
The presence of resistate indicator minerals (e.g. gar-
net, gahnite, magnetite, Cr diopside, ilmenite, olivine,
and gold) in surficial sediments (e.g. glacial, eolian,
stream, alluvial, beach, and residual soils) and bedrock
have been used to explore for various types of mineral
deposits, including porphyry Cu, lode gold, magmatic
Ni-Cu-PGE, metamorphosed volcanogenic massive
sulphide (VMS), rare metals, and iron oxide-copper-
gold (IOCG) (Averill, 2001, 2007; McClenaghan,
2005, 2013). Optical- and electron- (e.g. scanning elec-
tron microscope coupled with QEMSCAN® or
MLA™ software, electron microprobe analysis
(EMPA), and mass spectrometry (e.g. laser ablation-
inductively coupled plasma-mass spectrometry (LA-
ICP-MS)) based techniques are used to identify indica-
tor minerals, with EMPA and LA-ICP-MS techniques
being able to determine their major and trace element
compositions (e.g. Layton-Matthews et al., 2013).
Laser ablation-inductively coupled plasma-mass spec-
trometry allows for the measurement of many elements
at concentrations as low as parts per billion (e.g.
Jackson et al., 1992).

In the past, individual studies using trace elements
to vector to mineral deposits have generally only
included one or two minerals (e.g. hematite and mag-
netite (Schmidt Mumm et al., 2012)); however, there
are exceptions. Ismail et al. (2014) analyzed multiple
minerals (feldspar, calcite, garnet, pyroxene, amphi-
bole, allanite, epidote-group minerals, titanite, and
apatite) in a study of the Hillside IOCG deposit, South
Australia. In addition, Spry et al. (2015) analyzed gar-
net, biotite, and magnetite in the metamorphosed
Stollberg Zn-Pb-Ag and magnetite field, Sweden.
Trace element studies have been utilized to explore for
metamorphosed massive sulphide deposits, including
tourmaline (Griffin et al., 1996), sulphide minerals
(George et al., 2016), garnet (Spry et al., 2007;
Heimann et al., 2011), and gahnite (O’Brien et al.,
2015a,b). However, these studies focused mostly on
minerals spatially associated with Broken Hill-type Pb-
Zn-Ag (BHT) deposits. By contrast, there are relatively

few trace element studies of minerals associated with

metamorphosed VMS and sedimentary-exhalative

deposits, two of which were done by Makvandi et al.
(2016a,b) for magnetite in various metamorphosed

VMS deposits. Here, we have analyzed the trace and

major element compositions of common rock-forming

silicates (garnet, biotite, staurolite, chlorite, and mus-

covite) and oxides (gahnite, ilmenite, and magnetite) in

sediment-hosted massive sulphide Cu-Au

(Kanmantoo, South Australia) and Pb-Zn-Ag deposits

(Wheal Ellen, Angas, Scotts Creek, Aclare,

Strathalbyn, and St. Ives, South Australia), which were

metamorphosed to amphibolite facies. Minerals were

analyzed by EMP and LA-ICP-MS methods, the

details of which are given in O’Brien et al. (2015a) and

are not repeated here. The aim of study is to evaluate

the use of trace elements of multiple minerals to guide

exploration in the Kanmantoo area and metamor-

phosed sediment-hosted sulphide deposits, in general. 

GEOLOGICAL SETTING

The Cu-Au and Pb-Zn-Ag deposits occur in a struc-

turally thickened package (~7–8 km) of metamor-

phosed pelitic and psammitic (including metaturbidite)

sediments of the Cambrian Kanmantoo Group, South

Australia, within an extensional fault-controlled back-

arc basin (Kanmantoo Trough). Up to five deformation

events have affected the deposits, with peak metamor-

phic conditions (amphibolite facies) coinciding with

the second deformation event (e.g. Spry et al., 1988).

The Cu-Au and Pb-Zn-Ag deposits occur in the

Tapanappa Formation, primarily in a stratigraphic

interval, several hundred metres wide, in garnet-

andalusite-biotite±staurolite schist that we consider to

be a regional, stratabound, metamorphosed hydrother-

mal alteration zone. This zone extends intermittently

for more than 30 km, from about 10 km north of

Kanmantoo toward Strathalbyn, and has been, in the

past, a major focus of exploration for base metal sul-

phides in the Kanmantoo Group (Fig. 1). 
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Rock types associated with sulphide mineralisation

include quartz-mica schist, quartz-biotite-garnet-

andalusite±chlorite± staurolite±magnetite rock, and

biotite-garnet-chlorite rock, the last of which is the

immediate host for much of the sulphides. Minor rock

types include exhalite (e.g. quartz garnetite, garnet-

quartz-cummingtonite schist, plagioclase rock, banded

iron formation: Toteff, 1999), gahnite-bearing mica

schist, pyritic schist, and calc-silicate rocks. The

Kanmantoo Cu-Au deposit (34.5 Mt @ 0.6% Cu and

0.1 g/t Au; http://www.hillgroveresources.com.au/sec-

tion/Projects/Kanmantoo), which is the largest Cu-Au

deposit in the Kanmantoo Group, is characterized by

discordant and pipe-like orebodies (e.g. Kavanagh,

Spitfire, and Emily), and concordant mineralisation

(Nugent). The Pb-Zn-Ag deposits are mostly concor-
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dant to bedding, with both Cu-Au and Pb-Zn-Ag types
exhibiting local remobilization of sulphides. The dis-
covery of gahnite- and spessartine garnet-bearing rocks
were key to finding the Angas Pb-Zn-Ag deposit (3.04
Mt @ 8.0% Zn, 3.1% Pb, 0.3% Cu, 34 g/t Ag, and 0.5
g/t Au; http://www.portergeo.com.au/database/mine-
info.asp?mineid=mn1287), the largest known Pb-Zn-
Ag occurrence in the Kanmantoo Group. The metallic
minerals of the Cu-Au deposits consist mostly of chal-
copyrite, pyrrhotite, magnetite, Bi minerals, and pyrite,
whereas those associated with Pb-Zn-Ag deposits are
primarily sphalerite, pyrite, galena, chalcopyrite,
pyrrhotite, and cobaltian arsenopyrite. A zone of chal-
copyrite-magnetite-rich rocks at the Wheal Ellen Pb-
Zn-Ag deposit, which shows a metallic mineral assem-
blage almost identical to the most common assemblage
at Kanmantoo, suggests a genetic link between the Pb-
Zn-Ag deposits and Cu-Au mineralisation. The pres-
ence of both Cu and Pb-Zn-Ag zones at the Strathalbyn
deposit also supports this concept. 

MINERAL CHEMISTRY

Garnet

Although Fe-rich (Mn-poor) garnet is common in most
orebodies at Kanmantoo (2–4 wt% MnO), country rock
mica schists and unmineralized altered rocks in the
Kanmantoo Group contain slightly higher concentra-
tions of Mn (~3–7 wt% MnO) (Bollenhagen, 1993;
Smith1998; Hammerli et al., 2016), whereas the com-
position of garnet is more Mn-rich in and proximal to
Pb-Zn-Ag mineralisation (up to 30 wt% MnO), and the
concordant Nugent orebody (up to 18 wt% MnO) at
Kanmantoo (Fig. 2). Furthermore, the Zn concentration
of garnet associated with Pb-Zn-Ag mineralisation is
high (100–252 ppm Zn) relative to that spatially asso-
ciated with the Kanmantoo Cu-Au deposit and the

country rocks (<26 ppm Zn). A principal component

analysis of garnet from Pb-Zn-Ag deposits overlaps

that of the Nugent orebody at Kanmantoo (Fig. 3),

which is spatially associated with laminated quartz-

garnet rocks.

Gahnite

Gahnite is spatially associated with the Pb-Zn-Ag

deposits (e.g. Angas, Wheal Ellen, Strathalbyn, Aclare,

and St. Ives) but it also locally occurs in schists imme-

Emily Star (34)

Nugent (141)
Nugent (125)

Kavanagh (149)

Kavanagh (54)
Hammerli et al., 2016

Smith, 1998
Bollenhagen, 1993

Almandine + Pyrope

GrossularSpessartine

10

20
country rocks

Pb-Zn-Ag deposits

30

40

50

60

70

80

90

10

10

20

20

30

30

40

40

50

50

60

60

70

70

80

80

90

90

Figure 2. Ternary plot of garnet compositions from the
Kanmantoo deposit (Emily Star, Kavanagh, and Nugent ore-
bodies) and country rock schist (Bollenhagen, 1993; Smith,
1998; Hammerli et al., 2016) shown by an ellipse. The com-
positional field of garnet associated with Pb-Zn-Ag deposits
is shown as a separate ellipse. Component 1 (30.4%)

Component 1 (30.4%)

C
om

po
ne

nt
 2

 (
17

.6
%

)
C

om
po

ne
nt

 2
 (

17
.6

%
)

Y

Ga

Ca

Zn Ti

V

Cr

Li

Sn

Mg
Fe

Zr

Sc

Ge
Mn

Nugent

b)

a)

Angas

St. Ives
Wheal Ellen

4

3

2

1

0

-1

-2

-3

-4
-4 -3 -2 -1 0 1 2 3 4

1.0

0.5

0.0

-0.5

-1.0

-1.0 -0.5 0.0 0.5 1.0

Figure 3. Principal component analysis of garnet using 15
elements, Ca, Cr, Fe, Ga, Ge, Li, Mg, Mn, Sc, Sn, Ti, V, Y, Zn,
and Zr. a) Score plot of the first two principal components
with percent variance for component 1 and 2 on the x and y
axis, respectively. b) Loading plot showing the vector repre-
sentation of data projected onto the score plot for each ele-
ment. Symbols same as shown in Figure 2 for Kanmantoo
orebodies. 



28

P.G. Spry, M.V. Pollock, K.A. Tott, A.E. Koenig, R.A. Both, and J.A. Ogierman

diately north and south of the Kanmantoo deposit
(Toteff, 1999). Gahnite in the Pb-Zn-Ag occurrences
has major element compositions (Zn, Mg, and Fe) that
overlap compositions of gahnite in metamorphosed
massive sulphide deposits found elsewhere in the
world (i.e. 28–34 wt% ZnO) (Fig. 4). Gahnite is
enriched in Cu (up to 39 ppm), and the first series tran-
sition elements, which include up to 3,600 ppm Mn, up
to 90 ppm Co, up to 320 ppm V, up to 1,000 ppm Cr,
and up to 217 ppm Ga. The trace element compositions
of gahnite from Pb-Zn-Ag deposits generally overlap
with each other but those from St. Ives are more
enriched in Co.

Staurolite

The Zn and Mn contents of staurolite are also high in
the Pb-Zn-Ag deposits (up to 6.3 wt% ZnO and up to
~5,000 ppm Mn) relative to those associated with stau-
rolite in the Kanmantoo deposit (up to 1.6 wt% ZnO
(with one outlier of 3.2 wt% ZnO), 344 ppm Co, 285
ppm V, and 2070 ppm Mn) (Fig. 5). 

Biotite

Biotite in the Cu-Au and Pb-Zn-Ag deposits has com-
positions generally close to the phlogopite-annite
boundary. Biotite in the Pb-Zn-Ag deposits is unusu-
ally enriched in various trace elements, including up to
2,600 ppm Mn, 6,400 ppm Cu, and 1,200 ppm Zn in
the St. Ives deposit, and up to 1,200 ppm Zn, 5,400
ppm Mn, and 5 wt% Tl in the Angas deposit. The Tl
content of biotite is amongst the highest yet reported
for biotite in nature. These elemental concentrations
are in contrast to those associated with biotite in the
Kanmantoo deposit, which are less enriched in metallic
trace elements (e.g. <200 ppm MnO and ZnO, and <2
ppm Tl). 

Chlorite

Mg-rich chlorite in sulphide mineralization at

Kanmantoo contains up to 2,300 ppm Mn and 1600

ppm Zn, whereas Fe-rich chlorite contains up to 628

ppm Mn and 202 ppm Zn. Chlorite in Emily Star is

characterized by an enrichment in Cu (up to 593 ppm)

relative to all other samples that typically contain <10

ppm Cu. The reason for this is unclear. Chlorite spa-

tially associated with Pb-Zn-Ag sulphides contains up

to 8922 ppm Mn, 6970 ppm Zn and 321 ppm Cu.

Muscovite

Trace element compositions of muscovite in unaltered

country rocks and altered rocks spatially associated

with the Kanmantoo deposit contain up to 724 ppm V,

973 ppm Sr, 482 ppm Pb, ppm Cu, 212 ppm Zn, and
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31,023 ppm Ba, whereas those associated with the Pb-
Zn-Ag deposits contain up to 324 ppm V, 204 ppm Sr,
721 ppm Pb, 101 ppm Cu, 661 ppm Zn, and 17,227
ppm Ba. Muscovite from country rocks elsewhere in
the Kanmantoo Group contain lower amounts of these
elements (up to 298 ppm V, 125 ppm Sr, 32 ppm Pb, 70
ppm Cu, 51 ppm Zn, and 3,072 ppm Ba: Hammerli et
al., 2016).

Ilmenite

Ilmenite in the Kanmantoo deposit is essentially end-
member FeTiO3, with up to 0.5 wt% MnO and 0.1 wt%
ZnO, differing greatly from that at St. Ives, which con-
tains up to 22.9 wt% ZnO, close to ecandrewsite
(ZnTiO3). Ilmenite in the Angas deposit is enriched in
Mn, with concentrations ranging from 1.7 to 8.4 wt%
MnO, and up to 0.5 wt% ZnO. 

Magnetite

Magnetite is intergrown with chlorite, chalcopyrite,
and pyrrhotite in the Kanmantoo Cu-Au deposit.
Concentrations of select elements in magnetite in the
Kanmantoo Cu-Au and Pb-Zn-Ag deposits, respec-
tively, contain up to 7070 and 5394 ppm Al, 4520 and
1195 ppm Ti, 5085 and 4506 ppm V, 1285 and 1775
ppm Cr, 23200 and 983 ppm Cu, 12715 and 509 ppm
Zn, and 252 and 607 ppm Ga. A plot of Sn/Ga vs.
Al/Co was developed by Singoyi et al. (2006) to assess
the provenance of hydrothermal magnetite from skarn,
IOCG, Broken Hill-type Pb-Zn-Ag, and VMS deposits.
Although there is no designated field for sediment-
hosted deposits, it should be noted that most magnetite
from the Kanmantoo and Pb-Zn-Ag deposits generally
overlap the compositions of magnetite associated with
VMS deposits (Fig. 6).

DISCUSSION AND CONCLUSIONS

The enrichment of Zn, Mn, Co, V, Cr, and Cu in gah-
nite, Mn and Zn in garnet and ilmenite, and Zn, Mn,
Cu, and Tl in biotite in Pb-Zn-Ag and Cu-Au deposits
relative to those found in the same minerals in unmin-
eralized rocks, constitutes a potential pathfinder to
metamorphosed sediment-hosted massive sulphide
deposits in the Kanmantoo Group. The enrichment of
Co in gahnite at St. Ives may not be surprising since Co
is enriched in sulphides in the Kanmantoo Group (e.g.
pyrite in pyritic schists, and cobaltian arsenopyrite at
Wheal Ellen). Like those obtained here, garnet, gah-
nite, and biotite in BHT deposits contain elevated con-
centrations of Mn and Zn. Common rock-forming min-
erals, such as biotite, muscovite, chlorite, ilmenite, gar-
net, magnetite, gahnite and staurolite, some of which
are resistate minerals, serve as potential chemical vec-
tors in the exploration for SEDEX deposits in the
Kanmantoo Group and in other metamorphic terranes. 

ACKNOWLEDGEMENTS

This project was financially supported by a grant from
the Department for Manufacturing, Innovation, Trade,
Resources, and Energy (DMITRE – Geological Survey
of South Australia) to PGS, as well by Graduate
Student Fellowships from the Society of Economic
Geologists to MVP and KAT, and a grant to KAT from
the Geological Society of America. Sincere thanks go
to David Rawlins (Hillgrove Resources), and to
Stephen Hill and John Keeling (DMITRE) for facilitat-
ing the project, and to Elizabeth Ambrose for assisting
with editing the manuscript.

REFERENCES

Averill, S.A., 2001. The application of heavy indicator mineralogy
in mineral exploration with emphasis on base metal indicators
in glaciated metamorphic and plutonic terrains, In:
McClenaghan, M.B., Bobrowsky, P.T., Hall, G.E.M., and Cook,
S. (eds), Drift Exploration in Glaciated Terrain; Geological
Society of London, Special Volume 1985, p. 69–82.

Averill, S.A., 2007. Viable indicators in surficial sediments for two
major base metal deposit types: Ni-Cu-PGE and porphyry Cu,
In: Workshop 3: Indicator Mineral Methods in Mineral
Exploration; Exploration 07, International Conference on
Mineral Exploration, Toronto, September 9, 2007, p. 33–42.

Bollenhagen, W.J., 1993. The influence of bulk rock MnO on garnet
development in metamorphic rocks of andalusite-staurolite
grade; Kanmantoo, South Australia; B.Sc. Honours thesis,
University of Adelaide, Australia.

George, L.L., Cook, N.J., and Ciobanu, C.L., 2016. Partitioning of
trace elements in co-crystallized sphalerite–galena–chalcopy-
rite hydrothermal ores; Ore Geology Reviews, v. 77, p. 97–116.

Griffin, W.L., Slack, J.F., Ramsden, A.R., Win, T.T., and Ryan,
C.G., 1996. Trace elements in tourmalines from massive sul-
fides deposits and tourmalinites; geochemical controls and
exploration applications; Economic Geology, v. 91, p. 657–675.

Hammerli, J., Spandler, C., and Oliver, N.H.S., 2016. Element
redistribution and mobility during upper crustal metamorphism
of metasedimentary rocks: an example from the eastern Mount
Lofty Ranges, South Australia; Contributions to Mineralogy
and Petrology, v. 36, p. 1–21.

Heimann, A., Spry, P.G., and Teale, G.S., 2011. Chemical and crys-
tallographic constraints on the geochemistry of garnet in gar-
net-rich rocks, southern Proterozoic Curnamona Province,
Australia; Mineralogy and Petrology, v. 101, p. 49–74.

Ismail, R., Ciobanu, C.L., Cook, N.J., Teale, G.S., Giles, D.,
Schmidt Mumm, A., and Wade, B., 2014. Rare earths and other
trace elements in minerals from skarn assemblages, Hillside
iron oxide-copper-gold deposit, Yorke Peninsula, South
Australia; Lithos, v. 184-187, p. 456–477.

Jackson, S.E., Longerich, H.P., Dunning, G.R., and Freyer, B.J.,
1992. The application of laser-ablation microprobe; inductively
coupled plasma-mass spectrometry (LAM-ICP-MS) to in situ
trace-element determinations in minerals; Canadian
Mineralogist, v. 30, p. 1049–1064.

Layton-Matthews, D., Hamilton, D.C., and McClenaghan, M.B.,
2013. Mineral chemistry: modern techniques and applications
to exploration, In: Application of Indicator Mineral Methods to
Mineral Exploration; 26th International Applied Geochemistry,
Rotorua, New Zealand, Short Course Notes, p. 9–18.

Makvandi S., Ghasemzadeh-Barvarz, M., Beaudoin, G., Grunsky,
E.C., McClenaghan, B.M., and Duchesne, C., 2016a. Principal
component analysis of magnetite composition from vol-
canogenic massive sulfide deposits: case studies from the Izok



Lake (Nunavut, Canada) and Halfmile Lake (New Brunswick,
Canada) deposits; Ore Geology Reviews, v. 72, p. 60–85.

Makvandi S., Ghasemzadeh-Barvarz, M., Beaudoin, G., Grunsky,
E.C., McClenaghan, B.M. Duchesne, C., and Boutroy, E.,
2016b. Partial least squares-discriminant analysis of trace ele-
ment compositions of magnetite from various VMS deposit
subtypes: Application to mineral exploration; Ore Geology
Reviews, v. 78, p. 388–408.

McClenaghan, M.B., 2005. Indicator mineral methods in mineral
exploration; Geochemistry: Exploration, Environment,
Analysis, v. 5, p. 233–245.

McClenaghan, M.B., 2013. Overview of indicator mineral recovery
methods for sediments and bedrock:, 2013 update, In:
Application of Indicator Mineral Methods to Mineral
Exploration; 26th International Applied Geochemistry, Rotorua,
New Zealand, Short Course Notes, p. 1–7.

McElhinney, R., 1994. Style and genesis of base metal sulphide
mineralization of Angas Prospect, Strathalbyn area, South
Australia; B.Sc. Honours thesis, University of Adelaide,
Australia.

O’Brien, J.J., Spry, P.G., Teale, G.S., Jackson, S.E., and Koenig,
A.E., 2015a, Gahnite composition as a means to fingerprint
metamorphosed base metal deposits; Journal of Geochemical
Exploration, v. 159, p. 48–61.

O’Brien, J.J., Spry, P.G., Teale, G.S., Jackson, S.E., and Rogers, D.,
2015b. Major and trace element chemistry of gahnite as an
exploration guide to Broken Hill-type Pb-Zn-Ag mineralization
in the Broken Hill domain, New South Wales, Australia;
Economic Geology, v. 110, p. 1027–1057.

Schmidt Mumm, A., Dart, R.C., and Say, P., 2012. Hematite/
maghemite trace element geochemistry in base metal explo-
ration; Journal of Geochemical Exploration, v. 118, p. 1–13.

Singoyi, B., Danyushevsky, L., Davidson, G.J., Large, R. and Zaw,
K., 2006. Determination of trace elements in magnetites from
hydrothermal deposits using the LA ICP-MS technique; Society
of Economic Geologists Conference, Keystone, Colorado, CD-
ROM.

Smith, M.K., 1998. A comparative petrological and geochemical
study of garnetiferous rocks associated with base metal
deposits in the Kanmantoo Trough: meta-exhalites or synmeta-
morphic alteration zones? B.Sc. Honours thesis, University of
Adelaide, Australia.

Spry, P.G., Heimann, A., Messerly, J.D., Houk, R.S., and Teale,
G.S., 2007. Discrimination of metamorphic and metasomatic
processes at the Broken Hill lead-zinc-silver deposit, Australia:
Rare earth element signatures of garnet in garnet-rich rocks;
Economic Geology, v. 102, p. 471–494.

Spry, P.G., O’Brien, J.J., Frank, K.S., Teale, G. S., Koenig, A.,
Jansson, N., Allen, R., and Raat, H., 2015. Trace element com-
positions of silicates and oxides as exploration guides to meta-
morphosed massive sulphide deposits: examples from Broken
Hill, Australia, and Stollberg, Sweden, In: Application of
Indicator Mineral Methods to Mineral Exploration; 27th

International Applied Geochemistry, Tucson, Arizona, Short
Course Notes, p. 23–29.

Spry, P.G., Schiller, J.C., and Both, R.A., 1988. Structure and meta-
morphic setting of base metal mineralisation in the Kanmantoo
Group, South Australia; Australasian Institute of Mining and
Metallurgy Proceedings, v. 293, p. 57–65.

Tedesco, A., 2009. Late-stage orogenic model for Cu-Au minerali-
sation at Kanmantoo Mine: New insights from titanium in
quartz geothermometry, fluid inclusions and geochemical mod-
elling; B.Sc. Honours thesis, Adelaide, University of Adelaide,
Australia.

Toteff, S., 1999. Cambrian sediment-hosted exhalative base metal
mineralisation, Kanmantoo Trough, South Australia; Geological
Survey of South Australia, Report of Investigations 57.

30

P.G. Spry, M.V. Pollock, K.A. Tott, A.E. Koenig, R.A. Both, and J.A. Ogierman




