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Abstract. Cobalt is a critical metal with numerous 
applications in new and green technologies. Global 
demand, particularly for use in lithium-ion batteries, is 
forecast to increase rapidly. Consequently, to ensure 
security of cobalt supply, it is important to diversify the 
cobalt supply base, to expand our knowledge of its 
occurrence in known mineral deposits and to identify new 
resources. Cobalt may be enriched in a variety of 
geological settings. The most important deposit types 
with cobalt resource potential are sediment-hosted 
stratabound copper deposits, nickel-cobalt laterite 
deposits and magmatic nickel-copper deposits. About 60 
per cent of mined cobalt is a by-product of copper mining, 
mainly in the Central African Copperbelt. The remainder 
is derived from several other deposit types, although less 
than two per cent is from primary cobalt producers such 
as Bou Azzer in Morocco. Potential new onshore sources 
of cobalt are widespread in the United States, Canada, 
Australia, the DRC, Zambia and Madagascar, and 
offshore in deep-sea manganese nodules and cobalt-rich 
ferromanganese crusts. 
 
1 Introduction 

 
The European Union (EC 2017) classifies cobalt as a 
critical metal. More than half of global mine production of 
cobalt is from the DRC, a country noted for its political 
and economic instability and the association of mining 
with armed conflict and the use of child labour. Cobalt is 
widely used in a range of hi-tech applications, most 
notably in decarbonising the transport sector. Cobalt is an 
important constituent of the cathodes in most lithium-ion 
batteries used in electric vehicles (EV). The recent growth 
in the global EV market and its forecast continued 
expansion will inevitably lead to increased demand for 
raw materials such as cobalt (IEA 2018). Consequently, 
in order to ensure future security of supply, it is becoming 
increasingly important to diversify the global supply base 
for cobalt. Improving our deposit models for cobalt 
enrichment in the crust will facilitate the identification of 
new resources. 
 
2 Deposit types 
 
Cobalt is found in economic concentrations in three main 
deposit types: sediment-hosted stratabound copper 
deposits (SHSC); nickel-cobalt laterite deposits; and 
magmatic nickel-copper (-cobalt±PGE) sulfide deposits 
(Naldrett 2004; Mudd et al. 2013). The largest cobalt-
producing region is the Central African Copperbelt 
(CACB) in the DRC and Zambia, with some large 
deposits also known in Australia, Russia, Cuba, New 

Caledonia and Canada (Fig. 1). 
SHSC deposits (Taylor et al. 2013) are not only the 

world’s second largest source of copper, but are also the 
most important source of cobalt accounting for 
approximately 60 per cent of global cobalt mine 
production (Brown et al. 2019).  

Nickel lateritesassociated with ultramafic rocks may 
also contain appreciable concentrations of cobalt 
between 0.025 and 0.18% (Berger et al. 2011; Slack et 
al. 2017). The Murrin Murrin deposit in Western Australia 
(Gaudin et al. 2005) and the Goro deposit in New 
Caledonia (Wells et al. 2009) are examples of some of 
the world’s many large nickel-cobalt laterite deposits. The 
manganiferous Nkamouna cobalt-nickel deposit in 
Cameroon is one of the few in which cobalt would be the 
principal economic metal to be mined (Lambiv Dzemua 
and Gleeson 2012). Ore reserves in this and the nearby 
Mada deposit were 68.1 million tonnes grading at least 
0.26% Co (SRK 2011), representing possibly one of the 
largest undeveloped cobalt reserves in the world. 

Magmatic nickel-copper (-cobalt±PGE) deposits 
comprise: (1) magmatic sulfide deposits; and (2) 
magmatic PGE deposits in layered intrusions. Magmatic 
sulfide deposits account for about 60 per cent of global 
nickel production (Naldrett 2004) with cobalt contents of 
the iron-nickel-copper sulfide ores in some deposits 
reaching 500–1000 ppm (Mudd et al. 2013). Globally, two 
prominent nickel-copperdistricts exist each containing 
more than 20 million tonnes of nickel metal: Sudbury, 
Ontario, Canada and Noril’sk-Talnakh, Russia (Schulz et 
al. 2014). Naldrett (2004) reported an average Co grade 
of 0.038% in the Sudbury ores. Ore reserves in the 
Noril’sk-Talnakh deposits amount to 215 million tonnes 
grading 0.016% Co (Noril’sk Nickel 2014). 

The most important magmatic PGE deposits in layered 
intrusions are located in the Bushveld Complex in South 
Africa, the Great Dyke in Zimbabwe and in the Stillwater 
Complex in the United States. Hitzmann et al. (2017) 
reported Co grades of 0.03% in Bushveld ores, and 
appreciable amounts of cobalt (7–18 wt%) in 
manganese-cobalt-nickel-copper-oxides and hydroxides 
at the Great Dyke (Oberthür et al. 2013). 

Cobalt may also be concentrated in a variety of other 
geological settings and deposit types including: cobalt-
copper-gold deposits in metasedimentary rocks; cobalt-
rich vein deposits; iron-oxide-copper-gold deposits 
(IOCG); volcanogenic massive sulfide deposits; black 
shale hosted nickel-copper-zinc-cobalt deposits etc. 

Significant concentrations of cobalt occur in iron-
manganese-rich nodules and cobalt-rich crusts, although 
to date no cobalt has been extracted from these. Iron-
manganese-rich nodules, typically 1–5 cm in size, found



Mineral Resources for Green Growth  1686 

Fi
gu

re
 1

: S
el

ec
te

d 
co

ba
lt 

de
po

si
ts

 w
or

ld
w

id
e 

(C
o 

co
nt

en
t >

 0
.0

5 
m

illi
on

 to
nn

es
*)

 (o
pe

ra
tin

g,
 a

ba
nd

on
ed

, e
xp

lo
ra

tio
n 

pr
oj

ec
t).

 *E
st

im
at

ed
 C

o 
co

nt
en

ts
 o

f e
xp

lo
ra

tio
n 

pr
oj

ec
ts

 m
ay

 b
e 

lo
w

er
 t

ha
n 

0.
05

 m
illi

on
 t

on
ne

s.
 O

th
er

 d
ep

os
its

 i
nc

lu
de

: 
Bl

ac
k 

sh
al

e-
ho

st
ed

 N
i-C

u-
Zn

-C
o,

 F
e-

C
u-

C
o 

sk
ar

n 
an

d 
re

pl
ac

em
en

t 
de

po
si

ts
, 

Iro
n 

ox
id

e 
C

u-
Au

 (
-A

g-
U

-R
EE

-C
o-

N
i),

 
M

et
as

ed
im

en
ta

ry
 r

oc
k-

ho
st

ed
 C

o-
C

u-
Au

, M
VT

 s
ul

fid
e 

de
po

si
ts

, C
ob

al
t-r

ic
h 

ve
in

 d
ep

os
its

, V
M

S 
su

lfi
de

 d
ep

os
its

 (
D

at
a 

fro
m

 M
ud

d 
et

 a
l. 

20
13

; S
la

ck
 e

t a
l. 

20
17

; c
om

pa
ny

 r
ep

or
ts

, 
w

eb
si

te
s 

an
d 

ot
he

r p
ub

lic
at

io
ns

) 
 



 

1687 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 4 

at water depths of 4.5–6 km, may be strongly enriched 
relative to the Earth’s crust in nickel, copper and cobalt 
(Hein et al. 2013). 

The largest known occurrences are located in the 
eastern equatorial Pacific Ocean between the Clarion 
and Clipperton fracture zones (CCZ), in the Cook Islands 
Exclusive Economic Zone (EEZ), in the Penrhyn-Samoa 
Basin, in the Peru Basin, and in the Pioneer area of the 
central Indian Ocean (Hein et al. 2013). Cobalt grades in 
these nodules seldom exceed 2000 ppm, but, given the 
high nodule densities and the vast extent of these fields, 
the resource potential is very large. 

Ferromanganese crusts are thickest and most metal-
enriched on the flanks of seamounts at water depths of 
800–2500 m. They are most abundant in the north-west 
Pacific Ocean. The Prime Crust Zone (PCZ) in the central 
and western equatorial Pacific is currently of greatest 
economic interest (Hein et al. 2013). The cobalt content 
of these crusts can be up to 2 wt%, but generally 
averages between 0.30 and 0.67 wt% (Hein et al. 2013). 
 
3  World resources and reserves 
 
The terrestrial cobalt resource is about 25 million tonnes 
(USGS 2019). The largest share of global resources, 
about 15 million tonnes, is located in the CACB in the 
DRC and Zambia (Hitzmann et al. 2017). In the CACB 
most economic cobalt resources occur in the Congo 
Copperbelt (CCB) and the Western portion of the 
Zambian Copperbelt (ZCB). The Tilwezembe structure (in 
the CCB) contains some of the most cobalt‐rich deposits; 
several have grades sufficient for primary cobalt 
production, e.g. Kisanfu (1.1% Co) (Hitzmann et al. 
2017). 

Various estimates of cobalt resources in iron-
manganese nodules and crusts on the seafloor should be 
considered as indicative geological endowments and are 
not mineral resources in the strict sense. USGS (2019) 
reports more than 120 million tonnes of cobalt resources 
in the Atlantic, Indian and Pacific oceans. Hein and 
Koschinsky (2014) reported that the CCZ alone contains 
21 billion tonnes of nodules with a cobalt content of 40 
million tonnes. Based on a mean cobalt content of 0.66%, 
the estimated total cobalt resource in the PCZ is about 50 
million tonnes (Hein et al. 2013). 

Global cobalt reserves amount to 6.9 million tonnes 
(USGS 2019). The DRC has the largest share of the 
reserves with about 49.5 per cent (3,400,000 tonnes), 
followed by Australia (17.5per cent), Cuba (7.3 per cent) 
and the Philippines (4.1 per cent) (Fig.2). 

 
4 World production 
More than half of global mine production of cobalt comes 
from the DRC, which produces about59 per cent of the 
total. Other significant producers include New Caledonia, 
China, Canada, Australia, Cuba, Zambia and Morocco 
(Brown et al. 2019). Almost all cobalt is produced as a by-
product. In the DRC and Zambia, it is a by-product of the 
extraction of copper from SHSC deposits, while 
elsewhere most cobalt production is a by-product of 
nickel mining. For example, in Cuba, New Caledonia and 

Madagascar the cobalt is derived from nickel-cobalt 
laterite deposits. Elsewhere, for example in Canada and 
Russia and China, most cobalt is extracted from 
magmatic nickel sulfide deposits. In Australia and Brazil, 
cobalt is derived as a by-product of mining both laterite 
and magmatic sulfide deposits. At only one operating 
mine, Bou Azzer in Morocco, is cobalt extracted as the 
main economic product (Bouabdellah et al, 2016). In 
contrast to mine production, refined cobalt production 
(both metal and chemicals) is dominated by China, which 
produces about58 per cent of the world total, with other 
substantive cobalt refining capacity in Finland (10per 
cent) and Zambia (2.1 per cent). China sources more 
than 90 per cent of its feed material for the production of 
refined cobalt from the DRC, with the DRC itself 
producing only 0.2 per cent of the world’s refined cobalt 
(Brown et al. 2019). 

 

 
Figure 2. World cobalt reserves by country (USGS Mineral 
Commodity Summary 2019).  
 
5  Expanding the resource base 
 
Until recently, the small size of the global market for 
cobalt (about 100,000 tonnes contained metal per 
annum) and its price have meant that it has not been 
economic to mine cobalt alone. However, with rapidly 
growing demand and a concomitant rise in the price of 
cobalt, there has been significant growth in exploration for 
new cobalt resources. Numerous targets are being 
investigated worldwide. For example, Battery Mineral 
Resources is prospecting in the Ontario Cobalt Belt, 
where numerous projects demonstrate high-grade cobalt 
values ranging from 1.5% to 21%, and mineral resources 
of 72,000 tonnes grading 1.27% Co (Battery Mineral 
Resources 2018).Fortune Minerals Ltdplans to develop a 
mine at the NICO deposit in Canada, where mineral 
reserves total 33 million tonnes, containing c. 37200 
tonnes of cobalt in open pit and 600 tonnes underground 
(Fortune Minerals Ltd 2014). The Thackaringa Cobalt 
Project in Australia has indicated resources of 72 million 
tonnes at 852 ppm Co for 61.5 kilo tonnes contained 
cobalt (Cobalt Blue Holdings 2018). At the Opuwo Cobalt 
Project in Namibia a mineral resource of 112.4 million 
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tonnes grading 0.11% Co has been identified (Celsius 
Resources Ltd 2018).  

Increasing demand for cobalt is also driving 
exploration for new depositsin European countries, where 
only limiteddeposits are known. In 2017 the EU launched 
a European Battery Alliance aimed at creating a 
competitive EV manufacturing sector throughout Europe 
(https://www.eba250.com/). A key objective of the 
Alliance is to evaluate the potential for resources of 
battery raw materials in the EU. Ores in the 
Kupferschiefer deposits in Poland, mined by KGHM 
Polska Miedz S.A., have average contents of 50–80 ppm 
Co (Pazik et al. 2016). Boreal Metals Corp. owns several 
projects in Scandinavia, focusing on new targetsin known 
mining districts, e.g. the Los Cobalt Mine, Sweden and 
the Modum project, Norway (Boreal Metals Corp. 
2019).The Geological Survey of Finland has started a 
major programme to identify areas favourable for the 
occurrence of battery raw materials in Finland to ensure 
future supply in Europe (GTK 2018). Important Ni-Co 
laterites are found in the region stretching from Serbia 
through to Turkey, but many of them are still 
undeveloped. The current bulk Ni-Co production comes 
from Greece, accounting for about 1% of world 
production of Ni with other mines in Turkey, Albania, and 
Kosovo. The Mokra Gora deposit in Serbia is a potentially 
large but low-grade redeposited lateritic deposit, 
indicating a resource of more than 1 billion tonnes at 0.7% 
Ni and 0.05% Co. Newly advanced technologies 
regarding mineral processing could make the region 
more attractive for Ni and co-recovery of Co (Herrington 
et al., 2016). 
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Abstract. Cobalt and germanium are critical elements 
that are essential for a number of technological 
applications.  Northern Alaska hosts several deposits and 
occurrences that contain significant amounts of these 
elements. For example, whole rock geochemistry data 
show that the clastic-dominated Pb-Zn Anarraaq deposit 
contains up to 820 ppm Ge (median 110 ppm) and 
samples from the Bornite carbonate-hosted Cu (Pb-Zn) 
deposit contain tens of thousands of ppm Co.   Mineral 
chemical data indicate that the Ge is hosted primarily in 
sphalerite in the Pb-Zn systems but the Ge 
concentrations vary greatly, due in part to a zoning in 
sphalerite and/or a complex paragenesis with multiple 
stages of sphalerite with variable Ge contents.   
Establishing the paragenesis and mineral chemistry in 
both Pb-Zn and Cu deposits is important for 
understanding the deportment of the critical elements like 
Ge (and Co).  The deposits in northern Alaska are 
significant potential sources of Co and/or Ge, should they 
ultimately be developed.   
 
1 Introduction 
 
Globally, sedimentary rock-hosted lead-zinc and 
carbonate-hosted polymetallic deposits are potential 
sources for a number of critical elements including Co, 
Ga, Ge, and In (e.g., Marsh et al., 2016; Schulz et al., 
2017), which are becoming increasingly important. Cobalt 
is mostly used in cathodes in rechargeable batteries and 
in superalloys for jet engines. Germanium is an important 
component in fiber optic cable and solar arrays, among 
other applications.  In sedimentary rock-hosted deposits, 
cobalt typically resides as cobaltiferous pyrite and/or 
other cobalt-bearing minerals.  Germanium can occur in 
Ge-bearing minerals (e.g., renierite, germanite) or as 
lattice substitutions or nano inclusions in sulfide minerals, 
particularly sphalerite.   

The United States has limited domestic production of 
both Co and Ge, and thus is highly reliant on international 
sources (USGS, 2019). Identification of additional 
domestic sources for these metals is in the national 
interest.  Northern Alaska contains two types of 
sedimentary rock-hosted deposits that are known to 
contain significant Co and/or Ge.  The clastic-dominated 
Pb-Zn (CD Pb-Zn) systems include the world-class Red 
Dog deposit and satellite deposits (Anarraaq, Lik), and 
the Drenchwater deposit to the east.  The carbonate-
hosted polymetallic deposits include the Cu-rich Bornite 
(Ruby Creek) and Omar prospect, along with a number  
of additional Pb-Zn dominated occurrences in the Baird 
Mountains. In this contribution, we summarize 
reconnaissance USGS geochemical results that 

demonstrate known and potential deposits/occurrences 
that contain enrichments of Co or Ge that could be 
resources under appropriate market conditions. 
 
2 Geologic background 
 
The CD Pb-Zn deposits (commonly termed SEDEX) of 
northern Alaska are hosted in Paleozoic passive margin 
black shales/mudstones with locally abundant carbonate 
turbidites and chert of the Mississippian Kuna Formation 
(Fig. 1). 
 

 
Figure 1. Generalized geology and select Zb-Pb and carbonate-
hosted base metal deposits map of northwestern Alaska. 
 
These deposits occur in one of several tectono-
stratigraphic assemblages of dominantly sedimentary 
rocks that were juxtaposed during the Late Jurassic to 
Tertiary Brookian orogeny on the northern edge of the 
Brooks Range. (e.g., Moore et al., 1994).   Voluminous 
volcanic and intrusive plugs are recognized only in the 
vicinity of the Drenchwater deposit, located ~200 km east 
of Red Dog (Werdon, 1996).  Mineralised rocks in ore 
zones contain laminated to chaotic semi-massive to 
massive sulfides typically dominated by sphalerite, with 
lesser galena and pyrite. At some deposits (e.g., Red 
Dog), vein ores are economically significant.  Multiple 
sphalerite stages are recognized at Red Dog and 
Anarraaq (Kelley et al., 2004a,b, Smith, 2017).  Both 
deposits are interpreted to have formed in the shallow 
subsurface through precipitation of sulfides from basinal 
brines by replacement of barite and/or carbonate in the 
clastic-dominated stratigraphy. 
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Table 1. Summary statistics for whole rock samples from select CD Pb-Zn and carbonate-hosted polymetallic deposits of northwestern Alaska.  
Data (except Ga) for Red Dog, Anarraaq, and Drenchwater (DW) are from Graham et al. (2009).  These data are part of an Alaska statewide 
compilation (Granitto et al., 2013).  Average crustal abundance values from Wedepohl (1995). All values are in parts per million (ppm). 

 
 

 
The Cu to Zn-rich carbonate-hosted polymetallic 

systems are located on the southern side of the Brooks 
Range (Fig. 1).  The largest of these is the Bornite (Ruby 
Creek) deposit, located in the Cosmos Hills, and hosted 
in a 1-km-thick sequence of Silurian and Devonian 
metacarbonates (Hitzman et al., 1986). Mineralisation 
occurred in synsedimentary or later breccias and involved 
replacement of breccia matrix and early pyrite by copper 
minerals, minor sphalerite and galena and carrolite, and 
lesser reneirite and germanite (Bernstein and Cox, 1986, 
Hitzman et al. 1986).  Mineralisation is interpreted to 
predate regional greenschist metamorphism.  The Omar 
deposit, a copper-rich orebody located 180 km west of 
Bornite in the Baird Mountains, is a possible analog, with 
high cobalt concentrations (Fig. 1; Jansons, 1982; Folger 
and Schmidt, 1986). Several Zn(Pb) dominated 
prospects occur in the vicinity of Omar, sometimes with 
significant Cu (Frost occurrence labeled as Baird Zn-Cu 
in Fig. 1).    
 
3 Reconnaissance whole rock geochemistry 
 
Whole rock geochemical data for select deposits and 
occurrences are summarized in Table 1.  These data 
indicate highly variable enrichments of Co and/or Ge. 
Cobalt concentrations are generally not enriched in CD 
Pb-Zn deposits (max 145 ppm, median concentrations 
<30 ppm; Table 1) compared to average continental 
crust.  However, cobalt is highly enriched in some 
samples from both the Bornite deposit and the Omar Cu 
prospect, in the Baird Mountains (maximum 16,300 and 
4,320 and median concentrations of 176 and 132 ppm, 
respectively). 

Gallium concentrations approximate or are lower than 
crustal averages in CD Pb-Zn samples (median 
concentrations of 1 to 16.5 ppm), but a maximum 
concentration of 49 ppm was reported in mineralised tuff 
at Drenchwater (Table 1).  Ranges are similar in most of 
the carbonate-hosted systems, although four Zn and Cu-
rich surface samples at the Frost occurrence near Omar 
yielded 43 to 111 ppm Ga.  Based on our limited dataset 
from the Bornite deposit, the highest Ga concentrations 
of 15 to 24 ppm occurred in poorly mineralised shale.  

The Anarraaq deposit has distinctly elevated Ge 
concentrations, with maximum and median 
concentrations of 820 and 110 ppm, respectively from 
grab samples, consistent with previous reports (Jennings 
and King, 2002).  Red Dog and Drenchwater CD Pb-Zn 
deposits have significantly lower median concentrations 
of ~16 and 23 ppm, respectively.  Germanium 
concentrations are also elevated at Frost (Baird-Zn-Cu on 
Table 1). 
 
4 Mineral chemistry 

 
Mineral chemistry data are available for a few of the CD 
Pb-Zn deposits but not the carbonate-hosted deposits 
considered here.  At the Red Dog deposit, four different 
paragenetic stages of sphalerite are recognized, 
including stage 2 yellow-brown sphalerite and stage 3 
red-brown sphalerite that together comprise the majority 
of the ore (Kelley et al., 2004a).  Median concentrations 
of 149, 103, 82, 247 ppm Ge in these stages, were 
established by laser ablation inductively coupled mass 
spectrometry (LA-ICP-MS). Stage 2 and 3 sphalerite also 
contains median concentrations of Co of 102 and 149 
ppm, higher than pyrite associated with these 
generations (median 60 and 7 ppm, respectively).       

Germanium concentrations in sphalerite samples from 
other deposits, including Anarraaq, Drenchwater and Lik 
are summarized in Graham et al. (2009).  Limited 
sphalerite chemical data for Anarraaq indicate high Ge 
concentrations (median ~420 ppm) relative to 94 to 140 
ppm median value for other deposits, including 
volumetrically dominant stages 2 and 3 at Red Dog (Fig. 
2). More recently, Smith (2017) established qualitatively 
significant variations in Ge concentrations in different 
generations of sphalerite from Anarraaq.  

Elemental associations of Ge differ among stages and 
deposits.  For example, despite some data scatter, Ag 
displays a positive correlation with increasing Ge 
associated with different stages of sphalerite at Red  
Dog.  In contrast, Anarraaq samples show no systematic 
relationship between Ge and Ag, but Ge displays positive 
correlation with Mn and Tl concentrations (the absolute 
concentrations of which are higher than those at Red 
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Figure. 2. Boxplots showing the ranges of germanium concentrations in LA-ICPMS analyses of sphalerite from the Red Dog, Anarraaq, and 
Drenchwater CD Pb-Zn deposits.  Note the difference in concentration ranges for the better characterized Red Dog sphalerite generations 
(relatively narrow) versus lesser characterized samples from Anarraaq and Drenchwater.  Data included from Graham et al. (2009). 
 
 
Dog) in two distinctly different sphalerites (banded and 
red-brown; Fig. 2) from different parts of the deposit.     
 
5 Discussion  
 
5.1 Comparison to domestic production and 

deposits 
 

The critical mineral endowment of some of the northern 
Alaskan deposits is significant and could be important for 
future supply.  In 2018, only 500 tonnes of Co were 
produced in the US (USGS, 2019, page 50).  The recent 
inferred resource estimate of 77 million pounds of Co at 
Bornite in combined open-pit and underground zones 
with different Cu cut-off grades (Trilogy Metals, Inc. 2018) 
equates to approximately 34,900 tonnes of Co. This 
makes Bornite one of two recently delineated Co-bearing 
sedimentary-rock hosted deposits in the US (the other 
being the Black Butte deposit in Montana).  The similarity 
of Omar to Bornite with respect to geology and 
geochemical signatures opens the potential for additional 
resources.  However, additional extensive work is 
necessary to assess the potential of this very remote 
deposit.    
     Domestic production numbers for Ge are not currently 
available, although zinc concentrates from the US are 
sent to Canada for smelting for Ge recovery (USGS, 
2019).  Some of these ores are assumed to be from Red 
Dog, which had previously reported concentrations of 79 
ppm Ge in zinc concentrate (Alaska Department of 
Environmental Conservation, Tennessee.  Massive 
sphalerite/sphalerite concentrate chemistry show Ge 
concentrations appreciably higher than Red Dog, at ~200 
to 390 ppm (Bonnett et al., 2016). However, these 
concentrations are approximately the same as the 
median values in Anarraaq sphalerite (a proxy for 
concentrate results).   
      
5.2 Mineral residence 
 
The LA-ICP-MS data for sphalerites demonstrate 
complex trace element associations both within the 
paragenetic evolution of a given deposit and among 

deposits. Even within the well-studied Red Dog deposit 
significant ranges of Ge exist in each of the four stages.  
In the more poorly characterized samples used for the 
reconnaissance work at Anarraaq and Drenchwater, 
broad ranges in Ge concentrations undoubtedly reflect 
either zoning within single crystals or treatment of 
different paragenetic stages as a single population (Fig. 
2).  The work of Smith (2017) demonstrates major 
variation in Ge and other trace element concentrations in 
the different stages, with irregular and patchy character 
specifically for Ge at the micron to millimeter scale within 
a single crystal.     

These data also suggest that there may be different 
chemical processes at the stage or deposit scale that 
control trace element compositions of sphalerite.  For 
example, the positive correlations between Ge and Mn for 
most Anarraaq sphalerite analyses could be recording a 
redox control on sphalerite formation. Anaaraaq ores 
contain abundant organic matter that could have served 
as a reductant (Kelley et al. 2004b).   

The absence of any noted Ge-bearing phases at 
Anarraaq, despite the high concentrations of Ge 
contrasts with reports of Ge-bearing (and Co-bearing) 
phases at Bornite, which contains lower absolute Ge 
concentrations as suggested by our limited sample suite.  
Cugerone et al. (2018) suggested that the abundance of 
accessory Ge-minerals and Ge-poor sphalerite in 
Variscan Pb-Zn vein deposits was a consequence of 
recrystallization of sphalerite by a metamorphic overprint 
that expelled many of the trace element impurities, 
including Ge.  Similar processes may have, at least in 
part, caused formation of Ge-(and Co-bearing) phases in 
Bornite. Such greenschist metamorphic conditions have 
not impacted the CD Pb-Zn deposits.  Textural and 
mineral chemistry analyses from the carbonate-hosted 
deposits may help answer this question. 
 
6 Conclusions 
 
Geologic evidence demonstrates that there is significant 
resource potential for both Co and Ge in different 
sedimentary rock-hosted deposits of northwestern 
Alaska.  Mineral chemistry studies highlight the 
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complexity of the controls on Ge concentrations on the 
micro- through macro scales.  As society seeks additional 
critical element resources, it is essential to develop a 
strong understanding of paragenetic relationships within 
deposits to define the deportment of elements of interest.  
Combined with an evolving understanding of why they 
occur in certain stages we will enhance our capability of 
predicting where these resources might occur.    
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Abstract. Carlow Castle is a Cu-Co-Au deposit situated 
within the western Pilbara Craton of Western Australia. 
Whilst Carlow Castle is the oldest discovered copper 
deposit in the Pilbara region, having been initially 
discovered in 1882 (Ruddock 1999), no detailed study of 
the ore mineralisation has ever been undertaken. After 
being long abandoned, a recent drilling campaign through 
2018 uncovered an economically significant and 
geologically complex system of Cu-Co-Au mineralisation 
with a current resource estimate for Carlow Castle of 
7.7Mt @ 1.06g/t Au, 0.51% Cu, and 0.08% Co (Artemis 
Resources Limited 2019), making it one of Australia’s 
most significant Cu-Co-Au deposits. Recent analysis 
suggests that Carlow Castle is a hydrothermal Cu-Co-Au 
deposit, with mineralisation hosted in sulphide-rich quartz 
veins throughout a pervasively chloritised shear zone in 
an Archean mafic volcano-sedimentary sequence. Within 
these ore veins, the sulphide mineralogy is dominated by 
pyrite (FeS2), chalcopyrite (CuFeS2), chalcocite (Cu2S), 
and cobaltite (CoAsS). Here we present the findings of 
the first detailed study on the nature of the Cu-Co-Au 
mineralisation at Carlow Castle and propose an orogenic 
model for the genesis of this unique deposit. 
 
1 Introduction 
 
The Carlow Castle Cu-Co-Au deposit occurs in the West 
Pilbara region of Western Australia, ~10 km SW of 
Roebourne, ~25 km SE of Karratha, and ~1500 km NE of 
Perth. The present JORC (2012) compliant resource for 
Carlow Castle is 7.7 Mt @ 1.06 g/t Au, 0.08% Co, and 
0.51% Cu (Artemis Resources Limited 2019); making this 
one of Australia’s most significant Cu-Co-Au deposits 
(Britt et al. 2017). This follows major exploration and 
drilling campaigns by Artemis Resources through 2017 
and 2018 resulting in the discovery of this resource 
proximal to the previously abandoned Carlow Castle Cu 
mine. Here it is proposed that Carlow Castle’s genesis 
most closely matches the conventional genetic model for 
an orogenic Au deposit, however its particularly 
cobaltiferous ore mineralisation makes it unique among 
orogenic Au deposits, which are not commonly observed 
to be strongly enriched in Co (Groves et al. 1998). This is 
topical given the present broad interest in Co as a critical 
battery metal and the increasing drive for Co exploration 
to ensure security of supply as the adoption of electric 
vehicles increases and renewable energy storage 
becomes of greater importance to the global energy 
industry (Olivetti et al. 2017). The necessity to better 
understand the genesis of  
 

Co mineralisation is additionally compounded by existing 
risks in the supply security of Co pertaining to the fact 
that >50% of Co is presently sourced from the Democratic 
Republic of Congo (US Geological Survey 2018). Given 
the economic significance of this deposit, the current 
broad interest in Co deposits, the recency of this 
discovery, its unique Cu-Co enrichment, and the lack of 
any existing literature on this deposit this study introduces 
this unique class of Co-rich orogenic Au deposits with 
insights into the genesis of Carlow Castle specifically. It 
is anticipated that by providing insights into the unique 
combination of processes required to form Co-rich 
orogenic Au deposits, and determining how these differ 
from conventional orogenic Au genetic models, that 
exploration for these deposits can be enhanced.  

 
2 Geological background 
 
The Pilbara Craton is an Archean craton that covers 
~400,000 km2 in the northwest region of Western 
Australia and is divided broadly into the Archean North 
Pilbara granite-greenstone terrain (3.6-2.8 Ga) and the 
overlying Mount Bruce Supergroup of Archean to 
Paleoproterozoic age (2.77-2.3 Ga), which primarily 
occurs along the southern edge of the craton within the 
Hammersley and Fortescue Basins (Ruddock 1999; 
Smithies et al. 1999; Van Kranendonk et al. 2002). 
Carlow Castle is hosted in a volcano-sedimentary 
sequence within the West Pilbara Superterrane of the 
northwest Pilbara Craton (Hickman 2016). This volcano-
sedimentary sequence is denoted as the Ruth Well 
Formation; forming part of the Roebourne Group, which 
is in turn a component of the Karratha Terrane (Hickman 
2016; Ruddock 1999). Within the Ruth Well Formation, 
the mineralisation at Carlow Castle occurs proximal to the 
Regal Thrust; a regionally significant thrust fault that is 
interpreted to have formed immediately before or during 
the original formation of the West Pilbara Superterrane 
(3.16-3.07 Ga) (Hickman 2016; Van Kranendonk et al. 
2007). This may have coincided with the Prinsep 
Orogeny, where obduction of the Regal Formation onto 
the Karratha Terrane formed the Regal Terrane and the 
continued convergence of the Regal Karratha, Regal, and 
Sholl terranes caused their amalgamation into the West 
Pilbara Superterrane (Hickman 2016). This was followed 
by the collision of the West Pilbara Superterrane and the 
East Pilbara Terrane from ~3.068-3.066 Ga (Hickman 
2016). 
3 Cu-Co-Au mineralisation 
 
3.1 Style of mineralisation 
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The mineralisation at Carlow Castle deposit is hosted in 
a heavily altered dominantly mafic volcano-sedimentary 
sequence, within the Ruth Well Formation (Ruddock 
1999). With this considered, it is often difficult to constrain 
the primary lithology within which Carlow Castle’s 
mineralisation is hosted due to extensive hydrothermal 
alteration that has produced a pervasively chloritised and 
silicified host lithology. However, based on previous 
studies of the Ruth Well Formation, it is likely that this 
host lithology was dominated by a volcanic sequence of 
mafic to ultramafic rocks with minor chert and 
carbonaceous shale beds (Hickman 2016; Ruddock 
1999; Van Kranendonk et al. 2006). Within the Ruth Well 
Formation, the Co-Cu-Au mineralisation typically occurs 
within 100 m of the surface and this mineralisation occurs 
broadly in two styles. The first, and most significant, style 
of mineralisation is structurally-hosted, where 
mineralisation occurs in quartz-carbonate and sulphide 
veins through brecciated and sheared basalt. The second 
style of mineralisation occurs near to the surface, 
overlying the structurally-hosted sulphide mineralisation, 
as an oxidised supergene layer. Within this oxidised 
layer, there is partial to complete replacement of the 
original sulphide mineralisation with secondary Cu-oxide 
and carbonate minerals. 
 
3.2 Structure and extent 
 
Carlow Castle occurs within a heavily tectonised zone 
through the Ruth Well Formation, proximal to the 
regionally significant Regal Thrust. Reflecting this, the 
Ruth Well Formation at Carlow Castle hosts evidence of 
several generations of deformation. Brittle deformation is 
intense through portions of Carlow Castle, where the 
Ruth Well Formation proximal to the ore zone is heavily 
brecciated and this brecciation forms a network of quartz 
infilled fractures. In addition to these brittle structures, 
there is also extensive evidence of ductile deformation at 
Carlow Castle, where quartz and sulphide veins 
throughout the Ruth Well Formation in portions of the ore 
zone are heavily sheared and folded. These brittle and 
ductile structures at Carlow Castle are both observed to 
host mineralisation, which occurs infilling these structures 
as networks of quartz-sulphide veins. The formation of 
these structures was clearly critical to the genesis of this 
mineralisation as they provided permeable structures to 
allow Carlow Castle to act as a regional focus for 
migrating mineralising fluids. This includes those that 
may have flowed along the proximal Regal Thrust, to 
which gold mineralisation is more broadly associated 
(Hickman 2016). 

 
3.3 Mineralogy 
 
The structurally-hosted mineralisation at Carlow Castle 
occurs broadly in two sulphide-dominated mineral 
assemblages. The first of these is a chalcocite-cobaltite-
gold assemblage, whilst the second is composed 
predominantly of a pyrite-chalcopyrite assemblage. In 
addition to these minerals, other minerals are observed 
to occur in these assemblages in minor or trace volumes. 
These mineral assemblages are summarised in Table 1.  

 
Table 1. Summary of two distinct ore mineral assemblages that 
occur through Carlow Castle Cu-Co-Au deposit. 

 Mineral 
Assemblage One 

Mineral Assemblage 
Two 

Cu Chalcocite (Cu2S), 
±Chalcopyrite 
(CuFeS2) 

Chalcopyrite, 
±Chalcocite 

Co Cobaltite (CoAsS) ± Cobaltite 
Au Gold (Au) ± Gold 
Other ±Pyrite (FeS2), 

±Uraninite (UO2) 
Pyrite, 
±Tellurobismuthite 
(Bi2Te3), ±Hessite 
(Ag2Te) 

The two mineral assemblages appear to occur 
independently of one another; they do not appear to 
reflect a broad scale mineralogical or geochemical 
zonation within the ore body at Carlow Castle. With this 
considered, Assemblage Two forms the majority of the 
structurally-hosted sulphide mineralisation throughout 
Carlow Castle, whilst Assemblage One occurs primarily 
in vein networks that are limited to the particularly Cu, Co, 
Au-rich portions of Carlow Castle. 
Petrographic analysis of the sulphide mineralisation 
within the Carlow Castle ore body provide insights into 
the genesis of this mineralisation. Within Assemblage 
One (Fig. 1) the dominant sulphide minerals are 
chalcocite and cobaltite, occurring in varying amounts 
from almost entirely cobaltite to almost entirely 
chalcocite. Generally, within these veins cobaltite occurs 
as aggregates of euhedral-subhredral crystals hosted in 
a mix of quartz and siderite. Networks of thin chalcocite 
veinlets commonly occur through these cobaltite-rich 
veins, typically surrounding cobaltite grains and filling in 
networks within these larger quartz-carbonate veins. 

 
Figure 1. Mosaic and XRF map of veined chalcocite and cobaltite-
rich Assemblage One. Note here that on the XRF map green 
corresponds to Cu and blue corresponds to Co. This sample is ~22 
cm long. 
 
Notably, there is a clear genetic relationship, within this 
assemblage, between cobaltite and gold mineralisation 
as the native gold is observed to occur virtually 
exclusively as inclusions within grains of cobaltite. 
Additionally, trace inclusions of chalcopyrite and uraninite 
are also observed within these grains of cobaltite. Finally, 
it is interesting to note that pyrite, when it does occur 
within this assemblage, is commonly observed to be 
partially replaced by chalcocite; where chalcocite 
surrounds pyrite and occurs as penetrating lamellae 
throughout. 

Assemblage Two (Fig 2.) is defined by an intergrown 
assemblage that is primarily composed of chalcopyrite 
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and pyrite. Where this assemblage occurs in in quartz-
carbonate veins, pyrite and chalcopyrite tend to be 
anhedral and form stringy veinlet networks infilling space 
between quartz. These veinlet network of chalcopyrite 
and pyrite are occasionally associated with blocky grains 
of euhedral to subhedral cobaltite. Assemblage Two also 
occurs in particularly sulphide-rich veins where gangue 
quartz-carbonate is limited and instead the chalcopyrite 
and pyrite compose virtually all of these veins, here these 
sulphides are massive with intergrown anhedral pyrite 
and chalcopyrite but are commonly also intergrown with 
chlorite from the pervasively altered host rock. 
Interestingly, in massively textured samples of 
Assemblage Two, cobaltite is less common in 
comparison to the more quartz-rich veinlet textured 
samples. Further within assemblage Two, gold is notably 
less common in general in comparison to Assemblage 
One. However, gold does occur within Assemblage One 
in trace quantities and it is commonly associated with 
chalcopyrite. Finally, there is a clear association between 
the tellurides hessite and tellurobismuthite and pyrite as 
these tellurides occur exclusively as inclusions within 
pyrite. 

 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 2. Mosaic and XRF map of veined chalcopyrite and pyrite-
rich Assemblage Two with minor cobaltite. Note that on the XRF 
map green corresponds to Cu and blue corresponds to Co. This 
sample is ~20 cm long. 
 
3.4 Geochemistry 
 
Strong enrichments are observed in Cu, Co, Au at Carlow 
Castle. Several interesting relationship are observed 
between elements within the ore body; most notably 
correlation coefficients of 1.00 for Co:As, 0.95 for Ag:Cu, 
0.83 for Au:Co, 0.69 for Au:Cu, 0.61 for Cu:Co. The 
perfect positive correlation between Co and As confirms 
mineralogical observations that all of the Co within the 
deposit is hosted in cobaltite. Additionally, the strong 
positive correlation between Au and Co provides 
additional geochemical evidence of the previously 
mentioned genetic relationship between Co and Au 
mineralisation observed in Assemblage One. 
Conversely, the comparably less strong positive 
correlation between Co and Cu suggests that these two 
metals do not always occur in association, as has been 
observed mineralogically above.  

 
4 Genesis 
 
As no detailed study of Carlow Castle has previously 

been conducted, very little beyond superficial ideas 
regarding the metallogeny of this deposit exist (Hickman 
2016; Ruddock 1999). With this considered, the 
interpretation proposed here is that Carlow Castle 
represents an orogenic hydrothermal Cu-Co-Au deposit, 
this is congruent with suggestions regarding Carlow 
Castle’s genesis posited by Ruddock (1999) and 
Hickman (2016) based on broad-scale observations. This 
is proposed due to the fact that Carlow Castle exhibits 
several geological characteristics that are typical of 
orogenic gold deposits. On a broad scale, the first of 
these characteristics is Carlow Castle’s regional situation 
in an Archean greenstone belt and, on a smaller scale, 
within a rift-related volcano-sedimentary succession 
(Groves et al. 1998; Hickman 2016; Van Kranendonk et 
al. 2010). Additionally, the occurrence of Carlow Castle 
within the West Pilbara Superterrane, a collisional 
accretionary superterrane that formed at ~3.068 Ga 
during the Prinsep Orogeny (Hickman 2016), provides a 
classic tectonic setting for an orogenic gold system 
(Goldfarb et al. 2001; Groves et al. 1998). On a deposit 
scale, the strong structural control on mineralisation, 
occurrence through a heavily tectonised zone proximal to 
the regionally significant Regal Thrust fault, pervasive 
quartz-carbonate veining, extensive chloritic 
hydrothermal alteration, and the otherwise clear 
hydrothermal origin of Carlow Castle are similarly typical 
of orogenic mineral systems (Saunders et al. 2014; 
Groves et al. 1998; Goldfarb et al. 2001).  

As Carlow Castle has been classified here as an 
orogenic Cu-Co-Au deposit, its genesis is inextricably 
linked to the ~3.068 Ga Prinsep Orogeny during the 
amalgamation of the Karratha, Regal, and Sholl Terranes 
into the West Pilbara Superterrane and the subsequent 
convergence of the West Pilbara Superterrane and the 
East Pilbara Terrane (Van Kranendonk et al. 2007; 
Hickman 2016). Given its close proximity to the Regal 
Thrust, which is believed to have formed during the 
Prinsep Orogeny or the prior convergent ‘Karratha Event’ 
around ~3.16 Ga (Hickman 2004; Van Kranendonk et al. 
2010), the formation of this thrust and the associated 
tectonization at Carlow Castle was key to the genesis of 
the Cu-Co-Au mineralisation. This is because although 
the timing of the mineralisation at Carlow Castle is not yet 
constrained relative to these tectonic events and the 
formation of the Regal Thrust, the Regal Thrust and the 
tectonised zone at Carlow Castle were at very least key 
to the genesis of this mineralisation in that they provided 
conduits and a regional fluid focus for migrating ore fluids. 
Whilst the source of these fluids and their metal 
enrichment is not yet constrained, Hickman (2016) 
suggested that the proximal sediments of the Nickol River 
Formation may have provided a source of gold due to the 
deposition of detrital gold into these sediments; shed from 
eroded gold deposits in the East Pilbara Terrane. 
However, there is no strong evidence to directly support 
this hypothesis and further study is required to constrain 
the metal source for Carlow Castle. With this considered, 
the uniquely strong enrichment of Co and Cu in this 
deposit implies a unique metal source relative to other 
orogenic Au systems. If the formation of this 
mineralisation was synchronous to the Prinsep Orogeny 
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then it is likely that this ore fluid would have been 
produced by metamorphic devolatilization (Cox 2005; 
Tomkins 2013). The Cu-Co-Au rich ore fluid would have 
been channeled through permeable structures along the 
Regal Thrust and focused into the brecciated and 
sheared zone at Carlow Castle. Once channeled into 
third-order structures, metal deposition would have most 
likely occurred due to wall rock interaction with the mafic 
volcanic rocks and carbonaceous shales of the Ruth Well 
Formation (Morey et al. 2007; Phillips and Powell 2010; 
Hickman 2016). 
 
5 Implications 
 
The primary significance of Carlow Castle stems from its 
unique Cu-Co-Au metal association and its unique ore 
mineralogy given its interpreted genesis as an orogenic 
Au deposit. Although Carlow Castle does bear some 
broad mineralogical, textural, or structural similarities to 
other rare examples of Co mineralisation in some 
orogenic terranes (e.g. Bou Azzer, Morocco and Idaho 
Cobalt Belt, USA), Carlow Castle is distinguished by its 
Archean age; significant Cu-Au enrichment; and lack of 
Ni enrichment.  Given the recency of the discovery of 
major structurally-hosted Cu-Co-Au mineralisation at 
Carlow Castle (Artemis Resources Limited 2019), the 
purpose of this research is to provide the first overview of 
the geology of Carlow Castle and nature of its 
mineralisation, as there is no other existing literature 
focused on Carlow Castle. This work is particularly topical 
due to the strong Co enrichment within Carlow Castle and 
the current broad interest in Co deposits due to the 
dramatic increase in Co prices through 2017 and 2018 
(London Metal Exchange 2019), driven by projections of 
increased demand from the battery sector due to Co’s 
status as a key metal in Li-ion batteries (US Geological 
Survey 2018). Because of its unique enrichment in Cu 
and Co, understanding the unique combination of 
processes necessary to form this deposit and how they 
differ from the conventional model for orogenic Au 
deposits are of broad significance as they could assist 
with exploration efforts for other cobaltiferous orogenic 
Au deposits. This is particularly significant given the 
present lack of supply security for cobalt. 

 
Acknowledgements 
 
This research was supported by an Australian 
Government Research Training Program Scholarship 
and a CSIRO Mineral Resources postgraduate student 
scholarship. Artemis Resources Ltd. are acknowledged 
for their financial, logistical, and material support. 

 
References 
 
Artemis Resources Limited (2019) Carlow Castle Au-Cu-Co 

Resource Grows by 71% to 7.7Mt. 
Britt A, et al. (2017) Australia's Identified Mineral Resources 2017. 

Geoscience Australia, Canberra. 
Cox SF (2005) Coupling between Deformation, Fluid Pressures, and 

Fluid Flow in Ore-Producing Hydrothermal Systems at Depth in 
the Crust. Economic Geology 100th Anniversary Volume:39-75. 

Goldfarb RJ, et al. (2001) Orogenic gold and geologic time: a global 

synthesis. Ore Geology Reviews 18:1-75. 
Groves DI, et al. (1998) Orogenic gold deposits: A proposed 

classification in the context of their crustal distribution and 
relationship to other gold deposit types. Ore Geology Reviews 
13:7-27. 

Hickman AH (2004) Two contrasting granite−greenstone terranes in 
the Pilbara Craton, Australia: evidence for vertical and horizontal 
tectonic regimes prior to 2900 Ma. Precambrian Research 
131:153-172. 

Hickman AH (2016) Northwest Pilbara Craton: a record of 450 
million years in the growth of Archean continential crust. 
Geological Survey of Western Australia, Perth, pp 104. 

JORC (2012) Australasian Code for Reporting of Exploration 
Results, Mineral Resources and Ore Reserves. The Joint Ore 
Reserves Committee of The Australasian Institute of Mining and 
Metallurgy, Australian Institute of Geoscientists and Minerals 
Council of Australia. 

London Metal Exchange (2019) LME Cobalt. London Metal 
Exchange. 

Morey A, et al. (2007) The structural controls of gold mineralisation 
within the Bardoc Tectonic Zone, Eastern Goldfields Province, 
Western Australia: implications for gold endowment in shear 
systems. Mineralium Deposita 42:583-600. 

Olivetti EA, et al. (2017) Lithium-Ion Battery Supply Chain 
Considerations: Analysis of Potential Bottlenecks in Critical 
Metals. Joule 1:229-243. 

Phillips GN, Powell R (2010) Formation of gold deposits: a 
metamorphic devolatilization model. Journal of Metamorphic 
Geology 28:689-718. 

Ruddock I (1999) Mineral occurences and exploration potential of 
the west Pilbara. Western Australia Geological Survey, Perth, 
Western Australia, pp 63. 

Saunders JA, et al. (2014) 13.15 - Geochemistry of Hydrothermal 
Gold Deposits In: Holland H, Turekian K (eds) Treatise on 
Geochemistry. 2 edn. Elsevier, Amsterdam, pp 383-424. 

Smithies RH, Hickman AH, Nelson DR (1999) New constraints on 
the evolution of the Mallina Basin, and their bearing on 
relationships between contrasting eastern and western granite–
greenstone terranes of the Archaean Pilbara Craton,Western 
Australia. Precambrian Research 94:11-28. 

Tomkins AG (2013) On the source of orogenic gold. Geology 
41:1255-1256. 

US Geological Survey (2018) Mineral commodity summaries 2018. 
U.S. Geological Survey, pp 200p. 

Van Kranendonk MJ, Hickman AH, Smithies RH, Nelson DR, Pike 
G (2002) Geology and Tectonic Evolution of the Archean North 
Pilbara Terrain, Pilbara Craton, Western Australia. Economic 
Geology 97:695-732. 

Van Kranendonk MJ, Hickman AH, Smithies RH, Williams IR, Bagas 
L, Farrell TR (2006) Revised lithostratigraphy of Archean 
supracrustal and intrusive rocks in the northern Pilbara Craton, 
Western Australia. Western Australia Geological Survey, pp 
57p. 

Van Kranendonk MJ, Smithies RH, Hickman AH, Champion D 
(2007) Review: secular tectonic evolution of Archean 
continental crust: interplay between horizontal and vertical 
processes in the formation of the Pilbara Craton, Australia. Terra 
Nova 19:1-38. 

Van Kranendonk MJ, Smithies RH, Hickman AH, Wingate MTD, 
Bodorkos S (2010) Evidence for Mesoarchean (∼3.2Ga) rifting 
of the Pilbara Craton: The missing link in an early Precambrian 
Wilson cycle. Precambrian Research 177:145-161.



 

1697 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 4 

Potential for low cost bioprocessing of Co and Ni from 
Nkamouna lateritic ore. 
D. Sulaiman J. Mulroy1,2, Victoria S. Coker1, Jonathan R. Lloyd1, Paul F. Schofield2, J. Fred W. Mosselmans3 
1The University of Manchester, 
2The Natural History Museum 
3Diamond Light Source 
 
Abstract. The Nkamouna laterite, S.E. Cameroon, a 
uniquely Co-Ni enriched laterite hosts ~54Mt of proven 
and probable ore reserves. Co and Ni, plus local 
enrichments of Ba (<1wt%) and Ce (<0.35wt%), are 
associated with Mn(III/IV)-oxides e.g. lithiophorite, 
asbolane, and hollandite group phases. Biostimulation of 
indigenous microbial communities with a carbon source 
(glucose) under anaerobic conditions promoted 
generation of organic acids, e.g. acetate, through 
fermentation and provided dissimilatory metal reducing 
bacteria (DMRB) with potential electron donors to support 
reduction of Mn3+/Mn4+ ore minerals to Mn2+ causing 
release of target metals. In addition to standard 
geochemical analytical techniques a range of 
spectroscopic techniques have been used to confirm; 1) 
the mineralogy of the deposit with respect to Co, Ni and 
Ce and; 2) the divalent oxidation state of solid and soluble 
Co (and Mn) products generated through bioreduction of 
the ore. Complementary experiments on synthetic 
phases, e.g. Co-Ni-asbolane, with pure cultures of the 
DMRB Geobacter sulfurreducens showed total 
dissolution of the mineral phase. Preliminary results 
indicate a potential method for bioprocessing of the ore 
utilising organic carbon as the energy source and on 
scale-up could supplant glucose with low-cost organics 
e.g. cellulosic agricultural waste reducing reagent costs 
for metal extraction. 
 
1 Introduction 
 
Cobalt (Co) has been labelled “critical” by various 
national/supranational institutions (Slack et al. 2017; 
European Commission. 2017) and is ranked 10th out of 
41 elements in terms of supply risk (BGS. 2015). 2018 
supply was dominated the Democratic Republic of Congo 
(~60%) (Shedd. 2019) however historical political 
instability has previously caused supply shortages and 
elevated prices (Slack et al. 2017; Mudd et al. 2013). 
Concerns regarding the trade of conflict minerals at times 
mined using child labour (Diemel. 2018; de Haan and 
Geenen. 2016) have highlighted the importance of finding 
other sources of Co. Production has increased 
significantly from 1960 (~14.2kt) to 2018 (~140kt) (Kelly 
and Matos. 2017; Shedd. 2019) and demand is likely to 
increase further due to requirements for environmental- 
and hi-tech applications (Roberts and Gunn. 2013) such 
as superalloys for gas turbines and jet engines (Mouritz. 
2012), rechargeable batteries for electric cars and 
electronics (Nitta et al. 2015; Perner and Vetter. 2015), 
catalysts for petrochemical processing (Javadli and de 
Klerk. 2012) and emerging uses e.g. magnetic  

 
nanoparticles (Johannsen et al. 2005; Byrne et al. 2013) 
all serving an increasing world population with growing 
energy demands (United Nations. 2015; United Nations. 
2018). 

A potential alternative source is the Nkamouna laterite 
in S.E. Cameroon (Lambiv-Dzemua et al. 2013) which is 
the focus of this work. Bioprocessing methods for other 
lateritic ores have attracted recent attention as low-cost 
alternatives to conventional hydrometallurgical 
processes. Initial studies have focused on bioleaching 
with sulphuric acid generated from sulphur by acidophilic 
bacteria, e.g. Acidithiobacillus (Smith et al. 2016). 
Bioleaching via biostimulation of indigenous anaerobic 
neutraphiles remains a poorly characterized alternative. 
Here, organic carbon, including agricultural waste, e.g. 
corn stover (He et al. 2016) or palm-oil mill effluent (Rana 
et al. 2017), could be used to generate organic acids 
through cellulosic degradation (Ichikawa et al. 2018) 
aiding in breakdown of ore minerals (Lindsay et al. 1991) 
with further metal release promoted by DMRB e.g. 
Geobacter species (Lloyd. 2003).  
 
2 Samples 
 
There are two lateritic horizons of significant interest in 
terms of economic mineralization, the Lower Breccia (LB) 
and the Ferralite (FL). LB, (average thickness ~3m), is 
volumetrically subordinate to FL (average thickness 
~12m), but hosts higher grades of Mn and Co (Fig. 1). 
Samples from both FL and LB horizons are used in this 
study in order to understand the differences in 
microbiomes vertically through the profile and their 
potential role in controlling trace metal solubility and 
mobility. Additional samples were selected from the 
upper limonite/ferruginous hardpan capping the laterite, a 
spoil heap and a highly Co- and Ni-enriched region of the 
southern trench. 
 
3 Co-Ni Mineralogy 
 
X-ray diffraction (XRD) was performed at the School of 
Earth and Environmental Sciences, University of 
Manchester, UK, in order to constrain mineralogy and 
mineralogical proportions and link to bulk-sample 
geochemical data obtained through X-ray Fluorescence. 
Lambiv-Dzemua et al. (2013) confirmed the presence of 
Co and Ni primarily in phyllomanganates, e.g. 
lithiophorite, asbolane and intermediates thereof.  
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Figure 1. Profile through the Nkamouna laterite showing main 
horizons and thickness. Adapted from Lambiv-Dzemua et al. (2013). 

Building on this work Co and Ni K-edge Extended X-ray 
Absorption Fine Structure (EXAFS) were performed at 
beamline I20, Diamond Light Source (DLS), UK, to fully 
constrain mineralogical sites. In lateritic environments Co 
is typically present as octahedrally  coordinated (Oh) Co3+ 
(Manceau et al. 1986), with an ionic radius (IR) of ~0.53Å, 
and has been previously demonstrated to be 
incorporated into the Mn-oxide sheet of 
phyllomanganates due to similarities in IR with Mn3+Oh 
(~0.58Å) and Mn4+Oh (~0.54Å) (Manceau et al. 2000). Ni, 
exhibiting significant differences in both IR (~0.69Å, 
Ni2+Oh) (Shannon. 1976) and valence, with respect to 
Mn3+/Mn4+ occupies different sites dependent on a range 
of factors including height in profile and availability of 
mineral forming elements e.g. Mn and Al. These factors 
combined with redox conditions can either promote or 
inhibit incorporation of Ni into mineral phases. 

Additional analyses performed on beamline 6.3.1 at 
the Advanced Light Source (ALS) synchrotron, Berkeley, 
CA, USA, allowed evaluation of valence and coordination 
of Mn in the ore through X-ray Absorption Spectroscopy 
(XAS) at the L3,2-edge. Speciation of Mn in the ore, as the 
main constituent of the Co- and Ni-bearing oxide phases, 
has implications regarding the stability of these poorly 
defined minerals and therefore consequences in terms of 
phase-deconstruction and metal release during applied 
bio-processing methods. 

4 Ore Incubation and Bio-Extraction 

Samples were incubated in a synthetic groundwater with 
glucose as a carbon source and monitored at selected 
time-points for changes in fluid chemistry. Changes in 
Fe2+ (labile and aqueous), aqueous Fe, Mn, Co, Ni and 
Ba, and volatile fatty acids (VFAs) were measured by 

ferrozine assay, Inductively-Coupled Plasma Atomic-
Emission Spectroscopy (ICP-AES) and Ion 
Chromatography, respectively. All samples showed Fe-
reduction, release of Mn, Co, Ni and Ba, and generation 
of VFAs, e.g. formate, lactate and acetate, concomitant 
with reduction in pH. Differences in key geochemical 
parameters can be linked to a combination of factors 
including height in the laterite profile, mineralogy and 
geochemistry, which all affect the microbiome of each 
sampled region. Similarly, both rates of release and 
proportions of metals released can be linked to samples’ 
vertical location as well as mineralogy and present 
considerations with respect to ore beneficiation especially 
where phases with high sorption capacity, e.g. Fe(III)-
oxyhydroxides and clays, are abundant in the ore (Eylem 
et al. 1990; Ugwu et al. 2017). 

5 Speciation of Bio-Extraction Products 

Speciation of both Co and Mn in post-reduction aqueous 
phases was assessed through Co- and Mn K-edge X-ray 
Absorption Near Edge Structure (XANES), performed at 
beamline I20, DLS, UK. Results confirmed breakdown of 
Mn(III/IV)-oxides promoting release of Mn and Co to 
solution. Solid phase XANES analyses at the Mn and Ni 
K-edges were performed at beamline B18, DLS, UK and
show both structural and speciation changes in the
minerals with incubation. Supporting L-edge XAS results
from 6.3.1, ALS, allowed characterisation of the solid
phase, with respect to relative proportions of Mn4+, Mn3+

and Mn2+, with bulk reduction occurring relative to
unstimulated ore. These techniques and their ability to
define bioextraction products have underpinned this
study.

6 Co-Ni-Asbolane Bioreduction 

A poorly crystalline Co-Ni-asbolane, with high 
concentrations of Co and Ni, was synthesized by 
oxidative precipitation and characterized by XRD and 
Selected Area Electron Diffraction (SAED). Energy 
Dispersive X-ray Spectroscopy (EDS) and ICP-AES 
confirmed elemental proportions. XAS at the Mn-, Co- 
and Ni L-edges, performed at 6.3.1, ALS, allowed a 
tentative structure to be proposed based on speciation 
and coordination of Mn, Co and Ni. 

The phase was suspended in bicarbonate buffer and 
reduced using a pure culture of Geobacter 
sulfurreducens using Na-acetate as electron donor. 
Dissolution and metal release was noted, consistent with 
the bioreduction mechanisms implied in the more 
complex sediment systems above. 

7 Implications 

Microbial consortia indigenous to Nkamouna ore offer an 
extraction method representing a way of integrating agro-
industrial waste into the extraction of critical metals from 
lateritic ore and should offer cost-benefits by removing 
import and transport costs of elemental sulphur/sulphuric 
acid typically used in lateritic ore processing (Oxley et al. 
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2016). This will help offset the carbon footprint of reagent 
transport as well provide an extraction route with lower 
environmental risk. Gangue material from the ore, e.g. 
Fe-oxide rich waste, can be potentially repurposed for 
transformation into valuable by-products (Joshi et al. 
2018). 
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Abstract. The Juomasuo and Hangaslampi Au-Co 
deposits are hosted by the Paleoproterozoic Kuusamo 
belt in northeastern Finland. Sulphur isotope and trace 
element data from sulphides indicate that the 
geochemically distinct, Au-Co and Co-only enrichments 
were formed from fluids of different origin. Accordingly, 
sericite alteration is typical in the zones of the Au-Co 
enrichment, whereas the chlorite-biotite-amphibole 
alteration occurs in relation to the Co-only mineralization. 
Variation in the composition of host rocks does not seem 
to have a strong control on the type of mineralization.  
 
1 Introduction 
 
Finland currently produces 66% of the EU cobalt supply, 
extracted from sulphide ores from the Sotkamo, Kevitsa, 
Hitura and Kylylahti mines (European Commission 2018). 
With the cobalt demand related to rechargeable batteries 
expected to rise in the following years, the importance of 
Finland’s cobalt resources becomes even more 
pronounced. A better understanding of the formation 
processes of the already known Co-rich deposits is 
needed to enhance successes of exploration for new 
deposits. 

This study concentrates on the Juomasuo and 
Hangaslampi Au-Co deposits, which are located in 
northeastern Finland, approximately 45 km north of the 
town of Kuusamo (Fig. 1). These deposits are situated in 
the Paleoproterozoic Kuusamo belt (KB) and are part of 
the Kuusamo-Kuolajärvi orogenic gold metallogenic area 
(Eilu et al. 2012), comprising several epigenetic Au-Co-
Cu occurrences (Pankka 1992; Vanhanen 2001). 
Previous studies proposed different genetic 
classifications for the Au-Co-Cu mineralization including 
iron-oxide-copper-gold (IOCG), orogenic gold with 
atypical metal association, epithermal gold, Blackbird-
type and syngenetic type (Pankka 1992; Vanhanen 2001; 
Eilu & Pankka 2009; Slack et al. 2012). The Juomasuo 
deposit is the most important known epigenetic-
hydrothermal Au-Co deposit in the Kuusamo belt. 
Hangaslampi is situated approximately 1 km south from 
Juomasuo and is also mainly enriched in Au and Co. Cu, 
Mo and REE are the most typical associated trace metals 
in these deposits. For the purpose of better 
understanding the hydrothermal processes that led to  
 
the mineralization in Juomasuo and Hangaslampi we 
applied in situ multi-  and single collector LA-ICP-MS 

analytical techniques to study  sulphur isotope and trace 
element characteristics of sulphide minerals from these 
deposits. Additionally, we utilized whole-rock 
geochemical data in order to classify the heavily altered 
host rocks and to study the control of the alteration 
mineralogy on the mineralization types with different 
metal associations at Juomasuo.    
 
2 Regional geological setting 
 
The KB is a part of the larger Karasjok-Kuusamo-Lake 
Onega belt that extends from northern Norway to the 
Lake Onega in Russia (Pankka 1992). The rocks 
comprising this belt are part of the Karelian supracrustal 
formations. Their age ranges from 2.5 to 1.9 Ga 
(Silvennoinen 1972, 1992). The KB was at least partially 
formed in an intracratonic failed rift setting related to the 
Paleoproterozoic breakup of the Archean Karelian craton 
(Hanski & Huhma 2005). The KB consists of several 
formations of volcanic and sedimentary origin,  

 

 
 
Figure 1. Simplified geological map of the Kuusamo belt. Modified 
after Laajoki (2015) and Vanhanen (2001).    
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Figure 2. Stratigraphic column of the Kuusamo belt showing the 
location of Juomasuo and Hangaslampi in the stratigraphy. Modified 
after Silvennoinen (1972) and Vanhanen (2001).  
 
including three or four stages of mafic volcanism with 
associated mafic sills and dykes (Pankka 1992). The 
stratigraphy of the Kuusamo belt was defined by 
Silvennoinen (1972) (Fig.2).  

The stratigraphic sequence of the KB underwent 
deformation and regional metamorphism during the 
Svecofennian orogeny (1.9-1.8 Ga; Silvennoinen 1972, 
1992). The metamorphic grades vary from lower 
greenschist facies in the central parts of the belt to upper 
amphibolite facies in the western parts, near the contact 
with the Central Lapland Granitoid Complex. Higher 
metamorphic grades are also present in the eastern part 
of the KB. Mineralization has been mostly encountered 
near the upper and lower boundaries of the Greenstone 
Formation II (GF II), but some mineralization is also 
hosted by the upper part of the Rukatunturi Quartzite 
Formation (RQF) (Vanhanen 1990, 2001) (Fig. 2). 

 
3 Geology and mineralogy of the Juomasuo 

and Hangaslampi Au-Co deposits 
 
The host rocks of the Juomasuo deposit are 
characterised by strong albitisation but the mineralised 
zones also contain quartz, chlorite, biotite, sericite, 
carbonate, amphibole and talc in addition to albite. The 
most abundant sulphide is pyrrhotite followed by pyrite 
and lesser chalcopyrite. Cobaltite can be found in the Co-
rich parts of the ore as inclusions in pyrrhotite and 
sometimes in pyrite. Cobaltpentlandite is also present 
mainly as exsolutions in pyrrhotite. Molybdenite, rutile, 
magnetite, native Au and tellurides (altaite, 
tellurobismuthite and melonite) are noteworthy 
accessories in the deposit. The Juomasuo deposit 
consists of one major mineralized zone and several 

smaller adjacent sulphidized zones (Vanhanen 2001). 
The total mineral resource estimate for the Juomasuo 
deposit is 2.37 million tonnes grading at 4.6 g/t Au and 
0.13 wt% Co and an additional 5.04 million tonnes of Co 
resources without Au grading at 0.12 wt% Co (Dragon 
Mining 2014). 

The orebodies at Hangaslampi occur in a local 
antiform structure just below the GF II (Vanhanen 2001). 
The resource estimates amount to 403 thousand tonnes 
grading at 5.1 g/t Au and 0.06 wt% Co and an additional 
180 thousand tonnes of ore grading at 0.1 wt% Co without 
Au (Dragon Mining 2014). The gangue minerals at 
Hangaslampi comprise albite, quartz, chlorite, biotite, 
sericite, lesser carbonate, amphibole and accessory 
tourmaline, apatite and zircon. The most common 
sulphide is pyrite. Pyrrhotite has a weak presence and is 
mostly found as inclusions in pyrite and magnetite and 
sometimes as disseminated grains in the silicates where 
it is occasionally associated with chalcopyrite. Cobaltite 
is rare in Hangaslampi and cobaltpentlandite occurs 
sporadically as exsolutions in the disseminated 
pyrrhotite. Magnetite is more widespread compared to 
Juomasuo. Other common accessory ore minerals at 
Hangaslampi include molybdenite and some minor 
tellurides. 
 
4 Lithogeochemistry at the Juomasuo 

deposit 
 

Previous studies have described the heavily altered and 
metamorphosed rocks at Juomasuo and Hangaslampi 
mainly on the basis of the dominating alteration minerals 
(Pankka 1992; Vanhanen 2001). For the Juomasuo 
deposit, the Dragon Mining Ltd. provided a detailed 
lithogeochemical dataset for the purpose of our studies 
and we utilized this database for the geochemical 
classification of the protoliths of the altered rocks. We 
combined drill core observations with immobile element 
ratios and recognized the following six rock types: 
ultramafic rock, mafic rock, intermediate rock, felsic rock, 
metasediment and albitite (Fig.3). By plotting the samples 
belonging to the Au-Co and Co-only type of ores on the 
Nb/Y-Zr/TiO2 discrimination diagram, it is evident that 
both types of mineralization are present in all of the rock 
types, apart from the albitites and the ultramafic rocks 
(Fig. 3). 

A second application of the lithogeochemical database 
was to calculate Molar Element Ratios (MER) to 
determine the control of the alteration mineralogy on the 
different types of mineralization. The MER diagrams (Fig. 
4) show that different types of alteration affected different 
rock types. By plotting the gold and cobalt grades 
together with the MER data for the metavolcanic rocks it 
seems that gold enrichment is mainly associated with 
sericite alteration and much less with chlorite-biotite 
alteration (Fig. 4). Co enrichment is strongly associated 
with chlorite-biotite and amphibole alteration and 
additionally with sericite alteration (Fig. 4). Similar trends 
can be demonstrated for the metasediments. 
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Figure 3. Fields for each rock unit recognized at Juomasuo on the 
Nb/Y-Zr/TiO2 discrimination diagram (Pearce, 1996): 
Metasediments do not have a separate field as they are a mixture of 
both felsic and mafic components.  
 

 
Figure 4. MER diagrams for metavolcanic Juomasuo samples. The 
selected molar elemental ratios of the axes represent well the 
alteration mineralogy of Juomasuo by allocating a specific position 
in the diagram to the most important alteration minerals. 

5 Sulphur isotope and trace element data 
 
Systematic sulphur isotope analyses were performed on 
pyrite, pyrrhotite and chalcopyrite from Juomasuo and 
Hangaslampi with the use of multi-collector LA-ICP-MS.  
Trace element contents of the same sulphide grains were 
determined by single-collector LA-ICP-MS analyses. 
Analytical spots for sulphur isotope and trace element 
determination were placed next to each other. Matrix-
matched sulphide standards were used during these 
analyses.   

Sulphides from the ore zones at Juomasuo have δ34S 
values between -2.6 and +6.9 (median +3.45) and at 
Hangaslampi between -0.9 and +9 (median +5.3). 
Sulphides from barren samples range from -0.5 to +13.5. 
Whereas most of the values are positive, there is a shift 
to negative or near-zero values in some sulphides in both 
deposits (Fig. 5). By examining the Co/Ni ratio of pyrite 
grains from different mineralization types, distinct 
mineralization stages become evident: one represented 
by distinctly high Co/Ni ratios and one with low Co/Ni 
ratios. Pyrite grains with high Co/Ni ratios show a 
relatively narrow range of positive δ34S values, whereas 
the grains with low Co/Ni ratios have a wider range of 
δ34S values including all the negative ones (Fig. 5).  A 
similar trend is present for the Se/S ratios of the two 
stages with the high Co/Ni pyrite having a narrow range 
of low Se/S ratio values and the low Co/Ni pyrite having  
 

 
 
Figure 5. Results of sulphur isotope and trace element analyses on 
pyrite from Juomasuo and Hangaslampi. 
 
a wider range. Other trace elements also vary 
systematically within the two Co/Ni ratio categories (Fig. 
6). The Co/Ni ratio is mostly controlled by the Ni content 
of sulphides with differences up to two orders of 
magnitude (Fig. 6).  

The wider range of δ34S, Se/S ratios and the relatively 
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high Ni, Se and Te contents in the low Co/Ni category 
could indicate a mixing of different fluid and sulphur 
sources. The low Co/Ni stage comprises mainly Au-Co 
mineralization in both deposits. The high Co/Ni category 
on the other hand has a narrow range of δ34S and Se/S 
ratios and low Ni, Se and Te contents. The high Co/Ni 
stage could thus be attributed to a single hydrothermal 
event and a homogeneous sulphur source. The high 
Co/Ni stage mainly includes Co-only mineralization with 
some Au-Co mineralization included in Juomasuo. 

 
Figure 6. Box and whisker plots with logarithmic scales for analyzed 
pyrite from Juomasuo and Hangaslampi.  
 
6 Summary and conclusions 
 
The Juomasuo and Hangaslampi Au-Co deposits are 
characterized by multi-stage hydrothermal processes 
that are recorded in the sulphur isotope and trace 
element characteristics of sulphides. A hydrothermal 
stage responsible for the accumulation of the Co-only 
ores in both deposits, and some Au-Co mineralization in 
Juomasuo, deposited pyrite characterized by high Co/Ni 
ratios, low Se/S ratios and positive δ34S values showing 
a relatively narrow range of values. Pyrite from a different 
stage of hydrothermal activity that created mostly Au-Co 
mineralization in both deposits is characterised by low 
Co/Ni ratios, a wide range of Se/S ratios, δ34S values 
and high Ni, Se and Te contents. The distinct sources of 
parent fluids are also supported by contrasting alteration 
parageneses of the same lithologies depending on 
enrichment type. The Au-Co mineralization in Juomasuo 
mainly occurs within sericite alteration zones whereas the 
Co-only mineralization is hosted by chlorite-biotite-
amphibole alteration. These results are in agreement with 
the U-Pb dating of hydrothermal monazite from 
Hangaslampi suggesting two major stages of 
mineralization, one at 1.85 and the other at 1.81 Ga 
(Pohjolainen et al., 2017). 
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Abstract. Metals such as cobalt, tin, germanium, silver 
and selenium that are vital in high-technology 
applications and for transition to a low-carbon economy 
are frequently termed ‘critical’. To determine whether 
seafloor massive sulphide (SMS) represent a potential 
future source of critical metals, copper minerals from 
hydrothermal mounds at different stage of development 
and age, located in the TAG area (Mid-Atlantic Ridge), 
were analysed by in-situ laser ablation inductively 
coupled plasma-mass spectrometry (LA-ICP-MS). The 
results show that critical metals reach concentrations up 
to several hundreds of ppm. However, the distribution of 
these elements is very heterogeneous even on the scale 
of a single sample suggesting. Future mining operation of 
SMS will target these deposit primary for base and 
precious metals with  critical metals being extract as by-
products.  
 
1 Introduction 
 
There is growing demand for a range of minerals required 
in green energy and high-tech applications. These are 
typically referred to a ‘critical’. (Zepf et al 2014). Land-
based mining activities are increasingly focusing on more 
remote and technically challenging environments 
(Carvalho 2017) that often result in a higher 
environmental impact. Seafloor massive sulphide  
deposits, which form through hydrothermal venting in 
today’s oceans, may contribute to the resource of critical 
metals in the future (Hannington et al 2011). While recent 
estimates of the resource potential for base and precious 
metals of modern SMS are 600 Mt with a median grade 
of 3 wt.-% copper, 9 wt.-% zinc, 2 g/t gold and 100 g/t 
silver (Monecke et al 2016), the inventory of critical 
metals associated with SMS and their fate during 
alteration processes are poorly understood.  

This paper presents insights into the trace element 
distribution in copper sulphide (chalcopyrite, idaite, 
chalcocite and covellite) minerals from different aged, 
inactive SMS sites from the TAG hydrothermal area at 
26°09’N on the Mid-Atlantic Ridge (Fig. 1). Our in-situ LA-
ICP-MS data show that the trace element budget of fresh 
chimney samples and weathered sulphide blocks differs 
by several orders of magnitude. In addition, a variation in 
trace elements between surface and sub-surface 
samples of the same mound can be observed. Such 
information is critical in the decision process for 
economically feasible exploitation strategies of SMS 
where critical metals will contribute to the overall resource 
as by-products.. 

 

 
Figure 1. Bathymetric map (data source GeoMapApp: KN142-05 
(TAG94), DSL120 2m grid White) of the TAG hydrothermal area and 
the location of the active and inactive hydrothermal sites studied in 
this project. The inset shows the locations on the Mid-Atlantic Ridge. 

 
2 Geological Setting 
 
The TAG hydrothermal area is one of the largest and best 
studied hydrothermal systems on earth (Rona et al 1986, 
1993; Tivey et al 2003; Humphris et al 2015). Several 
active and relict hydrothermal sites, predominantly 
forming sulphide mounds are present in an area of 5x5 
km. These mounds vary in size, stage of development 
and age. The active TAG mound, located in the 
southwest of the area, is currently in an active high-
temperature stage, i.e. metal-rich black smoker fluids of 
~365°Care discharged through multiple chimneys 
(Humphris et al 2015). North-northeast of the TAG mound 
several hydrothermal extinct mounds occur: Southern, 
Rona, Double, New Mound #2, New Mound #3 and 
Shinkai. Radiometric dating of sulphides from Double and 
Shinkai yield ages of 50 ka and 2-23 ka, respectively 
(Lalou et al 1995). Based on the proximity of New Mound 
#2 and #3 to Shinkai and Southern and Rona to Double 
it is assumed that these mounds are of similar 
development stages as the slope angles of the mounds, 
indicating the degree of anhydrite dissolution at depth, 
are very similar (Hannington et al 1998, Murton et al 
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2018).  
 
3 Methodology 
 
Thirteen copper-rich surface and subsurface samples, 
collected during expedition JC138 on RRS James Cook 
using a multipurpose robotic underwater vehicle and a 
robotic lander-type seafloor drill were investigated in this 
study. Samples were described macroscopically and 
studied under transmitted and reflected light to reveal 
their mineralogical composition.  

Trace elements were analysed by LA-ICP-MS using a 
New Wave UP 193FX laser coupled to a Thermo 
Scientific XSeries 2 quadrupole ICP-MS at the University 
of Southampton. The ICP–MS operated with a plasma 
power of 1350 W, He (1 l/min) and N (0.01 l/min) were 
used as carrier gases while Ar acted as plasma (13 l/min) 
and auxiliary gas (0.8 l/min). Laser pulse frequency was 
set at 5 HZ and a laser energy density of 5-6 J/cm2 was 
chosen. The total analysis time for each spot was 45 s, 
including 20 s for gas blank analysis. A beam diameter of 
typically 25 μm and on occasion of 18 μm was used 
according to crystal size of the different copper sulphides.  

In total 34 isotopes were monitored for quantitative 
analysis as well as mass positions of 77ArCl and 83Kr in 
order to quantify any interferences on 82Se. NIST-610, 
NIST-612 (Jochum et al 2005) and MASS-1 (Wilson et al 
2002) were used as external calibration standard. 
Analytical precision was monitored by the repeated 
analysis of the standards yielding <5% RSD for reported 
elements in this study on NIST610 (except Se 7.1 %) and 
<10% RSD on MASS-1. To monitor the instrument drift 
the sulphide standards were analysed for several times 
during an analytical day. After measurement the trace 
element concentrations were calculated with the 
PlasmaLab 2.6.1.335 software (Thermo Scientific) using 
Fe as internal standard determined by electron 
microprobe analysis on a Cameca-SX100 at the 
University of Edinburgh. Minimum detection limits were 
calculated following the protocol of Longerich et al 1996. 
 
4 Results 
 
4.1 Petrography 
 
Massive sulphides recovered from the surface of Shinkai, 
New Mound #2 and #3 comprise chimneys and fragments 
of chimney material (Fig. 2A) whereas samples from 
Southern and Rona Mound comprise sulphide breccia 
and massive sulphide blocks (Fig. 2B). These samples 
are quite similar from drill core samples obtained from 
Southern, Rona and MIR Zone. 

The interior of the chimney sample comprises an 
orifice of predominately chalcopyrite with an intercalated 
layer of idaite (Fig. 3A). Extending outwards, coarse-
grained tetrahedral chalcopyrite is present that is altered 
to covellite along grain boundaries.  

 

 
Figure 2. Representative sulphides obtained from inactive sulphide 
mounds from the TAG area. (A) Chimney with a chalcopyrite-rich 
orifice surrounded by marcasite; New Mound #2, 55-1A. (B) Massive 
sulphide talus comprising of pyrite with intercalated layers of 
chalcopyrite; Southern Mound, 21-3. Mineral abbreviations: cp: 
chalcopyrite, py: pyrite, mrc: marcasite. 
 

 
Figure 3. Reflected photomicrographs of representative mineral 
assemblages from sulphides samples from inactive mounds. (A) 
Cross-section of chimney comprising of tetrahedral shaped coarse-
grained chalcopyrite, subhedral idaite altered to covellite along grain 
boundaries; New Mound #2, 55-1A. (B) Coarse-grained chalcopyrite 
with exsolution lamella of isocubanite and coated by a thin layer of 
amorphous silica; New Mound #3, 55-6A. (C) Massive recrystallized 
pyrite with intercalated layers of chalcopyrite; Southern Mound, 50-
14. (D) Aggregates of pyrite surrounded by chalcopyrite; MIR Zone, 
73-18. (E) Pyrite clasts surrounded by chalcopyrite that is altered to 
chalcocite along micro-fractures; Rona Mound, 45-7C. (F) 
Chalcopyrite surrounded by covellite with traces of amorphous silica 
and pyrite; New Mound #3, 55-6A. Mineral abbreviations: cp: 
chalcopyrite, iso: isocubanite/cubanite, ida: idaite, cc: chalcocite, cv: 
covellite, py: pyrite, sp: sphalerite, Si: amorphous silica. 
 
Other chimney material from New Mound #3 comprises 
coarse-grained chalcopyrite that shows exsolution 
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lamella of isocubanite (Fig. 3B). Surface and subsurface 
samples from Southern, Rona and MIR Zone are formed 
of massive recrystallised pyrite that is intercalated with 
chalcopyrite layers (Fig. 3C) or coarse-grained cubic 
pyrite that is surrounded by massive chalcopyrite (Fig. 
3D). Chalcopyrite is either altered to chalcocite along 
micro-fractures (Fig. 3E) or is surrounded by aggregates 
of fibrous covellite (Fig. 3F). 
 
4.2 Trace element inventory of copper sulphides 

from different sites 
 
Cobalt concentrations differ between chalcopyrite and 
other copper phases. While chimney material from New 
Mound #3 (55-6A) has on average cobalt content of 
177±30 ppm (± 1σ), chalcopyrite from the chimney of 
New Mound #2 (55-1A) yields concentrations of 
0.12±0.07 ppm cobalt (Fig. 4A). The chalcopyrite from the 
sub-surface samples at Southern and Rona yield an 
order of magnitude higher cobalt concentration, of 
0.84±0.33 ppm and 3.28±3.62 ppm, respectively. 

 
Figure 4. Log-log plots of trace elements concentrations in copper 
minerals from several inactive sulphide mounds at the TAG area. 
(A) Cobalt (Co) versus Selenium (Se) and (B) Tin (Sn) versus silver 
(Ag). Chimney 55-6A and 55-1A differ with regards to their trace 
element concentration, while sub-surface samples 50-14 and 57-27 
show similar trace element pattern. Copper phases other than 
chalcopyrite can be quite enriched in silver.  
 
A similar pattern can be observed for selenium 
concentrations. Again the chimney (55-6A) yields the 
highest concentration of 679±152 ppm Se, the other 
chimney (55-1A) shows average concentrations between 
4.17±1.9 and 10.4±3.6 ppm. Again the sub-surface 

samples have intermediate selenium concentrations. 
Tin concentrations are very similar in the majority of 

samples and copper phases (Fig. 4B). One sub-surface 
sample (57-27) and one generation of chalcopyrite from 
a chimney (55-1A) yield very high tin concentrations of 
140±97 ppm and 104±30 ppm, respectively. In contrast 
chalcopyrite from the inner conduit of 55-1A shows the 
lowest tin concentrations (0.11±0.05 ppm).  

Silver is predominately enriched in idaite, chalcocite 
and covellite rather than in chalcopyrite with the highest 
concentration being detected in idaite (246±35 ppm). The 
only exception is chalcopyrite from the other chimney (55-
6A) where a concentration range between 26-89 ppm is 
observed.  

Other elements such as gallium, germanium, indium 
and bismuth also show elevated concentrations of up to 
several hundreds of ppm in some samples and copper 
phases.  
 
4.3 Trace element concentrations in one chimney 

sample 
 
Trace element distribution is not only heterogeneous on 
a mound scale but also varies within a single sample. This 
can be observed in different chalcopyrite generations and 
idaite from chimney 55-1A (Fig. 5). While silver and cobalt 
yield the highest concentrations in the idaite, selenium 
and tin are enriched in the chalcopyrite of zone two. 
Chalcopyrite from the inner layer (zone 4) has elevated 
concentrations of germanium (287±136 ppm).  

 
Figure 5. Variations of trace element concentrations within one 
chimney samples from New Mound #2. (A) Scanning electron 
microprobe map illustrating the major element distribution on the 
scale of several mm. Zone 1 is coarse grained chalcopyrite (referred 
to as 55-1A_r in figure 4), zone 2 is massive chalcopyrite forming 
the outer layer of the orifice (55-1A_o), zone 3 comprises idaite and 
zone 4 is chalcopyrite that forms the inner layer of the orifice (55-
1A_i). (B) Log-line plot showing the change of concentrations across 
the four zones. Concentrations plotted are the mean values. 
 
5 Conclusions 
 
Bulk geochemical data for fresh chimney samples and 
sub-surface drill core from the literature suggest that 
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chimney samples from SMS deposits have the highest 
variety and concentrations of trace elements (Monecke et 
al 2016). However, in-situ LA-ICP-MS data provides 
further insight. Certain chimneys are enriched in high-
temperature trace elements such as selenium and tin 
(Maslennikov et al 2009). Notably, some recrystallised 
chalcopyrite from subsurface samples can also exhibit 
this trace element signature whereas other sub-surface 
samples as well as surface material do not appear to host 
any significant quantities of trace elements. Secondary 
copper minerals can incorporate high concentrations of 
silver but do acquire many other trace elements.  

In summary, our data show that copper phases can 
host critical metals at concentrations of up to several 
orders of magnitude, but their distribution is highly 
variable even at the scale of individual samples. 
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