, 1982).

SCALES OF DISPERSAL

To understand and interpret the significance of the sometimes subtle geochemical tails
of dispersal, it is necessary to understand, among factors such as those discussed in previous
sections, something about the scales of glacial disperal. In glacial terrain, the composition of

a sample is a composite of many overlapping dispersal trains. The trains occur at a variety of



scales and emanate from sources up-ice from where the sample was collected. For convenience
of discussion, four geologically meaningful scales of dispersal have been defined (Shilts 1984);
(1) Continental, (2) Regional, (3) Local, and (4) Small-Scale.

+2. 'l Proterozoic Dubawnt N .,
‘- < redbed outcrops

/ Approximate Dubawnt : ():
/ Group erratic isopleth - 7
~welght % of 2-6mm size . \
granules from till or till-like \
sediment

Sample point R et A

.- Boundary between Paleozoic RN
- (Mesozoic) and Precambrian bedrock

Figure 12. Continental-scale dispersal of Dubawnt Group erratics in Hudson Bay region (from
Shilts, 1982).

(1) Dispersal on a continental scale can be measured in hundreds to more than a
thousand kilometres (Prest and Nielsen, 1987) (Figures 1, 12). Although not usually important

in mineral exploration, very far-travelled coarse clasts and fine-grained components, if detected

and not properly related to a distant source, may be thought to come from local sources,
creating severe exploration problems. The occurrence of diamonds in drift of the American
midwest (Stewart, et al., 1988) is perhaps the best example of this problem. Although very rare,
diamonds are easily identifiable and may come from as far away as northern Ontario (Brummer,
1978) and the Hudson Bay region, from which an immense train of Paleozoic debris has been

dispersed southward and westward during repeated glaciations (Figure 1).
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(2) Geochemical dispersal on a regional scale can be measured in tens or hundreds of
kilometres. We have mapped this scale of dispersal in the District of Keewatin for till that
overlies Archean and younger Precambrian bedrock (Figure 13). The reasons for the
consistently elevated metal levels in some parts of this region are not clearly understood. At
this low sample density some areas of metal enrichment may have been caused by the areal
homogenization, with distance, of several relatively small bodies of geochemically distinctive
rocks. For instance, elevated nickel, cobalt, and chromium concentrations could result from
dispersal from a cluster of komatiitic or other ultramafic bodies. In other cases, trace element
levels in till are known to be suppressed as a result of far-travelled, metal-poor debris being
mixed with more metal-rich debris from local rocks (Shilts and Wyatt, 1989). The large
dispersal train of clay-sized hematite and kaolin (Figure 12) from the easily eroded Dubawnt
group (Donaldson, 1965) has depressed background and anomalous levels of metal from local
.rocks over a large area, making the higher levels of metal in till outside the train appear
anomalous by contrast (Figure 13). Also, within the area of the Dubawnt dispersal train,
geochemical expression of mineralized outcrops is depressed because of the diluting effects of
Dubawnt detritus.

(3) Local glacial dispersal can be detected by reconnaissance sampling at the scale of one
sample per one to four square kilometres. We have sampled over 10 000 km? of terrain in
southern Keewatin at this scale, and reconnaissance sample spacing in Finland and on the
northern Fennoscandian Nordkalott project (Kautsky, et al., 1986) is similar. Geochemical
anomalies detected at the local scale are much more easily related to mineralization than are
those of the larger scales of dispersal. At this scale of sampling, the tails of dispersal trains from
potential ore bodies are likely to be detected, but sample and analytical control (particularly
sediment facies, partitioning, and weathering effects) must be precise enough to allow them to
be differentiated from background or from the tails of trains of regional or continental scale.
Figures 14 and 15 illustrate some examples of local dispersal. In Figure 14, zinc anomalies from
known zones of zinc mineralization are superimposed on a regional train of zinc from an
unknown source (see Figure 13 for regional context). Figure 15 shows a "negative" dispersal
train in which metal-poor kaolin that cements the poorly consolidated Precambrian (Dubawnt

Group) sediments that underlie Pitz Lake has been dispersed southeastward, depressing regional



metal levels so much that a distinct train of metal-poor debris has been formed. This is a local

expression of the dilution phenomenon illustrated by Figure 13.
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Fxgure 14. Local scale of zinc dispersal in south central District of Keewatin, (see figure 13 for
regional context). Glacial flow was southeastward (from Shilts, 1984).
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from Dubawnt Group, near Baker Lake, District of Keewatin. See figure 13 for
location and context of grid (from Shilts, 1984).



(4) Small-scale dispersal is usually encountered in the last stages of mineral exploration.
The boulder train tracing routinely carried out in Finland (Hirvas, 1989) is designed to map this
scale of dispersal. While there are many published case histories showing examples of small-
scale dispersal, a small nickel dispersal train extending down-ice from outcrops of presently
uneconomic nickel-copper mineralization in District of Keewatin (Figure 16) has been chosen
because it also illustrates the importance of correct identification of sediment facies and of
chosing proper sample processing and analytical techniques. The train of nickel that is so
clearly defined by analysis of the <2 um fraction of till (AAS after hot HNO4;-HCL leach) is
very poorly expressed by analyses of sand-sized heavy minerals (s.g. >3.3) and of -250-mesh
(<64 um) fractions, the former because weathering has destroyed the labile, Ni-bearing
sulphides, and the latter because the metal-poor, quartz-feldspar-rich silt fraction dilutes the
sample in an unpredictable pattern. Note also that the Ni concentrations of the <64 um
fractions of samples from the esker are 4 to 7 times higher than these for similar fractions of

nearby till, as predicted in the discussion of weathering.
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fractions of nill and esker sediments, south-central District of Keewatin. Ni-Cu
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SOME IMPORTANT EXCEPTIONS TO CLASSICAL DISPERSAL PATTERNS

The classic ‘head and tail’ form of dispersal is a useful model for interpreting or
indicating the composition of a glaciated landscape, but recent research has shown that there
are other important types of dispersal trains, particularly in regions formerly or presently
covered by the great continental ice sheets. It has long been known that shifting ice flow
directions throughout a major glaciation may form fan-shaped dispersal patterns, though within
a fan, there may be one or more distinctive, ribbon-shaped dispersal trains. The edges of a fan
are really the absolute limits of dispersal of a component and reflect the maximum range of ice
flow directions across an area during one or more glaciations (Flint, 1971; Salonen, 1987).

One variation of the fan pattern is the amoeboid pattern”” described by Klassen and
Thompson (1989) for dispersal trains near or on the major ice dispersal centre in Labrador —
Nouveau Québec. Similar examples have been described by Blais (1989), Lowell et al. (1990),
and Stea et al. (1989) in areas of late glacial ice divides in Quebec, Maine, and Nova Scotia,
respectively. As these ice divides migrated in a complex way around and across source outcrops
or suddenly developed in areas of former unidirectional ice flow as a result of drawdown of
parts of the glacier margin into rising marine waters, debris was dispersed first one way, then
another. The ultimate results of this constant shifting of positions of ice flow centres were
irregular or ‘amoeboid’ areal patterns of dispersal (Figure 17).

Even far from centres of ice flow, where lobes of ice from different centres coalesced,
the zone of coalescence probably shifted with time, depending on the relative health of
competing ice sheets (Veillette, 1989). Irregular or amoeboid dispersal can result from such
shifting where the "suture" marking the point of coalescence swept back and forth across source
outcrops. Kaszycki (pers. comm; Kaszycki et al, 1988) has shown the potential for this in
northern Manitoba, where the Keewatin and Labradorean ice sheets merged. The suture
marking the zone of confluence shifted continually according to the climatic ascendency of one
or the other ice sheet, producing, in the case of the Wheatcroft Lake arsenic dispersal train,

westward striae formed by Labradorean ice in an area where southward dispersal was effected

by Keewatin ice.
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Recently, a third major type of dispersal train, formed by rapidly flowing streams of ice
within the decaying North American continental ice sheet, has been recognized (Dyke and
Dredge, 1989, p. 198-199; Hicock, 1988; Hicock et al., 1989; Thorleifson and Kristjansson, in
preparation; Aylsworth and Shilts, 1989). The areal compositional pattern of this type of
dispersal train is similar to that of the classical dispersal ribbon, and it is commonly expressed
geomorphologically by trains of drumlins and dense development of eskers. The compositional
profile, however, is radically different from that of the ideal dispersal curve, and the width of

the train often bears little relationship to the width of the source outcrops.
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Figure 18. Characteristic, flat dispersal curve for carbonate erratics in ice-stream till, southwest
of Hudson Bay (modified from Thorleifson and Kristjansson in preparation).

In profile, the composition of a train formed by "streaming" is flat, maintaining high
concentrations of the dispersed component from the source outcrops to the end of the train
(Figure 18). Little bedrock in the area of dispersal is incorporated into the train. The end of
this type of train is marked by a sharp drop to background of the source component and
probably marks the position of the ice front of the retreating glacier at the time the ice stream
was activated. The width of the dispersal train usually reflects the width of the ice stream and
not that of the source outcrops. Compositions change abruptly at the sides of the trains also.
For instance, on Boothia Peninsula in northern District of Keewatin, [Canada] a sharp sided

train of carbonate detritus several tens of kilometres wide, emerges from a small area within a



large Paleozoic carbonate basin (Dyke and Dredge, 1989). Likewise, several narrow trains of
Paleozoic carbonate debris extend southwestward across the Canadian Shield like fingers from
the large Paleozoic platform that underlies Hudson Bay and the Hudson Bay Lowlands. The
till in these trains, even 100 km from the source outcrops, is almost totally composed of clasts

eroded from Paleozoic and Proterozoic outcrops within and adjacent to Hudson Bay (Hicock,

1988; Hicock, et al., 1989).
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The Ontario ice stream dispersal trains have important implications for the application
of drift compositional studies to mineral exploration. The fact that exotic ice stream drift is
relatively undiluted by local bedrock makes it a mask that conceals the compositional signal of
bedrock beneath areas that it covers. In many places, the exotic till overlies till composed of
more local components, presumably with dispersal characteristics reflecting the normal head-
and-tail type of dispersal train (Figure 19). The local till is assumed to have been deposited
earlier in the same glaciation for which the retreat phase was marked by ice sheet instability
resulting in ice streaming. Till with significant admixtures of local components also forms
surface deposits adjacent to former ice streams, but may be encountered only in boreholes in

areas covered by exotic, ice stream drift.
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The late glacial ice sheet failures which resulted in narrow, rapidly flowing ice streams,
probably represent instabilities created by excessive water trapped over strata of low
permeability at the base of the decaying ice sheet (Hicock et al., 1989), and may be much more
common in continental glaciers than formerly recognized. They are presently recognized only
where drift compositions are strongly anomalous or where they are marked by distinct trains of
drumlins (Figure 20) and esker fields (Aylsworth and Shilts, 1989).

Finally, one more peculiarity of glacial dispersal with presently unevaluated implications
for mineral exploration and drift composition should be mentioned ~ the "conveyor belt effect”.
Taken as a whole, a glacier works in a way somewhat analogous to a conveyor belt, continuously
entraining material from many source outcrops and transporting it to the end of the glacier.
During transport, much of the debris from one type of outcrop is deposited or is diluted by
incorporation of debris from other outcrops. This results in the head and tail type of dispersal
curve, with the tail eventually being obscured within background compositions. However, there
is the potential for debris from every outcrop along the path a glacier follows, from its source
or centre to its end, to reach the glacier’s margin or snout, albeit in small amounts. If the
glacier front stands in one place for some time, either at its terminal position or during halts
during the active phase of its retreat, there is the opportunity for small amounts of debris from
distant sources to be dumped and concentrated at its terminus (Stewart and Broster, 1990).
With time, small amounts of material will increase in concentration in water and ice-lain
sediments associated with either terminal or end moraines, particularly if the debris has high
specific gravity or is too large to be transported far in the proglacial fluvial system. High
concentrations of gold in outwash and in alluvium derived from outwash at the Wisconsinan
terminal moraine in the midwestern United States as well as diamond occurrences in moraines
around the driftless area in Wisconsin may be products of this type of conveyor-belt
concentration.

Because of the lack of lateral mixing of debris transported in ice, sampling of terminal
moraines in modern or ancient valley glaciers — in the Cordillera for instance — can provide
an efficient way to find clues to mineralization in their catchment basins (DiLabio and Shilts,
1979; Evenson and Clinch, 1987). The concentrations of far-travelled components in water-
sorted sediments of the terminal moraines are likely to be much higher than those in the drift

deposited over most of the glacier’s bed. If carried out properly, a single sampling traverse



along an end moraine should yield detailed information about mineralization and composition
of bedrock in the glacier’s catchment — whether the glacier is of continental scale, in which case
the interpretation would be complex, or of the local scale typical of Alpine terrain, in which case

relatively precise geochemical information about its catchment may be gleaned from limited,

judicious sampling.

CONCLUSION
This brief overview of the relationship of drift geochemistry to the principles of dispersal

draws heavily on Canadian examples, and particularly on work carried out at the Geological
Survey of Canada. Similar glacial sedimentological/geochemical work, which has led to similar
conclusions, has been carried out in many glaciated regions, that of geoscientists in Finland
being probably the most varied and most prolifically published. Developments in the field of
drift prospecting, the geochemical aspects of which have only blossomed since the late 1960s
(Kauranne, 1975; Coker and Dilabio, 1989), are summarized in many Fennoscandian
publications and in dedicated publications such as the semi-annual Prospecting in Areas of
Glaciated Terrain (PAGT) series, sponsored by the Institution of Mining and Metallurgy in
London. Recent books dedicated to mineral prospecting in drift covered areas have been
published or sponsored by the Geological Surveys of Canada (Dilabio and Coker, 1989) Ontario
(Garland, 1989), and Finland (Kujansuu and Saarnisto, 1990) or in special issues of journals
(Bjorklund, 1984).

Finally, it should be recognized that in this era of environmental concerns, the very
geochemical data that can lead to discovery of mineralization in a glaciated area, may serve as
an invaluable source of baseline data for planning "environmentally friendly" mining and for
evaluating and mitigating the ultimate effects of mining activities. Drift geochemical surveys in
general can and should be used to provide a chemical baseline from which to evaluate the

plethora of environmental geochemical problems that will continue to beset industrialized areas

in the decade and century to come.
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Abstract

Mineral exploration in regions that were glaciated during the Quaternary is hampered
by the scarity of outcrops and by the variable thicknesses of allochthonous glacial drift that
mantle the bedrock. Geochemical strategies that have been successful in exploration usually
involve an understanding of the history of the glaciated landscape.

The past decade has seen a substantial increase in our knowledge of glacial
stratigraphy and associated ice flow directions. In many areas of thick drift, the glacial
succession has been found to contain multiple tills having different provenances related to
distinct ice flow directions. The use of drilling and trenching has been instrumental in
providing data on the glacial succession. Of particular value has been the ability of sonic
drills to recover intact core of the entire glacial sediment sequence. Light portable drills
have been used similarly in areas of thin drift. The increased use of till geochemistry in
mineral exploration and regional surveys has resulted in the discovery of several ore deposits
and the documentation of many dispersal trains derived from mineralization and from
distinctive bedrock units.

Stratigraphic drilling programs and major reconnaissance surveys of till geochemistry
have provided baseline data for other geochemical data sets, mineral exploration, bedrock
mapping and environmental studies. Data on surficial geology, glacial stratigraphy and ice
flow directions have been collected to aid interpretation of the till geochemistry. Research
on the residence sites of metals in till has indicated that specific grain size ranges and
mineralogical forms hold the bulk of the metals, depending on the species of primary

metal-bearing mineral and the history of glacial comminution and weathering.



Résumé

L’exploration minérale dans les régions soumises a I'action des glaciers pendant le
Quaternaire est difficile en raison de la rareté des affleurements et de ’épaisseur variable
des dépbts glaciaires allochtones recouvrant le socle rocheux. Les stratégies d’exploration
géochimique efficaces exigent généralement une compréhension de I’évolution du paysage
glaciaire.

Au cours de la dernieére décennie, les données recueillies ont permis d’élargir
considérablement le niveau de connaissances de la stratigraphie glaciaire et des directions
d’écoulement glaciaire associ€ées. Dans de nombreuses régions ou ’épaisseur des dép0ts est
importante, la succession de dépots glaciaires renferme des tills de provenance différente
correspondant a des directions d’écoulement glaciaire distinctes. Les forages et les tranchées
ont joué un role déterminant dans 'acquisition de données sur la succession des dépots
glaciaires. La foreuse a vibrations est particulierement utile parce qu’elle permet de
prélever des carottes intactes représentant toute la succession de sédiments glaciaires. Des
foreuses 1égeres et portatives ont également été utilisées dans des régions ou I’épaisseur des
dépbts est peu importante. Le recours accru a la géochimie des tills dans le cadre de
I'exploration minérale et des levés régionaux a mené a la découverte de nombreuses trainées
de débris provenant de zones minéralisées et d’unités lithologiques particulieres.

Des programmes de forages stratigraphiques et d’importants lev€s de reconnaissance
de la géochimie des tills ont fourni des données de base pouvant servir a I'interprétation
d’autres types de données géochimiques, a l’exploration minérale, & la cartographie
géologique et aux études environnementales. De nombreuses données sur la géologie des
dépbts meubles, la stratigraphie glaciaire et les directions d’écoulement glaciaire ont été
recueillies dans le but de faciliter I'interprétation de la géochimie des tills. Plusieurs études
sur la localisation des métaux dans les tills ont démontré que certaines granulométries de
méme que certaines phases minéralogiques particuliéres renferment la majeure partie des
métaux et que ceci est fonction des propriétés du minéral primaire, de Ihistoire de la

microdésintégration glaciaire et de I'altération.



INTRODUCTION
In regions that were glaciated in the Quaternary, mineral exploration can be hampered

by the complexity of the surficial sediments, which are largely allochthonous in relation to the
bedrock they overlie. In the context of almost totally glaciated landscapes, which includes most
of North American north of 40°N, Greenland and Iceland, most of Europe north of 50°N,
extensive parts of Asia north of 60°N, parts of South America, and Antarctica, the glacial
sediments have particular characteristics that influence the selection of sample media, sampling
design and interpretation of data. Foremost among these sediments is till or recycled derivatives
of till. Till has distinctive provenance features, is first-cycle sediment, is widespread, and is the
parent material for most of the other surficial sediments.

Over the last several years a large number of papers have been published on till
geochemistry, boulder tracing, glacial dispersal trains, the history of ice flow patterns and glacial
sediment stratigraphy as related to mineral exploration and regional till geochemical/Quaternary
mapping programs. The bulk of this work has been carried out in Canada and Finland. The
salient features and trends from these works (1977-1987) are summarized in the paper by Coker
and DilLabio (1989) which follows on, to a degree, from the review paper of Bolviken and
Gleeson (1979) at Exploration *77. The main sources of information have been the proceedings
volumes from the biennial symposia on Prospecting in Areas of Glaciated Terrain (Institution
of Mining and Metallurgy, 1979, 1984, 1986; Davenport, 1982), articles in scientific journals, in

particular the Journal of Geochemical Exploration, and publications by government agencies.

GLACIAL STRATIGRAPHY AND ICE MOVEMENT DIRECTIONS

Mineral exploration, using techniques appropriate for glaciated terrain, is still often
conducted, particularly so in Canada, withouf attempting to understand the regional glacial
history. If exploration is to succeed it is essential to know the glacial sediment succession and
which sedimentary package (i.e., which till) is related to which ice movement direction.

Till that is derived directly by erosion of bedrock is a first-cycle sediment (first derivative
of bedrock of Shilts, 1976) and is the optimum glacial sediment type for minefal exploration.
Sediments resulting from the reworking of till or other unconsolidated sediments (i.e.,stratified

drift) are second-cycle sediments; they have been subjected to sorting and have undergone an



episode of transport in water along a different path from the original sediment. In this way,
glaciofluvial gravel and sand represent the coarse fractions and glaciolacustrine silt and clay
represent the fine fractions of the till(s) from which they were derived. Because these sediments
have travelled along transport paths consisting of two vectors, and have been transported first
by ice then by water, it is very difficult if not impossible, in thick sediment sequences, to
interpret their provenance. It is far easier to trace till to its bedrock source. Till is clearly the
optimum glacial sediment type to use in mineral exploration since it has the least complicated
source-transport-deposition history.

Data on ice movement directions may be obtained from a variety of glacial features
including: striations, crescentic marks and ice flow land forms; dispersal trains; and, fabrics.
Recently, there has been a movement towards 1:50,000 or 1:100,000 scale mapping of surficial
geology in areas of active mineral exploration; ice-flow and provenance data at such scales can
be applicable to exploration at the property scale.

The past decade has seen an increase in our knowledge of glacial sedimentation,
dispersal, stratigraphy and associated ice flow directions. Several examples can be cited.

The Nordkalott Project, which included a regional surficial geochemistry and mapping
component, was carried out by the Geological Surveys of Finland, Norway and Sweden, in those
countries, north of latitude 66° N (Geological Surveys of Finland, Norway and Sweden, 1986a,
b, ¢, d, e, f and 1987). Ice movement directions were ascertained which revealed areas of simple
ice flow in coastal areas and of multiple ice flows inland. Trenching and drilling, using
techniques developed in major regional sampling projects by the Geological Survey of Finland
in the late 1960’s and 1970’s, provided data on the Quaternary stratigraphy.

In Labrador, Klassen and Thompson (1987) identified ice flow patterns that are simple
near the coas‘t and that become quite complex inland, reflecting the complicated ice-flow history
of the central ice divide area. As a direct result, dispersal trains are ribbon-shaped near the
coast and become fan-shaped and even ovoid, inland in the area of complex ice flow around the
Labrador-New Quebec ice divide (Figure 1, Klassen and Thompson, 1989).

In Nova Scotia, Stea et al. (1989) also found, as in Labrador, that complex dispersal is
recorded in areas of multiple ice flow events. Stea was able to classify different areas of Nova

Scotia as to their expected sequence of ice flow events (Figure 2).
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Figure 1. Dispersal trains in Labrador (Klassen and Thompson, 1989). Broad fan shapes reflect
transport in two or more phases of ice flow.
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Veillette (1986, 1989) identified three ice flow events in western Quebec (Figure 3), and
showed that the middle one was responsible for the bulk of the drift transport. In an area of
active exploration by drift prospecting, this interpretation was immediately useful in exploration.
In parallel with the work of Veillette in the Abitibi - Timiskaming area is that of Baker et al.
(1984a, b, 1985, 1986), Baker and Steele (1987) and Steele et al. (1986a, b) in the Matheson
area of Ontario, and that of Bird and Coker (1987) in the Timmins area of Ontario. On the
basis of these studies Steele et al. (1989) propose a preliminary stratigraphic sequence with
related ice flow directions for these areas of Ontario and Quebec (Figure 4). This western part
of the Abitibi greenstone belt is also explored by drift prospecting, relying on overburden drilling

to sample the tills in this sequence; hence correct ice flow directions are crucial for data

interpretation.
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Figure 3. The three ice flow directions recorded in the Abitibi- szzskammg area of Quebec and
Ontario (Veillette, 1989).
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SAMPLING AND ANALYTICAL METHODS

The most important aspect of data collection, and the resultant sample treatment and
geochemical analyses of glacial overburden, starts in the field or on the drill where it is essential
to make the best possible identification of the type of glacial sediment being sampled.
Appropriately educated and trained people, Quaternary geologists, or at least geologists who
have had some training in Quaternary geology and/or sedimentology as well as applied
geochemistry, are essential to ensure that the glacial sediments are adequately identified and
logged. In Fennoscandia the use of Quaternary geologists/applied geochemists on overburden
geochemical programs is accepted and routine. In Canada this is not the case, most overburden
drilling and sampling is undertaken by personnel trained in neither Quaternary geology nor
applied geochemistry. '

Correct identification of the genetic class of glacial sediments is the key to tracing
geochemically anomalous overburden back to a bedrock source. It is also essential that the
stratigraphic position of till be properly determined. In particular, it is important to determine
to which sedimentary package and which ice movement direction till belongs. It is only when
identification of till and its stratigraphic position and associated ice movement direction are

understood that one can confidently start tracing a pattern of geochemically anomalous till



samples back to a bedrock source. Without these controls, even the most sophistocated
preparation, analyses and interpretation of the data for overburden samples may be inadequate
or, at best, inefficient for locating mineralization. The glacial history of an area must in many
instances be determined as part of the overburden drilling and sampling programs.

Samples used in regional geochemical/Quaternary mapping programs are usually
collected at or near the surface to cover a specific area, for example, an NTS map sheet or
favourable geological environment or structure. These samples are usually obtained from hand
dug pits (<2 metres) or by using small portable hand held auger or flow-through bit type drills,
or back hoes (<5 metres) (see Table 1). Sample collection in areas of deep overburden usually
involves drilling. A number of techniques have been used for overburden drilling including
augers, percussion drills, reverse circulation rotary drills (RCD) and rotasonic drills (Table 1).
The widest experience and greatest success has been with reverse circulation drilling, although
in recent years rotasonic drills have started to play a more significant role, particularly in
stratigraphic drilling programs. To date, however, no cost-effective drilling system for recovering
large till samples at depths around 10 metres has been devised.

In reverse circulation drilling, water, sometimes used in conjunction with compressed air,
is pumped down the outer tube of the dual tube rods. The water mixes with the cuttings at the
tricone bit (tungsten carbide buttons) and the slurry is forced to the surface through the inner
tube. The sample slurry discharges into a cyclone, to reduce the velocity of the discharge
material, and empties through a 2 mm (10 mesh) sieve into a series of sample buckets. Logging
is carried out by the Quaternary geologist on the drill. The geologist sees a washed and
disturbed sample which makes logging difficult for qualified personnel, and just about impossible
for unqualified personnel. There is only one chance to log the sample material as it goes by.
In addition, the fine fraction of the material, such as the fine ore minerals including some forms
of gold, is generally lost (Shelp and Nichol, 1987), and cross-contaminated by the recirculated
water.

The rotasonic drill uses high frequency (averaging 5000 cpm) resonant vibration and
rotation to obtain continuous solid cores. Sediments are cored with tungsten carbide fronted
bits. The cores are extruded, in 5 foot lengths, into plastic sleeves and placed into core boxes.

Logging and sampling of the cores can be carried out on-site or at a later time. Rotasonic drills



Table 1. Features of various overburden drilling systems (averages based on 1985 data).
Reverse Circulation S .
. Rotasonic Drills Small Percussion and .
Drills . g Auger Drilis
(Nodwell or Truck Vibrasonic Drills g
{Longyear or Acker) Mounted) (Various) (Various)
(Nodwell Mounted)
1. Production cost
estimate o|:>ef:
- day {10 hrs) 21 ,800 - $2,000 §3,000 ~ $4,000 2500 ~$1,000 —-$1,500
- metre 25-$40 50 - $80 20— $40 25 -$50
2. Penetration Unlimited (125m?) Unlimited (125m?) 10 — 20 metres 15 t0 30 metres
depth (greater?) {bouider free)
3. Environmental |5 metre wide trails 5 metres wide cut nil 2 - 3 metre wide cut
damage {may have to be cut | trails trails (Nodwell,
in areas of larger muskeg, ail terrain
trees) vehicle mounted
quite manoeuver-
able)
4. Size of sample | 5kg (wet) Continuous core 300 g (dry), or 3 -6 kg (dry or wet)
continuous core
5. Sample of Yes (chips) Yés (core) Yes (chips) if reached | Unlikely, if hollow
bedrock auger, split spock
sampler can be used
for chips
6. SamPIe recovery
a; tll . | Good Excellent Good Good
b) stratified drift | Moderate. Excellent Good Poor to moderate
7. Holes per day 4815—20metres 4%15—20metres 5@ 6to 10 metres 1t103@15t020
(10 hrs) 1 @ 60 — 80 metres 1@ 60 — 80 metres metres
8. Ngt;es) perday |60 —80 metres 60 — 80 metres 30 to 50 metres 20 to 60 metres
rs
9. Timetopullrods| 10 min @ 15Smetres [ 10min@ 1Smetres |30to 60 min @ 20 to 40 minutes @
15 metres 15 metres
10. Time to move 10 — 20 minutes 15— 30 minutes 30 minutes 15 to 60 minutes
11. Negotiability Good Moderate Good (poor if Good to reasonable
manually carried on
wet terrain)
12. Trailsrequired Yes, may have to be Yes, must be cut No Yes and no
cutin.areas of larger
forest
13. Easein Good Excellent, continuous | Sometimesdifficult |Good =
collecting core to extract from (contamination?)
sample sampier
14. Type of bit Milltoothor Tungsten carbide Flow through Auger with tungsten
tungsten carbide ring bits sampler, continuous | carbide teeth
tricone coring
15. Type of power Hydraulic-rotary Hydraulic-rotasonic Hydraulic percussion | Hydraulic-rotary
(gas engine
percussion,
vibrasonic)
16. Method of Hydraulic Hydraulic Mydraulic jack, hand | Winch or hydraulics
pulling rods jack orwinch
17. Ability to Excellent Excellent, cores Poor Poor to moderate
netrate bedrock
ulders
18. Texture of Slurry (disturbed Original texture Original texture Ori?inal texture (dry)
sample sample) (core can be to slurry (wet)
shortened,
lengthened and/or
contorted)
19. Contamination | Nil, fines lost Nil (tungsten) Nil (tungsten) Nil to high (tungsten)
of sample (tungsten)




may produce cores that are equal in length to, longer than, or shorter than the interval sampled.
These variations appear to be due mainly to the manner in which different sediment types react
to the drilling stresses. In addition, surface and internal secondary deformation due to the
drilling have also been observed in rotasonic drill core (Smith and Rainbird, 1987).

When considering whether to use heavy mineral concentrates or a fine fraction of the
till one must consider the nature and type of mineralization being sought. In the case of gold
mineralization associated with iron formation the usefulness of the removal of the magnetic
fraction should be carefully considered.

In the case of the rotasonic core or surface till samples the fine fraction (e.g., clay sized
material (<2 pm) or -250 mesh (<63 pm)) can be separated and analyzed. In some instances,
when a till has sufficient fine material to come up the reverse circulation drill in balls or lumps,
it is possible to collect, in the sieve above the collection bucket, a relatively uncontaminated
sample from which to obtain the fine fraction.

Heavy mineral concentrates (HMCs) and the other size fractions of tills are commonly
analyzed for a wide but varied suite of elements, determined by the type of mineralization and
nature of deposit being sought (see Tables 2, 3, and 4). All analytical work should be quality
controlled using control reference and duplicate sample analysis. Analytical techniques generally
include various combinations of fire assay- dissolution-atomic absorption/DCP or ICP methods.
This series of analytical techniques usually involves splitting, which in the case of analysis for
gold, particularly in HMC’s, is problematic at best due to the nugget effect. These techniques
all result in the destruction of the sample. Instrumental neutron activation analysis (INAA)
allows non-destructive analysis of the whole sample, however, one must be aware of the type
of irradiation used because in some cases the samples, depending on their matrices and/or
chemistry, will be permanently rendered too radioactive to handle. Getting the whole HMC
sample back following INAA facilitates later mineralogical work on anomalous samples to
identify the nature of the mineralization, in some instances its geologic environment and in
certain cases some idea of distance of transport. Contamination for elements such as W and
Co, due to fragments from tungsten carbide bits, can be detected during examination of HMC’s.
Caution must be exercised in utilizing the shape of gold grains, or any other mineral grain for

that matter, as an indication of distance of transport, because of variability in the original shape



and form of the grains and in the style of glacial transport, either over short distances in the
active basal zone or over long distances in the passive englacial zone of the ice.

Exploration reliability, and success, can be increased by using properly trained personnel
to log, sample and interpret till geochemical data based on a framework of overburden
stratigraphy and ice movement directions. The drilling method and analytical techniques
employed should be considered carefully in terms of costs and the quality of data needed. The
use of fine fraction and heavy mineral concentrate fraction geochemistry to complement each

other will increase exploration reliability.

OCCURRENCE OF TRACE ELEMENTS IN TILL AND SOIL AND THE EFFECTS OF
WEATHERING

In recent years, more attention has been placed on trying to understand the comminution
behaviour of ore minerals, the residence sites of metals in tills and the effects of weathering on
trace metal levels vs. grain size (Shilts, 1975). However, the amount of published information
on the partitioning of metals and minerals in till is still quite small. Studies have shown that the
mineralogy, petrography and major element chemistry of tills are clearly dependent on
till-forming processes as well as on bedrock variations (Haldorsen, 1977, 1983; Taipale et al.,
1986).

Lithophile trace elements (Figure 5), tend to be enriched in the coarser grain size ranges
including rock fragments (Dilabio, 1989). In the case of till derived from the Strange Lake
REE-Nb-Zr-Y-Li-Be deposit, Labrador the lithophile elements are also enriched, to a lesser
degree, in fine size ranges, reflecting the fine grain size of the glacially liberated resistate and
silicate minerals in which they occur in bedrock. {

Chalcophile trace elements from unstable minerals such as sulphides, fend to be enriched
in the finer grain size ranges as shown for Cu, U and As (Figure 6) (Dilabio, 1979; Shilts,
1984a). The geochemically more active fraction of weathered till lies in its finer grain sizes
because of the tendency of phyllosilicate minerals and secondary minerals to be enriched in the

fine sizes (see Dilabio, 1979; Peuraniemi, 1982, 1984; Nikkarinen et al., 1984; Shilts, 1984a).
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Figure 5. Abundance of lithophile elements vs. grain size of analyzed fraction of tll from the
Strange Lake dispersal train at Lac Brisson, Quebec and Newfoundland. Samples
represent anomalous to background sites (DiLabio, 1989).

These phases have a high total surface area and exchange capacity, so they act as scavengers,

adsorbing trace metals released during weathering of primary, particularly sulphide, minerals.

Unweathered till also shows preferential enrichment of trace metals in specific grain size ranges,

and this probably reflects the grain size of primary metal-rich minerals that have been glacially

comminuted (Shilts, 1984a). As shown in Figure 6, the <2 pm fraction is the best fraction of
weathered till to analyze, being the most enriched in metals and generally having the best
geochemical contrast. Often, however, the <63 nm (-250 mesh) fraction is analyzed because

of insufficient <2 pm material and because it is cheaper to recover.
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A typical response of till to postglacial weathering is clearly illustrated by the example
in Figure 7. In the section of till shown, the upper part is relatively more highly oxidized and
weathered than the lower part (Shilts, pers. comm.). In the upper weathered part of the till,
the HMCs contain very low concentrations of the chalcophile elements Cu, Pb, Zn, Co and Ni
because the detrital sulphides containing these elements have been destroyed. The loss of
iron-bearing sulphide grains in the weathered part of the till is also reflected in the low Fe
contents of the HMCs. On the other hand the distribution of Cr, which occurs in the resistate
mineral chromite, is unaffected by weathering and shows similar patterns in both the HMCs and
<2 pm fractions. The original distribution of Ni, which occurs in sulphides, silicates (i.e.,
serpentine) and chromite, is more correctly shown by the <2 pm fraction and not by the HMCs

which have been weathered out in the upper part of the till.

depth (cm)

100003 waveriey,Till /\/'5°m Onaman River, Till o
E —
3
] / 100003 e
a =
] 16 smmme
10004 4
i 10004
s z \\ P
3 1001 2 \ P
a e g |
] 2100 o )
< b\ g p
Lsper- Oy i
- -‘:'/', \V /l
N ¥
104 R /l\'\
3 10 —LQ—- ARy I/
] W el v
| | —————— —r——r
a ) 25 | 063  <.037
Groin sizeimm)

Figure 8. Abundance of gold vs. grain size of analyzed fraction of till at different distances down-ice
from a gold deposit at Waverley, Nova Scotia (after DiLabio, 1982a) and at varying
depths below surface in a dispersal train at Onaman River (after Dilabio, 1985).

Fractionation experiments on gold-bearing till (Dilabio, 1982a, 1985; Guindon and
Nichol, 1983; Nichol, 1986; and Shelp and Nichol, 1987) indicate gold distributions in till are
rather complex, being the result of the combined effects of the grain size of glacially

comminuted detrital particulate gold, the grain size of the gold released from weathered

3-12



sulphides, the grain size of precipitated or adsorbed gold and the original size of the gold at its
source. In general, till is richest in gold in its finer size ranges, although coarse sizes are often
auriferous (Figure 8).

At the base of the thick (>30 metre) Quaternary sequence at the Owl Creek gold deposit
near Timmins, a green till and its oxidized equivalent are preserved. The unoxidized green till
contains its maximum Au levels and abundant fresh pyrite in the fine sand sizes (Figure 9)
(DiLabio, 1985). These have been altered to earthy limonite-goethite grains in the oxidized
layer. The oxidized till is much more auriferous in all size fractions than the unoxidized till.
It appears that gold has been added to the limonite-goethite grains in the oxidized till, perhaps

from ground water.
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Figure 9. Abundance of gold vs. grain size of analyzed fraction of unoxidized till and its oxidized
equivalent in the Owl Creek Gold Mine, Timmins, Ontario (Dilabio, 1985).

Work by Shelp and Nichol (1987) at the Owl Creek gold mine shows that both the gold
content of the HMCs and of the <63 pm (clay and silt) material clearly depict the anomalous
glacial dispersal train (Figure 10). The lengths of the anomalous dispersal trains are similar in
both cases although the contrast and absolute levels of gold in the <63 pm fraction are lower.

On the other hand, for Hemlo type mineralization (Figure 10), they found that anomalous heavy



mineral concentrates are restricted to right over the deposit and show little dispersal down-ice.
The <63 pm fraction shows significant down-ice dispersal. Thus, fine fraction and heavy mineral
concentrate analyses can provide different, often complementary, information.
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It should be apparent that the routine use of -80 mesh material for till geochemical
surveys should be carefully examined. Orientation surveys should be conducted to determine
the optimum size fraction to use for analysis. Fine grained materials appear to be the best
media in many instances. The nature of the weathering history of the material also determines
the appropriateness of the grain size to be used for analysis. The use of fine fraction and heavy
mineral concentrate fraction geochemistry to complement each other may well increase

exploration effectiveness and reliability.

DRIFT PROSPECTING

Drift prospecting is the use of data on the geochemistry and lithology of glacial sediments
(mainly till) to identify economically significant components in the sediments and to trace them
up-ice to their bedrock source (DilLabio, 1989). The concept of predictable patterns within
dispersal trains (described by Shilts in this workshop volume), when considered during the
design of a geochemical exploration program, will influence the choice of sample types, the
sampling plan, the analytical scheme, and the interpretation of the data. Compared to other
types of geochemical anomalies, once a dispersal train has been detected, it can be traced
up-ice to its source because simple clastic dispersal is the main mechanism involved in the
formation of a train.

Over the last several years many studies of dispersal trains have been documented within
Fennoscandia and Canada. Details of these studies/case histories are summarized in Tables 2,
3, and 4 and their locations are shown on Figures 11 and 12. It is impossible to go into much
depth of discussion for all of these examples so only a small selection are discussed more fully
in the following text. The studies reviewed emphasize points such as: understanding ice
movement directions; glacial stratigraphy and bedrock topography as they control the nature of

glacial dispersal; and the resultant dispersal trains.



Figure 11. Drift prospecting and related overburden studies in Canada (numbers on map refer
to Table 2).
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Figure 12. Drift prospecting and related overburden studies in Fennoscandia (numbers on map
refer to Table 2).



Table 2. Summary of drift prospecting and related overburden studies in Canada (1977-1987)
(Study type: A - Regional - 1 - Reconnaissance, 2 - Detailed; B - Research - 1 -
Orientation, 2 - Follow-up; C - Exploration case history. HMC - Heavy mineral
concentrate, RCD - Reverse circulation dnilling.)

. . L Stud Sample Media, Shafe and Size
Location Mineralization | 7, 4 Fractions and ALx w') of Comments Reference(s)
ype Elements Dispersal Train
1. PeterSnout | Au A-1 | C-horizon till and | N/A Results to be Sparkes and
and Kin pebble counts; published. euland (1986)
George <63 um; Cu, Pb,
Lake, S.W. Zn, Co, Ni, Ag,
Nfld. Mn, Fe, Mo, U, W
and Au.
2. Victoria and Cu, Pb, Zn B-1 |Profile sampling |N/A Study still in Mihychuk (1985)
Tally Pond of B, B-Cand progress.
Areas, Nfld. C-horizons,
pebble/bouider
counts.
3. Buchans Zn,Pb,Cu,Ag | A-2 |B-horizon soil Ribbon, 8 km x Broad zone of James and
© Area, Nfld. and Au and till; -80 mesh |2 -4 km. soiis with Perkins (1981)
(Buchans for both and anomalous Zn.
orebodies) HMC of till; Cu HMC gave better
and Zn. anomaly contrast
than -80 mesh for
tills.

4. Sops Arm Au and Cu, Pb, A-1 [ Till and pebble. Dispersal in terms | Study still in Vanderveer and
Area, Nfld. in of 100°s of progress. Taylor (1987)

metres.

S. Bellburns Zn (Trapper A-2 | C-horizon matrix | N/A Study still in Mihychuk (1986)
Map and Prospect?e and clasts. progress.

Trapper Cove
Areas, Nfid.

6. East Part of U, Be, REE, Cu, | A-1 |Pebble counts/ Ribbon near Study still in Batterson et al.
Central Pb and Zn boulder tracing. | source (20 to progress. (1987)

Mineral Belt, 30 km) fanning
Labrador further away.

7. East-central UandCu A-1 | Till; <2um, Broad ribbonto | Till geochemistry | Klassen ﬁ1983,
Labrador <63 um and flame, from 30 to | refiects broad 1984); Klassen

2-4mm; Cu, Pb, | 100 km from variationsin and Bolduc
Zn, Ni, Fe, Mn, U, | bedrock sources. | bedrock geology. | (1984, 1986);
Ce, Sr, Th, Nb, Y, hompson and
and Zr. Klassen (1986)

8. Moran U B-1 | Till and pebble Ribbon, 1 km x Uin till defines Vanderveer
Heights, U counts. 300 m. dispersal train. (1986)

Labrador

9. Letitia Lake, |REE,Beand A-2 | C-horizon and Flame to ribbon, [ Scintillometer Batterson and
Labrador Nb pebbles counted. | 600 m x 200 m. survey and LeGrow (1986)

mineralized
boulders define
aispersal train.

10. Strange Lake, | Zr,Nb, Y, Be A-2 | Till from Ribbon, up to Results show that | McConnell et a/.

N. Labrador | and REE mudboils; 30kmx5Skm Be and Pb are (19842; Batterson
{Strange Lake <63 um; Cu, Pb, good indicators | et al. (1985);
deposit) Zn, Co, Cd, Ni, of the McConnell and

Mn, Fe, Be, F, Li, peralkaline Batterson (1987);
and U. complex. Vanderveer et al.
(1987)

11. Labrador Fe, Cu, Pb, Zn, A-1 [ Till Fanto flame, 60 | Study still in Klassen and
Trough, and Au to 70 km long. progress. Tied Thompson (1987)
Labrador into #7.

12. Forest Hill, Au (Forest Hill B-1 | Till profiled, 100t0 300 m Gold and As in MacEachern et
Guysborough | Gold District) bbles counted, |long. <63 um bestfor |al. (1984);
County, N.S. abrics and exploration. MacEachern and

striations Panning for Stea (1985)
measured; visible Au also

<63umand recommended.

HMC; A?, Cu, Ni,

Cr, Mn, Fe, xg

As, Pb, Zn, Wand

Au, also

examined HMC

for gold grains.

3-17
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. o stud Sample Media, Shafe and Size
Location Mineralization | T Yy Fractions and ALxwW)of Comments Reference(s)
ype Elements Dispersal Train

13. Eastern Au, Cu,Pb,Zn, | A-1 TI” <2um; Cu, |N/A Established Stea and Fowler
Shore, and W Zn Ni, Co, Fe regional tiil (197
Central N.S. g, Ca, H dg geochemical Henderson and

As Mo characteristics as | Wyllie (1986)
and U a framework for
mineral
exglorauon in
NOS.

14. Eastern Au A-1 | Till and lake N/A Compared Rog%irs etal.
Shore, sediments; geochemical (1 )

Central N.S. <2um- —Cu, Pb, relationshi
Zn Ni, Co, Fe, between tills and
Ca, Mg, Mo, lake sediments.
Cd A'a 'As, and As and Pb in lake
; C -5nand sediments and Cu
and in tills were
pathflnders for
gold.
15. Oldham, N.S. |Au B-2 | Till, C-horizon Ribbon, 2400 m x | Both Au and As DiLabio (1982b)
soils; <63 um; 600 m. showed dispersal
Au and As. from known Au
mineralization.
16. Nova Scotia Au, Cuy,Pb, Zn, | A-1 [Tills; <63 um - Various, local tills | Baseline dataon | Stea and Fowter
W,'sn, and U Cd,Ag,Cu,Pb, |tkmto4km distribution and | (1981); Stea and
Zn Co Ni, Fe, with exotic till chemistry of tills | Grant (1982&
Mg, Mo, |clasts from20to |in N.S. Stea and O'Reilly
A nd km. Documented 1982); Stea
HMC - Sn'and W. dispersal from 19822, b; 1983)
chemically
distinct
lithologies and
mineralization of
various types.
17. North Pb-Zn, Cu and A-1 | Bedrock and till; |N/A Emphasized need | Stea et al. (1986a,
Central, N.S. U <2 um; Cu, Pb, to recognize b), Stea and
Zn, Co, Ni, fe, different tiH Finck (1986)
Mn Ca Mg, Mo, sheets. Dispersal
U and As. is a mulitistage
process.

18. Mascarene A-2 |Humus,BandC- |N/A Study still in Chiswell (1986)
Peninsula and horizon; ? and progress.

West Isies, HMC.

19. St. George W, Cu, Mo and A-1 | B and C-horizon Flame, 1toSkm | New possible Rampton et al.
Batholith, Au (ull) B-horizon - | long. expioration (198 z; Thomas
Southern N.B. ﬁ b, Zn, Ag, tar etsidentified | et al. (1987)

C Mo U'and'Sb, 1d most known

HMC (tlll) W, Sn mmeral

and Au. occurrences
located

20. Sisson Brook, | W-Cu-Mo B-1 | Till; -10 + 80, Ribbon to flame, |Short dispersal Snow and Coker
N.B. -0 + 200,-200, |300t0400mx on property due | (1987)

-10 {ground to 700 m. to bedrock nd’ge

-200J mesh and Anomalous til

MC; Cu, Pb, Zn, carried over

Ni, Ag, Mo, Fe, ridge and '

As, F,W, Snand deposned 8km

Bi. down-ice with no
connecting
dispersal train.

21. West Central | Cu, Pb, Zn, Sn, A-1 [ Till; <2 um; Cr, Several kmin the | Till down-ice Lamothe (1986)

N.8. W and Mo Mn, Fe, Co, Ni, direction of ice from known
Miramichi Cu, Zn Mo A flow. mineralization
one) Cd, Pb, W, As, U, shows dispersal.

Snand F. New unexplained
anomalies exist.
Study still in
progress.

3-18
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presence of three
tills and
associated
sediments from
atleast three
lacial events.
haracteristics of
Au placer-
bearing strata
outlined. Study
still in progress.

) . o Stud Sample Media, Shape and Size
Location Mineralization | T, Y | “Fractions and (Lx Wl) of Comments Reference(s)
ype Elements Dispersal Train

22. Trousers Lake | Zn, Pb, Cu and A-2 | Band C-horizon Local, 1 to 2km Anomalous Frffe and Pronk
Area, N.B. Ag {till): -80 mesh; fong. atterns related | (1985)

Cu, Pb, Zn, Mn, o known

Fe, Ag, Co, Ni, mineralization or

Mo, U and Au. distinct bedrock
lithologies.

23. Tetagouche L. | Cuy, Pb, Zn and A-2 | Band C-horizon N/A Outlined Pronk (1985,
an . Au (Y.l”&; -80 and resence of 19864, b, 1987)
Upsalquitch -250 mesh; Cu, nown Au
Forks Ma Pb, Zn, Ag, Mn, mineralization
Areas, N.B. Fe, Ni, Co, Cd, and targets for

Mo, As, Sb and further
Au. exploration

24. Central Gaspé | Cu, Mo, Pb A-2 | Back-hoe pits Two trains of Recognized David and
Peninsula, and Zn rofile sampled | granitic erratics — | dispersal from Bedard (1986);
Quebec Yt'l“)‘ <2umand |oneis 110kmx two distinct Chauvin and

HMC, 20to 50kmand | glacial events. David (1987)
the other is
40 km x 20 km.

25. Southwest Au, Cu,Pband | A-t |C-horizon (till); N/A Au analysis of Bernier et al.
Gaspé Zn -60 (ground to HMC’s provided a | (1987)
Peninsula, -200f mesh; Au, ood estimate of
Quebec trace and major u variation

elements, + across area and
230 mesh HMC; outlined a

Au + 25 number of
elements and anomalies.
examined for

mineralogy and

Au grains.

26. Northwest Au,Cu,Pband | A-1 |[Till - pebble N/A Pebble counts Prichonnet and
Gaspé Zn counts. indicate a Desmarais (1985)
Peninsula, complex ice flow
Quebec history for the

area. Study still
in progress.

27. Lac Magantic | Au, Mo, Cu, A-1 | Till, pebble and Ribbon to flame, | Detailed study of | Shilts (1973a
Area, Quebec |Pb, Zn, W boulder counts, 80 km x 15km. the Quaternary 1976 and 1981)

fabrics; <64 um; history and

Al, Fe, ,Ca, | sediments of the
Mn, Ba, Co, Sr, Ti, area, including
Zr, Cu, Ni, ¢rand {acial dispersal
V. Mineralogy of rom Thetford
various fractions Mines ultrabasic
studied. outCrops.

28. Eastern Au A-1 | Variable - uil Flame, 20 t0 Widespread Maurice and
Townships, (and stream 30kmx 1Sto anomaly Mercier (1985);
Quebec sediments or 20km. patterns related Maurice {1986a,

other sediment to glacial rather b)
types); HMC; Au, than alluvial
e, Ni, Cu, Zn, Ag, rocesses for
Pb, Cr, Co, Sb, La, MC trom
Hf, S, As, Ti, Nb, streams.
sn.Y, Ta, Ir, Th,
u.

29. Beauceville, Au (placer) B-1 | Till and other N/A Rotasonic drilling [ Shilts and Smith

Quebec sediments; program (1986a, b); Smith
|1 <2 um; Ni. confirmed and Shilts (1987)

Continued
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. L Study Sampie Media, Shafe and Slze
Location Mineralization | 7 Fractions and X ? Comments Reference(s)
ype Elements Dlspersa Train

30. Lac ) Cu (iconMine) | A-2 |B-horizon; <80 Ribbon to flame, | Thorough DiLabio (1981)
Mistassini - mesh Cu; Till — Two trains documentation
tac pebbie counts. 1650 mx75m of aglacial
Waconichi and 600 m x dispersal train.

Area, Quebec 300m Mapping
abundance of
mineralized
pebbles most
efficient guide to
ore zones.

31. Ungava, Ni, Pt, Pd A-t | Till <63 um - Several dispersal | Documents the Bouchard and
Quebec Caé trainsra mg glacial history Marcotte (1986)

multnelement from 6 to m |incdudingice
aeochemlstry, up to 70 kmin flow patterns of
MC length the Ungava
mineralog K Peninsula. -
granule lithology Geochemistry of
counts. the till is still
under study.

32. Casa-Berardi | Au(Golden C Till, sand and 400 m x 200 m, Successful Sauerbrei et al.

Area, Quebec | Pond and ravel from RCD | but truncated a thauon of (1987)
Golden Pond oles; HMC; Au, |againsta /HMC in a
East) As, and §, also bedrock ridge by new gotd camp.
carried outgold | later glacia
grain counts. advance and
erosion.
33. WestCentral |Au,Cu,Pband | A-1 Tll < 80 mesh N/A Provided LaSatle and
Que in HMC Cu, Zn, egional dataon | LaLonde (1982);
Pb Ni. Co, Mn, till geochemistry. | LaSalle et al/
Rb, Zr, Sr, (1982a, b)
o, Nband Y.

34. Bousquet Au (Doyon B-1 | Humus, Tiit -100 Do on Mine — Shows the Gleeson and
Area, Mine and mesh and HMC; m long'1 influence of Sheehan (1987)
Malartic, Bousquet Au, Cu, Pb, Zn Bou uet Mine - bedrock topo-

Quebec Mine) and Ag. 15 to 30 miong. Jahy on saze

shape of

|qwnwlumn|n
till. Au content
of -100 mesh and
HMC fractions of
till both define
trains. Humus
can be
ineffective in
areas covered by
laciolacustrine
clays.

35. Hopetown, Zn 8-1 | C-horizon (till); Ribbon, 400 m x | Dispersal train DiLabio et al.
Ontario <2um; In,Cd 70 to 200 m. best defined by 51982;; Sinclair

and hg. Also mineralized 1986

mapped boulders and Zn

mineralized and Cd in tills,

boulders and Plant metal levels

analyzed plants. reflect those in
underlying till.

36. Lanark Au B-1 | Humus, B- irreqular flame, | Auin all media Gleeson et al.
County, East horizon soil and | 10010 3000 m x reflected (19842 Rampton
Ontario till (total -250 variabie widths. mineralization. et al. (1986)

mesh and HMC); Au in HMC's gave
Au. Pebble best anomaly
counts and definition and
mineralogy of contrast. The -
HMC's -250 mesh
determined. fraction was
most cost
effective.

Continued
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deposit.

. . L Stud Sample Media, Shape and Size
Location Mineralization | ¥ Y | “Fractionsand A(LxW)of Comments Reference(s)
ype Elements Dispersal Train

37. Matachewan, | Barite B-1 | Till; pebbie 20mx50m. Variation of Stewart (1986a)
N.E. Ontario lithology and barite with

roundness distance from
examined, barite vein obeys
content of 5 size negative
fractions of till exponential
determined. functionin all
Excavated trench fractions except
sampled. fine sand. Very
short dispersal
due to bedrock
to raphic
e S.

38. Matachewan, | Au B-1 [Backhoe and Ribbon to Outlined at least | Stewart and Van

N.E. Ontario auger sampling irregular flame, three dispersal Hees (1982)
of tills; <63 um [200'm to 800 m x . | trains. .
and HMC; Au 60to 150 m.
and Ag.

39. Kirkland Lake | Au and Cu, Pb A-1 | RCD and backhoe | VA Provided Thomson and
Area, Ontario | and Zn sampling of tills baseline data for | Guindon (1979);
(KLIP) and related a regional Thomson and

sediments; Quaternary Wadge (1980,
<63 ym and stratigraphic 1981?- Averill
HMC; Cu, Pb, Zn, frameéwork. Also | and Thomson
Ni, Mo, As, Ag, provided (1981); Thomson
Au and U. geochemical and | and Lourim
Collected and mineralogical (1981); Lourim
analyzed data on tillsin and Thomson
bedrock chips. the area. &1 981);
outledge et al.
1981); Lourim
1982a, b);
Fortescue and
Lourim (1982);
Averill and
Fortescue (1983);
Fortescue et al.
(1984)
40. Kirkland Lake | Au B-2 | Tills{-250 mesh) | N/A Used available Gleeson and
Area, Ontario and humus (-50 surficial sample Rampton (1987)
mesh); Au. media to cost
Mapped bedrock effactively
and surficial follow-up RCD
geology, data and outline
collecfed and viable gold
analyzed rocks targets for future
for Au. exploration.

41. Matheson- [Au,Cu,Pband | A-1 | Rotasonicdriil N/A Proviced Baker et al.
Lake Abitibi | Zn and backhoe baseline dataon | (1984a, b; 1985;
Area, NE used to obtain the regional 1986); Jensen et
Ontario tills and other Quaternary al. (1985); Steele
(BRIM) sediments; HMC, stratigraphic etal. (19864, b);

-250and -10 sequence and on | Averill et al.
mesh fractions; the geochemical | (1986); Jensen
variously character of tills | and Baker
analyzed for a and other 1986); Ontario
suite of some 45 sediments in the eological
trace and major area. Survgeg!,§1986a. b,
elements. c1 ; Baker
and Steele
§1987;; Bloom
1987

42. Macklem Au (Aquarius C |RCDcontinuous | Ribbon to One of the first Gray (1983)
Township, NE | Deposit) sampling of narrow fan, case histories
Ontario lacial sediments | >1 km inlength. | documenting the
(Nighthawk 1il); -10 mesh successful use of
L) HMC; Au and Au RCD data in the

grain counts. discovery of a Au

Continued
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) . o Study Sampie Media, Shafe and Size
Location Mineralization | 7, Fractions and ALxW)of Comments Reference(s)
ype Elements Dispersal Train

43. Currie - Cu (Currie — Cc RCD sampling of | Ribbonto One of the first Thompson (1979)
Bowman Bowman tills; -10 mes narrow fan published works -
Towhships, Deposit) HMC; Cu, Pb,Zn, [1000+ mx on the successful
NE Ontario Ag and Au. 500 m. use of RCD in

mineral
exploration in an
area of thick
overburden.
Resuited in the
discovery of the
Currie — Bowman
Cu deposit.

44. Hoyle Au C | RCDsamplingof |Ribbon, 1.5to Defined Harron et al.
Townsh“o, glacial 2.0kmx 500 m anomalous area, |(1987)

18 km. NE of sediments; -10 but dispersal
Timmins, mesh HMC; Au, limited due to a
Ontario Cu, Zn and As. bedrock ridge.

45. Hoyle Au (Owli Creek | B8-1 | RCD and sonic Two dispersal Dispersal Bird and Coker
Township, Gold Mine) sampling of trains at controlled by (1987}

18 km NE of glacial different bedrock
Timmins, sediments; -10 stratigraphic to rap&y.
Ontario mesh HMC; Au. levels. Ribbon, Establish
Pebble 450 mx 200 m Quaternary
lithologies and 650 m x stratigraphy and
determined. 200 m ice movement
directions.

46. Hemlo Area, |Au A-2 [Surficial mapping | NJA Stresses Geddes and
North Central to outline the importance of Kristjansson
Ontario Quaternary understanding 1 )

stratigraphy and the Quaternary

terrain types. stratigraphy in
termsof
composition and
thickness for
selection of
sample media for
Au exploraiton.

47. Hemlo Area, | Au (Williams B-1 [ Percussion drill Irregular ovoid, Varied, but Gleeson and
Bomby Property) and flow 200'm x 250 to similar response | Sheehan (1987)
Township, through sampler; | 500 m (limited in all sample
North Central Humus, B- down-ice media,

Ontario horizon soil and | dispersal due to controlied by
till; humus, roc bedrock
various fractions | topography). topography,
of soil and till overburden
(including HMC thickness and the
analyzed for Au, presence/absence
Cu, Pb, Zn, Ag, of calcareous till.
Fe, Mn, Mo, Sb,
Ba, Asand W.

48. Beardmore - | Au (Northern B-1 | B-horizon soil N/A Orientation Closs and Sado
Geraldton Empire, Knox (-80 mesh) and study that Au, in | (1978)

Area, NW Lake and till (-250 mesh ail fractions, was
Ontario Archie Lake and HMC); Ag the best indicator
areas) As, Cu, Cr, Zn, Pb, oftheAu
Sn, Band Au. mineralization.

49. Onaman Au (Tashota 8-1 | Till (C-horizon Flame, 600 m » Au gave DiLabio (1982b)
River, 80 km N | Nipigon Gold soils); <2 um for | 100to 200 m. restricted
of Mine Cu, Zn, Ag, Bi, Ni, anomalies
Beardmore, Co, Mn, Fe and whereas the
Ontario As, <63 um for mineralized

Au and boulders and Cu,
carbonate Ag and Zn
content. SEM defined the
examination of dispersal train.

selected HMCs.

Continued
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. . o Study Sample Media, Shafe and Size
Location Mineralization | T, Fractions and (LxW)of Comments Reference(s)
ype Elements Dispersal Train

50. Ruttan Mine | Cu-Zn (Ruttan B-1 |Till; <2 um for Irregular ovoid to |Asin <2 um and | Nielsen (1986a)
Area, Leaf Mine), Au As and HMCs for | fan, upto 1 km Au in HMCs
Rapids, As and Au. Gold |long. define dispersal
Manitoba grains counted. from fault zone.

51. NW Manitoba | Various A-1 | Till (E -3 per Irregular ovoid to | Trace element Kaszycki and
(1:250 K map 100 km2); fan, upto 25km | contents of till Dil abto (1986a,
sheets 64C <2um; Cu, Pb, tong. reflect large scale |b)
and F) Zn, Ni, Cr, Mo, Fe, chemical

Mn and As variations in
bedrock and
mineralization.
Carbonate
content of the
tills related to
provenance.

S2. Lynn Lake, Au (Agassiz A-1/2 | Till; <2 umand | Flame to fan, Dis | defined | Nielsen (1982,

anitoba Deposit) HMCs; Cu, Pb, Zn, | 1S0m t0 400 m by Cu, Pb, Zn, Ni, | 1983); Fedikow

Co, Ni, Cr, Mn, Fe, | long. As and Au in g 983, 1984);

Mo, U, H ’ﬁﬂ' <2 yum and by edikow et al.

Au, As, Wand sb Au in HMCs, (1984)

53. Farley Lake, Au {Agassiz A-2 [Till; <2umand !Verylocal Till in area mainly | Nielsen and
Manitoba Metallotect) HMC; Cu, Pb, Ni, | dispersal. derived from Graham (1984,
40kmEo Zn, Co, Cr, Fe, bedrock to the 1985)

Lynn Lake Mn, As, and Au. north of the
reenstone belt.
MCs indicate
gold
mineralization;
<2 um fraction
does not.

54. Minton Au (A?assiz B-1 (Till; <2umand |DotLake— Mineralization Nielsen (1985,
Lake — Nickel | Metaliotect) HMC; Cu, Pb, Zn, |1.5kmiong; shown by As in 1986b); Nielsen
Lake Area, E Ni, Co, Cr, Fe, Mn, | Agassiz Deposit - | <2 um fraction et al. (1985);
of Lynn Lake, Asand Au. Gold | 150 m long. and Au in HMCs. | Nielsen an
Manitoba grain counts. Length of Fedikow (1986)

d:sPersal related
'tolocal
topographic
controls.

5. Seal River Au B-2 |Till, <2um, Ribbon to fan, Asin <2umand | Dredge and
Area, E of <63 um and 1.3kmx0.5km. |Auin <63um Nielsen 21986[);
Great Island, HMC: various of gave highest Nielsen (1986b,
Manitoba Cu, Pb, Zn, Ni, Co, values and

Cr, Fe,Mn, As, Sb contrast. Au and
and Au. Textural Asin <63 ym
analyses and gave short and
Pebble ) narrow dispersal.
ithologies.

56. Northern Various A-1 | Till; <2ym; Cu, [0toSkminthe Anomaliesin Dredge (1983a,
Manitoba Pb, Zn, Co, Ni, Cr, | west, greaterin sandy till indicate | b)

Mo, Mn, Fe, As the east. local bedrock

and U. source; those in
silty till are
unrelated to
underlying
bedroc

57. Northwestern | Various 8-1 [Tl and esker 0to 5 km from Till geochemistry | Dredge (1981)
Manitoba sediments; source. reflects bedrock

<2um; Cu, Pb, underlying or

Zn, Co, Ni and directiy up-ice

Ag. from till sample.

Continued
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Location Mineralization | 7, Y | Fractions and (LxW)of Comments Reference(s)
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58. Duddnd?(e &Duddndge B-1 | Used percussion [ Ribbonto 8oth the -230 Sopuck and
Lake 60 drill with flow narrow fan, mesh material Lehto (1979)
NW through bit to 3kmx60to and HMCs
LaRo ng collect till; -230 400 m. depicted
Saskatchewan mesh and HMC anomalous

(-80 + 230

mesh); Cu, Zn, pa ernsin U, As
Co, Pb, Ag, Mo, and Cu.

As, Fe, Mnand U.

59. Waddy Lake, |Au (EP Zone at C |Sonicdrill used to | Classicribbonto |Successful use of [ Averill and
160 km NE of Waddy Lake) obtain tills; narrow fan, HMC and grain Zimmerman
LaRonge, HMC; Au 600 m x 50 to counts to (1986)
Saskatchewan and Zn. éold 100 m. discover a new

rain counts gold deposit.
one. .

60. Waddy Lake | Au(Star Lake B-1 |[Till; <2um,-80 |Ribbontoovoid, |Gold grain So;)uck etal.
NE of Deposit and mesh and HMC Star Lake — counts and Auin | (1986)
LaRonge, Tower Lake Au. Gold grain 300mx75to till define large
Saskatchewan | Prospect) counts. Size 100 m. Tower distinct dispersal

fractionation and | Lake —~ 600 m x atterns. Auin
analysis o 150 m. e <2 um and
fractions for -80 mesh give
selected tills. only restricted
patterns near
mineralization.
Fractionation
data indicate
most gold isin
the sift-sized
fraction.

61. Waddy Lake | Au(several Au A-2 TII <0.1 mm N/A Bulk till from C- Campbeli (1986)
Area, NE of deposits in the HMC; Au, Cu horizon is an
LaRonge, area) nd As. Gold effective sample
Saskatchewan graln counts, medium. HMCs

pebble counts and <0.1 mm
and textural fractions
analysis contained
rformed on anomalous Au.
he samples. The Au is mainly
fine grained.

62. Sulphide — Au (a number A-2 Till- <0.1 mm N/A Au was the best Campbell (1987)
Hebden Lake | of sulphide- HMC; Au, indicator of
Area, 50 km hosted Au Pb Ni, Co, Cu, Zn mineralization.

NW of deposits occur and Ag. Gold Both HMCs and
LaRonge, in the area) rain <ounts and fine fraction
Saskatchewan extural analysis shouid be
rformed on analyzed for Au
the tills. in exploration,

63. Vixen Lake, gColhns C RCD used to Isolated ovoid A block of Geddes (1982)
Athabasca Bay “B" Zone) gle tills; block o . anomaious till
Basin, N U, Cu, Pb, anomalous till. was transported
Saskatchewan Nn and As. +13 km and

deposited
1soiated from its
source.

64. Mahon Lake, |U (MidwestU B-1 [ Percussion drill Ribbon, 3 km x The Simpson and
Athabasca Deposit) with flow 500 m. mmerahzatlon Sopuck (1983)
Basin, N through bit used was
Saskatchewan to colfect till; -80 deplcted byUin

+ 250, -250, the <2 rm
<2 ym and HMC materia
-80_+ 250); Cu,
M3,V Fo. M2,
g, e, Mo
Se'and U

Continued
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. . Stud Sample Media, Shafe and Slze
Location Mineralization | T ey Fractions and xW Comments Reference(s)
yp Efements Dlspersal Tram
65. Athabasca U (several U A-1 |Bouldertracing |Ribbon to fan, Used the Ramaekers et al.
Basin, N deposits occur program. from 3 km to distribution of (1982)
Saskatchewan | in the area) 35km long. laciai erratics to
ocate fracture
zonesand |
mineralization.
66. Cluff Lake U (Claude C Percussion Ribbon 1.5t0 2.0 | Successful use of | Wilson (1985)
Carswell Orebody) drilling used to km x 250 m. till geochemistry
Structure, N sample tills; -80 in focating U
Saskatchewan mesh: Ag, As, Au, mineralization.
8, Cu, Mo, Ni, Pb,
Se, Th, U, V and
. Zn.
67. S of Baker U-Cu, Ni-Cu B-1 | Till from Flame to fan The zones of Dilabio (1979);
Lake, District | and Cu-Zn - | mudboils, plants; [~1100m x 150 m | mineralization DiLabio and
| of Keewatin, Kazan Falls <2um and from (three dispersal are best outlined | Rencz (1980)
N.W.T. er uson Lake, seiected samples | trains). by trace elements
Heninga <63 uymand in the <2}4
Lake) sand-size fraction of the
fractions; Cu, Pb, tills. Plant metal
Zn,Co, Ni, U, Ag; levels reflect
Mo, Cd, Cr, Mn those in till
and Fe.
68. Bathurst Zn, Pb and Cu B-1 So:l profile Ribbon to flame, |iIn zone of Miiler (1979},
Norsemines, | (Bathurst anic la er >400mx 100to | weathering all Miller (1984
90 km SSW of | Norsemines) at0— 400 m. sulphides
Bathurst inlet, and 35-64 cm) destroyed. Ag,
-80 mesh; Ag, Ca, Fe and Pb show
Cd, Cu, Fe, g, well developed
Mn, Pb and Zn. dlsge
erns Cu and
n have
undergone
hydromorphic
dispersion.
69. Aberdeen U B-1 |Soil (tili?) from Ribbon to flame | Successful use of | Riese et a/. (1986)
Lake, 125 km mudboils; U, Mo 1 1t02km x 100 to | multivariate
W of Baker Cu, Pb, Zn, Ni, Co 00 m. statistics to
Lake, District and Ag. interpret a large
of Keewatin, tifl geochemistry
N.W.T. database.
70. Buttle Valley, | Cu, Zn, Pb, Au A-2 |[Till; <2um; Cu, |Confinedto The <2 uym Hicock (1986)
Vancouver and &(Lynx Zn and Pb. Clast | alpine valleys, fraction was
Island, B.C. ra and lithology counts, | <20km long. anomalousin Cu,
Pnce Mmes) textura analrsus Zn and Pb over a
of selected tilt distance of
and HMC 20 km. Dmgersal
mineraiogy. controlied by and
confined to
valleys.
71. St. Elias Co, Cu, Zn, Pb, B-1 | Glacial erratics N/A Compared Day et al. (1987)
Mountas, Ag (Windy- {mineralized chemistry of
Northwestern | Craggy) clasts); mineralized
.C. ulverized; Co erratics to ore
u, Zn, Pb, Ni, Cd, from Windy-
Mo, Ag, Mn and Craggy.
P. Statistical

analyses showed
that mineralized
erratics were not
from WIndJ’
Cragg likely
came

another sOurce




Table 3. Summary of drift prospecting and related overburden studies in Fennoscandia (1977-1987)

(Study type: A - Regional - 1 - Reconnaissance, 2 - Detailed; B - Research - 1 -
Orientation, 2 - Follow-up; C - Exploration case history. HMC - Heavy mineral
concentrate, RCD - Reverse circulation dnilling.)

dispersal was
short. Lithogeo-
chemistry )
recommended if
samples can be
obtained
cheaply.

) . o stud Sample Media, Shafe and Size
Location Mineralization | 7 y Fractions and N xW? of Comments Reference(s)
ype Elements Dispersal Train
1. Ahvenisto, Sn A-2 | Till - preconcen- | Flame, 8 km x HMCs anomalous | Mattila and
S.E. Finland trated in the field | 3 km. in $n, are Peuraniemi
and HMC, effective for (1980);
<63 uym; Humus; reconnaissance Peuraniemi et al.
variously expioration. The |(1984);
analyzed for <63 um fraction | Peuraniemi and
wide range of gave anomalies Heinanen (1985);
elements. inSn and Cu, was | Peuraniemi
Mineralogy of more effective (1987)
HMC studied. for detailed
work. Program
discovered Sn
mineralization.
Mineralogical
work classified
different types of
cassiterite
related to .
different deposit
types.
2, Y_Io{jarvi, SW. |Cuand W B-1 |Till; 250 - S0 um |Flame, >2km x | Defined down- Kinnunen (1979)
Finfand :rampn co'umed 800 m. ac,e mam'r'naf for
or mineralogy: |s?ersa o
225 - 50 rm different are and
analyzed for Cu. gangue minerals
and related their
positions to their
mechanical
stabilities.
3. Korsnas, SSW. | Pb B-1 | Till, profile <150 m long. Searching for Bjorklund (1977)
Finland sampled to more ore in an
bedrock; area containing
<60 um; abundant ore
Multielement boulders.
analysis. Dispersal is short
and from several
. small sources.
4. Kaustinen, W. |W 8-1 |Till; 250 - 62 yum |Ribbon to flame, [Developed Nikkarinen and
Finland HMC counted for | 2km x 250 m. scheelite ~ Bjorklund (1976)
scheelite: <62 tracing method
um anaiyzed for whichled to the
w. discovery of
mineralization.
5. Susineva, W. |[Mo,CuandAu | B-1 [Till; <60 pm; Cu | N/A Mo and Cuinthe |Nurmiand
Finland and Mo. Also till anomalous Isohanni (1984)
collected and over metal-
analyzed bed- liferous parts of
rock and stream the granitic
sediments. batholith and
reflected
underlying
bedrock because




Table 3. Continued.

. ) o Stud Sample Media, Shafe and Size
Location Mineralization | 7. Y | Fractions and ALx WR of Comments . Reference(s)
ype Elements Dispersal Train

6. Pielavesi, Zn, Cu and Ni A-1 | Percussion drill Numerous Successful use of | Ekdahl (1982)
South Central with flow boulder trains up | till geochemus_try
Finland through bitused (to 10kmlongby |inthe evaiuation

to collect till; 2km wide. Till of geophysical
whole till and ave much more |anomalies.
>4000 ym ocalized

4000 - 2000 um, | dispersal

2000 - SO0 um, | patternsinterms

500 - 62umand | of 100s of m.

<62 um; Cu, Zn,

Ni, Co and Cr.

7. Tervo, South |Ni, Cu B-1 | Till; <50 um, and | Ribbon broken Extre.melz Nurmi (1976)
Central 50 - 500 um; Ni, |intoseveral detailed three
Finland Cu, Coand Zn. segomems, 700m |dimensional

x90m. dissection of a
: . dispersal train. )
8. North Karelia, |Cu,Pb,Znand | A-2 |Till; <64umand |Clastsdispersed |Several curvesof | Nikkarinenand
S.E. Finland Ni 64 ~ 500 ym; Co, | from 100s of m to | down-ice Salminen
{Outokumpu Cu, Mn, Ni, Pb km down-ice, abundance of (1982); Satminen
Area) and Zn. Stone whereas short indicator clasts and Hartikainen
counts carried distances of and trace {1985)
out on several transport seenin | element data
size fractions. trace element give the range of
data on till. expected
dispersal
distances for the
area.

9. Kivisalmi, Cuy, Pb, Zn and A-1 | Till; HMC; Ribbon, but In an area of two | Aumo and
North Karelia, | Ni number of ed?es not clearly |ice flows, Salonen (1986)
S.E. Finland (Outokumpu uvarovite grains | defined, 20km x | dispersal of

Area) counted. 4 km. boulders and

Boulders (>200 uvarovite, an

mm) also indicator mineral

counted. of the
Outokumpu
association, were
from the same
source.

10. North Karelia, | U A-2 |[Till and stratified | N/A U leached out of [ Bjorkiund (1976)

S.E. Finland drift; <63 um; U. the top 1 m of till
in well drained
sites. Anomalies
in stratified drift
classified as
hydromorphic.
Resulted in
discovery of U
mineralization.

11. Kiihtelysvaara [ Cu A-1 | Till, stream Transport Dataon Cu Salminen (1380)

North Karelia sediments and distance was on | content of tills
lake sediments; the order of 500 | divided into
<63 ym; Cu, Pb, |[to600m. subpopulations
Zn, Co, Ni and on the basis of
Mn.daﬂ . underlying
lithologies in the bedrock type.
tills determined. Compares data
Bedrock samples from several
collected an: sample media.
analyzed
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Table 3. Continued.

Fabri¢ analyses,
stone counts and
samples for later
lab studies.

and the ice flow
atterns related
o them.

. . o Study Sample Media, ShaEe and Size
Location Mineralization | 7 Fractions and (Lx WP of Comments Reference(s)
ype Elements Dispersal Train
12. lomantsi, S.E. | Au, Moand W A-2 |[Till; <63 ym; Co, |Ribbon, 12kmx |Au, Moand W Salminen and
Finland Cu, Mn, Ni Pb 3km (defined by | patternsin till Hartikainen
and Znand later | Mo data). differed; each | (1985, 1986)
analyzed for As, relatedto a
Mo, W and Au. different source.
Stepwise increase
in samp!m?
density in foliow-
upof
reconnaissance
data. Discovered
mineralization.
13. Kuhmo- | NA A-1 | Till; <63 um; N/A Normative Taiggle etal
Suomussalmi, Major elements compaosition of (1986)
E. Central by XRF and Cu, Ni the tine fraction
Findland and Zn. of till reflects
broad
provenance
areas; useful in
identifying
different tills.
14. Kuhmo- . | Ni, Cu, Zn and A-1 | Till; <63 um; Co, | N/A Evaluated Piispanen (1982)
Suomussaimi, ( Pb Cr, Cu, Mn, Ni, hydromorphism
E. Central Pb, Zn and Fe. onthe
Finland eochemistry of
ill. Detected
original clastic
eochemistry
espite
hydromorphism.
Factor analysis
classified till
samplesinto
geologically
reasonable
groups.
15. Kuhmo- ~ | Ni,Cu, Znand A-1 | Till; <63 um - N/A Measured metal | Saarnisto and
Suomussalmi, | Pb Co, Cr, Cu, Mn, contents of the Taipale (1985)
E. Central Ni, pb, Zn and Fe; fine fraction of
Finland 2to 6 mm - clast the till lower
lithologies. than expected
based on amount
of pebbles of
mafic affinity,
aithough their
influence is
strong.
16. Hautajarvi, N/A B-1 | Bedrock and till Dispersal on the Established Puranen (1977)
Lapland, N.E. {6 fractions) were | order of 2 km magnetic
Finiand measured for long. susceptibility
magnetic (magnetite
susceptibility. content) asa
Anisotropy of measure of
tills was clastic dispersal.
compared to
conventional
grain fabrics.
1117. Lapland, N. N/A A-1 | Regional study of | Dispersal from2 | Key paper Hirvas (1977)
: Finland Quaternary to40 kmdown- | defining the 6
1 stratigraphy. ice. tills in Lapland

Continued



Table 3. Continued.

) . o Study Sample Media, Shafe and Size
Location Mineralization | Fractions an ALx WR of Comments Reference(s)
ype Elements - Dispersal Train

18. Visasaari and | Magnetite B-1 |Till; <63 ym =’ Dispersal from 50 | Clastic dispersal Pulkkinen et al.
Vuonelonoja, Fe, Mg, Ca, Na, K, | to 300 m long. shown best by 1980)
Lapland, N. Ti, V, T, Mn, Co, magnetic
Finland Ni, Cuand Zn; susceptibility and

<63 um and Cr and Ni content
0.06 - 0.25mm of the tills. Short
for magnetic transport
susceptibility. distances shown
in the ice divide
area of Lapland.

19. Lapland, N. Cu, Pb, Zn and B-2 | Till; <63 um; Cu, | Dispersal is Showed the Lehmuspelto

Finland w Ni, Co, Fe, Mn restricted to 10's [ importance of (1987)
and W. or100’'sof close spaced
metresintheice |[samplingin areas
divide area. of short
. transport. )

20. Lapland, N. N/A B-1 | Till, sorted N/A Defined Lehmuspelto
Finland sediments and geochemical (1985)

fresh and properties of
weathered weathered
bedrock; <63 bedrock and the
um; awide range till overlyingit.
of elements.

21, Maaselka, Cuand Co A-2 |Till and Dispersal shortin | Stepwise increase | Pulkkinen and
Lapland, N. weathered the order of 100’s | in the sampling Rossi (1984)
Finiand bedrock; <63 of metres. density. Till and

um; analysis of organic stream
UP to 17 sediment
elements. ggochemlstry
Organic stream th reflect
iments were anomalous
also collected, weathered
ashed and bedrock and
analyzed. mineralization.
Resulted in the
discovery of Co-
Cu mineraliza-
tion.

22, Sattasvaara, Au A-2 |Till; <63 um; Fe, |Flame,upto 12 Regional to Pulkkinen et al.
Lapland, N. M% Ca,Na, K, Ti, |kmx15km. follow-up till (1986)
Finland V,TCr, Mn, Ni, Cu, sampling found

Zn and Pb. several Au-
bearing zones.
These were
identified by
anomalous,
values of Ni, Cu
and Coin till
followed up by
high Cu/Ni ratios
with elevated Au
in till.

23. Sodankyla, N/A B-1 [Till; <63 um, 63 [N/A Orientation Ayras (1977)
Lapland, N. to 250 ym and survey
Finland <2mm determined the

(ground); <63 um fraction

analyzed for 24 was best to use

elements. for exploration.
No favoured
sampling depth
but suggested

testing in areas
of mineraliza-
tion.

Continued



Table 3. Continued.

. . o Stud Sample Media, Shafe and Size
Location Mineralization | y Fractions and A xW? of Comments Reference(s)
ype Elements Dispersal Train
24. Soretiapulju, | W (Au, Mo B-1 |Till; <63um, 63 |N/A Follow-up of Johansson et al.
Lapland, N. and Co) to 500 ym - Nordkalott (1986)
Finland analyzed for Co, Project which
Cu, Mn, Ni, Pb, resulted in the
Zn, Auand W; discovery of W
Panned HMCs mineralization by
were counted for counting the
scheelite grains scheelite grains
under a UV light. in panned HMCs.
25. N. Lapland, N. [ Au B-1 |Till; <63umand |N/A Most of the Auis | Saarnisto and
Finland HMC; Au and in glaciofluvial Tamminen (1987)
other trace deposits.
elements. Also Microprobe
examined analyses of the
glaciofluvial Augrains
sediments and showed suiphide
weathered inclusions
bedrock. indicating a
Mncl'-oprobfe bedrlgfk‘source
ana o] was likely.
SQQA:SAU
grains.
FINLAND Various A-1 [ Fine fraction of Fan, flame and Comprehensive yvarinen et al.
till, pebbles and ribbon, 100s of descriptionof the | (1973
boulders; metresto 100°s sizes and shapes .
analyzed for a of kilometres. of several
wide range of gls?er_sal trains,
elementsand including those
other related to
parameters. multiple ice
flows, and how
they can be used
in prospecting.
FINLAND N/A A-1 | N/A N/A Showed the close | Kauranne et al.
link between til | (1977)
and bedrock
geochemistry
and the control
onthe
?eochemlstry of
ake and stream
sediments by
that of till.
Recommended
analysis of the
fine traction of
ull.
FINLAND Various A-1 | N/A N/A Describes the Saltikoff (1984)
nationat
gro ram of
oulder tracing
and the data
bank compiling
all ore boulder
finds.
FINLAND N/A A-1 |Indicator Length of Produced amap | Salonen (1986a,
boulders. boulder fans vary | of Finland b; 1987)
from 0.2 to 600 showing
km with a expected
median length of | transport
3.0km. distance and
variability in
different’'parts of
the country.
Classified
landforms as to
expected
transport
distances.

Continued



Table 3. Continued.

. . o Stud Sample Media, Shafe and Size
Location Mineralization | T Y | “Fractions and (LxW)of Comments Reference(s)
ype Elements Dispersal Train
FINLAND N/A A-1 [N/A N/A Key paper on the | Hirvasand
’ ice-flow Nenonen (1987)
sequence and
straugrapgg to
be expected in
the different
physiographic
regions o
Finland.
FINLAND, Various A-1 |Til - <63 um N/A Major multi- Geological
NORWAY AND and HMC; stream media regional Surveys of
SWEDEN N. OF sediments — survey which Finland, Norway
66 — <180 um and outlined regional | and Finland
NORDKALOTT HMC; stream geochemical (1986e, )
PROJECT organic matter patterns for
and moss — integration and
<100 um; interpretation
analyzed for up with bedrock and
to 26 elements geophysical
using a variety of compilations.
techniques.
26. Karasjok, N. Au A-2 [Till; <63 umand | N/A identified a Often and Olsen
Norway HMC; Au. Also rovenance area |(1986)
did Au grain or an occurrence
counts on HMCs, of placer gold, in
fabrics, stone till and sorted
counts and sediments, for
roundness. follow-up
exploration.
27. Norbotten, N. | Cu, U, Mo and B-1 | Till; <100 um Ribbon; >300m |Interpretation of | Minell (1978)
Sweden Cr and various other | x 70 m, >600m x | the glaciological
selected 50m, 400 m x 50 | processes
fractions; Cu, U, |[m, >600m x50 |involvedin the
Mo and Cr. m, 600m x 100 m, | formation of 7
Mapping of 550 m x 30 m and | dispersal trains.
mineralized and |3500m x400m. | Textbook
indicator examples of
boulders. dispersal mapped
bygeochemnstry
and boulder
distributions.
28. Mjovattnet, Ni A-1 |Tracing, Ribbon, 1400 m x | Interdisciplinary | Nilsson (1973)
N.E. Sweden mineralized 100 m. exploration
boulders. Use of program using
dogs for sniffing boulder tracing,
outboulders geochemistry
described. and geophysics
to discover
mineralization.
29. Vastana - Snand Li A-2 | Till; HMC; Snand | N/A Progressed from | Toverud (1987)
Jarkvissle, E. Li. Mapped wide to close
Central mineralized spaced sampling
Sweden bouiders. to discover 5n
and Li-bearing
pegmatites.
30. Raggen, Sn A-2 | Till; HMC; Sn. Ribbon, 3.3 km x Designin? a Toverud (1982)
Central 500 m methodology for
Sweden exploring for Sn.

Recommended 1
sample per 2 km2
increasingto 9
per km? from
regional to
follow-up.

Continued



Table 3. Continued.

. ) o Stud Sample Media, Sha[)e and Size
tocation Mineralization | Y| “Fractions and ALxwW)of Comments Reference(s)
ype Elements Dispersal Train
31. Dalecarlia, Cu,Pband Zn A-1 | Till; HMC; Fromtkmto5 Compared Granath (1983)
Central Magnetite km long. chemistry of
Sweden separated and magnetites from
analyzed for Ti, tills and different
V., Co, Ni, Mn, Zn bedrock sources
and Cu. to arrive ata
signature for
magnetite
derived from
base metal
mineralization.
32. Falun Area, Cu,Pb,Znand | A-1 |Till; <63 um; Cu, |Ribbon, 2.2kmx |Commented on Eriksson (1983)
Central Ag Pb and Zn. Till 100 m. the influence of
Sweden fabrics measured old preserved
and boulders tills, exotic debris
mapped. - and sampling
deptrp1 on till
geochemis
and,bouldetrry
tracing.
33. Hogfors, w B-1 [Till; <500 - 100 |Ribbon, 1.6 kmx |Recommended Toverud (1984)
Central um, <100 ym 300 m sampling of till
| Sweden and HMC; W. and analysis of
! Counted HMC for the HMC for W at
i scheelite grains. both regional
! Analyzed humus and follow-up
i for wW. stages as most
i cost effective
] exploration
procedure.
34. Astadalen, N/A B-1 |Till;upto 11 N/A Showed that the | Haldorsen (1977,
S.E. Norway rainsize texture, facies 1983)
ractions; wide and mineralogy
range of major of till should be
and trace ) considered when
elements. Grain choosing a grain
size analysis. size range for
Compared to geochemical
chemistry and analyses.
grain size of
source rocks.




Table 4. Summary of drift prospecting and related overburden studies in Ireland and the U.S.A.
(1977-1987) (Study type: A - Regional - 1 - Reconnaissance, 2 - Detailed; B - Research -
1 - Orientation, 2 - Follow-up; C - Exploration case history. HMC - Heavy mineral

concentrate, RCD - Reverse circulation drilling.)

. . L Study Sample Media. Shafe and Size
Location Mineralization | 7 Fractions ana (lx WR of Comments Reference(s)
ype Elements Dispersal Train

1. Lough Derg, |Pb B-1 | percussiondrill Ribbon, 600 to Three Miller (1984)
County with flow 1000 m long and | dimensional
Galway, through bitused | 1to 3 m thick. studyofa
Centra to sample till; dispersal train.
ireland <177 um; Cu, Several sections

Pb, Zn and Ba. rallel toice
flow show the
internal structure
of the train.

2. Eastern Pband Zn B-1 | Soil develo| >200mx75m. |[Showed thata Maurice and
County on till; Fe, Mn, pregiacial Meyer (1975)
Offaly, E. Cu, Pb, Zn, Ni, Cd, regolith could
Central Li, Ca, Mg, Ba producea
ireland and Organic C. dispersal train;

the regolith
survived
glaciation.

3. Avoca, Pband Zn B-1 [ B-horizon soil N/A The pathfinder Moon and Hale
Ireland and till sampled elements As, Sb, | (1983)

with a percussion 8i and Se were

drill; <190 um; anomalous in soil

As, Sb, Bi'and Se. and till. Till
geochemistry
was more useful
than soil
geochemistry.

4. Central Plain, |Pband Zn B-1 | Percussion drill Wide fanrelated | A dispersal train | Nawrocki and
ireland awower auger |totwoice flows |intilfanomalous |Romer (1979)

used to sample ?wesaboulder inPb and Zn

tilt; Multi rain 6 km iong. underlay peat
element — and other
including Pb, Zn, |. sediments.

Ba, Sr, Mn, Ag, As Drilling was

and sb. required to map
it

S. Ireland Various B-1 [Soilsand till - Flame toribbon, |Documented the | Cazalet(1982)

review of varying from 200 | change from soii

previous work. to 1000 m long. to till sampling
near surface and
atdepth from
1971 to 1981.

6. Trident Unknown 8-1 |Medialand N/A Showed how the Steghens etal.
Glacier, lateral moraines; geochemistry (1983)
.Alaska, U.S.A. fine grained and petrology of

material - HMC; morainal debris

ﬁ\Ag, As, Cr, Cu, could be used to
0, Ni, Pb, Sb, evaluate the

Sn, W and Zn. geologyand

Bouider, cobble minera Fotentnal

and pebble of up-valley
samples also catchment areas.
were collected

and counted etc.

7. Duluth Pt, Pd and Au A-2 | Esker sediments; | N/A Evaluated the Martin and Eng
Complex, <63 uym and geochemistry of | (1985)
Minnesota, HMC; wide esker sediments
U.S.A. variety of and found

elements. anomalies
warranting

| foliow up.




In the Strange Lake area of Labrador (see Table 2-#10), a large glacial dispersal train
of debris (McConnell and Batterson, 1987) from a peralkaline complex containing REE, Nb,
Zr, Yu, Be and Li is clearly shown by airborne radiometric data (eqTh). The dispersal train
from the peralkaline complex was originally located by a U anomaly in a regional
reconnaissance lake sediment survey (Geological Survey of Canada, 1979). It is important to
note that depending on the nature of a source, for example its radioactivity, and the amount of
bedrock exposure and/or thickness of overburden cover, remote techniques (e.g., airborne
radiometrics) or other regional reconnaissance methods (e.g., lake sediment geochemistry) can
detect glacial dispersal trains. Detailed till sampling carried out on the Strange Lake dispersal
train found that Pb as well as Nb, Y, and Zr in the <63 pm fraction of the till best defined the
dispersal train and outlined the details within it (Figure 13).

At Sisson Brook, New Brunswick, Snow and Coker (1987) (see Table 2-#20)
demonstrated that the W mineralization on the property is detectable by W in all size fractions
of the till, as shown for the -200 mesh (<75 pm) and HMCs from Trench 1 located immediately
down-ice from the mineralization (Figure 14). The dispersal train from the W mineralization,
based on whole till (-10 mesh (<2 mm) ground to -200 mesh (<75 pm)) truncates against a
quartzite ridge. It appears that debris, containing components of the W mineralization, has
been sheared up into the glacier and carried 8 kilometres down-ice before eventually being
deposited. Trenching through the transported lenses of till, anomalous in W, and sampling and
analyzing the underlying local granitic till and bedrock revealed no W mineralization. This
example clearly illustrates the importance of understanding the nature of glacial transport and

deposition, as well as the stratigraphy, of the glacial overburden.
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Figure 14. Tungsten in all at Sisson Brook, New Brunswick (after Snow and Coker, 1987).

A reverse circulation overburden drilling program carried out at the Golden Pond gold
deposit, Casa Berardi, Quebec by Sauerbrei et al. (1987) identified a thin lower till containing
anémalous Au and abundant gold grains (see Table 2-#32). Of note was the discovery that
glacial dispersal of Au was very limited, in the order of 200 to 400 metres. This was because
the ice that deposited the lower till moved subparallel to the strike of the mineralized structure,
itself recessive and a bedrock trough, further confining the dispersal train.

In Timmins, Ontario, a reverse circulation and rotasonic drilling program was carried out
by Bird and Coker (1987) at the Owl Creek gold mine (see Table 2-#45). This revealed a deep
and complex overburden stratigraphy With up to four glacial sediment packages, each with
different ice movement directions (Figure 15). In the lowest (Older) till, on bedrock, dispersal
is very local being truncated against a bedrock ridge. The highest Au levels in till are adjacent
to the subcropping Au mineralization. The overlying till (Matheson), has not been in contact
with mineralization or bedrock, and has derived its Au from the lower (Older) till. This
dispersal is longer, approximately 600 metres, and the area of maximum Au in till is displaced

some 300 metres down-ice from the subcropping Au mineralization. Again, the effect of
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bedrock topography on glacial dispersal, and the importance of understanding the glacial

stratigraphy and ice movement directions in an area are emphasized.
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Figure 15. Gold levels in heavy mineral concentrates from the "Older" and Matheson Tills at
Owl Creek Gold Mine, Timmins, Ontario (after Bird and Coker, 1987).

In the Hemlo area, at the Page-Williams gold deposit "A" zone, Gleeson and Sheehan
(1987) sampled the till using percussion drills with flow through bits (see Table 2-#47). They
found that the upper exotic calcareous till gave little indication of the Au mineralization (Figure
16). The underlying locally derived limonitic till gave good response in all size fractions and
HMGs, in Au, As, Sb, Mo, Hg, W, and Ba, to the Au mineralization (Figure 16). Once again,
dispersal was short (i.e., 200 metres), partly because the deposit lies in the lee of a bedrock high

and is protected, and partly because dispersal is truncated against a bedrock high down-ice.
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Figure 16. Williams gold deposit - "A" zone Hemlo, Ontario: Range of gold values in humus,

exotic calcareous till and local limonitic till from four pits over the mineralization; and,
bedrock topographic profile and geochemistry across the mineralization (from Gleeson
and Sheehan, 1987).

A rotasonic overburden drilling program carried out by Averill and Zimmerman (1986)
in northern Saskatchewan, located a dispersal train in which the HMCs from the till contained
abundant native Au, Au-Ag and Cu, as well as galena, chalcocite, and pyromorphite, which led
to discovery of the EP gold zone at Waddy Lake (see Table 2-#59). This classic dispersal train
is ribbon shaped with sharp edges (Figure 17). Of note is that the trend of the glacial dispersal

train is 15° off the direction for ice movement indicated by glacial striae in the area.
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Figure 17. Glacial dispersal train from the EP gold zone, Waddy lake, Saskatchewan (from Averill
and Zimmerman 1986)

Several countries have started to carry out regional reconnaissance till sampling programs
in order to aid mineral exploration and to provide baseline data for environmental, agricultural,
geomedical and other disciplines. The outstanding example is the Nordkalott Project carried
out by the Geological Surveys of Finland, Norway and Sweden (1986a, b, c, 4, €, f and 1987)
north of 66° N in these countries (Table 3). Several sample media, including till, were collected
and analyzed (<62 pm and HMC >62 <500 pm). Single element, principal component analysis
and various types of interpretative and auxiliary data (i.e., geology, magnetics, mineral deposits,
etc.) maps were produced. As an example, the regional distribution of Cu (HMC) primarily
depicts areas of granulites, areas of mafic to intermediate intrusives and volcanics as well as

areas of Cu mineralization (Figure 18).
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A regional till sampling and surficial mapping program was carried out by Kaszycki and
DiLabio (1986a, b) in northwestern Manitoba (see Table 2-#51). The distribution of Zn in the
<2 pm fraction of the till clearly depicts the Lynn Lake greenstone belt and other similar
geologic features. However, the regional distribution of Zn is controlled by the westward limit
of dispersal of carbonates from Hudson Bay, as shown by western limit of carbonate dispersal

(i.e., CaCO3 content of tills, Figure 19, Kaszycki, 1989).

Zinc in <2pm fraction of till,
D <50" percentile

(] 50" ~75™ percentile
[ > 75™ percentite

-0~ Carbonate content of
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Figure 19. Anomalous zinc levels in all in relation to bedrock geology and to the presence of

exotic calcareous debris in till in the Lynn Lake-Leaf Rapids area, Manitoba (Kaszycki,
1989). :

Another glacial sediment type sometimes used in mineral exploration is esker sediments.
The gravel and sand found in eskers can be considered as the sorted coarse sediment that
remains when the mud is washed out of till by subglacial and englacial streams. Esker

sediments are thus second-cycle sediments (second derivatives of bedrock of Shilts, 1976) and



have been shown to reflect the geochemistry and lithology of till where the indicator rocks and
minerals survive transport in the esker system. Because eskers are widely spaced and samples
from them represent small areas along their length, they are best used in reconnaissance
sampling or in detailed sampling where they cross favourable geological structures. Some
examples of the use of esker sediments in mineral exploration include work by Lee (1965, 1968),
Shilts (1973b, 1984b), Baker (1981, 1982), and Martin and Eng (1985).

APPLICATIONS TO ENVIRONMENTAL ISSUES

Geochemical and lithological data on glacial and postglacial sediments have been used
recently to estimate the sensitivity of terrain to acid precipitation and to identify areas that are
naturally enriched in potentially noxious trace elements. For example, Coker and Shilts (1979),
Rencz and Shilts (1980), Shilts (1984c) and Kettles and Wyatt (1985) all demonstrated how data
collected for mineral resource evaluation, to aid bedrock mapping, and to delineate natural

regional geochemical trends also could be used to detect existing or potential environmental

disturbances.
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Figure 20. Arsenic content of till on the Frontenac Arch, southwestern Ontario (after Kettles and
Shilts, 1983).



In a study designed primarily to identify areas that might be sensitive to acid
precipitation, Kettles and Shilts (1983) sampled till and other glacial sediments over an area of
15,000 km? covering the Frontenac Arch of southeastern Ontario. This area lies within the
plume of acid precipitation in eastern North America. The arsenic content of the samples
(Figure 20) is one example of data on a potentially noxious element that was mapped in this
survey (Hornbrook et al.,, 1986). Anomalous arsenic levels outline one of the original gold
mining areas of Ontario, within the Grenville metasedimentary belt in the eastern part of the
Frontenac Arch, and are also found along the southern edge of the exposed Precambrian
bedrock. These anomalous levels highlight areas in which arsenic might be remobilized into
surface water and groundwater if soil acidity was increased by acid precipitation. The
anomalous levels are also significant in terms of mineral exploration. Arsenic is a common
pathfinder for gold, and consequently, elevated levels outline areas of known gold occurrences
as well as defining similiar targets untested for their gold potential.

Geochemical data are increasingly used in geomedicine and agriculture to outline areas
of natural enrichment, or depletion, of noxious trace elements or essential micronutrients
(Bolviken et al., 1980). These examples show the multiple uses for geochemical data on surficial

sediments, uses which might not have been considered when the surveys were originally

designed.

CONCLUSIONS AND FUTURE TRENDS
A number of points have been emphasized in this paper. Many are areas in much need

of further work and research. These include the need for:

(1)  Regional studies of till provenance, including the effects of exotic drift on local
geochemistry.

(2)  Correlation of tills in areas of complex stratigraphy and assignment of ice-flow directions
to tills.

(3)  Investigation of the comminution and weathering behaviour of ore minerals, particularly

Au and PGE, in order to design better sampling and analytical schemes.



(4) Demonstration of the use of till geochemical data as a base for other data sets such as

biogeochemistry and environmental studies, etc.

(5) Development of more cost effective drilling systems, particularly in areas of intermediate

overburden thicknesses (i.e., 10 - 20 metres).
(6)  Education and training of geologists in geochemistry and Quaternary geology and a
committment by senior explorationists and exploration managers to the use of qualified

people to carry out till surficial geochemical and overburden drilling programs.
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Abstract

Only during the past twenty years or so has a concerted effort been made to examine
the role of lake sediment geochemistry in mineral exploration. Since then, numerous studies
have described applications not only to regional and property scale mineral exploration, but
also resource appraisal, bedrock mapping, public health and environmental studies.

For mineral exploration lake sediment geochemistry is particularly well suited to
regions of low relief with indefinite and disorganized drainage systems. This is characteristic
of the Precambrian Shield area of Canada. Major provincial and federal surveys have
covered extensive parts of this area, providing a wealth of publicly available regional lake
sediment data. In addition to these surveys, provincial and federal agencies are also
undertaking considerable work designed to refine and enhance the lake sediment technique.

The paper focuses on several aspects of lake sediment geochemistry relevant to
mineral exploration. The objectives are: 1) to describe in some detail the methodology for
lake sediment surveys, from sample collection to chemical analyses; 2) to briefly review some
of the factors affecting element distribution in lake sediment and how these may effect data
interpretation including - composition of source material, dispersion processes, scavenging,
and anthropogenic input; 3) to show some examples of lake sediment geochemistry applied
to mineral exploration including - the Hemlo area in northwestern Ontario, the Strange Lake
area in Labrador, and the East Kemptville area in Nova Scotia; and, 4) to provide an

appropriate list of references as a guide to further studies.
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Résumé

Ce n’est que depuis a peu pres 20 ans que des travaux concertés ont été effectués
pour évaluer le réle de la géochimie des sédiments lacustres dans I’exploration minérale.
De nombreuses études ont ainsi décrit ses applications non seulement a I’exploration
minérale d’une région ou d’une propri€té mais également a I’évaluation des ressources, a la
cartographie de la roche en place et a la réalisation d’études sur la santé publique et la
protection de ’environnement.

En exploration minérale, la géochimie des sédiments lacustres est particulierement
bien appropriée lorsque les régions sont a faible relief et que les réseaux hydrographiques
sont indéfinis et non organisés. Cest le cas des territoires du Bouclier précambrien au
Canada. D’importants levés provinciaux et fédéraux ont couvert de vastes étendues de cette
immense région; ils ont permis de recueillir une trés grande quantité de données régionales
sur les sé€diments lacustres, lesquelles sont accessibles au public. En plus de ces levés, des
organismes provinciaux et fédéraux effectuent actuellement des travaux pour affiner et
améliorer les techniques d’analyse des sédiments lacustres.

Le présent rapport porte sur plusieurs aspects de la g€ochimie des sédiments
lacustres appliqués a I’exploration minérale. Les objectifs vis€s sont les suivants : 1) décrire
en détail la méthodologie utilisée dans les levés des sédiments lacustres, allant du
prélevement d’échantillons aux analyses chimiques; 2) examiner briévement certains facteurs
influant sur la répartition des éléments dans les sédiments lacustres et la fagon dont ils
peuvent biaiser l'interprétation des données. Ces facteurs comprennent notamment la
composition des matériaux d’origine, les processus de dispersion, le phénoméne d’absorption
et les effets anthropogéniques; 3) montrer quelques exemples ou on a appliqué la géochimie
lacustre a 'exploration minérale, par exemple dans les régions de Hemlo dans le nord-ouest
de I'Ontario, celle du lac Strange au Labrador d’East Kemptville en Nouvelle-Ecosse; 4)

fournir une bibliographie pertinente pour orienter les études ultérieures.
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1.0 INTRODUCTION

Only during the past 20 years or so has a concerted
effort been made to examine the role of lake
sediment geochemistry in mineral exploration. Since
then, numerous studies have described applications
not only to regional and property scale mineral
exploration, but also resource appraisal, bedrock
mapping, public health and environmental studies.

For mineral exploration the technique is particularly
well suited to regions of low relief with indefinite and
disorganized drainage systems. This is characteristic
of the Precambrian Shield area of Canada, where
with some exceptions, most of the lake sediment
surveys have taken place (Figure 1.0a). Recently the
use of lake sediment cores, which provide
stratigraphic and temporal data, has expanded the
application of lake sediment to pollution and global
climatic change investigations.

It is not the intent of this paper, nor would it be
possible given the limited space, to cover all aspects
of lake sediment geochemistry relevant to mineral
exploration. The objectives of this review are: 1)

to describe in some detail the methodology for lake
sediment surveys, from sample collection to chemical
analyses, an aspect not particularly well documented
in the literature 2) to briefly review some of the
factors affecting element distribution in lake sediment
and how these may affect data interpretation 3) to
show some examples of lake sediment geochemistry
applied to mineral exploration 4) to provide an
appropriate list of references as a guide to further
studies.
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Figure 1.0a. Selected regional lake sediment coverage in Canada to 1990.



2.0 METHODOLOGY FOR LAKE SEDIMENT
SURVEYS
2.1 Sample collection design

Before any geochemical survey is undertaken it is
essential that a sample collection strategy be set in
place to monitor and control sampling and analytical
variance. Without it, analytical data generated from
the survey will be of considerably less value. For all
lake sediment surveys conducted by the GSC,
samplas are collected adhering to a basic sampling
design that incorporates field duplicate, blind
duplicate and control reference samples (Figure
2.1a).

[ BLIND DUPLICATE

N CONTROL REFERENCE

DUPLICATED SAMPLE

7T 17r17rrrvyrrrrrtda

-- }FIELD DUPLICATE PAIR

T

Illf

20

I7 REGIONAL SAMPLES

| FIELD DUPLICATE SAMPLE

!  BLIND (ANALYTICAL) DUPLICATE
I  CONTROL REFERENCE

Figure 2.1a. Sample collection design used by the
GSC in its stream and lake sediment surveys.

Samples are collected in ‘blocks’ of 20 consecutive
field numbers (e.g., 001...020, 041...060, 061...080).
Within each block of 20 there are 17 routine field
samples, a control reference sample, a blind
(analytical) duplicate sample, and a field duplicate
sample. The field duplicate sample is a separate
sample collected at one of the 17 routine sites. The
choice of which site to duplicate is random and left
to the judgement of the sampling team.

The blind duplicate is a reserved number for the
second member of a blind duplicate pair. This
reserve number is always the first field sample
number in a block (i.e., 021, 041, 121, 341,...). The
sample preparation laboratory selects a sample in
the block to duplicate in this reserved slot, preferably
one of the field duplicate samples. Another number

in each block is reserved for the control reference

sample. GSC standard reference materials (usually
3 different ones with a similar matrix to the material
being analyzed) are later inserted into these slots. By
using this type of collection design, sampling and
analytical variance can be monitored and controlled.

2.2 Sample collection

2.2.1 What to sample and where to
find it
Lake sediment material can be broadly classified into
three groups: inorganic sediments, organic
sediments or organic gels (Timperley et al., 1973;
Jonasson, 1976). Inorganic sediments are
characterized by various mixtures of sand, silt, clay
and hydrous oxides with little organic matter. These
tend to exist near the shore of lakes, near inflow and
outflows and in lakes where surrounding vegetation
is sparse (e.g., above the treeline). Often they
represent reworked tills. Organic gels, referred to as
gyttja, are generally found in the deeper, less active
parts of the lake environment. These gels, which can
be considered as mature sediments, are thixotropic,
organic-rich, and commonly greenish brown to grey
in colour. Organic sediments can be viewed as
blends of organic gels, inorganic sediment and
immature organic debris. They occur in most Shield
lakes usually near shores or inflows. Compared to
organic gels they represent immature sediments.

Of these three different lake sediment materials the
organic gels (gyttja) are the preferred sample
medium for lake surveys, because:

1) element concentrations tend to be higher and
more consistent in the gyttja compared to the other
media,

2) the somewhat high and consistent LOI content of
the gyttja reduces the influence of this factor on the
distribution of elements in lake sediment.

3) the relatively deep water environment of the gyttja,
represents a chemically more stable environment
than shallow water sediments that are subject to
seasonal redox shifts.

Maps (e.g., Figure 2.2.1a) created from acoustic
subbottom profiles, of Big Turkey Lake in
northwestern Ontario (Shilts and Farrell, 1982),
illustrate the typical distribution of gyttja in Shield
lakes. The material is not uniformly distributed but is
concentrated in the profundal basin(s). Thicknesses
of more than 10 metres are not uncommon, thinning
laterally away from the basin towards the shoreline.
The gyttja may be underlain by glacial deposits such
as till or lie directly on bedrock.



Figure 2.2.1a. Distribution of gyttja at Big Turkey
Lake, Ontario (modified after Hornbrook, 1989).

2.2.2 How to collect samples and
other survey considerations
An important preliminary task in any lake sediment
survey is selecting tentative sample locations on
suitably scaled (usually 1:50 000 or 1:250 000) NTS
map sheet(s). These are gridded to form ‘cells’
corresponding in area to the selected sample
density. For reconnaissance surveys (sample density
usually 1/6 km? to 1/13 km?), an ideal sample is
taken from a lake less than 5 km? in size and greater
than 3 metres deep, with a single central basin that
is the focus of drainage in the area surrounding the
sample site. A lake with active inflow-outflow
drainage is sampled in preference to a stagnant lake
in a given cell. Round lakes with one central basin
are preferable to lakes with several arms and deep
bays. Large lakes are not sampled in their central
basins where grid cells are entirely over water, along
smooth shorelines or amongst islands in the middie
of the lake, although deep bays of such large lakes
can be sampled. Small peat bog or string bog ponds
are not sampled. Similar considerations need to be
given to sample site locations for all types of lake
surveys, even the most detailed. Sample density is
largely controlled by the objectives of the survey and
can vary from 1/13 km? or greater for
reconnaissance surveys to muitiple sampling of
every available lake for property scale investigations.

Some of these sample site selection factors can be

determined directly from the topographic maps, e.g.,
lake size, presence or absence of inflow-outfiow
drainage, lake shape etc. Others are best
determined while on traverse. For example,
determining the exact sample site within a chosen
lake is readily apparent from the helicopter as a lake
is approached. The extent of the profundal basin is
defined as a relatively darker coloured area of the
lake, and the presence of muiltiple basins indicated
by dark patches separated by lighter coloured
shallow areas.

Sampling is carried out using float-equipped
helicopters manned by two crew members plus the
pilot. A Bell Jet Ranger 2068 is preferred because of
the relative ease of mounting an external winch and
attaching a working platform to the floats, in addition
to the large interior working space. The senior
sampling crew member (navigator) is responsible for
recording all pertinent field data, determining the
actual sample site on the traverse maps and, with
the pilot, for navigation along a traverse planned and
filed before flight time. The junior crew member
(sampler) is responsible for sample collection and
noting various field information which is relayed to
the senior member.

To collect the lake sediment material the GSC uses
ahollow-pipe, bottom-valved sampler (Figure 2.2.23),
attached to an external winch and rope system on
the fuselage of the helicopter. Alternatively the
sampler can be hand-lined. Variations of this method
have been developed and used by other provincial
agencies and private companies. When the
helicopter lands on the lake and becomes stationary
the sampling apparatus is released and allowed to
sink unimpeded to the lake bottom. Generally, the
full length of the sampler will penetrate the bottom
sediment. The sampie obtained, extending from the
butterfly valves to several centimetres below the
triangular port, represents a 30-35 cm section of lake
sediment from several tens of centimetres below the
water-sediment interface. The material is retrieved
from the sampler by inserting a plastic scoop into
the barrel through the triangular port, inverting the
sampler and then ‘thumping' the sampler on a wood
plank screwed onto a plywood platform attached to
the helicopter float. The sediment samples are then
placed in high wet-strength paper bags,
approximately 10x15x15 cm with a double fold top,
and put into a partitioned aluminum tray specially
designed to fit in the back of the helicopter. It is
important to coliect a full bag of sample material.
One to two kilograms of wet lake sediment will shrink
to a hard, dark brown to black lusterless ‘brick’



about the size of a golf ball weighing 50 to 100
grams depending on the LOI content of the sample.
Field observations such as lake size and depth, and
local relief are recorded on standard field cards
(Garrett, 1974) at the site.

2.3 Sample preparation and analyses
Sampie preparation begins in the field. After each
work day, collected samples are checked to ensure
that field sample numbers are correct relative to the

location maps and that they

match ‘one for one’ with the
field cards. They are then

dried in a vented and heated
drying area. For most surveys
this is a floored tent with
propane or fuel oil heaters
capable of outputting up to
250 000 BTU's, Constant
adjustment is required
between venting off hot
moisture-faden air and the
heater settings to maintain a
temperature of approximately
38°C. Higher temperatures
may result in sample bag
deterioration or loss of volatile
elements. The samples will
usually take 10 days to dry
thoroughly, although longer
periods may be required
during periods of inclement
weather. It is impontant that
the samples are completely
dry before shipping. Slightly

Figure 2.2.2a. Geological Survey of Canada lake
sediment sampler. Bar is 46 cm long.

Other sampling devices being used include gravity
corers and clam bucket type devices. The advantage
of the gravity corer is that it can supply stratigraphic
information. However, this benefit comes at the cost
of sampling rate of about 8 samples per hour
(Fortescue, 1988) versus 15 or better with the GSC
sampler. Whatever sampling device is used, it must
be capable of collecting a sample in which the upper
10 cm or so of the lake sediment column is not
included. This material can contain significant input
from anthropogenic sources (refer to section 3.3)
resulting in spurious data. For this reason a clam
bucket or other sampling device that takes a grab
sample from the sediment/water interface is not
recommended.

damp samples sitting in
containers for several days will ‘sweat’ causing bags
to disintegrate and sample material to be spilled and
cross contaminated.

In the sample preparation laboratory samples are

initially crushed or broken down to pieces less than

0.25 cm diameter by pounding the bagged sample

with a steel pestle or hammer. The material is further

reduced in ceramic ball mills or ceramic shatter
boxes (swing mills). The minus 80-mesh fraction is

then placed into 16 dram vials. The plus 80-mesh

fraction along with any excess material not ball milled

is placed in polyethylene containers and stored for

possible future use.

A detailed overview of analytical methods used in
exploration geochemistry is presented elsewhere in
this volume, so only a few comments are given here.
In general, there is no one single analytical method
that can provide all the required geochemical
analyses. Usually a combination of techniques are
used that include atomic absorption spectroscopy
(AAS), instrumental neutronactivation analysis(iNAA),
inductively coupled plasma spectroscopy (ICP and
ICP-MS) and other specific techniques. What



combination of these and others methods are used
depends on factors such as; elements required,
amount of sample required by a method versus
amount available, detection limit of a method versus
expected background concentration in the samples,
accuracy and precision of a method, and cost.
However, regardiess of what combination of methods
is used, data for Fe, Mn and LOI(loss-on-ignition)
need to be included as part of any analytical suite
(refer to section 3.3).

Table 2.3a summarizes elements determined and
methods used by the GSC in lake and stream
sediment surveys from the mid-seventies to the
present. The changes in elements and methods
reflect as much as any other factor improvements
and developments in the field of analytical chemistry.
At present, INA analysis is the main analytical
method used for lake sediments. This method
provides data for about 35 elements, of which about
10 are not used because of inadequate detection
limits and/or precision. Added to this are several
elements determined by AAS and other specific
techniques. In total, this combination of methods
provides usable data for ~40 elements.

including location and accessability of the survey
area, number of survey sites, sample density and
suite of elements being determined. For example,
over the last few years the GSC has undertaken
surveys that ranged from southern Ontario to
northern Manitoba, involved 1 000 to 3 000 sites at
an average density of 1 sample per 13 km?, The
analytical suite determined is outlined in Table 2.3a.
Collection, sample preparation and analyses were
contracted out. Overall project supervision, data
management and Open File production were
handied by the GSC. The cost of these surveys
varied from $75 to $115 per site. Rogers et al.
(1990a), estimate a total cost of $50 per lake
sediment sample in Nova Scotia.

3.0 FACTORS AFFECTING TRACE ELEMENT
DISTRIBUTION IN LAKE SEDIMENT
Table 3.0a summarizes the distribution of several
elements in lake sediment from four geographically
distinct regions of Canada. The data are from four
GSC Open File releases. The table serves to indicate
the range of trace element concentrations that may
be encountered in lake sediment and illustrates that
there are similarities and

differences in the element
distribution between areas, There

YEAR |MEDIUM

VARIABLES DETERMINED AND METHODS USED

are a number of factors that
account for the observed

1976 Lake Sediment

Zn,Cu.Pb.Ni,Co,Ag,Mn,Fe(AAST): As(COL1); Mo{AAS2); LOI(GRAV1); UINADNC)
Stream Sediment | Zn,Cu,Pb,Ni,Co,Ag.Mn,Fe(AAS1); Mo(AAS2): UNADNC); W(COL2)

variations. The two most
important are; 1) differences in

1985 Lake Sediment
LONGRAV1); UINADNC): F(ISE); Au(FANA)

Zn,Cu,Pb,Ni,Co,Ag.Mn, Fe,Cd(AAS1); Mo,V(AAS2): As,Sb(AAS3); HQ(AAS4);

Stream Sediment _|As per lake sediment plus W(COL2); Ba,Sn(AAS2)

type and composition of the
source material from which the

1990 take Sediment

I U,Au({INA)
Stream Sediment  |As per lake sediment plus Sn(AAS2)

Zn,Cu,Pb,Ni,Co,Ag,Mn,Fe,CA(AAST); V(AAS2); Hg(AAS4); LOI(GRAV1); F(ISE);
Na,Sc,Cr.Fe,Co.Ni,As,Br,Rb,M0,Sb,Cs,Ba,La.Ce,Sm,Eu,Tb,Yb,Lu, K1, Ta, W, Th,

lake sediments are derived and 2)
differences in the chemical and
mechanical dispersion processes
that move the material from

activation analysis by delayad neutron counting.

AAS1: atomic absorplion spectroscopy (AAS) with an air-acetylene flame: AAS2: AAS with a nitrous oxide~
acetylene flame; AAS3: AAS with hydride evolution; AAS4: cold vapour AAS; COL1: Colorimetry involving use
of diethydithiocarbonate; COL2: Colorimetry involving use of dithiol or zinc dithiol; FANA: fire assay
preconcentration with neutron activation analysis of dore bead; GRAV1: gravimetric determination at
approximately 500 C; ISE: ton selective electrode; INA: instrumental neutron activation; NADNC: neutron

source to sampling site. Other
factors need to be kept in mind
as well, and include scavenging
by organics, scavenging by
hydrous Fe and Mn oxides,

anthropogenic input

Table 2.3a. Summary of elements determined and
methods used for GSC lake and stream sediment
surveys conducted from the mid-seventies to
present.

2.4 Survey costs
The cost to undertake a lake sediment survey
(expressed as cost/sample), including collection,
preparation, analyses and data management, is
highly variable and dependent on several factors,

(contamination), in-situ
modification, aquatic biology etc. A basic
understanding of these as they affect lake sediment
composition is necessary to get the most information
from a lake sediment data set.

3.1 Varlation in type and composition of
source material
There are three primary sources from which
elements are derived; bedrock, glacial deposits, and
mineralization. Elements from these sources may be
reworked by several surface processes (i.e., taken-up



Variable LOI Fe Mn Zn Cu Pb Ni Co As Mo Hp Na Sb La w Au
Units pct pet poM  pPM  ppM  ppm  ppm  ppm  ppm  ppm ppb pct ppm  ppm  ppm  ppd
NTS Det. Lmt. 1 0.02 5 2 2 2 2 2 1 2 10 0.02 0.1 2 1 2
AREA  SHEET(S)| Method GRA AAS AAS AAS AAS AAS AAS AAS AAS AAS AAS INA INA INA INA INA
Contwoyto 76E 6.0 11 €7 52 24 3 22 5 2 <2 20 1.4 <0.1 25 <i 5th tile
Lake (NWT) 13.0 2.0 107 8 60 5 40 1 7 <2 34 2.1 <0.1 37 <1 3 50th %tile
N=123 25.6 4.1 365 176 146 8 93 30 45 2 68 25 0.2 52 3 8 95th %tile
Labrador  131J,K 4.6 0.5 50 27 10 <? 4 2 <t 10 14 <0.1 20 <1 <@  Sth %tile
Nu1384 13N,0 2.9 2.2 240 70 24 2 12 1] <1 60 .72 0.1 61 <1 <2  50th %tite
48.8 8.7 2195 185 75 9 32 41 [ 21 160 2.7 0.5 208 3 8 95th Sbtite
Ontario 52A.H 8.1 0.4 55 46 18 <2 10 3 <1 <2 50 0.06 <0.1 5 <t <2  5th %tile
N=867 41.8 1.4 220 6 54 3 21 1 ] <1 2 120 0.22 0.2 is <1 3 50th %tile
64.5 4.8 B5s 194 183 11 45 23 4 E] 230 1.40 0.6 46 1 9 95th btile
Saskatchewan 9.4 0.8 185 38 6 <2 6 3 <1 <2 24 0.08 <0.1 9 <1 <2 5th %tile
N=1151 730,P 41.6 2.8 520 a2 17 <2 1% ] <1 3 €0 0.33 0.1 58 <1 <2 50th %tile
74A.8,C 72.5 17.0 2318 160 40 4 32 19 5 7 125 1.60 0.3 180 2 4 95th %tile

Table 3.0a. Variation of selected elements in lake sediment from four regions of Canada. Data taken from recent
GSC Open File releases; GSC Open Files 2179 (Ontario), 1636 (Labrador), 1644 (Saskatchewan) and (in

preparation) Contwoyto Lake.

by vegetation, moved by ground and surface water,
mechanically dispersed) before final deposition in
lake bottom sediments. The most important of these
three is bedrock, although locally either of the other
two may dominate and overprint the chemical
signature related to the underlying bedrock.

Most elements are preferentially concentrated in
certain rock types because of igneous or
sedimentary processes. Numerous studies have
shown that the geochemical distribution patterns of
elements in lake sediments, particularly regicnal
trends, are largely related to, and reflect the
variations in the chemical composition of the
underlying bedrock (c.f., Hornbrook and Garrett,
1976; Jonasson, 1976; Cameron and Ballantyne,
1977, Maurice, 1977; Friske, 1985a; Kerr and
Davenport 1990; Garrett et al., 1990).

Detailed work by Johnson et al. (1986) showed that
loading of metais into sediments of the Turkey Lakes
area reflected the elemental composition of the
surrounding bedrock. Reduced variability for several
elements in the lake sediment relative to bedrock
was also noted, illustrating the integrating effect of
weathering and sedimentation. Fortescue and Vida
(1990) also demonstrate, at a detailed survey level,
the close correlation between bedrock and lake
sediment composition.

Although the size of a given mineral occurrence is
small relative to the total area of a catchment basin,
it can exert a significant influence on the sediment
composition of a nearby lake because (1) trace
elements such as Cu, Pb, Zn, Ag, Mo, etc., usually

occur in mineralization in concentrations that are
several orders of magnitude greater than in
surrounding bedrock, and (2) mineralization most
often occurs as, or is associated with sulphides that
upon exposure undergo rapid oxidation, releasing
the chemical components into the secondary
environment,

Most areas in which lake sediment surveys are
undertaken are covered to a greater or lesser extent
by glacial deposits, of which till is the most common.
These deposits are generally composed of material
that has been transported only a relatively short
distance (Shilts, 1976) and have a chemical
composition similar to the underlying bedrock. The
absence of any significant displacement or
obstruction of regional geochemical lake sediment
pattems in areas covered by extensive glacial
deposits is evident from a number of studies (Friske,
1985a,1985b; Davenport and McConnell, 1988;
Rogers et al., 1990a). However, on a local scale,
possible down-ice dispersion of material is an
important consideration in interpreting any lake
sediment data set. Often the dispersion from a point
source, such as mineralization, extends over several
catchment basins. On the plus side, this increases
the size of the exploration target. However, it
complicates interpretation and foliow-up of data
because the source of the anomaly is outside the
catchment basin from which the sample was
collected. As described below (refer to section 4.3),
a good example of a large multi-catchment-basin
anomaly is the dispersion train associated with the
Strange Lake deposit, Labrador.



Other types of glacial deposits, including lacustrine,
outwash and eolian are not likely to reflect the
composition of underlying bedrock or mineralization.
The adverse effects of these types of transported
glacial material on lake sediment surveys have been
well documented by Gleeson and Hornbrook (1975),
and should be considered as a possible influence on
element distribution in lake sediment. Still, areas
covered by these deposits should not be ruled out
as potential lake sediment survey areas. It is possible
that movement of elements to the lake sediment site
by ground water and/or through vegetation uptake
followed by erosion, can develop geochemical
signatures refiecting nearby bedrock and
mineralization,

3.2 Dispersion processes
Input into the lake environment is largely controlled
by surface weathering processes: lake sediments are
the resulft of a mixture of hydromorphic and
mechanical weathering effects.

Traditionally it has been assumed that within the low
energy environment typical of lake sediment survey
areas mechanical dispersion is somewhat less
important than chemical (hydromorphic) processes.
Recent work has shown however that in some
instances mechanical dispersion can be a significant
factor, particularly in the generation of anomalies
related to mineralization. Rogers and Garrett (1987)
describe the presence of angular and discrete grains
of cassiterite in a sample collected from Moosefly
Lake in Nova Scotia, which they interpret as having
been mechanically transported into the lake from the
nearby tills (refer to section 4.4). Other heavy mineral
investigations have revealed discrete gold grains in
centre-lake sediment (Rogers, 1988). In general it
appears that elements (e.g., Sn, gold, REEs ..)
commenly tied up in refractory grains may to a
significant extent be mechanically dispersed, more
so than grains susceptible to weathering, such as
sulphide minerals.

Chemical dispersion of an element is largely
controlled by its ability to go into true solution (i.e.,
free ion or soluble complex), or form soluble colloidal
complexes. Once in solution, either in surface or
ground water, its ability to stay in solution and
disperse from its source is controlied by the stability
of the compounds it forms with other components in
solution. Coker et al., (1979) have emphasized that
in flat-lying tree-covered terrains, typical of large
portions of the Shield, the incidence of organic
matter is high and metal-organic interactions
predominate. Organic matter can enhance trace-

metal mobility by forming soluble or colloidal metal-
organic species, or retard it by the precipitation of
insoluble organic complexes or sulphides. Other
components in solution such as carbonate, chloride,
sulphate and hydrous metal oxides can also play an
important role in trace-metal migration.

Because there is little quantitative data on the
combined effects of these factors, qualitative
estimates of the relative mobility of elements are
often cited. Such estimates for several different
surficial environments are given by Rose et al
(1979). Under oxidizing conditions and pH between
5 and 8, the order of relative mobility is given as:
Mo>F~Zn~Ag~U~As~Hg>Mn~Pb~Cu~Ni~Co
>Fe. This order is a generalization, and will vary
considerably in response to changes in the chemical
environment. Still, it serves as a general guide and
illustrates the difference in the mobility of elements,
an important consideration in evaluating any
geochemical data set, particularly detailed surveys.

Cameron (1977) studied the geochemical dispersion
in lake sediment and water around massive sulphide
mineralization in the Agricola Lake area of the
Northwest Territories. He determined that Pb, Ag and
Hg from the mineralization are relatively immobile in
the surficial environment and are largely retained in
the soils close to the mineralization. In contrast Zn,
Cd and to a lesser extent Cu are very mobile, with
anomalous concentrations found 7 km down
drainage, and possibly further. Besides the obvious
conclusion that the more mobile elements are better
indicators of mineralization because they form larger
halos and targets, the data illustrates that the
distribution of anomalous concentrations of elements
can be used as a guide to proximity to source. In the
case of Agricola LLake, anomalous concentrations of
Pb, Ag or Hg in lake samples indicate a proximity to
mineralization.

3.3 Other factors affecting lake sediment
composition
Iron and Mn oxides and organic-matter are noted for
their ability to sorb (scavenge) trace elements, often
resulting in anomalously high concentrations of
elements unrelated to elevated source levels,
resulting in ‘false anomalies’. The relation between
organic content (approximated by loss-on-ignition
(LON), Fe, Mn and several selected elements are
shown in Table 3.3a and Figure 3.3a (next and
following page). Several features are evident.
1) Not all elements exhibit a significant linear
correlation with either Fe, Mn or LO!. The oniy
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Table 3.3a. Summary of pearson correlation coefficients for Fe, Mn, LOI and selected elements. Data as per

Table 3.0a.

relatively strong positive associations are Hg with
LOIl, and Co and La with Fe and Mn. Arsenic, Mo
and Zn exhibit relatively weak associations with Fe
while the other elements, Au, W, Cu, Pb, Ni and Sb,
show no distinct trend.

2) Some elements show an association in some
regions but not in others, Mercury with LOI is a
particularly good example. These variables are
strongly correlated in the Labrador, Contwoyto Lake
and to a lesser extent, Saskatchewan data sets, but
not within the Ontario data set.

3) Even for elements that strongly correlate, e.g. Co
with Fe, there are many cases where samples with
high levels of Fe have only background levels of Co,
and vice versa. There would appear to be other
significant factors controlling the distribution of Co
other than scavenging by Fe and Mn.

Based on these observations it is evident that no
anomaly should be rejected out of hand simply
because it has a high Fe, Mn or LOI content, as is
often done. It is possible that the anomalous
element(s) do not correlate with these three
variables. And even if they do, the anomalous levels
likely represent the sum total of several factors,
potentially including nearby mineralization.

Anthropogenic input (man-made contamination) can
significantly affect element concentrations in recent
lake sediment. Besides obvious sources directiy
identifiable within the catchment basin (e.g., mining
activity, roads, camps, etc.) trace metals can be
derived from sources tens or even hundreds of
kilometres away through atmospheric deposition.
Johnson et al. (1986) determined that in the Turkey
Lake area, north of Sauit Ste. Marie, Zn, Pb, Cd, and
Hg consistently showed enrichment in the upper 5 to
10 cm of lake cores. Surface (~upper 10 cm) to
background (below upper 10 cm) concentration
ratios averaged 21.4, 2.81, 2.72 and 1.76 for Pb, Cd,
Hg and Zn respectively (Figure 3.3b). These
increases were interpreted as the result of
atmospheric input. Al, Cu, Ni, and Cr showed no
significant increase.

Results of a study (Chan et al., 1986) that monitored
precipitation and air concentrations of trace metals
in Ontario in 1982, suggest that no areas are totally
immune from the effects of anthropogenic input.
Although there are distinct decreasing gradients from
north to south, concentrations of trace metals,
including Pb, Zn and Cd, were detected in air and
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Table 3.0a.
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Figure 3.3b. Schematic representation of a typical lake sediment section showing trace element data from Turkey

Lake, northwestern Ontario.

precipitation in even the most northern monitoring
station (Winisk, Latitude 55°). Therefore during
sampling, this contaminated recent portion of the
lake sediment column must be excluded from the
collected sample (refer to section 2.2.2).

4.0 LAKE SEDIMENTS IN ACTION
4.1 Hemlo, northwestern Ontario

The Hemlo area of northwestern Ontario is one of
several areas that the GSC has examined recently as
part of a study of precious metals in lake sediment.
Figure 4.1a shows Au, Mo, and Sb results for some
of the 150 lake sediment samples taken in the Hemio
area. Sediments from Moose Lake, adjacent to the

mineralization, are distinctly anomalous in these
three elements. The Au concentration of 6 ppb
compares to a local background level of <1,
Antimony exhibits an even more pronounced
response, 8 ppm in Moose Lake compared to a
background of <0.2 ppm. The 14 ppb gold value
northwest of Moose Lake appears to be a flyer.
Subsequent reanalysis failed to repeat the anomaly.
A factor that quickly became evident in the Hemio
gold study was the problem of reproducing Au

values. This is not only the case for lake sediments
but occurs with all geochemical media, and is the
result of unigue chemical and physical properties of
gold, including; common occurrence in native form,
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values, and provide more reliable
data than low LOI samples. The
increased variability in low LOI
samples probably reflects the
largely clastic character of the
sediment and the greater
possibility of containing detrital
gold (Hornbrook, 1988). A similar
trend was noted by Chapman et
al. (1990} in their follow-up of a
lake sediment gold anomaly in
Saskatchewan, that led to the

recent discovery of the Bakos

Deposit.

Figure 4.1a. Distribution of Au, Mo and Sb in
selected lake sediments from the Hemlo area,
northwestern Ontario.

chemical and physical resistance, high specific
gravity and low concentration levels (Harris, 1982).
These factors result in a particle sparsity effect in
which very low concentrations of Au are
heterogeneously enriched in the surficial
environment. The effect is illustrated in Figure 4.1b,
a plot of field duplicate data from 55 Ontario sites
(source of data as per Table 3.0a). The Figure also
illustrates that most other elements do not suffer this
problem. For these reasons interpretation of any gold
data should include a close look at commonly
associated pathfinder elements (e.g., Sb, W, As, Hg),
reanalysis of anomalous samples, and if possible, re-
sampling of the site.

The gold reproducibility problem is less pronounced
as the organic content of the lake sediment
increases. This is illustrated in Figure 4.1c, a
generalized plot of 50 replicate Au analyses from the
Hemlo study. Of the 22 sampiles with less than 11%

4.2 Contwoyto Lake, N.W.T.
A detailed lake sediment survey was recently carried
out by the GSC in the Lupin gold mine area of
Contwoyto Lake, N.W.T. The purpose was to
evaluate this exploration technique for gold
mineralization in a tundra environment. Some of the
data is summarized in Table 3.0a and Figure 4.2a.
Lakes in the immediate Lupin Mine area and down-
drainage from the tailings pond were not sampled.

Figure 4.2a shows that the Lupin gold mine and
other gold occurrences are clearly identified. The
anomalies are displaced up to several kilometres in
a down-ice direction (to the northwest), reflecting the
transport of mineralized material. Associated
pathfinders, notably W, Br, As, Sb and Cu, reinforce
the gold distribution patterns and would be useful in
defining the gold potential of the area.

To establish the reliability of the initial gold data,
considering the possible adverse impact of the
nugget effect, gold determinations were repeated
twice more on different aliquots. Figure 4.2a shows
that there is a distinct clustering, in the area of the
Lupin Mine, of samples that repeated their
anomalous gold values; 11 of 16 samples where the
gold analyses were anomalous 2 of 3 times, 3 of the
7 samples where all 3 analyses were
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Replicate gold data from 50 lake sediment samples from




anomalous. Comparison of contour plots of the three
individual gold data sets indicated that the regional
anomalous patterns did not change significantly from
one data set to the next.

As a test, to obtain more reliable gold data, several
samples were ashed at 450°C and analyzed by an
INA method. it was hoped that ashing would
produce more reliable gold data because 1) ashing
would increase the concentration of gold in the ash
and 2) the ash would have a higher specific gravity
resulting in greater sample weight being
encapsulated and used for the analysis. Preliminary
observations include;

1) Some elements, e.g., Na, Th and Sm increased
their concentration in the ashed material (on
average) by a factor of ~1.15 compared to the

unashed material. This concentration factor is
consistent with the average loss-on-ignition (LOI) of
15% for the samples (Table 3.0a).

2) Some elements, notably Br, showed a marked
decrease in concentration in the ashed material, by
as much as 80%.

3) There is a loss of gold from some samples during
ashing. For example, the gold content in ash for one
standard (LS05) was consistently about 8 ppb
compared to 10 ppb in the unashed samples. This
occurred despite a LOIl content of ~45%. Overall
gold losses were not consistent, varying from nil to
almost 50% as in the case of standard LS05.
These and other observations suggest that ashing of
lake sediment should not be undertaken (as is often
done in vegetation and humus surveys) to pre-
concentrate trace elements.
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Figure 4.2a. Au, Sb, As and Cu distribution in lake sediment samples from the Contwoyto Lake area, N.W.T.



4.3 Strange Lake, Labrador

The Strange Lake area of northwestern Labrador
hosts a large deposit of Y-Zr-Be-Nb-REE
mineralization within a peralkaline granite. The initial
discovery was made in 1979 by the Iron Ore
Company of Canada during a follow-up of a lake
sediment and water anomaly outlined by a Canada-
Newfoundiand Uranium Reconnaissance Program
Open File release (Geological Survey of Canada,
1979). The Open File data defines a 40 km Pb
dispersion train in the lake sediment and 25 km F
train in the lake water, in a down-ice direction from
the mineralization.

Subsequent follow-up work (McConnell and
Batterson, 1987; McConnell, 1988) involved detailed
sampling of till, stream and lake sediment, and water.
Samples were analyzed by a variety of techniques
including ICP and INA methods resulting in a much
wider range of elemental data than in the original

GSC Open File. The presence of strong linear
anomalies were defined in all media, extending up to
forty kilometres down-ice from the deposit. The lake
sediments provided the broadest anomalies, followed
by streams and then tills. Elements that were
particularly enriched in lake sediment and defined
distinct down ice dispersion patterns included: REEs
(Figure 4.3a), Be, Pb, Th, Y and Zr. The heavier
REEs provided more distinct dispersal patterns
relative to the light ones.

Element associations, as defined by a correlation
matrix for the Strange Lake data set, exhibit some
characteristics similar to that defined by Table 3.3a
and discussed earlier (refer to section 3.3). The
strongest association is a negative correlation
between Na and LOI. To a lesser extent Rb, Ba, Nb
and Zr and other elements are similarly affected. Fe
and Mn exert relatively little control on the
distribution of elements, with the strongest
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Figure 4.3a. Distribution of Yb in lake sediment, Strange Lake area, Labrador (modified after Hornbrook, 1989).



correlations occurring with Co, Cs, F and Li. Arsenic, (Rogers and Garrett, 1987) for a broader spectrum

Cd, Ce, Eu, Mo, Ni, Pb, Y, Yb and others show little of elements, including Sn, W, Au, and U. The data
or no correlation with Fe, Mn or LOI. defined a radial pattern of anomalous Sn values in
lake sediments, southwest to southeast of the
4.4 East Kemptville, Nova Scotla deposit (Figure 4.4a) and a similar but weaker W
The East Kemptville Sn deposit in southern Nova pattern. The radial pattern is interpreted as having
Scotia was discovered in 1978 by Shell Canada been caused by a combination of topography, relief,
Resources, Limited. The deposit consists of Sn and the polyphase glacial history of the area.
mineralization with traces of W and lesser Zn and
Cu, located in a greisen zone along the contact Rogers and Garrett (1987) also describe the
between granitoid rocks of the Davis Lake complex - presence of angular and discrete grains of cassiterite
and metasediment of the Meguma Group. (besides numerous zircon, monazite, and magnetite
grains) in a bulk sample collected from Moosefly
A government funded lake sediment survey covered Lake. They noted that the cassiterite grains exhibited
the area in the late seventies but samples were only a lack of abrasion. This along with the fact that the
analyzed for a restricted suite of elements. Sn data showed no correlation with organic material
Subsequently, a number of samples were reanalysed or other elements suggests that the regional tin

anomaly is due in large part to the mechanical
dispersion of cassiterite from the tills to the lake.
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Figure 4.4a. Distribution of Sn in lake sediments, East Kemptville area, Nova Scotia (modified after Hornbrook).




5.0 SOURCES OF LAKE SEDIMENT SURVEY DATA
There exists a wealth of publicly available regional
lake sediment data in Canada (Figure 1.0a). Much of
it has been collected as part of the GSC’s National
Geochemical Reconnaissance (NGR) program.

Since the early seventies NGR lake sediment surveys
have been undertaken by the Geological Survey of
Canada, by the Provinces or jointly under various
agreements To date total coverage is about 1.2
million km?, representing ~97 000 srtes Sample
densrty varies from 1 sample per 2 km? to 1 per 13
km?2, with most of the coverage at the lower density.

These data are available as Open File reports
published by the GSC and/or equivalent Provincial
Ministry or Department. The data are also available
in digital form. A recently released GSC brochure
describes the NGR coverage and lists about 135
separate surveys (lakes and streams) available on
floppy disks. Digital Nova Scotia data are available
through Peter Rogers (Manager, Geochemistry and
Quaternary Section, Nova Scotia Department of
Mines and Energy). For the Island of Newfoundland
all digital data are available through Peter Davenport
(Senior Geochemist, Newfoundiand Department of
Mines and Energy).

In Quebec, available regional lake sediment
coverage (Figure 1.0a) includes:

1) Surveys undertaken by the Provincial Mimst?l
(MER) since 1983, generally at a density of 1/13 km

2) Sociétés de Dévelopement de la Baie James
(SDBJ) surveys undertaken in 1973 and 1974 at a
sample density of 1/7 km?.
3) SOQUEM's 1976 and 1977 surveys at an average
sample density of 1/2 km?.
All this Quebec data, and more, are available on
paper or in digital form. Further information can be
obtained from Marc Beaumier, Geochemist, Ministere
de I'Energie et des Ressources.

Besides regional data, Provincial and Federal
agencies are making available infill/orientation survey
data. These are more limited in aerial extent than the
regional surveys, but tend to have a higher sample
density. For example John Fortescue (Research
Geochemist, Ontarioc Geological Survey) is in the
process of releasing a series of 'broad sheets’ (e.g.,
Fortescue and Vida, 1990) that summarize the
results of infil surveys covering the entire
Batchawana greenstone belt in northwestern Ontario.
Sample density is in the order of 1/1.3 km&,
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Abstract

In 1984 the Geological Survey of Canada initiated a regional geochemical mapping
project in the Eastern Townships of southern Quebec with the prime objective to produce
an alluvial gold distribution map for the region. The sampling method employed was based
on the collection of heavy mineral concentrates from large volumes of stream alluvium. The
concentrates were analyzed for gold and about forty other elements providing a wide range
of data useful in mineral exploration and for bedrock and Quaternary mapping.

This paper examines the pros and cons and the limitations of the heavy mineral
approach to geochemical mapping and exploration. It compares heavy minerals with regular
stream sediments, which represent an alternative method that could have been used in this
project. Guidelines are provided for interpreting heavy mineral data with special attention

placed on the significance of absolute concentrations.

Résumé

En 1984, la Commission géologique du Canada entreprenait un projet de cartographie
géochimique dans la région de I'Estrie-Beauce au Québec. Le but principal de ce projet
était de produire une carte de la répartition de l'or alluvionnaire dans la région. La
méthode d’échantillonnage était fondée sur la cueillette de concentrés de minéraux lourds
a partir de gros volumes d’alluvions. Les minéraux lourds ont été analysés pour 'or et une
quarantaine d’autres éléments ce qui a fourni une gamme de données pouvant servir a
I'exploration ainsi qu’a la cartographie des roches et des dép6ts Quaternaires.

Le présent document examine le pour et le contre ainsi que les limites de la méthode
basée sur les minéraux lourds comme outil de prospection et de cartographie géochimique.
On compare les minéraux lourds avec les sédiments de ruisseaux ordinaires, lesquels
représentent une alternative que I'on aurait pu utiliser dans ce projet. On présente des
directives pour interpréter les résultats d’analyse de minéraux lourds en se penchant

particulierement sur la signification des valeurs absolues.



INTRODUCTION

Heavy minerals can be extracted from different materials and then used for geochemical exploration.
We can pan soils, glacial overburden of all kinds, stream alluvium, rocks, marine sediments, beach
deposits, etc. Even material that is very fine such as lacustrine clay, which is made up largely of rock
powder, has a heavy mineral component. It can be separated, perhaps not easily by panning, but by using
other techniques such as a combination of heavy liquids and centrifuge.

In this part of the short course, we will examine why one should choose to sample and analyze heavy
mineral concentrates (HMCs) when it is considerably easier and less costly to collect other types of
materials such as stream sediments or soils. Under what circumstances should HMCs be collected?
What are the advantages and the limitations of this approach?

Before we dwell on these questions, we will examine the rationale that led to the HMC survey in the
Quebec Appalachians, conducted by the Geological Survey of Canada in middle and late 1980s.

BACKGROUND

In the early 1830s, gold was discovered in a small creek in the Beauce region, just south of Quebec City.
This led to one of the first gold rushes of North America which lasted intermittently until the Klondike
at the end of the century. The last placer operation in southern Quebec ended in 1964 and it is estimated
that about 4 tonnes of placer gold were extracted from the region.

Over the years, the widespread occurrence of alluvial gold in southern Quebec attracted the interest of
many geologists. Most reported on the small-scale mining operations that flourished until the 1920’s,
but no comprehensive study of the phenomenon was ever carried out. This lack of basic knowledge,
combined with a growing interest in gold exploration in the 1980s, is what instigated GSC to undertake
a research project on placer gold in Quebec’s Eastern Townships.

The primary goal of the project was to produce a map which would show the distribution of gold in
modern alluvium. It was hoped that such a map would reveal patterns that could lead not only to
exploration targets for concealed economic deposits, but also to a better understanding of the genesis of
the alluvial gold in the region.

With these specific objectives in mind, it was thought that HMCs systematically extracted from large
volumes of stream alluvium would constitute a very good sample medium. Sample collection was
carried out during four field seasons, 1984, 1985, 1987 and 1989 (see the general location map in the
Appendix). Sampling in the field was carried out using a portable suction dredge and the HMCs were



analyzed for about 40 elements by a variety of techniques including neutron activation, atomic
absorption, XRF, and others (see Maurice 1988, for a description of the sampling and analytical

procedures).

In 1984 and 1989, regular stream sediments were collected in addition to the HMCs at the same sites,
allowing comparisons in the geochemical response of both media. The 1984 stream sediments, however,
were analyzed only for gold, but there are plans to reanalyze them for some of the other elements in the
near future. The 1989 HMCs and stream sediments were analyzed for the same elements except Ti, Nb,
Sn, Srand Y (the XRF suite), S, and Pt and Pd, which were not analyzed in the stream sediments.

The HMC survey described here follows the work by W.W. Shilts of the Geological Survey of Canada
who, during the last two decades, conducted an exhaustive study of the region’s Quaternary geology
including extensive work on the geochemistry of the glacial deposits. The wealth of information
contained in Shilts’ reports have proven invaluable in interpreting the HMC survey data because, as it
will become obvious in this report, the glacial processes that have acted upon the region are largely
responsible for the present geochemical landscape.

GOLD DISTRIBUTION

Figure 1 is a compilation showing the distribution of gold in modern alluvium in the area covered by the
four surveys. It was produced from approximately 1600 HMC gold analyses at a site density of one per
10-12 km? The map also shows the location of stream placer drainages that have been worked or at least
were known to contain alluvial gold from the historical records (Boyle, 1979). At the majority of these
sites, alluvial gold was found on the beds of existing (modern, postglacial) streams but the richest
paystreaks were mined in Tertiary placers buried in paleochannels tens of metres beneath the Quaternary

COVCET.

There is generally a good correlation between the known (historical) alluvial gold occurrences and HMC
gold anomalies, although the gold anomalies tend to occupy a much wider proportion of the land than
do the known auriferous stream segments. This supports the common belief among Eastern Township
geologists and many arearesidents that “itis difficult to find a stream in the area that has no gold at all” .
In fact, in our survey, 48% of the HMCs had over 1 ppm Au and at many of these sites, native gold
particles were seen in the concentrate during their preparation (i.e. with minimal searching).

The gold distribution as shown on figure 1 appears to reflect widely scattered sources throughout the
region combined with a thorough redistribution of the metal by glaciation. Auriferous regoliths and
paleoplacers probably covered most of the source areas prior to glaciation.



20.00 km

Auriferous stream segments
from historical records

Figure 1 Gold distribution in southern Quebec from alluvial heavy min-
eral survey and location of known auriferous stream segments from his-
torical records

In most instances, the
source rocks are thought
to have been simply sedi-
mentary and volcanicrock
units with abundant py-
rite containing several
hundred ppb (up to a few
ppm) Au. In some rarer
cases, gold-bearing min-
eral deposits have been
identified as the likely
source of the alluvial gold.
Figure 2 shows an exam-
ple where gold anomalies
occur down-ice from a
group of auriferous sul-
phide deposits in the
Sherbrooke-Coaticook
area. Associated elements
in the deposits, Cu and
Ag, also form dispersal
trains that coincide with
the gold anomalies. It is
interesting to note that
alluvial gold haslongbeen

known to occur in Moe River but until this survey was carried out, everyone who had spent any time

studying the question believed the source to lie to the south-east of the anomalies (up-drainage) rather

than to the north-west (up-ice) as the geochemical pattern suggests. One observation that strongly

supports a glacial rather than alluvial origin for these anomalies is that not only the main channels of the

Moe, Coaticook and Ascotrivers are enriched in gold, butalso their tributaries which points to the glacial

till as the source of gold.

HEAVY MINERALS VERSUS REGULAR STREAM SEDIMENTS

The concentration factor

Would the dispersal patterns, shown in figures 1 and 2, be recognizable inregular stream sediments data?

Figure 3a, depicts the gold distribution in -100ym stream sediments in the 1984 survey area. It shows



Figure 2a Gold distribution in alluvial heavy mineral
concentrates, Sherbrooke-Coaticook area (Eastern
Townships), Quebec (see location map in Appendix)

Figure 2b Silver distribution in alluvial
heavy mineral concentrates, Sherbrooke-
Coaticook area (Eastern Townships), Que-
bec (see location map in Appendix)

Figure 2¢ Copper distribution in alluvial heavy
mineral concentrates, Sherbrooke-Coaticook area
(Eastern Townships), Quebec (see location map in
Appendix)
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punctual anomalies but few
interpretable patterns. This
is hardly surprizing since
about 82% of the stream
sediment values are below
the analytical detection limit
of 5 ppb Au (compared to
only 14% for the HMCs).
Furthermore, with a HMC
medianof 1.34 ppm Au, gold
is of the order of 500 to 1000
times more concentrated in
the HMCs thanin the stream
sediments (depending on
what value we assign to the

median in the stream
sediments).

For comparison, the gold
distribution in the HMCs
is shown at the same scale

for the same area in figure

Figure 3a Gold in regular stream sediments, 1984 survey area

3b. Note that the peaks of the anomalies for the two distributions do not generally coincide. In fact, the

strong stream sediment anomaly in the northwestern part of the area does not have an equivalent HMC

anomaly. This may be very significant because the stream sediment anomaly, which involves four

sample sites, could reflect very fine gold, too fine for the HMC technique.

Therefore, one major difference between using heavy minerals and other more conventional sample
media may be stated as follows:




The amount of improvement is a function of the concentration factor, or the proportion of heavies in the
original sample medium. This varies not only from area to area, depending on the mineralogical
composition of this medium, butit is affected also by the method used for separating the heavies because
this determines which type of heavy minerals end up in the concentrates. For example, if the separation
method allows lower density heavy minerals, such as pyroxenes and amphiboles, to be extracted and
included in the concentrates, these will dilute the heavier minerals and may reduce their concentration
significantly, thus reducing the advantages of using HMCs.

In southern Quebec, a few measurements have shown that the heavy fraction (d 2 3.6) represents from
about 0.1% to about 2% of the alluvium by weight. This translates into improvements in detection of
50 to 1000 times.

This is useful for two reasons:
1. It allows us to detect elements that are almost always too “low” to be detected in unprocessed

samples. Gold and the PGEs are obvious examples, but other elements including Ag, W, Sn and
several REE also fall in this category; and,

2. For many elements, it
increases substantially
the number of samples
above the anomaly
threshold so that the

patterns that emerge

contain more detail,
which makes interpre-
tation easier.

Thislast pointisillustrated
in figure 4 which depicts

the distribution of tungsten
in the center of the survey
area,dominated by a group
of Devonian granite intru-

20.00 km sions.

The map shows a series of
Figure 3b Gold in heavy mineral concentrates, 1984 survey area
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St-Robert

Devonian
granite

W (ppm)

20.00 km

Figure 4 Glacial dispersal illustrated by the tungsten distribution in alluvial
heavy minerals in parts of the Eastern Townships, Quebec (see location map in the
Appendix)

well-developed glacial dispersal trains originating from the intrusive bodies or known tungsten
mineralization (i.e. St-Robert). Although some of the tungsten peaks that reach several thousand ppm
would probably generate anomalies in unprocessed stream sediments, the amount of detail provided by
the heavy mineral data is without doubt superior.

All this is very useful, not only for mineral exploration but also in the study of the glacial history of the
area. The amount of new information on glacial processes that was extracted from these data is

remarkable.

Overcoming the “nugget effect”

Figure 5 shows the chromium distribution in the central part of the region and data for three PGEs: Pt,
Pd, and Ir. The most prominent features are the massive chromium dispersal trains originating from two
bodies of ultrabasic rocks, one near Thetford Mines (#1 on figure 5) and another, smaller, near St-Joseph-
de-Beauce (#2). Both trains were previously mapped in detail by W.W. Shilts (Rencz and Shilts, 1980)
using chemical analyses of the fine fraction of glacial till.
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Figure 5 Chromium and PGE distribution in alluvial heavy minerals, 1985 and 1987 survey areas,
Eastern Townships, Quebec (see location map in Appendix)
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the pattern obtained by Rencz
and Shilts, 1980 (figure 6) and
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...... “§ | about 2000 to 3000. This is
i:“f-w much higher than the 500-1000

£ concentration factordiscussed

A3 above, butitis probably related

20 km 2 to the fact that the -63um
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Figure 6 Chromium distribution in the silt and clay size fractions occurs mostly as coarse to

(<63 wm) in glacial till, Eastern Townships Quebec (from Rencz
and Shilts, 1980)

medium sand-size grains in

the source rocks.

The distribution of PGEs follows to a large extent that of chromium. In fact, the PGEs in the two main
chromium dispersal trains probably reside in the chromite grains themselves. Itisinteresting to note that
only about half of the samples in train #1 have detectable quantities of the three PGEs whereas nearly
all of the samples in train #2 are enriched Pd+Pt+Ir. This seems to reflect different PGE concentrations

for the two source areas and may have exploration significance.

Several samples near area #4 in figure 5 contain much higher levels of PGEs than was found in either
of the two main chromite trains. The PGEs seem to be associated with a weak northward-oriented
chromium dispersal train that is interpreted as having been formed by northward-flowing ice during the
last glacial retreat. The train appears to have originated from a small body of ultrabasic rocks known
as the Pennington dyke (see figure. 7). Because of the very high PGE/Crratio in these samples, itis quite
probable that the PGEs occur as particles of native metal. It must be emphasized, however, that the
occurrence of native PGE particles in these samples is suspected but has not been confirmed.

Another group of high-PGE samples (#5, figure 5) forms an east-west train that seems to point to the
same Pennington dyke source as train #4. The east-west trend corresponds to the flow direction of an
earlier ice sheet and there is documented evidence of glacial dispersal in that direction (McDonald and
Shilts, 1971). However, the glacial landscape generated by this earlier ice flow was largely obliterated
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Figure 7 Chromium and PGE distribution in
heavy mineral concentrates near the Pennington
dyke, Eastern Townships, Quebec (see location
map in the Appendix)

Thus, we contend that:

by the more recent southeastward flow. Thus, the
suggestion that train #5 represents dispersal from
the early flow has to be regarded as tenuous
despite the appearance for such in figure 5.

What is less questionable, however, is the facility
with which heavy minerals were able to detect
precious metals occurring in the surficial envi-
ronment in the native state. The observed high
frequency of detection in our survey, both for
gold and the PGEs, is without any doubt related to
the large volumes of alluvium from which the
heavy minerals were extracted. The need to
sample large volumes to maximize the detection
of native metal particles (i.e. reduce the “nugget
effect”) in geochemical exploration for precious
metals, is well documented (Day and Fletcher,
1986, 1989).

The capacity of the gold pan is roughly between 10 and 100 times the amount of unprocessed material

that would normally be fire-assayed for a gold analyses. The size of the sample and therefore its

representativity is further increased if more than one panfull of material is used to obtain the heavies at

each site.

In southern Quebec, much larger volumes of sediments than could be practically treated with a gold pan

were obtained with a suction dredge. This increased considerably the chances of capturing native metal



particles when such particles were present in the alluvium. We suspect that the gold distribution shown
in Figure 1 would be considerably more “patchy” had the HMCs been extracted from much smaller
volumes of sediments (e.g. using a gold pan).

A geochemically simpler sample

HMCs are made up of relatively coarse clastic grains above a certain specific gravity that depends on
the separation and concentration methods used. Thus, HMCs do notretain the hydromorphic component
which forms part of the geochemical signature of stream sediments, soils and other materials. This
hydromorphic component is mostly present in those materials as ionic species or complexes absorbed
by scavenging substances such as clay minerals, organic matter, and precipitated hydroxides. Some
precipitated, metal-enriched hydroxides may find their way in HMCs but most form thin coatings on
light mineral grains and, under normal circumstances, are not retained in the HMCs.

Neither do the HMCs retain the geochemical signature of metals associated with common rock-forming
light minerals. For example bariumin feldsparor nickel in serpentine, which can have a strong influence

on the geochemistry of regular stream sediments, do not affect the composition of HMCs.

Therefore:

The geochemistry of regular stream sediments is further complicated by the fact that the main
constituents (clay, silt, sand, heavy minerals, organic matter, chemical precipitates, etc) occur in highly
variable proportions from one sample site to the other. Therefore, much of the variation in a stream
sediment survey can be attributed to variations in the proportions of the main constituents of stream
sediments.

In the glaciated terrain of southern Quebec, the dominant clastic dispersal process is glacial. This is quite
evident in the patterns shown in figures 2, 4, 5 and 7. In this region, clastic dispersal of heavy minerals
attributed to alluvial processes is relatively unimportant compared to the glacial processes and appears
to have had minor influence on the regional geochemical patterns. In higher energy environments,
however, alluvial dispersal may become the dominant dispersal mechanism for heavy minerals.



Table 1 Average concentrations (medians) and correlation
coefficients for selected elements in heavy mineral concen-
trates and regular stream sediments, 1989 survey area

Differences in the geochemical pat-
terns produced by HMC and stream

- . - sediment surveys will eatest for
Median Median Med (HMC)/ | Correlation s be gr 0

Element | HMCs | streamseds | Med (S.S.)” | HMCvs S.S. | those elements that have important

cr 1.12% 120 933 0.659 ) : R

ht ads 16 216 0.0 non-clastic (non-HMC) components.

Ta 2 1 200 n.a. Differences in concentrations will be

Zr 1.7% 855 199 0.002

Fo (NAA)|  34% 2.5% 136 0299 smallest for those elements because

Th 38 59 6.4 0.200 )

u 14 23 6.1 -0.097 of the added signal from non-HMC

La 130 26 5.0 0.449 i

Ce 315 64 49 0.361 components. Table 1 gives the corre-

Sm 28 57 49 0.263 . . .

Sb 09 03 30 0155 lation coefficients, the medians and

Cu 13 8 16 0.163 I .

As 9 e is 0.025 theirratios for a selection of elements

Fo (AA) 25% 1.8% 14 0.087 :

o 26 ppo 30 ppb 0o 0073 analyzed in both HMCs and stream

Zn 22 51 04 0.166 sediments in the 1989 survey area.

Ni 7 17 0.4 0213

values In ppm except when indicated n.a. - not available

The highest median ratio in table 1 is
93.3 for Cr. Thisindicates that Cr has the least-important non-HMC component of all the elements listed.
If the non-HMC component for Cr is insignificant, then the value of 93.3 approximates the concentration
factor or the average proportion of heavies in the alluvium.

Note that the ratios in table 1 decrease with increasing element mobility, with Zn and Ni having the
lowest values. The ratios are expected to be quite different depending on whether the analyses are for
total metal INAA, XRF) or acid-leachable metal (note Fe in table 1). Some immobile metals may have
arelatively low ratio if they are present in significant quantities in rock-forming minerals and other non-
HMC phases. This is probably the reason for the large difference in the ratios of Cr and Zr. The latter
(and Hf) occur in zircon, a common inclusion in many rock-forming minerals.

Figures 8 and 9 show the distribution of Cr and Zn, respectively the elements with the highest and the
lowest median ratios in table 1, in HMCs (a) and in stream sediments (b) in the 1989 survey area. Note
the similarity between the distributions of Cr in HMCs and in stream sediments and the much lower
concentrations in the stream sediments. In contrast, the Zn distributions is much more dissimilar with
Zn concentrations in stream sediments exceeding those in HMCs. Also, stream sediment Zn shows a
greater abundance of stronger anomalies. Some of them coincide with HMC anomalies, but many do
not. Although one could be tempted to regard the stream sediment Zn as being more useful, the HMC
Zn is easier to interpret because its distribution can be attributed to fewer processes. Nonetheless, this
example shows that there are important limitations to the usefulness of HMCs for the more mobile
elements (see more on this subject below).
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Figure 8a Chromium distribution in alluvial HMCs

in 1989 survey area

23.00 km

percentile

Figure 86 Chromium distribution in regular stream

sediments in 1989 survey area

The degree of coincidence in the distributions
of Cr and Zn in HMCs and stream sediments
are reflected in the correlation coefficients in
table 1. In general, however, the correlations
between HMCs and stream sediments for most
elements in table 1 are low, probably lower
than one would expect. Put into words, this
simply means that the high non-HMC- and the
high HMC-component samples for most ele-
ments tend to derive from different sites. The
lower the coefficient, the less coincidence there
is.

Follow-up procedures

The usefulness of being able to return to a
stored split of an anomalous HMC in order to
study the mineral grains that are responsible
for the anomaly, cannot be overstated. In
southern Quebec, countless observations of
HMCs were carried out to help determine a
multitude of helpful characteristics relating to
the nature of the anomaly, mode of transport,
provenance, etc. The following is a sample of
observations made during our study:

» Confirmation of ore minerals by XRD
and/or SEM-microprobe; ore minerals
found include scheelite, cerussite,
sphalerite, chalcopyrite, monazite,
pentlandite, barite, cassiterite, second-
ary antimony minerals, etc;
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Figure 9a Zinc distribution in alluvial HMCs in

1989 survey area
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percentile

Figure 9b Zinc distribution in regular stream
sediments in 1989 survey area

» Presence of possible man-made con-
taminants including metallic lead, me-
tallic tin and alloys;

« Examination of gold grains to determine
mode of origin (fineness, crystal out-
lines), transport mechanism (grain an-
gularity, striations), source type (miner-
alogy and chemical composition of solid
inclusions), etc;

» Other provenance studies: garnet com-
position and morphology; internal struc-
ture of 1lmenite;

» Gold content of pyrite; Ta and Nb con-
tent of ilmenite; REE composition of
monazite, etc.

DISADVANTAGES AND LIMITATIONS
OF THE HEAVY MINERAL APPROACH

Sample cost

Comparing sampling costs in exploration
geochemistry can never be considered a de-
finitive exercise. There are many variables
involved such as access to sample sites, trans-
portation and other logistical considerations,
type and portability of sampling equipment,
scale of surveys, level of competition amongst
sampling firms, etc. The highlighted state-
ment above is certainly true when comparing



sampling cost for alluvial heavy minerals as practiced in southern Quebec withregular stream sediments
or soils in the same region. It is much less so when comparison is made between, for example, alluvial
HMCGCs and till sampling, especially when excavating or drilling equipment is used to collect the till
samples rather than a hand shovel.

Also, when stream sediments or other easily collected sample medium are used, the tendency is to cover
the survey area at a much higher sample density because, once the sampling crew is on site, it is quite
inexpensive to collect additional samples. This has been the practice in southern Quebec where the
provincial government and private companies have covered most of the region with stream sediments
collected at a density averaging 1 sample per 0.4 km?2. This is 25 times the number of sites per km?® used
for GSC's HMC surveys. The additional stream sediment samples may have a marginal effect on the
sampling costs, but a considerable one on the analytical costs. No doubt that they provide additional
information, but is this required for effective mineral exploration?

Field equipment and sample preparation facilities,

HMCs are normally extracted in two steps. The first, is a pre-concentration phase that is often carried
out in the field using either a gold pan, a suction dredge as in the present survey, or other separating
devices such as rockers, jigs, etc.

The second step is the preparation of a final concentrate and this is generally accomplished in a
laboratory. It may involve one or two procedures depending on the degree of purity sought and other
considerations. Normally, the pre-concentrate is passed on a shaking table followed by heavy liquid
separation. This combination produces the best concentrate as it ensures maximum recovery of heavy
minerals above a desired specific gravity. However, it is also the most expensive way and many people
object to working with heavy liquids without a sophisticated ventilation system because they present a
health hazard.

There are several gravity-controlled separators that produce adequate concentrates without using heavy
liquids. A rotary spiral concentrator commercially known as the “Goldhound” was used in southern

Quebec. It produces a very pure concentrate but heavy mineral recovery is somewhat less than optimum
(Maurice, 1988).
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Table 2 Comparison between detection limits for ney- ~ An important consideration when choos-

tron activation analyses of heavy mineral concentrates  jng equipment is the minimum grain size of
and regular stream sediments for selected elements

heavy minerals desired. The main concern

Element | Detect. limit Detect. limit | here is the necessity to concentrate pre-

HMCs (range) Stream seds cious metal particles at whatever grain size

As 2-18 1 they occur in the sample medium. This
- 40 5 .. .

é: (pPb) lg -72 10 minimum size, however, need not be as
Co 10 - 54 10 fine as the dominant particle size in the
Eu 2-10 2 orebodies. Even if an orebody contains
I (ppb) 100 - 510 100 _ _ ,

Mo 2.24 2 predominantly micron-size gold, there may
Ni 20 - 260 20 be parts of the orebody containing coarser
.Srg 0'12 ;'0 01' 2 gold that could generate anomalies in sand-
U 05-1.6 0.5 size heavy minerals. Also, supergene proc-
Yb 5-10 5 esses may have acted on the ore zones and
Zn 200 - 1500 200

led to the formation of coarser gold parti-
values in ppm except when indicated cles near the surface.

The procedures used in southern Quebec
were adequate for coarse placer gold recovery. They should, however, be tested in areas where much
finer particles are expected. The combination suction dredge — Goldhound successfully extracted gold
down to 50pm in our survey.

Analytical interferences

Some of the benefits of using HMCs are reduced because of lower sensitivity of some analytical
techniques, including neutron activation and XRF, when analysing HMCs. With neutron activation, the
problemis that the signal for some elements becomes masked due to high background generated by high
concentrations of other elements, particularly the rare earths, with the effect of decreasing the detection
limits. Table 2 shows the differences between the detection limits of HMC and regular stream sediment
analyses by neutron activation for selected elements from the 1989 survey data. Note that the detection
limits for the HMCs vary depending on the concentration of interfering elements in each sample.

For the XRF analyses, it is the accuracy that suffers because of the differences between the matrices of
the samples and those of the standards used by the laboratories.
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Difficulties in interpreting absolute concentrations

The same number of scheelite grains will produce only half the W concentration in a concentrate with
twice as much heavy minerals. This dilution factor has a great deal of influence on the absolute
concentrations of individual elements in HMCs and to a certain extent also on the patterns that are
derived from those concentrations. A similar problem also exists for other sample types. For example,
in a regular stream sediment, the contribution to the absolute concentration of zinc or nickel from the
metals absorbed onto the clay minerals in any given sample will vary depending on the amount of other
materials diluting the clay in the sample. But this dilution effect is more acute in HMCs than in other
types of sample materials and can be quite troublesome in extreme cases. For example, it is conceivable
that one could encounter a situation where an HMC is collected in an area where the stream alluvium
is derived from a bedrock source containing only one type of heavy mineral, say barite. The Ba analysis
for that sample would be about 60% Ba which is the amount of Ba contained in pure BaSO,. The very
high absolute concentration in this case, does not necessarily reflect higher concentration at the source
than a considerably lower value in a HMC derived from a heavy mineral-rich environment. It does
indicate that barite occurs in the area and that is what should be investigated; not the high value.

Such extreme cases probably never occur, but even ordinary situations require great care when
interpreting absolute concentrations in HMCs. When dealing with high concentrations of any metal, it
is prudent to pay much less attention to the actual values and focus more on what mineral species and
metal associations are present, what are the trends in the patterns, whether the anomalies correspond to
the type of mineralization expected, etc. Variations in the total heavy mineral content of overburden can
generate “false” patterns, particularly if the range is wide. Fortunately, these variations tend to be
regional and can usually be predicted with adequate knowledge of the glacial and bedrock geology, and
can usually be taken into account during interpretation.

One way to overcome the problem described above is to convert the metal concentrations in the HMCs
to concentrations in the original sediment. This requires accurate measurements of the mass or at least
the volume of the material from which the HMCs are extracted, and of the total heavy minerals contained
in this material (no loss allowed). Because these parameters could not be measured accurately in our
surveys, this conversion was not done. Itis important to keep in mind that while this conversion reduces

one problem, it creates new ones that are supposed to be minimized in HMC surveys. For example, the
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Table 3 Relative usefulness for mineral exploration of a selection of elements commonly analysed
in heavy mineral concentrates. Based on GSC's heavy mineral surveys in southern Quebec

Very useful « Au, PGEs — particle size?
- Ag,W, (Hg) — low background
- Ba, (Sr), Cr — elevated background
- Rare - earths, Th, Nb, Ta —— higher bkgrd
« 8Sn, Sb, Pb — possible contamination
« Ti, Zr, Hf, As — high background
« Cu, Nij, Zn, Co, Bi, As, Mo — stability?
« Ga, Ge, In, Cs, Tl, Cd —— non-minerals
Not useful - Li, Be, F, B, Br ——— light minerals
« Sc,Se,Te,U,V——» 2727

converted numbers become affected by local variations in the abundance of heavy minerals in stream
alluvium due to such factors as hydraulic processes.

Relative usefulness

Our surveys have demonstrated clearly that the heavy mineral approach is an excellent choice, if not the
best choice, for geochemical exploration for the precious metals. The most significant limitation
concerning the precious metals is the minimum particle size which can be extracted using a given
technique. Recovery of very small particles is always possible but the cost will increase accordingly.

Silver and tungsten also produced very clear, high-contrast and easy-to-interpret patterns. One key
factor concerning those elements is that their background is usually very low so that any amount of the
metals produces a noticeable feature.



By contrast, elements such as the rare earths, Nb and Ta, Cr, Ba, As tend to show high background
because they often occur in accessory minerals in bedrock. Niobium and tantalum, for example show
concentrations in southern Quebec HMCs ranging from 100 to 300 ppm Nb and 10 to 50 ppm Ta,
practically all of it contained in ilmenite, a major constituent of HMCs. Arsenic is enriched in many
sedimentary pyrites, resulting in high background levels in pyrite-rich HMCs.

The chalcophile elements are often regarded as having limited usefulness in alluvial heavy mineral
surveys because their main clastic phase, the sulphides, is not stable under oxidizing surface conditions.
Nevertheless, experience in southern Quebec has shown that the chalcophile elements produce patterns
and that these patterns, although weaker than those in regular stream sediments, may be more
informative than the latter. For example, the copper in the anomaly shown in figure 2c occurs as
chalcopyrite inclusions in pyrite grains. The presence of the ore mineral chalcopyrite in identifiable
clastic grains is in itself much more significant from an exploration standpoint than would be a

hydromorphic anomaly, even if it were signifi-

cantly stronger.

Some ore elements, including Pb, Sn and Sb, were
found to be very useful as target indicators in

southern Quebec, but this is somewhat reduced by
the fact that these metals occasionally occur as
metallic contaminants in the HMCs. In fact, HMCs

are much more sensitive to metallic contaminants

than other sample types. On the other hand much of

the problem is eliminated by one’s ability to return

200
to the sample and examine its mineralogy.
/B/I ]
c }'/t/ﬁ/rzl Other elements, mostly obtained as part of the
& 1o neutron activation 40-element analytical package,
£
2 .

! produced no clear patterns and are considered to
] /B/ P, = 10.7 + 50.5%% 4.2x have limited usefulnessin heavy mineral surveys, at

y least in southern Quebec. These include many of
B S S W + 5 gmeymoens | the high tech metals (Ga, Ge, In, Cs, T1) that do not

3
5 4 3 2 1 0 gsilica

form specific minerals, and elements such as Se, Te

Figure 10 Results of Cu (AA) and Nb (XRF) and U which form rather unstable or very rare
analyses of a heavy mineral standard diluted

with various quantities of silica, to show linear ~ inerals.

and non-linear relationships. Second degree

polynomials, as the one shown for Nb, were . )
used to apply a correction to diluted samples for ' The relative usefulness of a range of elements in

some XRF elements. HMC geochemistry is summarized in table 3.
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Problems related to insufficient heavy minerals in the concentrate due to low heavy
mineral content of overburden

This has been a problem on occasion, in areas where there is not an abundance of transported overburden
and where the local bedrock is sedimentary and heavy mineral deficient. The compressed powder
technique of XRF analysis requires a minimum of 5 g of powdered sample material and this establishes
the minimum amount of heavy minerals considered acceptable.

This rule had to be broken on occasion. Concentrates weighing less than 5 g and as low as 0.5 g have
been used by adding analytical grade silica to “make up” the required 5 g. The final result was obtained
by correcting the analysis with the appropriate dilution factor. For most elements, the dilution with silica
introduces a linear variation to the results and the correction is made simply by multiplying by the factor.
For some XRF elements, however, the variation in the nature of the sample matrix causes a non-linear

variation. Those elements are corrected using a polynomial as shown in figure 10b.

CONCLUSION

When used intelligently, heavy mineral geochemistry can be a powerful exploration tool with wide
ranging applications. Its strength lies primarily with its ability to enhance hundreds of times the
geochemical signal from rare metals, its simplified geochemical make-up which facilitates interpreta-

tion, and the fact that the samples lend themselves to direct mineralogical examination and testing.

On the other hand, there are limitations to the technique which have to be well understood in order to
successfully interpret the data. Most interpretation problems arise from a lack of understanding of what
the heavy mineral concentrate actually represents and how the heavy minerals (or lack of) in surrounding
overburden and source rocks affect the signal. Furthermore, simplification of sample geochemistry may
have its advantages, but it still means a loss of information. For this reason, heavy minerals should be
regarded as complementary to other techniques, particularly when exploring for intermediate- to high-
mobility metals.
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APPENDIX
(regional geology and general location map)

)’
THETFORD
MINES®

Geology: 1. Serpentine Belt; 2. Pennington Dyke; 3. Sutton/Notre-Dame Belt;
4. Tibbit Hill Metavolcanics; 5. Saint-Victor Synclinorium;
6. Gaspé-Connecticut Valley Synclinorium; 7. Boundary Mountain Synclinorium;

8. Stoke Mountain Belt; 9. External Domain; 10. Devonian Granites;
11. Monteregian alkaline intrusion
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Abstract

Stream drainage geochemical exploration techniques have continued to lead to the
discovery of important new mineral resources in the Canadian Cordillera. The variety of
metallogenetic, geological and surficial environments found in British Columbia and the
Yukon Territory requires the the geochemist-explorationist constantly examine aspects of
conventional stream geochemical methodology and refine survey applications in the context
of new technology and/or ore deposit models.

The high quality data base of the National Geochemical Reconnaissance (NGR) is
examined and the multi-element, multi-media methodology is reviewed. Examples of
interpretation of NGR stream sediment and water data are provided.

Detailed follow-up geochemical survey case histories are given which compare and
contrast stream sediment and heavy mineral panned concentrate data from different size
fractions of stream drainage material. Multi-media (water, sediment and HMC) orientation
surveys from the Gataga-Ketchika district of British Columbia are provided to illustrate
hydromorphic and clastic dispersion characteristics.

In the Atlin placer gold district the economic interpretation of the diverse heavy
mineral suite recovered from active placer gold mining operations is presented. Placer gold
~ grain morphology represents primary gold shapes and grains with gangue are superior
exploration material for lode and alteration mineral assemblage identification.

Trace element measurements and gold in water determinations are shown to be a
practical exploration and environmental expense early in the exploration and development

of precious-metal deposits.



Résumé

L’exploration géochimique par I'analyse des sédiments et des eaux des ruisseaux a
continué de mener a la découverte d’importantes ressources minérales dans la Cordillere
canadienne. Les différents milieux métallogéniques, géologiques et s€dimentaires que ’'on
trouve en Colombie-Britannique et au Yukon nécessitent de la part du géochimiste qu’il
surveille sans cesse les aspects de la méthodologie classique de la géochimie des cours d’eau
et affine les applications des levés liées a une technologie nouvelle ou a des modeles
gitologiques.

Nous examinerons la base de données de trés haute qualit€ RGN (Reconnaissance
géochimique nationale) et passerons en revue la méthodologie basée sur 'analyse d’éléments
multiples en milieux variés. Des exemples d’interprétation de levés de sédiments et d’eau
de ruisseaux, contenus dans la base de données RGN sont présentés.

Quelques exemples de suivi détaillés de levés géochimiques sont présentées; ceux-ci
permettent de comparer les données obtenues par analyse des s€diments de ruisseaux et
les concentrés de minéraux lourds (obtenus par lavage a la batée) des sédiments pour
différentes granulométries. Les données obtenues lors de levés d’orientation en utilisant
divers média (eau, sédiments et concentrés de minéraux lourds) dans le district de
Gataga-Ketchika (Colombie-Britannique) sont présentées pour illustrer les caractéristiques
de dispersion hydromorphique et clastique. Dans le district aurifere d’Atlin, 'interprétation
économique de la suite de minéraux lourds tres vari€e, récupérée durant 1’exploitation
actuelle du placer aurifere, est également présentée. La morphologie des pépites d’or de
placer correspond aux formes primaires de l'or, et les pépites avec gangue sont reconnus
comme des matériaux d’exploration supérieurs pour lidentification des filons et des
assemblages de minéraux d’altération.

Les analyses des éléments-traces et la détermination de l'or dans l’eau sont
considérées comme une dépense pertinente au cours des étapes initiales de I'exploration et

de la mise en valeur des gisements de métaux précieux.



INTRODUCTION

Geochemical prospecting techniques have contributed significantly in the discovery
and development of several important mineral resource districts and deposits in the
Canadian Cordillera.

The first successful geochemical explorationists were the gold prospectors. Many had
learned their geochemical methods in the Motherlode District of California. They became
acutely aware of the direct relationship of placer gold concentrations and gold-quartz lode
sources within the same drainage. One after another, classic gold rushes developed as these
’heavy mineral concentrate’ (HMC) experts systematically tested and claimed virgin ground’
from the Boundary District of British Columbia to the Klondike in the Yukon. Fabulous
placer gold riches were extracted. However, gold prospectors soon became disenchanted with
the lack of, or, the relatively poor lodes discovered in the Canadian Cordillera compared to
their Californian experience.

Because of economic necessity, these men "observed the natural forces at work within
a stream or river drainage". They understood bedload and suspended load transport and
effectively sampled each and then panned and/or sluiced stream sediment material in the
hope of discovering mechanically dispersed gold. They observed the shapes and colours of
gold grains while noting diagnostic associated heavy minerals in the concentrate. Gossans and
weathered outcrops, as well as ’float’ from the stream bed were also crushed, ground and
panned for their suspected gold contents. Much of this direct observation process led to
questions, and then to the obvious solution that "large gold nuggets grow in creeks". We, as
modern geochemists and explorationists, are still struggling to overcome our lack of
understanding of mechanical and chemical processes active within the diverse climatic,
physiographic regions and environmental landscapes of Canadian Cordillera stream
drainages.

It is the purpose of this paper to examine some aspects of conventional stream
sediment geochemistry and to review new, or past knowledge in the context of modern

technology and earth science research.



HISTORY OF STREAM DRAINAGE GEOCHEMICAL EXPLORATION CORDILLERA
Early Studies

After the initial influx of placer gold geochemical samplers, the modern age of
geochemical prospecting, using streams, commenced in 1953 when R.W. Boyle applied water
and stream sediment surveys in the Keno Hill area of the Yukon Territory (Boyle, 1958).
In 1957, J.J. Brummer of Northwestern Explorations organized the first regional stream
sediment surveys in the Cordillera when streams in the Guichon Creek batholith were
analyzed for Cu and Zn (Brummer et al, 1987). This successful identification of Cu
anomalies, using stream sediment sampling methods, led to its systematic use, and soon
survey coverage of large areas in the Canadian Cordillera by other mining companies had
begun. At the forefront of this geochemical exploration was Kennco Explorations (Western)
Ltd. who, during the period 1959-1970, covered much of British Columbia and Yukon during
Cu-Mo surveys (Brummer et al., 1987). Most stream sediment surveys focused on one or two
‘ore’ elements and they generally were not at a reconnaissance level of sampling design.
Detailed sediment sampling of streams and tributaries, on a claim group scale, often led to
successful follow-up surveys using soil sampling methods. Many new major deposits were
discovered (Brummer et al., 1987).

In the Klondike - Indian River district of the Yukon Territory, heavy mineral studies
by C.R. McLeod ahd CF. Gleeson were initiated in 1959 and completed in 1962. This
survey’s impetus was to assist in identifying new placer gold reserves, to test the possibility
of recovery of other valuable economic heavy minerals, and to use heavy minerals to locate
potential lode gold deposits. This research by the Geological Survey of Canada (Gleeson,
1970) launched the new age of scientific study of heavy mineral concentrates (HMC) and
marked a major advancement from the methods used by the original placer gold seekers.
Sampling of one cubic foot volumes of material was standardized and uniform recovery of
heavy minerals was deemed essential for quantitative study. In the field, screening, washing,
portable sluicing and recovery of heavies on riffle fabric was completed. In the laboratory
heavy liquid bromoform, size fraction analysis, hand magnet and Frantz Isodynamic magnetic
separations and superpanning were conducted. Recovered grains (about 300) were mounted
on glass slides and identified and counted with the aid of binocular and petrographic

microscopes and X-ray diffraction powders. The grains were checked for radioactivity with



a scintillometer and examined under long and short wave ultraviolet light. Gold grains and
heavies were then subjected to spectrographic analyses. The survey results and conclusions,
which should have an important impact on HMC geochemical prospecting methodology, are
as follows:

1) Forty-eight heavy minerals were identified, most coming from local bedrock sources.
Some suites of heavies can be shown to be derived from specific types of gold-bearing
veins.

2) Placer gold is the best heavy mineral to locate lode deposit possibilities. Placer gold
can be detected at concentrations equivalent to 0.00006 3 oz/ton in one cubic foot of
sample material.

3) Heavy mineral results indicate that lode gold sources, other than those already
known, were, or are still (?) present in the Klondike; thorough prospecting was
recommended.

Even to this day, the scope of this HMC research in the Klondike (Gleeson, 1970)

has seldom been duplicated in other parts of the Cordillera.

The Modern Age

National Geochemical Reconnaissance (NGR) stream sediment and stream water

surveys were initiated in the Yukon and British Columbia in 1976 after preliminary
geochemical orientation surveys by the GSC were completed and evaluated. During the
period 1976-1978 the Uranium Reconnaissance Program (URP) was the impetus behind this
regional geochemical silt (minus 177 micron, -80 mesh ASTM) and water sampling program
which was conducted at an average density of about 12-13 square kilometres per sample site.
Over the years, funding for the Cordilleran NGR surveys has been provided by a number
of programs. These include funding 1) solely by Energy, Mines and Resources Canada,
DIAND, 2) jointly under various programs (Canada-British Columbia Uranium
Reconnaissance Program, Canada/British Columbia Mineral Development Agreement 1985-
1990, Canada/Yukon Mineral Development Agreement), and 3) solely by the British
Columbia Ministry of Energy, Mines and Petroleum Resources, (Accelerated Mineral
Development Program, 1978). To date, almost two-thirds of the Canadian Cordillera

encompassing in whole, or in part, some 85 NTS 1:250,000 map sheets, has been sampled



(GSC, 1990). Sampled areas extend from the Beaufort Sea in the north, to the Okanagan
Valley in the south. Over the years, NGR data release dates have consistently led to ’pre-
emptive’ claim staking (before the release) and also to staking rushes during and after the
release of maps and data.

Although most consider NGR data as ’conventional’ or ’routine’ regional stream
sediment sampling, that is not the case. NGR surveys are far from ’dirt bag’ programs.
During the start up of the URP some members of the industry were strongly opposed to
government funded geochemical ’exploration?’ surveys. Now, however, majors, juniors,
prospectors, consultants and numerous other clients use, and are learning to use NGR maps
and data as they would use geologic or acromagnetic base maps.

Let us examine why the NGR database is 'unconventional’ and show why you, as
explorationists, should be committed to this reconnaissance scale sediment and water
sampling and its spectrum of multi-element determinations and field observations.

NGR program methodology ensures that all aspects of sample collection, data records
and field maps, drying, packing and shipping are in accordance with standards which are
maintained by the contractor from year to year. Generally, sample collection was restricted
to primary and secondary streams having drainage-basin areas less than 15 square
kilometres. The belief that sample collection procedures and sample site location criteria are
the most important aspects of reconnaissance surveys has probably been the main reason
for the success of the program.

Adherence to national standards are also in place during laboratory preparation and
analytical determinations. Into each sequence of twenty samples (both water and sediment)
there are inserted:

1) a field duplicate, which tests sample site variability;

2) a blind duplicate, which tests laboratory subsampling variability;

3) control reference material which tests analytical variability.

Specific analytical methodology and techniques were established to optimize extraction of
each element at its lowest detection limit or at cost effective sensitivities. Consistency
between survey times and areas is critical. Analytical results are therefore evaluated to

ensure strict adherence to national standards set by GSC-NGR program.



The resultant high quality regional data base was not ’conventional’ in its early URP

days since it was multi-media (water and sediments) and, as importantly, multi-element

(Ballantyne et al,, 1976, 1978). Initially, the routine element suite for stream sediments
included Zn, Cu, Pb, Ni, Co, Ag, Mn, Fe, Mo and U while stream water analyses provided
U, F and pH data. This is a wide departure from ’conventional’ stream sediment sampling
programs conducted by the mineral industry where, generally, specific exploration targets are
identified and sampled, or a few ore elements are utilized to outline anomalies related to
mineralization. It became clear early in the NGR program that although results were aimed
primarily at assisting the exploration industry’s ability to conduct resource assessment, the
surveys could also provide an environmental data base that outlined high and low anomalies
and background elemental concentrations throughout the diverse regions of the Cordillera.

In 1977, Environment Canada provided one years funding so that mercury could be
added to the ’routine’ stream sediments element suite. Also, the analysis of uranium in
sediment and water provided an improved understanding of its natural concentration levels
and factors affecting its migration factors in the surficial environment. This new
understanding regarding uranium soon became very important in permitting the development
of ore deposits in British Columbia. URP survey data and studies were also used extensively
during the 1979-1980 Bate’s Uranium Commission reports and recommendations.

Industry’s ’conventional’ stream sediment sampling usually involved the collection of
small quantities of sand and silt from the active stream bed at many detailed sample sites
within the drainage being explored. This practice often resulted in samples deficient in fines,
and precluded re-analysis or archival of the remaining silts for future use.

NGR methodology requires the collection of 1-2 kilogram fine sands to silts (see
sampling section for details). This ensures that ample amounts of the -177 micron size
fraction are available for check analysis and for systematic archival. During the URP,
specifications dictated that 10 grams of ball-milled minus 177 micron size fraction material
have its uranium content measured by neutron activation analysis (NAA). After a "cooling
down" period this irradiated sample material was also routinely saved for storage at the

NGR-GSC facilities in Ottawa.



The importance of preserving samples for future re-analysis and the use of non-
destructive analytical methods (NAA) was quickly tested when industry demands for W and
Sn data were forwarded. Samples collected in 1977 (NTS 82F, K, 104N) were retrieved from
the archives, analyzed, and the W-Sn data released and added to the original "routine" suite
of elements. Before this process was undertaken, detailed orientation geochemical studies
concerning W-Sn dispersion characteristics, from known sources, were evaluated. The results
clearly showed that NGR sample collection and preparation methodology not only addressed
hydromorphic dispersion of elements but also defined anomalies of mechanically moved
elements (W-Sn). This would be a major influence on the utility of introducing gold analysis
to regional NGR sediment samples collected during the "gold rush” of the late 1980’s. These
positive results meant that NGR archived samples could also be retrieved and analyzed for
gold and other pathfinder elements.

During the history of NGR surveys in the Canadian Cordillera the list of additional
elements added to the routine suite has grown steadily. This impetus may be attributed to:

1) clients demanding specific new ore or pathfinder element data;

2) ore deposit and resource studies showed that certain lithologies and/or deposit
models contained diagnostic element abundances as haloes or anomalous
enrichments;

3) new, cost effective analytical techniques became available thereby reducing total
sample analytical costs; additional elements could be added without incurring
additional costs;

4) new control reference material became adequately characterized so that high
quality data for new and additional elements could be verified;

5) new or additional funding programs for specific NTS map - areas became available
so that additional determinations could be added which perhaps were not repeated
in adjacent map sheets (see Goodfellow, 1982, for Nahanni map area NTS 105]
where the user should be particularly interested in the addition of P,Oq, F, LOI,
V, to the sediment data and the much expanded water chemistry data; see Matysek
et al,, 1991, for NTS 82G, Fernie map area, and NTS 82J, Kananaskis Lakes map
area where the user will be particularly interested in water analysis including Cu,

Pb, Zn, As, Cd, Hg and INAA Au plus 25 elements including rare earths in stream



sediments).

The user of NGR data should be aware that in addition to the ’routine’ suite of
elements for sediments, many map areas contain data for some or all of the following
elements: Ba, V, Sb, As, Hg, Cd, Bi, Cr, and F. In both the Yukon and British Columbia,
a recently initiated program has used the non destructive method of instrumental neutron
activation analyses (INAA) to determine the individual concentrations of 26 elements for an
approximately 10 gram sample weight taken from archived sediment collected and stored
from previous NGR surveys. Of particular interest to the explorationist will be the gold data
as well as gold pathfinder element data including Sb, As, Ba, Cr, Mo and W. Potential users
should familiarize themselves with when and where these new map-area or re-releases will
take place. This information is available from the Geological Survey of Canada, Ottawa, and
the B.C. Geological Survey Branch, Victoria.

Part of the original NGR-URP mandate included identifying potential uranium
resources and stimulation of exploration activity in the Cordillera. The present NGR
program has clearly evolved and expanded its scope and coverage since initiation in 1976.
For those of us who have been involved in its conception, methodology development and
evolution it is gratifying to note that this data base has been accepted as the ’conventional’
standard and that new uses and clients are being developed.

The program and data have inherent qualities of interest to the explorationist. To
date, methods and results have:

1 increased the knowledge of multi-element-trace element dispersion and
characterized the primary and secondary chemical and mechanical dispersion
haloes and trains related to mineral deposits of variable genetic types in
glaciated and unglaciated terrains.

2) identified Jocal-scale anomalies and targets with the positive result that a great
number of new mineral prospects have been discovered and old ones re-
evaluated.

3) identified high-potential mineral resource areas where existing ore-deposit
modelling would not have considered the potential as being significant. This
resulted in the stimulation of exploration in neglected areas and markedly

increased exploration activity in program survey areas.



4) shown that the data can recognize lithological variation within a geological
unit; define geochemical background trace element concentration levels for
different geologic units; identify geochemical variations and patterns within
geologic-tectonic terrains; define domains and provenance in basin and
stratigraphic studies; identify metallogenic provinces and their associated
mineral deposits. In the long term as the results are reused and further
evaluated the power of geochemical mapping in the Cordillera using stream
data will be fully realized.

5) provided leadership in promoting the more effective use of geochemical
exploration methods: by conducting orientation and follow-up surveys, by
stimulated complimentary geochemical research, by academia and the mineral
industry; by training contractors and sampling crews to NGR standard
methodologies; and invoking new methods in region - specific surveys; by
technical support and transfer of chemical analytical methods to commercial
laboratories.

6) provided the high quality background data required to address environmental
concerns and issues. The compiled and evaluated data will no doubt become
the background or blue print for sustainable development - environmental

issues as well as for recreation park proposals and single use land and land

status issues.

Stream Dispersion Processes and Sampling Methods

The geochemist-explorationist has learned by practical experience that stream
sampling methodologies are an effective means of prospecting in the Canadian Cordillera.
However, it also became painfully obvious that different analytical techniques, sampling
designs, and methods could drastically alter a geochemical survey’s ability to detect
mineralized targets. The complex reasons for success and/or failure of programs continues
to be problematic. We have all heard statements such as "Geochemistry doesn’t work!"
Within the context of stream sampling, "Did Mother Nature actually fail to create
enrichments and depletions of elements (anomalies) associated with mineralization (the

ultimate anomaly)?" Perhaps we should not question either geochemistry of Mother Nature.



The more pertinent question is "Did we recognize those factors that influence element

migration which were active in the past and are active today?"

Stream Sediment Sampling

The NGR analytical suite combines elements transported by chemical processes and
by particulate dispersion. Sampling methods which optimize this dichotomy are critical to the
success of the program. It is assumed that stream sediment samples are representative of
upstream catchment material. Of course, sediment can be derived from a variety of sources,
including, locally derived or exotic bedrock material. The target material is fine sand to clay-
sized particles. It is also assumed that the finer fraction absorbs or complexes more metal
ions (chemical dispersion) or that it contains numerous tiny particles of primary and
secondary detrital grains in a heavy mineral fraction (clastic dispersion).

Conventional wisdom has dictated that ’active’ stream sediment material is best for
’silt’ sampling. But what does this word ’active’ mean? It can mean bedload, suspended load
or a combination of both types of transport of particles. Does the term ’active’ impart that
sediment must be collected from under water in a flowing portion of the stream? Yes, it
could mean underwater collection of particles from either a high or low energy environment
today. It could also mean collection of particles from those types of environments which in
the past were under water but are now dry and exposed. Considering the variability in
topography, physiographic regions, glacial histories and present climate, all of these questions
will arise again and again, during sediment sampling programs, throughout the Canadian
Cordillera .

A reconnaissance stream sediment survey should collect fine composite sediments
from both low energy and high energy sites. Therefore, inner parts of stream bends, tails of
bars and pools (low energy) and the outside of bends, upstream ends of gravel bars,
obstacles or traps (high energy) are all sites used in the composite collection of sediment,
at a single NGR sample site for a given stretch of stream drainage. Sediment samplers
should not be encouraged to collect ’good silt’ from only one of the forementioned sites;
composite sampling will yield much more effective results. The samplers target is to optimize
the collection of ’fines’. At any particular sample site these ’fines’ may in fact be

predominantly silts which have absorbed chemically transported elements or be
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predominantly clastically dispersed particles or have unknown proportions of each type of
transported fine material.

Many stream sediment samplers have been taught to dread organic material and
concentrations of iron and manganese (hydroxide). Therefore, they attempt to collect, by
hand, silt and clay sized particles from the underwater gravel bedload material. A plume of
silt generally quickly floats downstream and one handful of ’good sand’ gets put into the
small bag of the frustrated ’dirt-bagger’. Evén the fine heavy mineral fraction in the bedload
can be lost during hand sampling. May I suggest that all stream sediment samplers, whether
collecting for ’silt” or HMC analysis, carry and use a large plastic 'bulk-food’ or flour scoop
and larger sample bags. DON’T LEAVE CAMP WITHOUT THEM !

The high walls of a scoop retains fine silt collected from under and behind logs and
rocks. Fine silt can be skimmed off the surface of gravel bars, either underwater or on
recently exposed bars. Coarse gravel and sand can be decanted off, with the water, before
filling the large sample bag with easily collected, different accumulations of fines from
several different locations. Black or brown coloured material, which was thought to be
organic, can be easily checked for silt and clay content since it is retained in the scoop.
Coarse gravel at the heads of bars can be scrapped aside to more easily collect HMC fines.
Float gold, trapped in clay ’scum’ from the tails of gravel bars, can also be easily collected
with a scoop. When the sampler sees that fines and HMC particles are actually being
collected and that there is a methodology With observable reasons behind the systematic
sampling design, then your survey program has a much better chance of being consistent and
therefore, interpretable.

With a scoop and a large sample bag you should be able to collect adequate minus
177 micron material for initial analysis and check analysis. In these days of nugget effects,
in both precious and base-metal exploration, 20-40 gms of the final dry sieved material
should be the minimum weight target during collection.

Much of the previous discussion described bedload processes and sites for collection.
One must also remember that, at various times of the year, clastic dispersion of material
includes significant suspended load, over significant stretches of drainage. Inherent in the
concept of suspended load is the fact that the particle sizes are small and that their

movement and transport downstream is highly dependent on flow velocity and settling
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factors. Many high energy environment creeks in the Canadian Cordillera have a scarcity of
fine-grained stream sediment material in the stream bed. Perhaps the time of sampling or
the pre-selected sample site location offered no suitable low energy environment dumping
sites. In these sitvuations, during the NGR surveys, high quality and quantity silt samples were
collected by targeting suspended load material trapped in moss growing on boulders within
the streambed. Our HMC experts, the gold prospectors, systematically panned moss taken
from boulders. They were checking for suspended load ’float’ gold within a drainage. After
discovering that easily obtainable heavies contained gold from moss sampling and panning,
prospectors began the laborious task of digging with pick and shovel at the heads of gravel
bars. It was there that they hoped to recover coarse gold trapped during bedload clastic
dispersion and transport.

Keeping in mind that easily obtainable, consistent quantities of silt is one’s target,
moss sampling has recently been successfully applied to the NGR-RGS program on
Vancouver Island. Abundant annual rainfall in these cool humid regions has flushed the
bedload relatively clean of fine silt. Once again, it is the suspended load trapped in moss
growing on the top or downstream faces of boulders or logs that ends the samplers
frustrations. Results from Vancouver Island verify that fine ’float’ gold and other heavy
mineral elements are enhanced in the suspended load fines’ recovered from moss compared
to bedload silts. Detailed discussions of results of geochemical orientation surveys using
‘moss-mats’ is given by Matysek and Day, 1988. Important Cordilleran research, under the
direction of Dr. W.K. Fletcher, into the processes active in present day streams, and their
effects on element dispersion have been completed or are continuing at the University of
British Columbia (see Day and Fletcher, 1986; Fletcher and Day, 1988; Saxby and Fletcher,
1986).

Non-conventional suspensate sampling of stream sediment has been tested by F.R.
Siegal in 1982/83. He reports (Siegal, 1990) that stream sediment suspensates (>0.45 pm
mineral matter, which is derived from mechanical weathering and from precipitation

reactions in the hydrogeological regime) can be collected in situ with a hand operated pump

system and then analyzed. His results indicate that suspended mineral matter can be
successfully used for geochemical prospecting. Dispersion trains and anomaly contrasts are

reported to be enhanced in suspensate (suspended load), compared to bottom sediment
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bedload material. In the Cordillera in situ suspensate sampling has not been attempted. Only

a limited database for a few elements is presently available (Siegal, 1990). However, the
method may be applicable since ’suspended load’ sediment sampling has a proven record

of success (float gold-HMC trapping of sediment by moss).

Heavy Mineral Concentrates in Stream Sediments

Rock and ore forming minerals, when subjected to weathering processes, ultimately
form 1) ’freed’ resistates (relatively insoluble and therefore stable), 2) new stable forms
(native metals such as Au, Cu) or 3) new relatively insoluble minerals and compounds which
are dispersed by water into streams as particles (see Table 1, 2). These resistates, native
metals, and new minerals or compounds have great variations in size, shape, specific gravity,
hardness and magnetic susceptibility. For centuries it has been recognized that collection and
identification of stream bourne ’heavy’ minerals and insoluble compounds could lead to
direct financial rewards. The recovery of placer minerals and gems also led to systematic
exploration for their in situ bedrock source. The time honoured practice of heavy mineral
‘panning’ has, and is still, a prerequisite to the discovery of gold, diamond and precious gem
deposits in many parts of the world. Placer gold camps in the Canadian Cordillera could still
become ’hard rock’ gold deposit districts as exploration for the Motherlode continues.

HMC bedload sampling was preferred since a visual inspection of coarse "heavies’ was
normally the result. Bedload transport factors move most heavies down stream to
accumulation points where they may ’rest’ only to be moved, over time, further down
gradient. Suspended load transport of heavies (very fine size fractions) also occurs
throughout time. ’Flour gold’ (size) and ’float’ gold (transport) were sought in mosses
(suspended load) for they indicated the possible presence of ‘nugget’ gold (size and bedload
transport). In any event, both bedload and suspended load transport are not static processes.

As reported in the stream sediment sampling section, heavy minerals are dispersed
and then collected as part of the silt size fraction of sediment. They are, however, diluted
with the many ’light’ particles. It is the objective of heavy mineral sampling to remove the
light diluting minerals and to concentrate the heavies. Of course by removing the lights one
can: a) remove anomalous concentrations of hydromorphically dispersed elements now

absorbed onto these clays and quartz particles or b) enhance the anomalous concentrations
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of clastically transported elements. For some elements, (such as zinc), it is possible to miss
anomalies if only HMC values are determined since stable clastically transported zinc-
bearing minerals may not be present in the heavies.

Normally, however, the concentration factor inherent in HMC sampling ensures that
element contents are significantly enriched so that any analytical detection limit problems
are overcome.

Active placer mining is now forbidden in the state of California and many other
states, but weekend hobby placer gold prospectors can be found ’snipping’ for gold in stream
sediment. This ‘'modern gold rush’ has produced a whole new ’technological’ industry backed
by the Gold Prospectors Association of America. Coloured plastic gold pans of numerous
sizes, shapes and riffle effects, fully back-packing dredges and micro-sluice boxes, mini
shaker tables, gold wheels, spiral and screw pans, various sizing, screening and classifying
systems, fine gold recovery matts and of course, gold locating devices (metal detectors) have
been developed and marketed - the object to find, separate and concentrate heavy minerals.
The gold ’sniper’ is generally satisfied with the recovery of very fine gold (flour) and much
of the product development has been to enhance the recovery of very fine heavy minerals
from numerous test locations. Does this sound like a geochemical exploration sampling
program for heavy minerals using portable efficient field separation techniques?

Plastic gold pans have been tested in the Cordillera but generally we have been slow
to adapt other separation, classification and concentration methods and equipment. Although
most of the equipment was developed solely for gold recovery, the geochemist-explorationist
should be able to easily adapt and certainly enhance the total heavy mineral suite recoveries
by using this equipment. Since one can and should be using heavy mineral concentration
prospecting methods in the search for porphyry copper-gold deposits and for base metal
massive sulphide deposits, I believe that improved stream sampling methods warrant much
more attention.

F. Marshall Smith Consulting Ltd. reported at the GEOEXPO ’86 Conference,
Vancouver, at the AEG Heavy Mineral Workshop that small portable suction dredges could
be used for sample collection and preliminary concentration of heavy minerals in Canadian
Cordillera streams. The back-packing dredge and pump weighed only 9.5 1bs. I have recently

seen advertisements for a light weight (15 Ib.) gas powered vacuum that "cleans crevices,
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moss and drywashes of all wet and dry concentrates”. The point of using a portable dredge
or vacuum is to get to the most suitable site on the stream drainage to be tested. The
mechanical dispersion of grains from the source to this site of preconcentration (eliminate
the dilution effect of light particles) varies with time (floods, intermittent water flow). The
optimum time of collection in any of the various regions of the Canadian Cordillera could
be significantly different since the degree of sorting of the stream’s bedload material is
critical in the enhancing of its HMC contents.

These effects do not hamper a'heavy mineral concentrate survey of black sands taken
from the sluices or tables of active placer gold mining operations. Mother Nature has already
sorted the heavies into the so-called pay-streak or channel and they have been preserved and
’frozen’ in time until the placer operator digs them up. The placer operator then sorts and
classifies this material, washes it and finally HMC are recovered in a variety of ways. If the
heavy mineral explorationist can obtain a portion of HMC particles from the first 5 riffles
of the various sizes of sluices in the run then he is assured that this sub-population can yield
information of exploration significance (See details in Atlin Placer Gold Section). Most
placer gold camps have poor bedrock exposure and thus any detailed data on rock and ore
forming minerals within the buried drainage is of assistance.

Today, with modern SEM'’s and microprobes, accurate mineral identifications of heavy
mineral concentrates are possible and greatly improved. Important ore mineral grains
(primary or secondary) can be identified on a single grain basis. The micro-geochemistry
(majors, minors and traces) of minerals is very important in identifying potential ore deposit
models and the sources. (See Tables 1 and 2)

Mineral and/or sulphide inclusions found within heavy mineral grains recovered from
streams can be used to suggest the potential for primary buried mineralization within the
drainages. Although microprobe and SEM analysis of heavy mineral grains may seem
“unconventional’ the diagnostic results can perhaps be more easily interpreted than analytical
results. Non-destructive analytical methods (INAA) allow for the mineralogical examination
of the grains after analysis and cool down periods. When dealing with HMC analytical
determinations the user must be aware of what element concentrations are total, partial or
have no reliability because of interferences with other elements that are present in high

concentrations. Often HMC chemical analysis can be like complex ore determinations.
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Specific chemical attacks may be required, and costly assay determinations must be made
by lengthy destructive procedures. In any event, mineralogical micro-geochemistry on
selected heavy minerals may be just as cost effective and more specific to a ore deposit

model than chemical analysis.

Hydrogeochemistry
Elements which are relatively mobile in the near surface environment (U, Mo, Zn,

Cu, Pb, Fe, S) travel in solution either in groundwater or surface water, or both media.
Hydrogeochemical sampling is thus particularly applicable to this suite of conventional-
elements, but a wider range of elements can be expected to be utilized in the future (see
Gold Hydrogeochemical Section). With advancing technology and the necessity of
discovering blind ore bodies and/or new environmental requirements it will be in the best
interests of the explorationist to define the size and contrast of the aqueous halo around a
particular deposit.

The applicability of hydrogeochemical exploration techniques using stream waters is
not well documented or well researched (?). During the early days of porphyry Cu
exploration, Cu was measured in spring and stream waters. Workers became painfully aware
that the wide range of conditions unique to the various terrain types in the Canadian
Cordillera could drastically affect exploration programs. Levels of pH were found to be an
important factor which influences significantly the concentrations of most elements in
aqueous solution. It was found that for most metals there is a considerable decrease in the
solubility of the metal, as pH increases from 4 to 7. Now base metals are again becoming
of interest to the exploration community. Basic principles to detect a hydrogeochemical
anomaly and resultant chemically dispersed stream sediment anomalies must be reviewed
in light of past experience. Examples are given in the case history section.

Hydrogeochemical exploration for U is particularly successful. After GSC orientation
surveys, U, F and pH determinations in stream waters became a standard medium for NGR-
URP surveys in 1976 (Ballantyne et al, 1976, 1978). Hydrogeochemical sampling was
expanded for some NGR surveys and today with advances in technology, solution
concentrations of elements usually measured in the ppb range are being routinely lowered

to ppt levels. It will become more important in the future to initiate, at an early exploration



stage, water sampling programs within particular stream drainages. The need for background
water data is here to stay; so why not combine future environmental requirements into
geochemical exploration programs? The water data will greatly help interpretation of
element distribution patterns found in other media. Those explorationists that re-acquaint
themselves or start geochemical water sampling now will be better prepared to defend
Mother Nature’s anomalies as facts of life (during the permitting process) and most
importantly, will be able to perhaps discover blind deposits in the future.

All chemical and clastic dispersion processes need water during stream drainage
development. Water (surface and groundwater) was very important in the past in creating
the specific environment for stable secondary mineral formation during the weathering
process (Tables l.and 2). We must always consider past influences on aqueous haloes. We
must often place restraints on the applicability of any particular geochemical sampling
methodology used today because of past weathering processes and factors.

For example, exploration for Cu-Au porphyry deposits of the Mount Milligan type
are currently an exploration focus in B.C. Hydrogeochemical factors helped during the
development of weathered products of these deposits. Perhaps transition zones and/or
supergene zones of different copper minerals and liberated gold were formed. Hydromorphic
dispersion of copper and sulphur could have been extensive. Glaciation came and removed
portions, or all, of the pre-existing weathered profile. During glacial-fluvial processes,
resistate minerals, stable secondary Cu minerals, native copper and gold, and primary copper
sulphides were mixed in till and or perhaps concentrated in glacial outwash material. Today
streams cut through these materials and surface and ground water drainage enters streams.
If no sulphides are oxidizing in the ’overburden’ the geochemical response to Cu in water
will be reduced or negligible even though native copper and stable copper minerals are
present in abundance in the glacial material. Native copper metal and/or other copper
secondaries may enter the stream during surface run off, bank collapse etc. The ’silt’ sampler
is collecting material under the assumption that Cu is being dispersed hydromorphically.
Analytical methods are also selected under this assumption. Results for 0.2-0.5 g of stream
sediment, weakly digested and then analyzed by ICP give low to ’spikey’ Cu results. Follow-
up fails to reproduce the single site Cu anomalies but it is hard to walk away from the

stream drainage because of the elevated and reproducible Au results. Exactly the same
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problems have arisen during interpretation of soil grids during first stage follow-up surveys.
Why?

We have learned about ‘nugget’ gold effects (analytical sample size) and ’coarse’ VG
gold (metallic analysis, actual gold size) problems and these have been overcome largely by
increasing the sample weights used for a variety of gold analyses. The concept of check and
re-analysis of high gold samples by other methods is usually a standard approach to
obtaining reliable gold concentration data. However, in our example the native copper
'nuggets’, sulphides, stable secondaries etc. were not considered to be present as ’clastic’ or
resistate grains. Discrete copper grains of variable size and shape (like gold particles), may
or may not be present in the tiny sediment or soil sample weight that is usually analyzed.
False expectations that copper is present as a product of hydromorphic processes has led
to frustration during efforts at interpretation. Hydrogeochemical methods may have worked
in the past during the first weathering cycle of the Cu-Au deposit. Now within the context
of a transported anomaly removed from the buried ’in situ’ deposit, water can only help by
the concentration of heavies in the present day stream sediment. In the situation described,
the requirements for useful and reproducible Cu analysis are the same as those for Au;
beware of nugget effects and analyze large samples by a variety of methods. Heavy mineral
sampling is recommended.

The exploration problem described above has been examined and verified at
numerous locations within the Quesnel Trough (Ballantyne et al, in press).

The ’power’ of water, (past and present), to affect the success or failure of
geochemical exploration programs should be better appreciated. We will further examine
some case histories involving water (stream-spring) and clastic and hydromorphic transport

in stream drainages.

DATA INTERPRETATION - CASE HISTORY EXAMPLES
Regional Data - Discovery of the Unknown

Table 3 provides summary statistics compiled by D.J. Ellwood and S.B. Ballantyne in
1984 for some 31,441 NGR sample sites