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Abstract. The dispersion of elements in 
groundwaters can produce large geochemical 
footprints and has been demonstrated to be a useful 
proxy for mineral exploration of deep and covered 
deposits, where traditional techniques are either 
ineffective or too expensive. However, in some 
cases, the transfer of chemical element from a 
deposit to groundwaters isn’t efficient enough to 
generate a significant anomaly. Due to the contrast 
between the conditions of formation of metal ore 
deposits and the dissolved load of background 
groundwaters, the use of isotopic tracers is a 
promising approach to trace the source of the proxy 
elements as well as the mechanisms of release. 
Although so-called traditional light stable isotopes (H, 
C, O, and S) were used in that context for decades, 
the application of non-traditional stable as well as 
radiogenic isotopes is relatively new. Metals such as 
Mo and Cu, typical in base metal deposits, exhibit 
contrasting behavior in groundwaters and we can 
use isotopic data of these elements as vectors to 
mineralization. Here case studies are presented 
demonstrating why the use of isotopic tools in 
geochemistry should be commonplace for explorers. 
 
1 Introduction 
 
The rate of discovery of new large copper deposits has 
slowed down, yet significant opportunity exists in many 
world-class belts, where post-mineral cover obscures 
bedrock and can potentially hide world-class deposits 
beyond the reach of traditional geochemical tools. 
Hydrogeochemistry has been proven an effective 
exploration technique at both the regional and local 
scale. Groundwater is an essential tool in the 
undercover toolbox because irrespective of cover 
thickness it provides reliable sample medium and can 
form laterally extensive anomalous halos far beyond the 
bounds of the primary mineralization. Information on the 
undercover environment is scarce. Therefore, the aim 
of applying stable isotopic systems to 
hydrogeochemistry is twofold: (1) decrease the cost of 
undercover exploration by increasing the footprint of 
deposits, resulting in the collection of fewer samples; 
and, (2) reduce the perceived risk of targeting using 
hydrogeochemistry.  

The fractionation of metals and mobilization as 
dissolved solutes in groundwaters provides a potential 
form of direct detection in the secondary environment, 
as well as providing crucial contextual information 

indicating water sources, evidence of mixing, and 
water-sulfide interaction. In the decades since Harold 
Urey (White 2015) pioneered the use of light stable 
isotopes analytical and scientific advances have seen 
the list of elements available for analysis increase to 
include light elements such as Li and B, as well as 
heavy elements Ca, Cl, Cu, Fe, Hg, Mg, Mo, Se, Si, U, 
and Zn (White 2015). Ultimately any element with 2 or 
more isotopes or a radiogenic or cosmogenic isotope 
can be used for isotopic tracing (Kyser 2017).  
 
2 Hydrogeochemistry in mineral 

exploration  
 
The use of ground and surface water 
hydrogeochemistry as a viable form of direct detection 
in mineral exploration has long been promoted by 
researchers including Boyle et al. (1971); Cameron 
(1978); Miller et al. (1982); Goodfellow (1983); and 
Runnells (1984). Early work focused on sedimentary 
uranium deposits in Canada during the 1970s and early 
1980s (Cowart and Osmond 1977; Deutscher et al. 
1980; Dyck and Hood 1979; and Appleyard 1984), 
although refocusing in recent years has seen the 
majority of studies focus on base metal deposits (J. 
Ruijin et al. 1994; Leybourne et al. 2003; Phipps et al. 
2004; Patrice de Caritat 2005; Leybourne et al. 2006).  

Renewed interest in the technique followed the 
development and application of inductively coupled 
plasma mass spectrometry (ICP-MS), permitting the 
analysis of solutions to sub-ppt level detection limits 
(e.g., Stetzenbach et al. 1994; Hall et al. 1995). This 
was a fundamental breakthrough, as previously the low 
solubility and abundance of pathfinder elements in 
groundwaters restricted the widespread use of the 
technique (Runnells 1984). With analysis of water now 
routine at commercial labs, with relatively rapid sample 
turnaround, it is now viable to analysis for a broad suite 
of elements facilitating vastly improved geochemical 
modeling.  

 
3 Isotopic geochemistry  

 
3.1 Application of traditional stable isotopes 
   
Of the light stable isotopes (O, H, C, S), perhaps the 
most applicable to hydrogeochemical mineral 
exploration is δ34SVCDT and δ18OVSMOW of dissolved 
sulfate. As sulfide minerals oxidize and release solutes 
into groundwaters, SO42- can travel significant 
distances, and if the original isotopic composition and 
sulfur source of mineralization is known, provide a 
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reliable tracer. This signature will vary greatly across the 
range of deposit types, from a mantle-derived sulfur 
source (δ34SVCDT ~0‰) to significantly heavier ratios in 
sedimentary hosted systems where the recycling of 
sulfur associated with evaporitic sequences is common 
(Cu zone -2 to +6‰, Capistrant et al. 2015).  

In areas such as the Atacama Desert (Chile), multiple 
endmembers can be identified, such as seawater SO4 
(+21‰ Böttcher et al. 2007), SO4 associated with 
evaporites (+5.6 to +21.3‰, Rech et al. 2003; Boschetti 
et al. 2007; and Risacher et al. 2011), and SO4 
associated with geothermal or fumarolic sources ranges 
(-12.8 to +4.9, Rissmann et al. 2015; and Risacher et al. 
2011). However, there are two potential complications 
to using sulfur isotopes. Firstly, potential fractionation 
related to oxidation or reduction by microbial 
communities which can produce wide fractionation 
ranges. Secondly, in lower temperature hydrothermal 
systems, disproportionation of sulfur can produce 
isotopically very heavy (>+20‰) δ34SVCDT associated 
with mineralization (Seal 2006).  
 
3.2 Application of non-traditional stable 

isotopes 
   
The application of isotopes of transition metals such as 
Cu, Mo, and Zn is a relatively new yet highly powerful 
tool in hydrogeochemistry. In the last two decades 
advances in MC-ICPMS analytical techniques has 
allowed for very precise measurements of transition 
metal isotopes with typical precision around +/- 0.1 to 
0.2‰. The significant contrast in the mobility of Cu and 
Mo across groundwater chemistries offers an 
opportunity to identify groundwater anomalies and 
trends with a wide sample spacing and vector back to 
mineralization. Generally, these elements are expected 
to undergo mass-dependent fractionation in low 
temperature systems through equilibrium or kinetic 
effects, which produces variation that can in return trace 
back to the source and composition of the various 
endmembers.  

Cu isotopic ratios of sulfide endmembers have been 
published for a range of Cu deposits types, including 
porphyry (Palacios et al. 2010; Mathur et al. 2009; and 
Mathur et al. 2005) and sediment-hosted systems 
(Asael et al. 2009). Supergene processes are common 
following mobilization and dissolution of elements in 
porphyry and epithermal deposits and the production of 
‘blankets’ of supergene minerals in the upper portions 
of the deposit. Supergene mineralization has been 
extensively studied (Rosario, Ujina, Chuquicamata, 
Escondida and El Salvador deposits, Mathur et al. 
2009), which observe observing a wide fraction range 
for δ65Cu, ranging  -16 to +12‰ (chalcocite, copper 
oxides, and iron oxides), compared to -1 to +1‰ for 
primary sulfides (chalcopyrite and bornite). In 
comparison primary sulfides at Spence range from 
+0.29 to +0.34‰, whereas supergene chalcocite shows 
heavier values ranging +3.91 to +3.95‰. Oxide 
minerals from Spence range from +1.28 to +1.37‰ for 
chrysocolla and -5.72 to -6.77‰ for atacamite (Palacios 

et al. 2010). Such differentiation allows for the 
delimitation of weathering profiles and provides a useful 
vectoring tool in leaching portions of the profile where 
Cu concentrations are low.  

δ65Cu measurements from groundwater samples 
have been reported from Iberian Pyrite Belt (Spain) and 
mining district in Idaho, Montana and Colorado (Borrok 
et al. 2008), the Pebble porphyry deposit (Mathur et al. 
2013), and groundwaters impacted by acid mine 
drainage from Colorado, USA (Kimball et al. 2009). In 
general, these studies demonstrate fractionation 
around hydrothermal mineral deposits potentially 
related to the oxidation of deposit sulfides, yielding 
δ65Cu compositions close to 0‰. However, there is 
potentially that the oxidation of sulfides with low or 
negative isotopic values may not generate a large 
enough fractionation to allow for the differentiation of 
sources in surface waters (Mathur et al. 2014). Perhaps 
the most relevant case study, from an exploration 
perspective, is the Pebble porphyry deposit (Alaska) 
where heavier δ65Cu compositions proximal to 
mineralization and lighter values distally  suggest 
preferential fractionation of the lighter isotopes in 
groundwaters yielding heavier isotopic ratios proximal 
to mineralization and lighter values downstream 
(Mathur et al. 2013). 

Mo isotopes, on the other hand, have seen very little 
use in an hydrogeochemical exploration context. 
Generally occurring as a trace element in many 
hydrothermal ore deposits, the weathering of the 
mineralization can yield to significantly high Mo 
concentrations into groundwaters. Further, neutral and 
oxyanion species of Mo are generally unreactive, 
resulting in relatively long residence times in seawater 
and significant mobility in groundwaters. However, little 
to no Mo fractionation has been shown to occur during 
solid dissolution in euxinic environments (Wang et al. 
2015). A comprehensive review of Mo speciation, 
concentration in aqueous solution and isotopic 
compositions are provided by Smedley and Kinniburgh 
(2017). There is potential Mo fractionation during 
adsorption on the surface of clay minerals during 
transport in water in oxic environments (Kendall 2017), 
but given that most Mo is dissolved in solution, 
adsorption to particles if of minor importance. 

Thiomolybdate adsorption, typically on 
ferromanganese, at the bottom of the ocean can 
produce one of the largest isotopic fractionation range 
observed in Mo, with preferential adsorption of the 
lighter isotopes absorbed yielding an isotopically 
enriched signature (McManus et al. 2002; Hoefs 2009). 
In oxidized surface waters similar fractionation has 
been observed with the adsorption of molybdate 
(MoO42-) on to Fe oxides and oxyhydroxides (Kendall 
2017). Mine waters from the Antamina deposit (Peru) 
display variation in δ98Mo, from -0.55 to 0.61‰ for solid 
phase Mo minerals, to -0.06 to 2.07‰ downflow 
(Skierszkan et al. 2016), with the isotopic enrichment 
attributed to secondary adsorptive processes. Similar 
patterns have been observed in rivers and estuary 
waters (Archer and Vance 2008; Pearce et al. 2009; 
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Neubert et al. 2011; Rahaman et al. 2014; Wang et al. 
2015). An alternative control is proposed by Neubert et 
al. (2011); and Frascoli and Hudson-Edwards (2018) 
who propose the dissolution and complexing of sulfate 
to produce isotopically heavy Mo fractionations. 
Smedley and Kinniburgh (2017) provide a range of 
fraction for δ98MoSRM-3134 with mine ore ranging -0.6 to 
1.2‰ and mine drainage typically isotopically enriched 
ranging -0.2 to 2.2‰. Microbial effects on Mo 
fractionation have also been observed (Wasylenki et al. 
2008; Zerkle et al. 2011) in soils, producing up to 1‰ 
variation in δ98Mo, as well as fractionation during 
adsorption onto organic matter (Siebert et al. 2015). 
 

 
Figure 1. Conceptual model for trace and isotope geochemical 
footprint in groundwaters proximal and down-flow of mineral 
deposits.  
 
4 Conceptual model 
 
Physiochemical controls (pH, Eh, EC) govern 
hydrogeochemical solute speciation and transport, 
however we expect under acidic conditions a proximal 
anomaly of high concentration cations (Cd, Cu, Ni, and 
Zn). Under normal groundwater conditions in 
undisturbed deposits, Fe speciates as FeOH3 and 
precipitated (Figure 1). Distally the hydrogeochemical 
footprint is dominated by oxyanion forming elements 
(As, Mo, Se, Sb, SO4) and cations of low ionic potential 
(Sr, Cs). Isotopically we expect contrasting signatures. 
Proximal fractionation of Cu sulfides produces a heavier 
signature, as the bonds of lighter isotopes preferentially 
break and are carried further in solutions. Mo has no 
observable fractionation during sulfide dissolution, 
whereas transported Mo signatures should become 
increasingly heavier as preferential absorption of the 
lighter isotope takes place.  
 
5 Implications 

 
Layering hydrogeochemical and isotopic data allows for 
the definitive fingerprinting of mineralization in 
groundwater. Although expensive, non-traditional 
stable isotopic systems can de-risk covered exploration. 
We suggest collecting isotopic samples as standard 
and analyzing sub-sets of samples around anomalies to 
provide context and confidence in targeting. Therefore, 
we suggest trace element and isotope geochemistry of 
groundwaters should be a vital tool for explorers in 
covered terrains. 
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Abstract. The field tests of the SOLSA expert system at 
the bauxite mine (SODICAPEI-VICAT, South France, 15th 
to 30th September 2018) aimed to evaluate the workflow 
and individual instrumental parameters, mechanics of the 
drill rig, the core scanner (RGB, profilometer, VNIR-SWIR 
(final with XRF)), the benchtop system XRD-XRF, data 
architecture, data transfer, software and interaction with 
the (open-) databases. The focus was on iron oxy-
hydroxide and clay mineral rich lithologies, that is also 
present in Ni-laterite profiles. In total 65 m were drilled at 
two boreholes with a 90-100% core recovery on 52 m 
(80%). Core scanning recorded 40m/10h. The results on 
the undestroyed core surface are representative of the 
core. The XRD-XRF benchtop system is fast (5-7 
min/sample) for validating and quantifying analyses on 
the regions of interest, defined by the core scanner. It will 
be installed at the drill site for immediate environmental 
analyses. Data connection was successful from drill to 
core-scanner. The hyperspectral database is performant 
for the lithologies present at this bauxite deposits. The 
sample database is operational based on international 
standards. Data superposition and fusion, and GUIs are 
under development. (https://youtu.be/mUfS1b5xFZE). 
 
1 Introduction 
 
The SOLSA expert system is developed in the frame of 
the EU H2020 project 689868 (2/2016-1/2020 9,8 M€, 
www.solsa-mining.eu). X-ray detector developments are 
performed in the PAIRED-X (EIT-KIC) project 
(http://nanoair.dii.unitn.it:8080/paired-x/). The expert system 

is composed of: (1) a sonic drill rig and a wire-line-system (2) 
a core scanner (RGB camera, profilometer, X-Ray 
fluorescence-spectrometer (XRF), Visible-Near Infrared 
(VNIR) and Short-Wave Infrared (SWIR) hyperspectral 
cameras) and (3) a benchtop system (X-Ray Diffraction 
(XRD)-XRF-Raman spectroscopy). SOLSA develops and 
extends existing open databases.  Data from drill-rig and 
mineralogical and chemical data from the two sensor 
systems will be coupled to enhance the information at the 
exploration stage. The expert system will drill and analyze 
80 m sonic drilled core per day, define regions of interests 
for the mining companies in real time through dedicated 
software and interaction with special designed 
databases. The prototype is designed for nickel laterites 
(SLN Mines, in New Caledonia). The final goal is to speed 
up exploration and optimize processing. 

As bauxites have similar characteristics as Ni-laterites 
(grain size, material contrasts, clay mineralogy, iron-
(aluminum) oxy hydroxides), the tests were performed at 
a bauxite mine in France, allowing short travel times and 
rapid material implementation. SOLSA was tested under 
field conditions in the on-line-on-mine-real-time workflow 
with variable drill bits, monitoring while drilling, the split 
liner prototype, different types of core-catchers.  The 
different instruments of the core scanner and the XRD-
XRF system were evaluated. The data architecture, data 
transfer from drill to core scanner, the software and 
interaction with the databases was established. The 
focus was on the (swelling-) clay mineral-rich marls, 
which resemble lithologies within in nickel laterites.  
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2 Geological characteristics  
 
The bauxite deposit at Villeveyrac belongs to a 
synclinorium dipping SW. Bauxite is present to up to 800 
m depth. It is a Karst-type bauxite, reaching thicknesses 
of 2 and 8 m (Fig. 1). The Karst is composed of 
dolomitized limestone. Bauxite is overlain by multicolored 
marls with variable iron oxy hydroxide contents and 
carbonate concretions with sandstone intercalations and 
limestone reaching up 700 m thickness in the center of 
the basin.  

 
Figure 1. Schematic lithological profile at the bauxite deposit 
(Villeveyrac, France) (modified from Giroud et al. 2009). 
 
3 Field test preparation  
 
Drilling was done in collaboration with SODICAPEI-
VICAT. Physical and mechanical rock parameters known 
from previous drilling were used for drill tool choice and 
definition. For calibration of the individual instruments of 
the core scanner and the XRD-XRF benchtop instrument, 
major lithologies were sampled and analyzed by 
laboratory XRF and XRD, portable XRF and pIR prior to 
field tests. A hyperspectral mineralogical database was 
established for the major minerals (quartz, rutile, illite, 
kaolinite, calcite, dolomite, montmorillonite, hematite, 
goethite, diaspore, boehmite; Prudhomme 2017, 2018). 
The SOLSA core scanner was tested on previously drilled 
core samples at the Thermofisher R&D laboratory 
(Artenay, France) to recognize the textures and minerals 
during the SOLSA field tests. 
  
4 SOLSA Drill 
 
Drilling was performed on two bore holes at the eastern 
boarder of the lac d’Olivet (Fig. 2). Two boreholes at 
about 200 m distance were drilled at 30 m and 35 m 
depths. At the first locality, only variegated marls were 
sampled. At the second location, 1-3 m thick sandstone 
is intercalated in the marls. The marls contain variable 
contents of iron oxy hydroxides and carbonate micro 
concretions (Fig. 3). Drill fluids (water, polymer, air) were 
tested in variable proportions. Spherical and ballistic drill 
bits of different geometries were tested. Sonic wireline 
and conventional sonic drilling was used. The SOLSA 
split liner prototype was tested, but revealed not being 
adapted to the clay-rich materials. 
 

  
Figure 2. A. SOLSA Drill at the bauxite mine (SODICAPEI), B. 
variegated marls. 
 
At the two borehole locations, 80% of the core gave 90-
110 % core recovery. The clay-rich marls gave recovery 
rates of 101-110 %, related to the swelling clay mineral 
presence and interstitial water. This might be related to 
decompression and/or drill fluid addition. The drill core 
surface is covered by mud cakes (2-5 mm thick). 
 
5 SOLSA Core Scanner 

 
For the tests, The SOLSA core scanner was in a rented 
minivan to evaluate “in-field performance” at ~ 30 m 
distance from the SOLSA Drill (Fig. 4). The SOLSA 
software consists of data acquisition, data registration 
and data processing parts. In order to produce 
mineralogical maps, we implemented sparse unmixing 
techniques with the incorporation of spatial information 
using superpixel algorithms. The major mineralogy 
defined by laboratory studies and portable IR 
(Prudhomme, 2018), and by measurements performed 
by SOLSA core scanner at the Thermofisher R&D lab, 
could be confirmed under field conditions by the SOLSA 
core scanner (Fig. 5, 6). However, unlike the punctual 
analyses of the pIR, the core scanner and SOLSA 
software allows producing a mineralogical map of the 
undestroyed drill core surface.  
 

  
Figure 3. A. split liner showing bursting of rubber band, a result of 
swelling pressure due to clay minerals in marls, B. Calcite 
concretion-hosting marls. 
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Figure 4:  SOLSA core-scanner in a minivan (note that the XRF 
spectrometer was not mounted for security reasons). 
 

A composite drill core was recorded and a 
mineralogical map was produced based on the SOLSA 
software using SWIR hyperspectral data (Fig. 5). 
During the tests, 1 m of core was scanned in 15 minutes 
(40 m/10 h shift). Data interpretation was not yet in real 
time, as the data fusion software is still under 
development.  
 
6 SOLSA Benchtop combined XRD-XRF-

Raman spectroscopy 
 

The benchtop system is designed for analyzing the 
samples previously defined as regions of interests. For 
this SOLSA test, the EQUINOX XRD-XRF (Thermofisher) 
was used in a minivan. For this instrument, a special X -
ray detector is developed in the frame of the PAIRED-X 
projects (KIC-EIT). The Raman spectrometer was not yet 
added to the XRD-XRF at the time of the field tests. The 
software XRF-XRD data interpretation has been 
developed on the basis of the MAUD open software for 
testing XRD-XRF combined analysis and calibration of 
clay structure. Software for Raman data acquisition and 
automatic analysis is being developed and integrated into 
the combined XRD-XRF software to make an ultimate 
software for combined XRD-XRF and Raman 
spectroscopy for SOLSA benchtop system. While the 
core scanner analyses drill core surfaces with a limited 
accuracy due to the selected instrumental configuration 
to achieve fast scanning, the combined XRD-XRF 
analyses will be performed on sample powders. After 
crushing and sieving, the < 200 µm fraction is milled in a 
micronizer (Fig. 6). During the field tests, the sample 
preparation protocol was established to reach a 
homogenous sample powder of ~10 µm at ~ 3-5 min 
milling time. The micronizer, operating beside the core 
scanner during the field tests, generated vibrations which 
impacted the results of the core scanner. In total 18 
samples from drill cores, drill mud and stock piles were 
analyzed (5-7min/sample) giving satisfactory results for 
the mineralogy. Comparative analyses of the material 
from the inner core part and outer mud cake gave 
identical results for the mineralogy. The core scanner 
analyses are thus reliable. Figure 7 shows 3 examples of 
bauxites (red-white and an Fe oxyhydroxide-rich pisolite), 
analyzed by the XRD-XRF system. 
 

 
 

 
Figure 5. Artificial composite drill core of the major facies of the 
bauxite mine, showing the major mineralogy mapped by SOLSA 
software using SWIR hyperspectral data. Marls is sonic drilled. 
 

  
Figure 6. Micronizer, Retsch (BRGM) for fast milling of homogenous 
powders from the region of interest, drill muds & dusts. 
 
7 SOLSA databases 
 
To provide on-line accessibility to the confidential 
generated data and to all open data, 4 SOLSA databases 
have been built: (1) The Raman Open Database (ROD) 
to store Raman spectra of pure mineral phases. (2) The 
Spectral Open Database (SOD), to store separate 
spectra (extracted from hyperspectral image) of pure 
mineral phases. (3) The Hyperspectral Open Database 
(HOD) to store hyperspectral images, which are 2D 
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images (each pixel is a spectrum). (4) The Open Sample 
Database (OSD) relies on international standards 
(ISO14688-1/14689:2017). This architecture is 
operational for entering petrographical and mineralogical 
descriptions, for its use by mining companies. All SOLSA 
samples have a unique persistent identifier. The SOLSA 
sample database is implemented as a RESTful layer on 
top of a standard SQL database (currently, a MySQL 
back-end is used); the RESTful layer, implemented as a 
set of Perl CGI scripts, provides access to the data over 
the HTTPS protocol. 

 
Figure 7. A. Diffractograms of red (light blue) and white (dark blue) 
bauxite and pisolite (red). B. XRF spectra of the same sample. 

 
8 Discussion and Conclusions 
 
During these real mine conditions, many parameters 
were tested on the expert system. Two weeks were too 
short to obtain sufficient data for statistical validation. For 
drilling, more precise geotechnical data are needed. A 
systematical drilling with small spatial off-sets is required. 
A spare wire line system should be available in the field 
to ensure continuous core flow. The split liner burst at 
high amounts of clay minerals and the presence of water. 
It thus cannot be used in wet marls. While swelling clay 
minerals were detected (Fig. 6), kaolinite and illite 
(Prudhomme, 2018), were not found by SWIR. Swelling 
clay minerals, but also interstitial water may have induced 
the increase of ~10 vol.% expansion. Phase 
quantification by coupled XRF-XRD-Raman is thus 
important. During the field tests, the core scanner 
reached ~ 40 m/10h shift (50 % of the target: 70-80m/10h 
shift drill+scan). During the field tests, data superposition 
and data fusion software were adapted. The minivan 
used for the tests was a rented car, temporary equipped 
for the field tests. The definite SOLSA minivan will be 
equipped with anti-vibration technologies to avoid the 
effect of the drill rig and micronizer, and to achieve 
reliable data superposition and fusion from the individual 
instruments. It was decided to install the benchtop XRF-
XRD-(±Raman) in the minivan, as useful environmental 

data can be acquired simultaneously to drilling (e.g. drill 
mud, atmospheric dust). For OSD database, entry tests 
are ongoing to optimize interactivity and interconnectivity 
with the Crystallographic (COD), Hyperspectral (HOD) 
and Raman (ROD) Open databases (Grazulis et al. 2009, 
2018; Bui et al. 2018; El Mendili et al. in press). Graphical 
user interfaces (GUI) are under development to facilitate 
operator’s work. The final system will have CLOUD data 
and interacting software to reach almost real-time 
decision making. The overall workflow was tested in the 
field and for the first time, the data transfer from SOLSA 
drill to the core scanner operated via a RFTID system on 
split liners. The data transfer was already performed to 
the core scanner system. Drill specific data which will 
allow conclusions on physical and mechanical 
parameters of the rocks will be available in future. Our 
results are evaluated and the next drilling test is 
scheduled for the beginning of April 2019 for 2 weeks at 
the bauxite mine. This time we will focus on the interface 
between marls and bauxite. The SOLSA test is on 
schedule and will be performed in October-November 
2019 at the SLN Nickel mine in New Caledonia 
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Abstract. Micro-focus X-ray computed tomography 
(μXCT) is a powerful, non-destructive technique able to 
produce thousands of virtual cut-through sections in a 
matter of minutes, closely representing data obtained 
through conventional, time-consuming and volumetrically 
limiting petrographic and SEM-based methods. μXCT as 
an exploration tool is currently under-utilised, partially due 
to the method having yet to find any adequate application 
in the mining industry. In this study, mineral identification 
through μXCT was accomplished by reconstructing grey-
value attenuation coefficients into 2D grey-scale sections. 
By optimising the grey-value ranges for mineral 
identification, it was possible to fine-tune the software to 
pick up gold particles that were otherwise being 
misinterpreted as pyrite. Results from this study show 
that gold particles were easily identified even at a 
relatively “low” scanning resolution of 25 μm as gold 
particles occurs as > 50 μm (up to 1.5 mm in some 
cases). Challenges encountered during this study were 
related to resolution limitations, including what is termed 
the partial volume effect. This resulted in some fine-
grained gold particles (< 25 μm) not being picked up 
during post-reconstruction analyses. 
 
1 Introduction 
 
X-ray computed tomography is a well-established and 
highly utilised technique in the medical industry due to its 
non-destructive nature (Sun et al. 2012) However, 
literature detailing the use and applicability of μXCT in the 
mineral exploration industry is relatively sparse. 

The application of μXCT as a method in geosciences 
has been well established by researchers since the early 
2000’s (Carlson et al. 2000; Ketcham and Carlson 2001; 
Desrues et al. 2006). In more recent years, studies using 
the μXCT methodologies on specific ore-assemblages 
have been conducted, including iron ores (Bam et al. 
2019) and nickel-sulphide ores (Becker et al. 2016). One 
in-depth study detailing the use of μXCT as an 
investigative method on gold mineralisation has been 
conducted (Dominy et al. 2011). Overall the use of μXCT 
as an exploration tool has still yet to gain traction in the 
mining industry. The aim of this research is therefore to 
understand how applicable such a technique can be in 
order to better understand gold deportment, textural 

characteristics, mineral associations and assemblages – 
which can contribute to the overall understanding of the 
ore-deposit at an exploration level. Ultimately, the goal is 
to highlight the benefits of using this non-destructive, 
time-efficient approach over more typical, destructive 
investigative methods such as optical microscopy (OM) 
and scanning electron microscope (SEM) petrographic 
analyses. 

Samples have been sourced from the Gbongogo 
Prospect, an intrusive-hosted hydrothermal gold deposit, 
located in northern Côte d’Ivoire, West Africa (Fig. 1). 

 

Figure 1. Regional geological map of the West African Craton 
showing the general deposit location in relation to known gold 
deposits with resources >1 Moz (modified after Milesi et al. 2004). 
 
2 Micro-focus X-ray computed tomography 
 
X-ray computed tomography is a non-destructive 3D 
characterisation technique allowing the visualisation of 
internal features such as mineralogy, micro-structures 
and morphology of solid samples and provides digital 
information on their 3D geometries (Nwaila 2014). This 
form of information is otherwise unobtainable using the 
more traditional OM and SEM-based techniques, which 
can only provide 2D visualisations and which require 
sample destruction when making thin-sections and 
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polished ore-mounts prior to analysis. 
μXCT records the linear X-ray attenuation coefficients 

of different minerals as the X-ray beam passes through 
the sample (Nwaila 2014). These attenuation values are 
primarily determined by the density and atomic numbers 
of substances through which the X-rays pass (Ketcham 
and Carlson 2001). A flat-panel detector is then used to 
record the attenuation values of the various minerals in 
an X-Y-Z coordinate system. 

 
3 Samples and methods  
 
3.1 Core-logging and sample selection 
 
Core-logging was conducted over 3 weeks, and six 
quartered, HQ-sized (3–4 cm-diameter) diamond drill-
core samples were selected from mineralised zones that 
contained appreciable gold-grades, as well as 
representative gold-grade variations as determined by 
fire-assay analyses. These six samples consisted of low-
grade (1.3 g/t) to very-high grade (81 g/t) samples in order 
to get an accurate representation of the various 
mineralisation styles present in this deposit. 
 
3.2 μXCT sample scanning and setup  
 
Samples were scanned using a Nikon XTH 225L 
microfocus X-ray computed tomography instrument, 
located at the MIXRAD (Micro-Focus X-ray Radiography 
and Tomography) laboratory at the South African Nuclear 
Energy Corporation (Necsa). Scanning parameters were 
set to 130 keV and 63 μA in order to optimise X-ray 
penetration through the samples for better image quality.  

The diamond drill-core samples, with a height of ~25 
cm, were securely mounted in a polystyrene mould in 
order to avoid any movement during the scanning 
process. Each core sample (10–30 cm) was segmented 
into 3 cm intervals in order to optimise the resolution (25 
μm) of the scans. Automated scanning was used for each 
3 cm interval in order to fast-track the scanning process, 
thus increasing the number of samples being scanned in 
a single day. This also allowed the scanning to continue 
over night without the involvement of an instrument 
scientist, resulting in a total of 66 scans being conducted 
within a four-day period. However, the actual scanning 
time was 36.3 hours. 

The securely mounted specimens were placed on a 
rotating stage that allowed the samples to be scanned in 
360°. One thousand projection images were then 
obtained in a 360° rotation process for each scan with a 
2-sec exposure time for each image, creating ~2000 
sectional 2D slices at a thickness of 25 μm. The resulting 
scans were then reconstructed using a Nikon CTPro 
software, and further analysed using VGStudio Max V2.2 
(Volume Graphics, Heidelberg, Germany). 
 
4 Results 
 
4.1 Drill-core mineralogy and petrography 
 
Drill-core logging highlighted that gold-mineralisation 

occurs in association with a distinct generation of quartz-
tourmaline veining, which commonly have an albite-rich, 
pinkish-coloured hydrothermal alteration zone (Fig. 2). 
Quartz-tourmaline veins cross-cut the tonalitic host rock 
(Fig. 2. c, d), and gold has been observed occurring as 
inclusions within pyrite, or else as free-gold particles, 
within the host veins and alteration zone (Fig. 2. a, b). 
 

Figure 2. Example of the quartered core analysed in this study, 
showing the G1 quartz vein (highlighted in dashed-white lines), the 
G2 quartz-tourmaline vein (black) and the associated, asymmetric 
alteration zone (pink). a, b. Reflected-light photomicrographs of the 
gold occurrence and association with pyrite (Microsearch 2016). c. 
PPL photomicrograph of the tonalite (quartz-plagioclase) host-rock. 
d. XPL photomicrograph of the tonalite host-rock. 
 
4.2 Grey-value mineral discrimination and 2D 

image reconstruction 
 
Grey-values are assigned to minerals by the attenuation 
responses received during the scanning process, 
allowing the reconstruction software to convert these 
values into visible grey-scales. Once reconstructed, by 
manipulating the brightness and contrast of the grey-
scale images, it is possible to distinguish the 
mineralogical variations (Fig. 3. a). The host silicates 
(tourmaline, quartz and plagioclase), show the darkest 
grey-values, and the brighter the grey-value becomes, 
the higher the density is of that material, where gold 
(19.32 g/cm3) appears bright white in comparison to light-
grey pyrite (5.01 g/cm3) (Fig. 3. a). Once grey-value 
ranges have been uniquely defined per sample for the 
various minerals, it is possible to isolate these ranges and 
assign false-colour signatures to each of the minerals 
(Fig. 3. b). During reconstruction of these scans, multiple 
coarse gold particles were identified, approximately 20–
30 per scan (~0.1–0.3 mm in length), including numerous 
very coarse particles around 0.6 x 0.1 mm in size, and a 
few up to 2.0 x 1.0 mm in size. 
 
 
 



1296 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 3 

Figure 3. a. Reconstructed grey-scale 2D slice showing the various 
minerals able to be distinguished at 25 μm resolution. b. False-
colour maps produced from the reconstructed grey-scale slice, once 
grey-value ranges had been determined for each mineral of interest. 
 
Grey-values used to create 2D grey-scale images are not 
unique per mineral (although the ratios between the 
various minerals are), and therefore each scan needed to 
be calibrated to a benchmark sample in order to create a 
uniform grey-value range (per mineral) for all samples. By 
creating a histogram of the grey-values vs counts 
throughout the entire sample, it is possible to determine 
whether the calibrated grey-value ranges correspond 
between various sample sets (Fig. 4). In the case of the 
two test samples (A4 and A6), the calibration was 
successful as the error-range fell between 1–3% of each 
other. The variation in peak counts for pyrite (yellow) is 
due to pyrite particles being finer-grained in A6 than in 
A4, which increased grey-value “blending” with the lower 
grey-value signature of the surrounding silicates (blue). 
 

Figure 4. Histogram showing the grey-value vs counts for samples 
A4 and A6 following calibration of the two samples against a 
benchmark sample for the quartz-tourmaline host-rock (blue), pyrite 
(yellow) and gold (red). 
 
4.3 3D image reconstruction 
 
3D representations of the sample were created by 
stitching the 2000 serial 2D sections together, thereby 
creating a 3D volume (Fig. 5. a, b). As can be seen, the 
technique successfully managed to distinguish between 
the silicates (blue), pyrite (yellow) and gold (red). One 
useful aspect of reconstructing the data into 3D is that it 
allows one to conduct defect analyses on the particles of 
the various minerals (e.g. size, volume, morphology, 
voids), which in the case of the gold is useful to determine 
how much gold occurs in the overall sample volume, and 

where it is found preferentially occurring. The 3rd style of 
mineralisation identified occurs as gold veinlets cross-
cutting the pyrite (Fig. 5. Bottom). 

Figure 5. Reconstructed 3D volume representations of sample A6. 
Stripping the host quartz-tourmaline (blue) allows visualisation of the 
minerals of interest - pyrite (yellow) and gold (red). 
 
5 Discussion 
 
Preliminary results from this study confirm that the μXCT 
methodology applied to gold location and distribution has 
been successful, picking up a significant amount of gold 
particles and their various styles of mineralisation - even 
at 25 μm resolution. The resolution was set relatively 
“low” in order to be able to capture the entire width of the 
sample during scanning. 

These results highlight an alternative whole-sample 
analytical technique, emphasising the success of a 
method that is readily available to the industry, yet which 
is not being fully utilised. The aim was to prove that this 
technique can be a time-efficient means of gaining a 
volumetrically representative understanding and 
visualisation of the gold occurrence and distribution 
throughout the samples. An example attaining to the 
effectiveness that this study has managed to achieve at 
this preliminary stage can be demonstrated. A 
comprehensive, traditional OM study conducted by 
Microsearch in 2016, using 44 polished ore-mounts and 
10 thin-sections from ten mineralised zones of the same 
deposit, concluded that all gold particles are <0.000625 
mm2 (0.025 x 0.025 mm) in areal extent. In comparison, 
preliminary results from this study are showing that 
hundreds of the gold particles are falling within 0.02–0.06 
mm2 in areal extent, with two grains thus far reaching up 
to ± 2 mm2 (between 2–4 orders of magnitude larger than 
that of the OM study). This highlights a large discrepancy 
between the two analytical techniques, which could 
introduce complications during gold-extraction.  
Therefore, conducting a thorough μXCT study over a few 
representative samples can help improve any 
geometallurgical studies for optimised gold extraction. 

One of the major limiting factors currently in μXCT 
scanning is related to resolution limiting parameters. A 
number of factors may play a role in limiting the resolution 
of the images obtained, mostly related to the overall 
density of the samples (and the contrast between the 
minerals under investigation), the size of the samples 
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being scanned, and the degree of penetration achieved 
through the sample. In the case of the samples used in 
this study, the limiting factor on the resolution was sample 
size. The fact that the instrument is picking up this amount 
of gold already, suggests that a significant amount of gold 
should exist between the 1–25 μm range as well. Dominy 
et al. (2011) emphasised similar concerns, where it was 
discussed that any gold particles with dimensions smaller 
than that of the resolution used, will not be accounted for 
in any post-reconstruction analyses. 

The Partial Volume Effect is a common artefact 
encountered during the μXCT reconstruction stage, as 
the transition, or grey value cut-off, between a two-
component system with a resultant “blended” grey value 
(Bam et al. 2019). By incorrectly determining the blended 
percentages of two mineral grey-values, it is possible to 
“lose data”, and therefore the volume of the mineral under 
investigation, during analysis (Fig. 6). 

Figure 6. Comparison showing the effects that incorrectly assigning 
grey-value ranges has during analysis of the data in VGStudio. A 
factor of 10% is the difference between (b) and (d).  
 
6 Conclusion 
 
μXCT scanning has proven to be a successful analytical 
technique for the locating of gold particles within these 
core samples. Even at a relatively low resolution (25 μm), 
scanning was able to detect a significant amount of gold 
in each of the samples ranging from 1.3 g/t to 81 g/t. Over 
132 000 2D serial sections could be produced in less than 
four days which makes this method one of the most 
powerful available for whole-sample ore-distribution and 
defect analysis. This method in no-way discredits that of 
any SEM/petrographic methods. However, it provides an 
alternative, time-efficient and statistically more 
representative analytical approach which, when 
combined with the traditional methods, allows for a much 
more wholly-encompassing story to be understood.  

This study aims to showcase a technology that is 
currently available in the market today, without any major 
modifications, and determine the usefulness of this 
technique (including any inherent limitations) to the 
current exploration industry.  

Follow-up work is currently ongoing, which is testing 
the effect that increasing the resolution (and thus 

information able to be extracted) will have on the results 
obtained - thereby quantifying any under-and-over-
estimated/measured data at these lower resolution 
scanning phases. 
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Abstract. Increases in energy demands have compelled 
economic geology exploration into more arduous 
hydrocarbon targets (unconventional, deep or ultradeep) 
or mineral deposits (more remote locations, deep cover). 
These ever-increasing difficulties in exploration require 
the development of new advancements in the science 
and economics of exploration techniques. Here we 
describe the development of a method to process, 
separate and analyze a single sample aliquot for Re-Os 
and Pb isotopes, Pt, Pd, Ir and Ru, and trace elements 
on a variety of different geological material of economic 
interests. Obtaining geochronological and geochemical 
data from the same sample dissolution aliquot averts 
potential problems and complications inherent with the 
comparison of geochemical data through inhomogeneity 
caused by the variable effectiveness between 
dissolutions of different sample aliquots. Furthermore, the 
maximization of information that can be obtained from 
one sample aliquot lowers sample processing costs and 
time as well as affords the ability for this type of 
information to be determined from limited sample 
volumes (e.g. deep and ultra-deep petroleum systems, 
gold, mineral systems with low sulphide abundances, 
meteorite material). 
 
1 Introduction 
 
Instrument technologies and capabilities have provided 
the means to determine highly siderophile elements 
(HSEs) routinely since the invention of inductively 
coupled plasma mass spectrometry (ICP-MS) with great 
strides forward through determination by isotope dilution 
via ICP-MS at ppt levels (e.g. Pearson and Woodland, 
2000). Ever expanding and focusing advances in sample 
preparation and element species separation techniques 
further compliment the continued improvements in 
analytical capabilities of the instruments. HSEs (Re, Au, 
Ir, Os, Ru, Rh, Pt and Pd) are in low abundances within 
the silicate earth, primarily being sequestered within 
cores of planets and planetary bodies (Walker, 2016). 
Thus, HSEs have been recognized as important tracers 
for a breadth of terrestrial and extraterrestrial 
petrogenetic processes, as well as more economical 
uses such as petroleum and mineral system evolution 
and fingerprinting that can further complement more 
commonly used lithophile isotope systems (Ishikawa et 
al. 2014). 

The Re-Os system displays good affinities to organic 
matters because both elements are redox-sensitive and 
organophilic and more often enriched in related source 
rocks, tar sands, the crude oil itself and bitumen, 

providing a method of directly dating petroleum systems 
(Selby et al. 2007). The ability to directly date the 
formation, migration & entrapment of hydrocarbons within 
petroleum systems using the Re-Os system has limited 
many of the initial difficulties and uncertainties around 
ages from minerals of host rocks that can only provide 
indirect ages. However, one remaining difficulty is 
determining what petroleum system process the Re-Os 
isochron age is related to or if it is a regression line 
caused by mixing of hydrocarbons from multiple sources. 
The addition of other HSEs and trace element information 
to the Re-Os isotopic chronology can begin to untangle 
what that age truly represents by fingerprinting the oil-oil 
and oil-source rock correlations. 

Much as with utilizing the Re-Os chronometer to the 
petroleum system, the direct dating of mineralization can 
be accomplished as well. Direct dating of sulphides can 
constrain mineralization age, and when combined with 
the ages of other mineral phases within the system and/or 
the surrounding rock (e.g. volcanics within a volcanic-
hosted massive sulphide system) as well as potentially 
Pb isotope model ages and source information (e.g. 
Huston et al. 2014) 4D evolutionary models can begin to 
be constructed (Barrote et al. 2019). Furthermore, 
combining the age information with PGE and trace 
element patterns to finger different mineralization events 
can begin to enhanced exploration techniques for new, 
especially covered, mineral deposits. 

To further push the science of exploration, coupling a 
specific fingerprint for certain mineralization events or 
locations with the age of mineralization greatly expands 
the ability of exploration particularly to undercover or 
deep targets. Therefore, the intention of developing a 
workflow to obtain Re-Os and Pb isotopes, PGE 
concentrations and trace element analytical information 
from one sample aliquot is to better understanding trace 
elements and HSE patterns coupled with the age. This 
information can then potentially pioneer not just forensic 
provenance studies of sulphides and gold but also 
constrain the source of these of interest minerals in ore 
deposits (i.e. a crust or mantle source for gold 
mineralization; and/or seawater for seafloor sulfides). 
 
2 Methodology 
 
Still within the early stages of development, the objective 
is to further the methodology pioneered by Pearson and 
Woodland (2000) by creating a workflow that enables Re-
Os geochronology, Os isotopic ratios, PGE abundances 
and trace element patterns to be determined from one 
sample aliquot (Figure 1). The samples are initially 
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processed from a modified isotope dilution method via 
Carius tube digestion (or, potentially HPA). Once 
digested, the Os is extracted from the dissolved sample 
solution by the solvent extraction method to be analyzed 
by the negative thermal ionization mass spectrometry (N-
TIMS) at the John de Laeter Centre (JdLC) for Isotope 
Research at Curtin University. The aqua regia or 
chromium oxide solution is then evaporated and re-
dissolved in a set amount of the desired acid for anion 
exchange chromatography to separate the Re and PGEs 
from the sample matrix. However, before the column 
chemistry is conducted, an aliquot is removed (making 
note of the exact amount removed) and set aside for trace 
element analyses. Analyses of the remaining HSEs and 
trace elements are conducted using the high resolution 
ICPMS method, at the JdLC. 

 
Figure 1. Diagram displaying the workflow of obtaining with the 
optional addition of Pb isotopes for selected minerals. 
 
3 Prospective Applications 
 
The intention of this methodology is two-fold: 1) to couple 
direct dating geochronological data of petroleum or 
mineral systems with forensic fingerprinting of types and 
sources using PGEs and trace element patterns; and 2) 
to provide a more cost effective and minimal sample 
consumption methodology for exploration. 

The methodology has been implemented thus far to 
pyrites, gold, crude oil, and source rocks (mudstones – 
black shales) through two streams of digestion in Carius 
tubes, either reverse aqua regia (gold, crude oil, 
sulphides) or a chromium oxide – sulfuric acid solution 
(black shales, mudstones). These two-dissolution 
methods provide an effective attack of these materials for 
Re-Os and PGEs in a wide range of geological materials 
of economic interest without the need for HF (e.g. 
Ishikawa et al. 2014). 

 
3.1 Petroleum System Applications 
 
Re-Os isotope analyses of crude oil has been around for 
some time now, however, as discussed above, the exact 
meaning of the obtained Re-Os isochron age can still be 
difficult or even problematic to determine at times (e.g. 
Selby et al. 2007, Liu.et al. 2019). The results from 
utilizing the method on two petroleum systems thus far 
display a wide range of HSE concentration from one 
system to the next (mid-ppb to high ppt levels). These 
results corroborate previous studies that indicate the 

ability to use these differences of HSEs as an oil to source 
fingerprinting tool (Finlay et al. 2012). Trace element 
analyses are able to be robustly obtained from the 
completely dissolved asphaltene separates providing 
fingerprinting trace element patterns for the crude oil 
system that can then be compared to potential source 
rock trace element pattern information separately 
obtained untangling not only the significance of the 
isochron age but also providing insight into the evolution 
of the system as a whole when a multidisciplinary action 
is taken. 

 
3.2 Sulphide Mineralization Applications 

 
This method is currently being implemented on sulphides 
from ore deposits located in Western Australia that have 
already been used for separate Re-Os isotope and trace 
element studies (Barrote et al. 2019). This path is being 
chosen to compare the results from the workflow model 
presented here to the more traditional methods used for 
these types of analyses separately.  

Laser ablation-ICPMS trace element profiles and 
some in-situ HSE results of pyrites have been obtained 
from the same samples that were analyzed utilizing the 
presented workflow. These results as a first order 
investigation are being used to compare the trace 
element results from the in-situ method vs whole grain 
dissolution. Co/Ni ratios obtained using the sample 
digestion method are primarily greater than 1 (10 out of 
14 analyses) whereas in situ Co/Ni ratios are less than 
one (typically in the range of around .1). However, the 
Zn/Ni and Cu/Ni ratios from the two methods provided 
similar results (all ratios from both methods are less than 
1). Is this exclusively due to the digestion method 
attacking inclusion or black shale phases not fully 
removed or hidden within the picked grains or do the 
similarity of the Zn/Ni and Cu/Ni ratios suggest a 
heterogeneous distribution of the Co contents but a more 
homogeneous distribution of other elements such as Zn 
and Cu of these pyrites? As laser profiles were conducted 
along the pyrite grains the samples appear to be 
chemically constant when the average of the traverse is 
calculated. The Co rather is likely fractionated (due to the 
organic material, Moore et al. 2018) between the pyrite 
and another phase (in this instance the surrounding black 
shale) whereas the Zn and Cu are not. This would 
suggest that the whole grain dissolution method does 
indeed dissolve other phases then uniquely the pyrite and 
must be considered when interpreting such results. 

Furthermore, Re-Os isotopic analyses of pyrite from 
the same sample analyzed via the two sample processing 
methods are also being compared. This approach is 
being taken due to a lack of pyrite standard material for 
these systems, indicating that appropriate sulphide 
standards need to be developed and tested. 

 
3.3 Gold Exploration Applications 
 
Pushing the method into new exploration frontiers, pilot 
project work has been conducted on utilizing this method 
with native gold. The objective is to obtain a gold trace 
element and PGE “fingerprinting” as a means for forensic 
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provenance applications and source understanding. 
Thus far published data on the Re-content of native gold 
is rare, with most studies using associated sulphides or 
molybdenites to infer gold mineralization. This common 
association of gold with sulphides, indicates that Re-Os 
isochron geochronology coupling native gold and another 
ore sulphide may be feasible.  

The preliminary Re-Os work utilizing this method on 
native gold obtained from Paulsens gold deposit in the 
southern Pilbara Craton (Fielding et al, 2017) display 
measurable Re values of ~ 4 ppb and Os concentrations 
of ~3 ppt indicating that Re-Os geochronology is plausible 
with more analyses.  

Trace element analyses (for proof of measurability) 
exhibit the ability to measure a large range of trace 
elements (REEs plus 26 other elements) in gold, that 
were below detection limits from other in situ methods 
(e.g. of 55 trace elements measured via LA-ICPMS of the 
Paulsens gold only the Ag, Hg, and Cu copper are 
consistently above detection limit, Hancock and Thorne, 
2016). Although these initial proof of concept 
measurements need to be repeated for concentration 
information, the results display reproducible and distinct 
patterns when comparing the chondrite normalized REE 
patterns to other native gold deposits (Figure 2). 

 

 
Figure 2. Preliminary REE pattern (normalized to chondrite) of 
native gold from Paulsen deposit as compared with native gold and 
host rock assemblages from gold-polysulphide-quartz, low-sulphide 
gold-quartz, and gold-silver deposit types (Nekrasova at al., 2010). 
 

These first attempts at measuring the PGE contents of 
native gold presented promising results for the plausibility 
of analytical success as well as some challenges still to 
be addressed. Due to the high Hg content of the Paulsens 
gold (Hancock and Thorne, 2016) there is a significant 
interference on the 196Pt isotope during analyses. To 
solve this problem, two methods will be tested: 1) remove 
the Hg content during chromatography and/or 2) 
measuring and reducing the raw analytical results via a 
different Pt isotope such as 195Pt. These preliminary tests 
thus far do not suggest any major interferences with the 
other PGEs measured, however more aliquots need to be 
analyzed to determine if these results are robust. 

This pilot study displays the ability to utilize the 
proposed workflow to obtain Re-Os geochronology, Os 
isotopic ratios, PGE abundances and trace element 
patterns of native gold. Even in these early stages of the 
project, the preliminary results display unique REE 

patterns of the Paulsens gold, measurable Re and Os 
isotopes, as well as the potential (albeit needing 
considerable work still) to develop the PGE analytical 
method of native gold. Fine tuning this method will 
provide the ability to fingerprint specific gold deposits 
potentially with the addition of direct dating, even 
distinguishing between different mineralization events 
within the same locality (the Paulsens gold deposit, for 
instance, is thought to include multiple gold mineralization 
events, Hancock and Thorne 2016). 

 
4 Continued Work and Advancements  
 
Although these studies have in many cases resulted in 
geologically meaningful results aiding in the 
understanding of the petroleum or mineral system of 
interest (e.g. Liu et al. 2019), challenges, continued 
advancements and improvements can still be 
endeavored. Complete dissolution of the gold, crude oils, 
and sulphides occurs using aqua regia; the chromium 
oxide-sulfuric acid digestion technique primarily targets 
organic material within the black shales and mudstones 
therefore samples do not obtain complete digestion. The 
chromium oxide-sulfuric acid solution digestion technique 
has been shown to be sufficient in dissolving the relevant 
phases for obtaining representative Re-Os isotopes and 
PGE concentration information via isotope dilution yet the 
inability for silicate phases to be digested without the use 
of HF results in incomplete trace element information. 
Analysis of the Green River Shale reference material 
(SGR-1) revealed agreement with certified results for the 
light rare earth elements (REEs) however, displayed that 
the heavy REEs are sequestered within silicate phases that 
did not digest with the applied method (Sholkovitz 1990). 
The method is evolving to accommodate silicate 
dissolution with HF and that comparison between the 
effect of each dissolution phase has on the sample will be 
assessed fully. 

Trace element determination can be obtained as a fast 
and cheap, almost byproduct, of the dissolution process. 
Although these fast results may not provide the highest 
precision concentration information, the trace element 
patterns can be geologically meaningful and important for 
exploration then comparing absolute concentrations, 
which are highly dependent on the method of analysis. A 
more precise trace element determination can be 
obtained within this method by the implementation of a 
series of isotope dilutions of REEs or desired trace 
elements on an as need-basis. 

Many types of sulphides contain an appreciable 
amount of Pb (pyrites typically have on the order of 200-
500 ppm Pb). Pb isotopes analyses of various sulfides 
are routinely used to determine model ages of 
mineralization (e.g. Huston et al. 2014, Hollis et al. 2017) 
or even used for Pb isotope mapping to reveal 
perspective locations for mineralization (e.g. Huston et al. 
2019). Preliminary test demonstrates that after 
dissolution, another aliquot can be removed from the 
aqua regia solution and set aside for Pb isotope analytical 
sample preparation (Figure 2). From this aliquot, the 
sample is then processed through an anion exchange 
chromatography procedure and the Pb isotope analyses 
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are conducted using the Pb double-spike method after 
Taylor et al. (2015). Barrote et al. (2019) has investigated 
the Pb isotopes in pyrites compared with galenas from 
the same deposit and sample set that this workflow has 
already been tested (Section 3.2). Utilizing those results 
further work is underway to test if this modification the Re-
Os isotope, PGEs, and trace element of method 
discussed can be successfully be applied first to 
sulphides and potentially expanded to other mineral 
systems such as gold. 

 
5 Conclusions 
 
These case studies presented above utilizing differing 
geological materials of economic interest display this 
methodology as a viable tool for not just obtaining 
complimentary geochronological and geochemical data 
for mineral and petroleum systems as a viable exploration 
tools; but also displays the ability to maximize geoscience 
data providing a cost-effective low sample consumption 
mineral or petroleum system fingerprinting and 
exploration workflow. Moreover, this method allows the 
opportunity and ability to augment or advance into further 
isotopic systems ever expanding the ability to provide 
cost-effective analyses to encourage informed 
exploration decisions. 
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Abstract. The development of reliable geochemical 
indicators to guide the search for Ni-Cu-(PGE) sulfide 
ores associated with komatiites, komatiitic basalts and 
picrites has been a long-standing goal. Here we discuss 
the latest findings of a long-term study that tests the 
usefulness of laser ablation (LA) ICP-MS trace element 
analysis of minerals in the exploration for magmatic 
sulfide deposits.  

We show that the Ru contents of chromite and the Cu 
contents of olivine empirically correspond to the sulfur-
saturation state of a mafic-ultramafic host rock during 
chromite and/or olivine crystallization. Sulfide-
mineralized systems are characterized by distinct Ru and 
Cu depletions relative to sulfur-undersaturated systems. 
The lower Ru and Cu contents of chromite and olivine, 
respectively, reflect the chalcophile behavior of these 
elements during sulfide segregation.  

Our compiled data indicate that LA-ICP-MS analysis of 
chromite and olivine allows to predict if a system has 
reached sulfur saturation, and therefore is prospective to 
host magmatic sulfide ore, with an accuracy of >90%. 
These findings highlight the importance of mineral 
chemistry for future exploration strategies, including (1) 
drill core studies to develop vectors towards ore zones, 
and (2) stream sediment and (3) laterite/soil sampling to 
develop chromite-Ru and olivine-Cu heat maps to guide 
greenfield exploration. 

 
1 Introduction 
 
Over the past decades, geochemical exploration for 
magmatic sulfide deposits was often focused on the 
identification of chalcophile element variation patterns in 
bulk-rock samples to predict if a system reached sulfur 
saturation and therefore is prospective as a host for 

magmatic sulfide mineralization (Le Vaillant et al. 2016 
and references therein). However, primary ore-forming 
bulk-rock signatures are readily overprinted by post-
magmatic processes such as metamorphism, alteration 
and weathering. As a consequence, a reliable 
identification of primary ore-forming signatures in bulk-
rock data sets may not be possible, which limits the 
usefulness of such an approach (Fig. 1). 
 

 
Figure 1. Bulk-rock Cr-Ru variation in komatiites from the Eastern 
Goldfields Superterrane (Yilgarn Craton, Australia). Overlapping 
analyses of mineralized and unmineralized komatiites complicate 
use of bulk-rock signatures in exploration targeting. Modified from 
Locmelis et al. (2011). 
 

Many of the uncertainties that are associated with the 
interpretation of bulk rock signatures can be eliminated 
via the in-situ analysis of primary minerals that were not 
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significantly affected by postmagmatic processes. Here 
we discuss the latest findings of a long-term study that 
tests the usefulness of LA-ICP-MS analysis of minerals in 
the exploration for magmatic sulfide deposits hosted by 
komatiites, komatiitic basalts and picrites. 

 
2 Samples 
 
Our database comprises a globally representative suite 
of sulfur-undersaturated and sulfide-mineralized 
komatiites, komatiitic basalts and picrites.  Komatiite 
samples were taken from the Eastern Goldfields 
Superterrane (Yilgarn craton, Australia), the Belingwe 
greenstone belt (Zimbabwe craton, Zimbabwe), the 
Abitibi greenstone belt (Superior craton, Canada), and 
the Central Lapland greenstone belt (Fennoscandian 
Shield, Finland). Komatiitic basalts samples were taken 
from the Gerry Well greenstone belt (Eastern Goldfields 
Superterrane, Yilgarn craton, Australia). Ferropicrites 
were sampled from the Pechenga greenstone belt 
(Fennoscandian Shield, Russia). It is noted that the 
komatiite samples from Alexo (Abitibi greenstone belt, 
Canada) and Tony’s Flow (Belingwe greenstone belt, 
Zimbabwe) were taken from komatiites that were sulfur-
undersaturated upon emplacement; all other localities are 
summarized by Locmelis et al. (2018). 
 
3 Methods  
 
The major and minor element composition of chromite 
was determined using a Cameca SX-100 microprobe at 
Macquarie University, Australia. The trace element 
chemistry of chromite was determined using a Photon 
Machines Excite Excimer laser ablation system 
connected to an Agilent 7700cx ICP-MS at Macquarie 
University (cf. Locmelis et al. 2018).  
The major and minor element composition of olivine was 
determined using a JEOL JXA-8900R electron probe 
microanalyzer at the University of Maryland. The trace 
element chemistry of olivine was determined using a 
Photon Machines Analyte G2 ArF Excimer laser ablation 

system coupled to a Nu Instruments AttoM high 
resolution ICP-MS in the Planetary Environments 
Laboratory at NASA Goddard Space Flight Center.  

 
4 Results and Discussion 

 
4.1 Ruthenium in chromite from komatiites, 

komatiitic basalts and picrites 
 
A recent study by Locmelis et al. (2018) investigated the 
fractionation behavior of Ru in chromite-saturated, high-
Mg melts by analyzing the Ru contents of chromites from 
a global sample set of sulfur-undersaturated and sulfide-
mineralized komatiites, komatiitic basalts, and 
ferropicrites by laser ablation ICP-MS. The data show 
that chromites from sulfur-undersaturated magmas 
generally contain between ~150 and 600 ppb Ru, 
whereas chromites that crystallized from sulfide-bearing 
magmas mostly contain less than ~150 ppb Ru. The Ru 
contents are independent of elements that typically 
document a modification of chromite, suggesting that the 
determined Ru concentrations are primary magmatic 
signatures that reflect the competition for Ru between 
chromite and segregating sulfides (if present). 
 
4.2 Cu in olivine from komatiites 
 
New data presented for olivine from komatiites show that 
the trace element chemistry of olivine is largely 
independent of the sulfur saturation state of the system 
during olivine crystallization (Fig. 3). One exception to this 
generalization are the Cu abundances: olivine from 
komatiite units that host significant sulfide mineralization 
(i.e., Betheno, The Horn and Perseverance) have overall 
lower Cu concentrations (< 1 ppm Cu) than olivines from 
sulfide-poor systems (> 1 ppm Cu), although it is noted 
there is some overlap between olivine from Betheno and 
Murphy Well (Fig. 4).  

These findings are notably similar to the bimodal Ru 
variation in chromite shown in Fig. 2 and are interpreted 
to reflect the competition for Cu between sulfides and 
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olivine upon sulfide segregation. In the presence of 
sulfides, Cu will preferentially partition into sulfides with 
sulfide-melt partition coefficients of ~1500 (Peach et al. 
1990). In the absence of sulfides, Cu can partition more 
freely partition into olivine, albeit with low olivine-melt 
partition coefficients of <0.15 (Le Roux et al. 2015). 
Therefore, even small amounts of sulfides in the system 
will strongly affect the Cu contents of olivine, providing a 
distinct proxy for the presence or absence of sulfides in 
the system.  

 
Figure 3. Average Bulk Silicate Earth normalized concentrations of 
trace elements in komatiitic olivine. Bulk Silicate Earth values are 
from McDonough & Sun (1995). 

 
Although the Cu contents of olivine show promise as 

an exploration tool complementary to Ru in chromite, it is 
noted that the mineralized samples included here are 
from large dunite bodies, whereas the non-mineralized 
samples are from much thinner komatiite flows. 
Therefore, it remains to be further tested if the bimodal 
Cu variation in olivine primarily reflects sulfide-saturation, 
or if it is also controlled by other factors, such as the 
silicate magma to sulfide melt ratio (i. e., the R-factor; 
Campbell and Naldrett 1979), kinetic effects during 
magma emplacement and sub-solidus re-equilibration. 
To further develop Cu in olivine as a pathfinder for 
magmatic sulfide deposits, future studies will include 
olivine from thin mineralized flows as well as large 
unmineralized dunite bodies. 
 
4.3 Implications for exploration targeting 
 
Our data show that low Ru contents (< 150 ppb Ru) in 
chromites from komatiites, komatiitic basalts and picrites 
are indicative of systems that were sulfur-saturated 
during (or prior to) chromite crystallization. A similar 
observation is made for olivine from komatiites, i.e., low 
Cu contents (< 1 ppm) in komatiitic olivine are indicative 
of sulfur saturated systems. Because the Ru and Cu 
contents of chromite and olivine, respectively, (i) can be 
used to constrain the sulfur evolution of a mafic-ultramafic 
system, (ii) are readily determined via cost-effective LA-
ICP-MS, and (iii) the results are easier to interpret than 
bulk-rock signatures (cf. Figs. 1 and 2), we argue that LA-
ICP-MS analysis of chromite and olivine is a useful 
exploration tool. 

 
Figure 4. Average Bulk Silicate Earth normalized concentrations of 
trace elements in komatiitic olivine. Bulk Silicate Earth values are 
from McDonough and Sun (1995). 
 

The identification of two independent mineral-based 
proxies that can be potentially be used complementary to 
one another to predict if a system reached sulfur 
saturation (and therefore can host magmatic sulfide 
mineralization) is important because it allows to extent 
research to rocks where (i) only chromite or olivine exist, 
and/or (ii) one mineral is too small or too altered to be 
analyzed via LA-ICP-MS. As an example, sulfide 
mineralization at Perseverance is hosted by a komatiitic 
dunite without chromite. However, distinctly low Cu 
contents in olivine provide an alternative indicator for the 
presence of magmatic sulfides in the Perseverance 
komatiite (Fig. 4). Similarly, many mafic-ultramafic rocks 
are heavily altered and display advanced replacement of 
olivine by secondary minerals. Chromite, however, is 
more resistant to destructive alteration and therefore 
often exists in samples where olivine has been 
completely replaced. Chromite is also a widespread 
component of detrital heavy mineral samples and often 
preserved even in heavily altered terrains and/or 
weathered (lateritic) profiles. 

The combination of Ru-chromite and Cu-olivine 
signatures in mafic-ultramafic systems serves as 
promising prospecting method to be added to the existing 
exploration toolbox. Three areas of future research are 
suggested:  

(1) Analysis of olivine and chromite from drill cores that 
intersect mineralization to test the hypothesis that 
systematic Ru and Cu depletion signatures provide a 
vector toward mineralized units.  

(2) Systematic analysis of Ru in chromite from stream 
sediments to develop Ru-depletion heat maps that may 
help identify undiscovered deposits in the catchment 
area.  

(3) Studies of Ru-chromite signatures in weathered 
profiles and/or reworked clays, thus allowing for surface 
prospecting in tropical regions (Perez et al. 2018). 
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Abstract. In an era of industry-funded research, there is 
an imperative that research yields outcomes that can be 
applied directly, at the expense of improving fundamental 
understanding. Reality often proves more complex than 
our simplistic experiments anticipated. A summary of 
common experimental behaviour might be framed thus: 
 

1. observe something of possible use 
2. collect limited orientation samples 
3. become enthused by early results 
4. roll out the tool to genuine unknowns 
5. generate abundant data with ambiguous results 
6. analyse using a machine learning algorithm 

hoping for a miracle 
 
This paper documents some of our recent trials and 

errors, mostly through application of SEM-based Tescan 
Integrated Mineral Analyser (TIMA) quantitative 
mineralogy and rock mapping, and attempts to apply 
mineral chemistry and chronology analysis to detrital 
sediment samples. We’ve learned that to improve our 
new tools we must: 

 
a. expand or customise our characterisation of 

natural background 
b. observe mineral appearance, assemblage and 

morphology before microanalysis 
c. accept that detailed observation may demand 

revisions to existing models of hydrothermal 
mineral stabilities, and hence provoke more 
fundamental research 

d. accept that machine learning classifications tend 
to be successful only when trained against local 
or specifically relevant orientation data 

 
1 Introduction 
 
This paper records some of the content discussed as the 
keynote to a session entitled “New Techniques for Ore 

Discovery”. Through description of some recent attempts 
at applied technique development, it highlights some 
possible pitfalls, and one hopes, help future geoscientists 
design better applied research programs. 

Governments have recently pushed more of the cost 
of research onto the companies they see as the primary 
beneficiaries of such research. Among many effects of 
this change is a drive for research to translate more or 
less directly into industry applications (e.g. Ahmed et al. 
2019), as is the default position for research conducted 
internal to exploration companies. The net result is that 
as geologists we’re relying less on our eyes, and more on 
our data, while the data may not be fit for the prescribed 
purpose. Here we show examples that illustrate how 
some of our newer tools may fail in isolation; their 
successful application demands the combination of 
quantitative data with textural and mineral assemblage 
information in order to start to understand mineral 
systems. 
 
2 Understanding background 
 
2.1 Detrital monazite as a proxy for evaporite-

related alteration in sedimentary rocks 
 
Monazite has been described from several sediment-
hosted copper deposits and appears to be especially 
prolific in the Kabompo Dome area of NW Zambia (Halley 
et al 2016). On that basis monazite from several deposits 
was analysed and compiled with published data from 
many sources. The monazite from Zambian copper 
deposits and metamorphic rocks was used as a training 
set to derive a simple classification scheme for monazite. 
This approach seemed to offer the potential to distinguish 
hydrothermal monazite in sedimentary basins from 
metamorphic and magmatic monazite. 

An orientation study was executed in which panned 
concentrates were collected from active drainages across 
a swath of western Zambia. SEM-based quantitative 
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mineralogy was applied to these samples and monazite 
grains were analysed by electron microprobe. We 
observe that monazite is in fact relatively scarce in the 
vicinity of some of the Zambian sediment-hosted copper 
deposits, and is extremely abundant in the catchments 
draining the basal clastic strata that experienced strong 
alkali alteration. The composition of this ‘salt-related’ 
monazite is presently indistinguishable from the monazite 
in the copper deposits. A far more detailed understanding 
of the background will be required for this to become a 
useful exploration tool. 

In a fairly typical illustration of the tendency toward 
numeric, rather than visual data, the textural character of 
the monazite grains has not yet been investigated. 
 
3 Textural context 
 
3.1 Textures of detrital magnetite grains 
 
The most basic discrimination of magnetite chemistry is 
based on titanium content. In sediments draining the 
Cobre Panama porphyry district (section 5.1), a majority 
of grains analysed were found to have high Ti 
compositions unlikely to be hydrothermal in origin. 
Backscattered electron (BSE) images were used to 
classify the grains according to the abundance and width 
of exsolution laminae, and the abundance and shape of 
fractures and non-magnetite inclusions. Grains exhibiting 
wavy fracturing, dark patchy texture, and/or strong trellis 
exsolution were found to correspond to high-Ti 
compositions. 
 

 
Figure 1. Comparison of magnetite textures and Ti content among 
detrital magnetite grains from the Petaquilla area, Panamá. 
 

Thereafter, the analytical protocol was changed to 
include a morphological filter. That is, the grain texture is 

investigated under either petrologic microscope or BSE 
prior to analysis. Grains with trellis exsolution are not 
analysed further, which reduces the analysis cost. 
Simultaneously, the geologist conducting the 
petrography develops familiarity with the mineral 
inclusion assemblages, which allows an independent 
validation of the classifications based on chemistry. Thus 
the technique has been improved; made more accurate 
and cheaper, by combining petrography and 
microanalysis. 
 
3.2 Cathodoluminescent textures of detrital 

zircon grains 
 
Zircon is another mineral very simply collected in detrital 
samples. Improvements in laboratory access and 
efficiency or laser ablation analysis (LA), and associated 
reductions in cost have meant that geochronology and 
zircon trace element chemistry are more accessible than 
previously. Typically, zircon grains are separated, 
mounted and polished, and cathodoluminescence (CL) 
images are collected under scanning electron 
microscope (SEM) to reveal crystal growth zones, on the 
basis of which spots are chosen for LA analysis. 

Initially, the zircon chronology and chemistry data was 
interpreted in a manner similar to Lu et al (2016), i.e. we 
plot the data for a given rock, or a given detrital 
chronologic population and interpret fertility. Although the 
laboratory provides the CL images along with the data, 
frequently the individual this imagery resides on a hard 
disk and no effort is made to combine the crystal shape 
nor zoning character with the age and chemistry data. 
Among zircons from two different porphyry deposits in the 
Andes, it was observed that the grains that coincided in 
time with emplacement of causative porphyritic intrusions 
could be distinguished by the presence of distinct broad, 
CL-bright rims. This character occurs in the syn-mineral 
zircons in a Miocene porphyry Au deposit and an Eocene 
porphyry Cu-Mo deposit. The same character is evident 
in zircon imagery from El Salvador, Chile (Lee et al 2017). 
It therefore seems possible that in the application of 
detrital zircon studies to exploration, mere description of 
the zircon crystal zonation may improve speed and 
reduce cost. One may also speculate that a thick, 
compositionally distinct rim may render these crystals 
distinctive even under a conventional binocular 
microscope. 
 
4 Mineral assemblages 
 
Mineralogy imaging based on SEM technology (e.g. 
TESCAN) permits superior quantitative mineralogy and 
compositional accuracy to conventional petrography, at 
the expense of some textural and optical information. 
 
4.1 Hypogene or supergene? 
 
The Taca Taca Bajo (TTB) porphyry Cu deposit (3.086 Gt 
@ 0.42% Cu) comprises a subhorizontal chalcocite-
bearing zone of copper enrichment located beneath a 
leached zone and above a domain of chalcopyrite 
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bearing mineralized rock associated with the lateral 
zonation from potassic to early phengitic alteration 
(Benavides 2018). Translucent yellow-green potassic 
alunite veins cut the chalcocite bearing assemblages. 
The combination of morphology, position and association 
with paragenetically late amorphous alunite has been 
considered as evidence that chalcocite (and hence the 
economic elevated copper grade) formed by supergene 
processes that upgraded primary chalcopyrite-bearing 
assemblages. 

TESCAN imagery was collected on a series of 
samples along a vertical drillhole through the chalcocite 
resource, initially to inform sampling for metallurgical 
testwork. We had predicted that chalcocite would be 
intimately associated with potassic alunite, and would 
mostly occur as rims on primary pyrite. Rather, chalcocite 
mostly occurs as monomineralic grains associated with 
an assemblage generally considered hypogene in origin; 
muscovite, kaolinite, pyrophyllite, natroalunite, and 
woodhouseite. 

The abundance of hydrothermal monazite in these 
samples correlates closely with that of the advanced 
argillic minerals, and is antithetic to the abundance of 
apatite. We interpret therefore that primary apatite was 
dissolved during the chalcocite-forming event and P 
reprecipitated as monazite. Benavides (2018) reported a 
LA-ICPMS monazite age from the deposit of 29.96 +/- 
0.96 Ma, within error of existing zircon U-Pb and 
muscovite 40Ar/39Ar geochronological results for Taca 
Taca Bajo (Gigola 2008). 

 

 
Figure 2. TESCAN image (CSIRO) and matching sample photos of 
a chalcocite-mineralised muscovite-altered granite from TTB 
showing primary natroalunite veins cut by veinlets of chalcocite-
pyrophyllite. 
 

TTB therefore poses a challenge to conventional 
models of porphyry mineralization; its morphology and 

position strongly support a critical role for supergene 
processes, whereas the quantitative mineralogy and 
geochronology demand that the chalcocite-bearing 
assemblage formed in a hypogene environment, within 
~1 m.y. of crystallization of the causative intrusion. The 
discrepancy provokes some questions for tools used in 
porphyry exploration: how much emphasis need we put 
on the uplift and exhumation considered critical to the 
supergene history? If we’re to apply mineral chemistry 
vectors in the manner of Wilkinson et al (2015) or Urib-
Mogollon and Maher (2018) is it relevant to use a 
calibration based on deposits without this hypogene 
advanced argillic assemblage? If we’re to consider the 
composition of resistate phases such as rutile, apatite, 
monazite, titanite as exploration media in detrital 
samples, how does the abundance and chemistry of 
these phases vary between porphyry systems with, and 
without such an acid hypogene assemblage? Our new 
tools are limited by our knowledge of the deposits for 
which we search. 
 
5 Automated classifications 
 
Sophisticated methods for classification of multivariate 
data have recently become much more accessible. 
These have found enthusiastic application among 
geologists and explorers (e.g. Kuhn et al 2018). 
 
5.1 Detrital magnetite as a proxy for porphyry Cu 
 
Magnetite from the hypogene alteration in porphyry 
deposits has some distinctive geochemical features 
(Nadoll et al 2015). Further, magnetite is an attractive 
sampling medium as it’s widespread, resistant, dense 
and easily collected. We therefore attempted to apply 
classification of magnetite chemistry to porphyry 
exploration via district-scale stream sediment sampling. 
Ideally, the characteristics of magnetite from the various 
porphyry-related hydrothermal environments would be 
distinctive, and recognisable hydrothermal grains would 
be sufficiently abundant to be identified further 
downstream than conventional fine-fraction geochemical 
anomalies of Cu, Au or other pathfinders. 

Ideally, the chemical character of magnetites would be 
consistent globally from hydrothermal environments 
constrained for T, P, pH and redox by their shared mineral 
assemblages. Several different supervised classification 
schemes were attempted, based on a global compilation 
of magnetite chemistry. Of these, the random forest 
classification yielded the best results, insofar as the 
greater porphyry environment could be distinguished 
from background. However, under this scheme the grains 
from catchments directly draining the porphyry copper 
deposits were not distinguished from grains draining from 
a related laterally extensive pre-mineral granodiorite 
stock. 

In a second experiment magnetite from the known in-
situ sources was analysed and this data was used as the 
training set for definition of the random forest. We 
analysed magnetite from potassic alteration zones, 
alteration zones overprinted by a sericite-chlorite 
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assemblage, from the pre-mineral stock, from an 
unrelated unmineralised stock outside the mining lease, 
and from unmineralised basaltic andesite wallrocks. This 
modest collection of training data permitted far better 
discrimination of the detrital grains, such that the 
catchments draining the mineralized porphyry could be 
specifically identified. 
 

 
Figure 3. Example of catchments coloured by the proportions of 
detrital magnetite belonging to each of three classes based on a 
random forest classification trained with a local data. 

 
The study considered first and second order 

catchments of 10-40 km2. The fertile signature is 
persistent in the larger, second order catchments, but not 
to third order rivers. Neither is the signal, at present, 
demonstrated to persist further downstream than 
conventional anomalism of Cu and Au. Nonetheless, in 
the course of the experiment, it was noted that the 
catchments draining the hydrothermal alteration zones 
contained a far broader range of magnetite textural styles 
than those draining volcanics and unmineralised 
intrusions. A future regional survey might include the 
combination of conventional geochemistry and BSE 
imagery of magnetite, such that Cu and Au anomalies 
can be ranked on the basis of the magnetite styles. 
 
6 Conclusions 
 
A well-documented decline in discovery rates means that 
explorers would likely benefit from new tools. However, 
no single tool in our current arsenal is used in isolation. 
As we pursue new tools, we should keep one foot rooted 
firmly in empirical geology, and continually ask our new 
tools, not to magically conjure a target, but to contribute 
to better all-round understanding of the geology and 
evolution of the target environment. 

Across the world’s universities and exploration 
companies there are, collectively, vast amounts of data 
collected that would be useful if only they were published 
more often, and adequately compiled. On publication of 

industry data, one bottleneck is time, and we envisage a 
win-win scenario in which professional researchers 
collaborated more frequently with project level 
exploration geologists (not managers) to publish 
commercially insensitive data. Some of the issues 
outlined in this paper may have been avoided had better 
background data been available. To that end, centralised 
databases such as DateView (Eglington, 2004) and 
georoc (http://georoc.mpch-mainz.gwdg.de/georoc/) are 
critical, but much more is needed. We encourage 
explorers and researchers to contribute more to 
centralised publications, such that the growing field of 
automated classifications has workable reference data to 
draw from. 
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Abstract. We present LA-ICP-MS and EPMA data for 
hydrothermal apatites from the Oyu Tolgoi porphyry Cu-
Au system in southern Mongolia. The Oyu Tolgoi cluster 
comprises several deposits, including the lower-grade 
Heruga deposit (0.48% Cu) and the higher-grade Hugo 
Dummett deposit (1.18% Cu). Hydrothermal apatites 
were readily distinguished texturally from igneous apatite 
as they are intergrown with alteration phases including 
sulphides. The main difference between hydrothermal 
apatites from Heruga and Hugo Dummett is the 
concentrations of Mn and Fe, which are significantly 
enriched at Hugo Dummett (up to 1.5 wt. % Mn, and 0.6 
wt. % Fe). These divalent cations and others (Mg, Pb) 
show positive correlations with apatite Cl content, 
suggesting a link between apatite metal contents and 
high fluid salinity, which have been shown to transport 
higher concentrations of Mn, Fe, and also Cu. We 
therefore suggest that the locally high Cu contents in 
rocks from Oyu Tolgoi, in particular at Hugo Dummett, 
may be explained by deposition from particularly saline 
fluids, which also produced Mn- and Fe-rich apatite. We 
conclude that hydrothermal apatite from potassic 
alteration zones reflects the chemistry of fluids 
associated with porphyry mineralisation, and may be 
used to assess the mineralisation potential of such 
systems. 

 
1 Hydrothermal and Igneous Apatite 
 
Apatite is the most common accessory phosphate 
mineral in igneous rocks (Piccoli and Candela 2002) and 
in hydrothermally altered rocks from porphyry systems 
(e.g. Bouzari et al. 2016). Apatite has the potential to 
record a wide range of useful information about the 
evolution of a porphyry magmatic-hydrothermal system, 
because it partitions several major and trace elements 
into its crystal structure in detectable abundances. These 
elements include Cl, F, and S (important ligands for the 
transport of metals in hydrothermal fluids); rare earth 
elements (REEs), Sr, and Y (considered to be useful in 
the identification of igneous rocks with enhanced 
porphyry ore forming potential, or ‘fertility’); and 
potentially redox sensitive elements such as Mn and Fe. 
A consistent geochemical distinction between igneous 
and hydrothermal apatite remains elusive, which may in 
part be due to the potential for the chemistry of igneous 
apatite to be modified by interaction with hydrothermal 
fluids at the magmatic-hydrothermal transition, or during 
lower temperature hydrothermal alteration. However, a 
paragenesis for apatite can be determined texturally; for 
example, apatite included in zircon likely records primary 
igneous conditions, whereas clusters of anhedral apatite 

crystals intergrown with (and included within) Cu 
sulphides in highly altered rocks may reflect the chemistry 
of the ore-forming fluids. 
In this study, we show that the chemistry of hydrothermal 
apatite in low- and high grade altered rocks from a 
porphyry system are systematically different, and that 
these differences likely reflect differences in fluid salinity. 
 
2 Oyu Tolgoi Porphyry Cu-Au (Mongolia) 

 
Located in the South Gobi Desert, Oyu Tolgoi is a cluster 
of discrete ore bodies in a NNE oriented lineament ~22 
km in length (Fig. 1). These deposits comprise the largest 
Palaeozoic porphyry mineralization in the world. Several 
ore bodies are present, with different metal tenors, sizes 
and Cu grades. Both the Heruga and Hugo Dummett 
deposits are of similar size (970 and 1,016 Mt 
respectively) but significantly different grade (0.48 and 
1.18 wt.% Cu; 0.6% equivalent cut-off: Rio Tinto Annual 
Report 2011). These two ore bodies are within 10 km of 
each other, are associated with the same quartz 
monzodiorite intrusions, and are hosted in the same 
sequence. 
 

 
 

Figure 1. Simplified map of the Oyu Tolgoi cluster, showing the 
prominent geological trend, and the major centres of mineralization. 
Modified after Crane and Kavalieris (2012). 
 
Richards (2013) considered the high Cu grade at Hugo 
Dummett to relate to effective fluid focusing, especially in 
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shallower hypogene zones with hydrolytic alteration, 
where quartz vein density exceeds 90 vol.% (a unit 
referred to as “Qv90” in mine literature). However, high 
Cu grades also occur in much deeper potassic intervals, 
and local changes in grade do not correlate with quartz 
vein density. Sillitoe (2010) highlighted the importance of 
mafic host rocks in controlling the high grade at Hugo 
Dummett. However, the Heruga orebody is also partly 
hosted in the same mafic volcanic unit, and some of the 
highest Cu grades in the potassic zone are in fact hosted 
in the felsic quartz monzodiorite. 
 
3 Analytical Techniques 
 
A total of 296 apatites from 15 rocks were analysed in this 
study. Most grains were analysed from thin section, so as 
to retain the textural context of each grain, although some 
analyses were conducted on mineral separates mounted 
and polished in epoxy blocks. Apatites were first analysed 
by electron microprobe (EPMA; Cameca SX100, 20kV, 
20nA) followed by laser ablation (ESI New Wave 
UP193FX) inductively coupled  
plasma mass spectrometry (Agilent 7700cs quadrupole, 
fluence 3.5 J cm-2, spot size 35 - 50 µm). An attempt to 
mitigate against the migration of F during microprobe 
analysis was made by using a defocused beam (10 µm) 
and analyzing F first. 
 
4 Results 
 
4.1 Petrography 
 
Two texturally distinct apatites types were observed in 
this study. In the least altered rocks, apatite is mostly 
associated with magnetite (hereafter, ‘M-Ap’; Fig 2a), 
whereas where rocks show strong mineralization and 
potassic alteration, apatite is intimately associated with 
sulphides (‘S-Ap’; Fig. 2b), sometimes in the groundmass 
and sometimes as intergrown clusters replacing a mafic 
phase. At Heruga, these sulphides are typically pyrite and 
chalcopyrite; at Hugo Dummett, bornite and chalcopyrite. 
S-Ap is also distinct from M-Ap due to the absence of a 
strong cathodoluminescence (CL) response. We 

consider the M-Ap to be likely igneous in origin, and the 
S-Ap to be hydrothermal. Given the characteristic 
association between S-Ap and sulphides, we suggest 
that these apatites attained equilibrium with the ore-
forming fluids. 

 
4.2 Trace element chemistry 

 
S-Ap and M-Ap may be distinguished by their chondrite-
normalized rare earth element (REE) patterns. Whereas 
M-Ap show a depletion in middle- and heavy REE and an 
enrichment in light REE which is typical of igneous 
apatite, S-Ap have flatter REE patterns, with LaN/YbN 
ratios <5. M-Ap also show higher Cl values than S-Ap. 
 

 
Figure 3. Chondrite-normalised rare earth element plots from A) S-
Ap, and B) M-Ap. The dashed line in both plots is the median 
igneous apatite pattern derived from a compilation of literature 
sources. Dark coloured lines are median values, shaded areas 
represent the interquartile range, and the dashed coloured lines are 
the minimum and maximum value. 
 
There is no difference in REE pattern of S-Ap between 
Heruga and Hugo Dummett. The biggest distinction 
between these two populations is with divalent cations, 
especially Mn, Fe, and Pb. For each of these elements, 
S-Ap from Hugo Dummett is on average significantly 
  

Figure 2. Representative images of the two apatite types, A) 
magnetite associated apatite (M-Ap), likely igneous in origin, 
and B) sulphide associated apatite (S-Ap), which is likely 
hydrothermal in origin because of the close association with Cu 
sulphides. 
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Figure 4. Mn content of hydrothermal sulphide-associated apatite 
(S-Ap) plotted against the Cu content of the rock. 
 
more enriched than those from Heruga, although a 
significant overlap in the range of data occurs. 
There is a broad relationship between the Mn (Fe, or Pb) 
concentration of hydrothermal apatite, and the Cu content 
of the host rock (Fig. 4), i.e. the rocks with higher Cu 
contain the apatite with higher Mn. 

 
5 Discussion 

 
Given that the S-Ap are intimately associated with the Cu 
sulphides, the relationship between rock Cu content and 
apatite chemistry suggests that hydrothermal apatite may 
be recording some chemical characteristic of fluids which 
are capable of yielding high Cu grades. Fluid composition 
is likely to exercise a strong control over hydrothermal 
apatite chemistry, because many fluid mobile 
components partition strongly into apatite. 
The observed correlations between Cl and Mn in S-Ap 
(Fig. 5) suggest that apatites with higher divalent metal 
contents were precipitated from more Cl-rich fluids. 
 

 
 
Figure 5. Mn vs. Cl in hydrothermal ‘S-Ap’ apatite  

 
This would imply that the fluids involved were moderately 
more Cl-rich at Hugo Dummett than at Heruga. Evidence 
from experimental studies (Ayers and Eggler 1995; Bai 
and van Groos 1999), and observations from fluid 
inclusions in mineralized granitic rocks (e.g. Audétat and 
Pettke 2003), have demonstrated that Cl-rich fluids are 
able to transport higher concentrations of cations such as 
Mn, Pb, and Fe, due to the greater formation of metal 
chloride complexes. The presence of elevated Cl in 
hydrothermal fluids may also increase the ability of the 
fluid to transport Cu (Tattich and Blundy 2017). Thus, Cl-
rich fluids, carrying elevated Mn, Pb, Fe and Cu, could 
account for the high Mn, Pb and Fe content of apatite in 
rocks with high Cu content. 
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Abstract. The PCIM method in stream sediment samples 
is a new technique that is highly effective in identifying 
mineralization at the poorly exposed Taurus porphyry 
deposit in the Yukon-Tanana uplands of eastern Alaska. 
The technique involves scanning electron microscopy 
(SEM)-based automated mineralogy of mineralized core 
and stream sediment samples. The primary indicator 
minerals in mineralized rocks include sulfide (bornite, 
chalcopyrite, chalcocite, molydenite) and sulfate minerals 
(svanbergite and jarosite); sediment samples from 
streams draining mineralized areas also contain most of 
these phases. Resistate minerals such as apatite, 
epidote, rutile, tourmaline, and titanite are ubiquitous in 
mineralized rocks and stream sediments, but preliminary 
chemical data for rutile and apatite suggest that a distinct 
population can be distinguished in the sediment samples 
that is linked to mineralized areas. The presence of 
svanbergite (aluminum sulfate phosphate) is important 
because (a) it is a hypogene mineral in the Taurus deposit 
and (b) it is found in stream sediment samples as far as 
~8 km downstream from Taurus and another nearby 
porphyry occurrences. Hydrogeochemistry and sediment 
geochemistry using partial leach analytical methods also 
show potential as good exploration tools. 
 
1 Introduction 
 
Case studies, including the Pebble porphyry deposit 
(Kelley et al. 2011) and others in British Columbia (e.g. 
Plouffe and Ferby 2017) have tested the usefulness of 
the Porphyry Copper Indicator Mineral (PCIM) method in 
identifying concealed deposits in glaciated environments. 
More recent studies show that the PCIM method is 
effective when applied to stream sediment and other 
surficial materials in addition to till (Wilton et al. 2017). 
Furthermore, recent advancements in sample 
preparation techniques and analytical methods provide 
quantitative mineralogical results at high speed and low 
cost. Scanning electron microscopy (SEM)-based 
automated mineralogy combines high resolution 
backscatter electron (BSE) images and elemental 
chemistry from energy dispersive x-ray spectroscopy 
(EDS) and subsequent image analysis. It allows tens of 
thousands of grains on a mount to be analyzed in less 

than an hour.  
The unglaciated eastern Yukon-Tanana upland that 

hosts the Taurus porphyry Cu(-Mo-Au) deposit and other 
porphyry occurrences (Fig. 1) provides a unique 
opportunity to test this evolving methodology and other 
geochemical techniques. Historic stream sediment 
geochemical data (minus 80-mesh, total digestion semi-
quantitative analyses) show few significant base metal 
anomalies, even within 1-2 km of Taurus. We interpret 
this as the combined result of abundant ash (Richter et 
al. 1995) and loess (Péwé 1975) in soils and stream 
valleys that dilute the geochemical signal, and the low 
gradient that limits sediment transport. To test better 
ways to identify mineralization, several methods are 
being used as part of our study, including the PCIM 
method, hydrogeochemistry, and partial leach 
geochemical methods on stream sediments that are 
designed to attack selective phases. Results of the PCIM 
study are the primary focus of this paper with the following 
goals: (1) to determine indicator minerals in bedrock 
sources, (2) to identify and separate indicator minerals 
from surficial materials, and (3) to measure unique 
chemical compositions of these indicator minerals.  
 
2 Regional and Deposit Geology 
 
The Yukon-Tanana upland in east-central Alaska is 
characterised by sparse outcrop exposure, and is 
covered by residual soils and vegetation. The region is 
largely underlain by structurally complex metamorphic 
rocks that represent a variety of tectonic environments. 
These rocks are crosscut by Late Devonian to early 
Tertiary igneous suites.  

Most of the porphyry-related occurrences in east-
central Alaska are associated with areally extensive, 
volumetrically minor Late Cretaceous to earliest Tertiary 
granite to granodioritic stocks and dike swarms ranging 
from ~73-65 Ma (Allan et al. 2013; Kreiner et al. 2017). 
The porphyry deposits include the Taurus, Bluff, and 
Oreo occurrences (Fig. 1). Others in the area (Pika, 
Fishook, Pushbush) are poorly characterized but are  
 
most likely younger epithermal-style occurrences. The    
porphyry occurrences display classic porphyry-style 
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copper mineralization consisting of quartz- sulfide veining 
with sericite and biotite envelopes and disseminated Cu-
Fe-sulfide minerals. Locally, tourmaline-rich 
assemblages and tourmaline-cemented hydrothermal 
breccias characterize the presumed distal and upper 
levels of the occurrences. At the Taurus deposit, 
molybdenite and gold are present locally (Kreiner et al. 
2017). 
 
3 Methods 
 
Bulk sediment from each of 49 stream sites was sieved 
to obtain the 105 to 250 µm fraction. Additionally, 14 rock 
samples from core were collected for thin sections or to 
crush and process in the same manner as the sediment 
samples. The 105-250 µm fraction was passed over a 
shaking (Wilfley) table to separate lighter from denser 
minerals; the threshold between heavy and light minerals 
using the shaking table is about 2.6-2.8 g/cm3. Heavy 
liquid and magnetic separation techniques were not used. 
About 1 gram of the heavy separate was mixed with 1 
gram of graphite and poured into a 25 mm diameter puck. 
After hardening, the puck was polished. Grains were 
analyzed using SEM-based automated mineralogy 
(TESCAN Integrated Mineral Analyzer or TIMA). High 
resolution backscatter electron images (BSE) were taken 
using a 5 µm grid with a 15 µm EDS analysis step size. 
Tens of thousands of grains are analyzed in about 40-60 
minutes. To date, 27 of the 49 sediment samples have 
been analyzed. 
 
4 Results 
 
4.1 Previous studies 
  
Specific indicator minerals in till down-ice of porphyry 
deposits in Alaska and British Columbia include gold, 
jarosite, andradite garnet, Mn-rich epidote, ± sulfides. 
Such minerals occur as far as 7-10 km from the deposits 
(Kelley et al. 2011; Plouffe and Ferbey 2017). Many 
resistate minerals (tourmaline, zircon, rutile, apatite) are 
present in mineralized samples from porphyry deposits, 
but they also occur in barren igneous rocks, and therefore 
their presence in till or surficial materials might not be 
significant. However, unique physical or chemical 
properties can indicate their association with 
mineralization. For example, epidote in mineralized rocks 
is typically rich in Mn and studies have shown that Mn 
contents in epidote decrease systematically with distance 
from a deposit, suggesting it is a good vector to 
mineralized porphyry systems (Cooke et al. 2014). 
Chemical differences have also been noted for apatite 
(Bouzari et al. 2016), titanite (Linnen et al. 2015), and 
tourmaline (Chapman et al. 2015).  

 
4.2 Taurus mineralogical results 
 
Table 1 summarizes the indicator minerals observed in 
core samples and stream sediment samples from the 
Taurus study, and Figure 1 shows the distribution of 
select minerals in sediment samples. Among the best 

Figure 1. Distribution of indicator minerals in 
sediment samples. Deposit labels and outline of 
McCord Creek (dashed line) are shown on top figure 
only. Shaded area is drainage basin represented by 
indicator mineral. NA=not yet analyzed. 
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indicator minerals in rock samples are sulfide (bornite, 
chalcopyrite, chalcocite, molydenite) and sulfate minerals 
(svanbergite and jarosite). Some sediment samples from 
streams draining mineralized areas also contain sulfide 
minerals (bornite, chalcopyrite, chalcocite, covellite; 
Table 1). The low abundance of minerals such as 
chalcocite, covellite, and molybdenite in streams draining 
mineralized areas may in part be due to the breakdown 
of these sulfide minerals during weathering and alluvial 
processes. Svanbergite and jarosite are also good 
indicator minerals for vectoring to mineralization areas 
(Fig. 1). Similar to other porphyry deposits, resistate 
minerals in rock and sediment samples from Taurus 
include apatite, epidote, rutile, tourmaline, and titanite 
(Table 1). Their ubiquitous presence alone is not 
significant, but the chemistry of these phases may be 
used to distinguish grains associated with mineralization 
versus unmineralized areas (see section 4.3). 
 
Table 1. Indicator minerals in drill core and sediment samples from 
the Taurus region. N = the number of total samples; listed in each 
column is the number of samples in which the indicator mineral was 
observed. 
         

Mineral Mineralized/altered 
core samples 

(N=14) 

 
Sediment 
samples 
(N=27) 

Apatite 14 27 
Bornite 7 4 
Chalcocite 9 2 
Chalcopyrite 14 17 
Covellite 9 1 
Epidote 14 27 
Jarosite 14 27 
Molybdenite 10 1 
Pyrite 14 27 
Rutile 14 27 
Svanbergite 5 7 
Titanite 14 27 
Tourmaline 14 27 
Zircon 14 27 

 
Svanbergite [(SrAl3(PO4)(SO4)(OH)6] is an aluminum-
phosphate-sulfate (APS) mineral found in some high 
sulfidation epithermal and porphyry Cu deposits, 
interpreted as an alteration product of apatite during 
advanced argillic alteration (Stoffregen and Alpers 1987; 
Hedenquist et al 2017). It was identified in 5 of 14 core 
samples and in sediment samples from McCord Creek, 
the east-west trending drainage that contains the Taurus 
West and East deposits as well as two smaller drainages, 
one of which is immediately north of the Bluff occurrence 
(Fig. 1). Minerals associated with svanbergite in sediment 
samples include quartz and Al-rich clays (dickite or 
pyrophyllite; Fig. 2). The fact that svanbergite was 
detected in thin sections of core at depths below the level 
of oxidation/supergene processes suggests it is a 
hypogene mineral. It was also detected in stream 
sediments as far as ~8 km downstream from the Taurus 
and below the Bluff occurrence, and therefore is one of 
the best indicator minerals for identifying “Taurus-like” 

porphyry systems. Unlike jarosite or chalcopyrite, which 
both occur in samples downstream from presumably 
younger epithermal occurrences, svanbergite occurs only 
in samples related to Taurus/Bluff.  

 

                 
 
Figure 2. Grain of compositionally zoned svanbergite (bright phase) 
in sediment sample showing association with quartz and Al-rich 
clays (dickite/pyrophyllite). 
 
4.3  Chemical composition of resistate 

minerals 
 
Chemical compositions of resistate minerals in stream 
sediment samples may be useful for distinguishing 
mineralized sources. For example, based on preliminary 
electron microprobe and laser ablation inductively 
coupled plasma mass spectrometry (LA-ICP-MS) results, 
sediment samples along McCord Creek contain two 
populations of rutile: one with relatively low V contents 
compared to the other. Those with higher values are 
similar to rutile from mineralized core that contain V 
concentrations of more than 1,300 ppm. In addition, 
apatite from mineralized rocks have high Cl contents (0.5 
to 0.8 wt. %), high La/Sm ratios and low Mn 
concentrations; a population of apatite with these 
characteristics is observed in sediment samples collected 
downstream from Taurus, and is chemically 
distinguishable from apatite that is likely from other 
sources. These preliminary data suggest that 
distinguishing different populations of specific minerals in 
sediment samples is possible. Additional mineral 
chemistry data are needed to further document this. 
 
5 Comparison of PCIM results with other 

exploration methods 
 
Reconnaissance geochemical surveys in the Taurus area 
by the U.S. Geological Survey in the 1970s included 
analyses of minus 80-mesh stream sediments analyzed 
by semi-quantitative emission spectroscopy. However, 
few significant anomalies of Au, Cu or other base metals 
are indicated, even within 1-2 km of the Taurus deposit. 
At the time, an experimental method was also introduced 
(and no longer available) that utilized an oxide residue 
(oxalic-acid leachable fraction) of stream sediment; this 
leachate residue effectively concentrated metals 
contained in secondary iron and manganese oxides, and 
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greatly enhanced the level of trace element content in the 
sediment samples (O’Leary et al. 1976).  

Our studies are designed to duplicate the enhanced 
trace element signatures of the obsolete oxalic leach 
method by testing various size fractions of sediment and 
partial leach methods. Results indicate that the minus 
230-mesh (<63 µm) fraction using a cold hydroxylamine 
leach provides the greatest contrast in copper 
concentration and the largest footprint in and near the 
Taurus deposit, but evaluation and interpretation of the 
data are ongoing.  

Results of our hydrogeochemical study suggest that 
high resolution analyses (ICP-MS) of stream water 
samples provide another promising method for detection 
of concealed mineralization at Taurus. Past 
hydrogeochemical studies at the Pebble (Eppinger et al. 
2012) and Whistler deposits (Graham et al. 2015) show 
that in addition to Cu, low-level anomalous 
concentrations for some elements (e.g., Ag, Mo, Re, V) 
are highly effective in vectoring to mineralized areas. Our 
results at Taurus are similar, including Re 
concentrations >0.009 ppb and SO4 contents >100 ppm 
in all stream waters from McCord Creek and near the 
Bluff prospect, values that greatly contrast with 
background stream water values.  
 
6 Conclusions 
 
The PCIM method in stream sediment samples is an 
effective exploration tool in the Yukon-Tanana uplands, 
an area with abundant ash and loess in soils and stream 
valleys that dilute the geochemical signal, together with 
low gradient streams that limit sediment transport. The 
best indicator minerals in stream sediments are 
chalcopyrite, jarosite, and svanbergite because they are 
observed in all samples immediately downstream from 
the Taurus deposit, and near the Bluff porphyry 
occurrence. Furthermore, the chemical composition of 
resistate minerals such as apatite and rutile show 
potential for distinguishing mineralization-related grains 
from grains in barren rocks. The PCIM method, together 
with hydrogeochemistry and partial leach geochemical 
data for sediment samples not only identify anomalous 
areas but may provide information about the type of 
mineralization (epithermal vs porphyry) and/or alteration 
that is present in a given drainage basin. 
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Abstract. A new frontier in exploration geochemistry is 
the development of techniques that detect orebodies 
located at depth. The propylitic halo is the most extensive 
footprint of porphyry systems and may be the only 
exposed part of a buried ore system, so is at the heart of 
such research. Key trace elements within propylitic 
minerals, such as chlorite, can vary systematically with 
distance from known orebodies, therefore, can be used 
as vectors to ore.  

Porphyry systems form in active tectonic settings so 
alteration can be overprinted by later events, particularly 
in ‘older’ camps such as the Paleozoic Oyu Tolgoi 
deposits of Mongolia. In such complex terranes, 
successful exploration relies on distinguishing porphyry-
related assemblages from later overprinting events. 

New LA-ICP-MS U-Pb dating of propylitic titanite 
identified hydrothermal events occurring at approximately 
370 Ma, 340-320 Ma and 290 Ma. These dates broadly 
match known magmatic events: Devonian porphyry 
mineralization; Carboniferous granodiorite intrusions; 
and the emplacement of the Permian Khanbogd Granite. 
The distribution of these dated samples suggests that 
post-mineralization alteration overprinted significant 
portions of the porphyry halo. 

Using the samples with dated alteration, it has been 
possible to develop a geochemical classification system 
that can distinguish between porphyry-related chlorite, 
and later non-porphyry chlorite. 

 
1 Introduction 
 
The development of new exploration tools has been a 
recent focus of ore deposits research as large orebodies 
are now more likely to be located at greater depths, and 
are therefore more difficult, and expensive, to find using 
existing techniques. The use of mineral trace element 
chemistry is currently being investigated as one approach 
to the development of such tools for porphyry exploration 
(e.g. Wilkinson et al. 2017). 

There are two main avenues currently being 
researched. The first focusses on identifying trace 
element signals within primary or secondary minerals to 
understand something about the type or “fertility” of an 
exploration target; some key fertility indicator minerals 
include zircon (e.g. Loader et al. 2017), plagioclase 
(Williamson et al. 2016), apatite (e.g. Rukhlov et al. 
2017), epidote (e.g. Cooke et al. 2014) and chlorite 
(Pacey 2017). The second approach addresses spatial 
patterns in the trace element chemistry of secondary 

alteration minerals as potential vectors towards ore. 
Minerals that have shown the best potential for this so far 
are epidote (Cooke et al. 2014; Wilkinson et al. 2017), 
chlorite (Baker et al. 2015; Wilkinson et al. 2015, 2017; 
Pacey 2017;) and magnetite (Sievwright 2017), all of 
which are commonly found in the propylitic halo, the 
largest and most laterally extensive alteration zone 
associated with porphyry deposits.  

The extensive size of the propylitic halo means that it 
could be the only part of a porphyry system visible at 
surface, making it a useful guide to buried ore deposits 
where other evidence is lacking. The mineral indicator 
studies of propylitic halos published to date have been on 
relatively pristine porphyry systems, such as Batu Hijau, 
Indonesia (Wilkinson et al. 2015) and Northparkes, New 
South Wales, Australia (Pacey 2017), where post-
mineralization events have not extensively affected the 
deposit. Consequently, little is known about how trace 
element patterns and fertility signals are affected in 
situations where later metasomatic or metamorphic 
events have extensively overprinted earlier propylitic 
assemblages. Understanding these effects is an 
important consideration in the application of these tools 
in older, geologically complex, porphyry belts, if such 
geochemical exploration tools are to function.  

Dating viable propylitic minerals, such as titanite, is 
one way that an alteration assemblage in a rock can be 
linked to the porphyry mineralizing event in a district. 
However, the time and cost involved in such 
geochronological techniques preclude this as a routine 
tool for regional exploration applications. One way to 
circumvent this problem is to establish a 
geochronological framework in a subset of samples and 
then utilize the trace element signatures of other propylitic 
minerals in the same assemblages to define a set of 
multivariate signatures that are age-related. These can 
then be tested for using more routine mineral chemistry 
on a much wider suite of regional samples. This study 
applies this methodology to resolve and chemically 
characterize multiple alteration events in the geologically 
complex Oyu Tolgoi (OT) porphyry district, Mongolia. A 
total of 312 drill core and regional surface samples were 
collected for this study and investigated using 
hydrothermal titanite dating and chlorite trace element 
analysis. 
 
2 Oyu Tolgoi Geology 
 
The Oyu Tolgoi porphyry district comprises eight, closely 



1318 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 3 

spaced, deposits along 26 km of the NNE-oriented Oyu 
Tolgoi trend. The ore bodies are associated with Late 
Devonian (~372 Ma) porphyritic quartz monzodiorite 
(QMD) stocks and dykes, intruded into calc-alkaline arc 
volcanics of the Lower Devonian Oyu Tolgoi Sequence 
(Figs. 1 and 2; Crane and Kavalieris 2013).  

Mineralization occurs in a central stockwork of A-type 
quartz veins, and is predominantly hosted within the 
inferred causative intrusions themselves and the 
porphyritic augite basalt host rock of the Oyu Tolgoi 
sequence (Crane and Kavalieris 2013). 

Figure 1. Geological map of the Oyu Tolgoi porphyry 
district showing orebody locations. Map data courtesy of Rio Tinto. 

Hydrothermal alteration around the Oyu Tolgoi 
deposits is typical of porphyry systems, with early 
sodic-calcic alteration at depth in the system core 
that is overprinted by potassic alteration which itself 
grades laterally outwards into propylitic alteration. 
Sericitic alteration forms an upward flaring cone 
above the potassic zone, and can also overprint 
potassic alteration in the core. The propylitic halo is 
zoned. The innermost subzone is characterized by the 
presence of K-feldspar, epidote and pyrite. Beyond this 
is the epidote subzone, which is the most 
widespread propylitic zone and is characterized by 
the assemblage epidote-albite-calcite-titanite-andradite. 
The outermost chlorite subzone is rarely observed, 
being largely truncated by faults. 

Granodiorite plutons that were intruded along major 
faults during the early- and mid-Carboniferous and the 
intrusion of the Khanbogd granite in the Permian also 
generated propylitic alteration in the district that 
overprinted the porphyry halo. 

3 U-Pb Dating of Propylitic Titanite 

In this study, in-situ LA-ICP-MS U-Pb geochronology of 
hydrothermal titanite was used to date different 
generations of propylitic alteration in a subset of 20 
samples. Thirteen samples returned well-constrained 
titanite dates, with relative errors of less than 10%. Of 
these samples, four resolved Devonian ages, three 

yielded Carboniferous ages, and two yielded Permian 
ages; the remaining four samples produced intermediate 
ages (Fig. 2). Several samples yielded very large errors 
and did not usefully resolve any date for the alteration in 
those rocks. 

Figure 2. Summary of hydrothermal titanite U-Pb ages with 2σ error 
bars.  

By plotting all the titanite U-Pb data on a probability 
density plot, four major phases of alteration can be 
identified, with peaks at 370 Ma, 340 Ma, 320 Ma and 290 
Ma (Fig. 3a). These dates are consistent with known 
magmatic events in the district (Fig. 3), corresponding to: 
(1) porphyry mineralization in the late Devonian; (2) the
intrusion of granodiorite plutons and andesite dykes in the 
early Carboniferous; (3) a second pulse of granodiorite
plutonism in the mid-Carboniferous; and (4) the
emplacement of the giant Khanbogd Granite in the Early
Permian (Fig. 3b).
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Figure 3. Probability density plot (black line) and histograms (grey 
boxes) of: (a) titanite U-Pb results from this study; and, (b) compiled 
published age data from intrusive units at OT.  
 
4 Chlorite Chemistry 
 
All samples containing chlorite in the alteration 
assemblage were analyzed by LA-ICP-MS for major and 
trace element concentrations. The nine samples yielding 
well-constrained titanite dates were grouped so that the 
geochemical signature of associated chlorite could be 
determined (see Fig. 2). 

 
4.1 Chlorite classification 

 
The major element chemistry of chlorite from each 
alteration event is distinct, with the lowest Al and Fe and 
highest Mg in the inferred Devonian chlorites; 
progressing to moderate values in the Carboniferous 
chlorites; and the lowest Al and Fe and highest Mg in the 
Permian chlorites (Fig. 4). Similarly, concentrations of 
several trace elements, in particular La, As, Zn, Ni and 
Co, varied significantly between the groups (Fig. 4); 
further evidence for multiple generations of propylitic 
alteration, each with a unique chemical signature. 

A chlorite classification plot was then constructed 
using discriminant projection analysis to create 
multivariate parameters that incorporate all of these key 
elements. This plot was then used to classify the wider 
chlorite dataset, so that all Devonian-classifying chlorite 
could be interrogated for geochemical vectoring potential. 

 
Figure 4. Major and trace element chemistry of chlorite from the 
titanite-dated assemblages. 

 
Figure 5. Chlorite classification plots showing: a) training dataset 
using constrained titanite alteration dates; and b) wider dataset 
classified by the plot. 
 
4.2 Geochemical vectoring 
 
Wilkinson et al. (2015) devised several elemental ratios 
in chlorite that could be used to vector towards a porphyry 
deposit. In order to amplify systematic patterns in chlorite 
chemistry across the propylitic halo, elements were 
selected for the numerator that are highest in the system 
core and progressively decrease outwards (e.g. Ti, Mg), 
and elements with the opposite behavior were selected 
for the denominator (e.g. Sr, Ca). 

 

 
Figure 6. Map showing variation in chlorite element ratios in 
Devonian-classifying chlorite from the Oyu Tolgoi district. 
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Applying these ratios to Devonian-classifying chlorite 
successfully defines the OT deposits (Fig. 6): samples 
with the proximal signals i.e. higher ratio values (pink) 
cluster around the three main deposits, whereas lower 
ratio values are observed in the more distal samples 
(green and blue).  

 
5 Discussion and Conclusions 
 
Through the application of hydrothermal titanite U-Pb 
geochronology and chlorite trace element chemistry, it 
has been possible to discriminate between different 
generations of alteration and to “see-through” 
overprinting assemblages in the rocks to the geochemical 
fertility and vectoring signals in the porphyry propylitic 
alteration beneath. In complex mineral camps such as 
OT, the ability to identify and discard unwanted alteration 
mineral data from non-mineralized hydrothermal sources 
in this way is critical to the successful development and 
application of geochemical tools in exploration. 

Now that the porphyry chemical signature in chlorite 
has been established at OT, the next step for regional 
exploration would be to classify chlorite in a regional set 
of samples, spanning a much wider area that could 
identify any undiscovered mineralized porphyry targets in 
the region. An important consideration when using 
geochemical vectors in exploration in this way, is that the 
trace element signatures that vector towards ore in one 
mineral camp, may not always be applicable in other 
provinces, as external factors, such as fluid chemistry, 
are likely to vary. For this reason, it may be feasible to 
extrapolate results from successful greenrock studies on 
a provincial or even global scale in the case of early stage 
target generation/greenfield exploration, where other 
information is lacking. However, in brownfield exploration, 
where there are already one or more well-tested deposits, 
it is far more effective to utilize all available resources, 
such as drill core, to first carry out an orientation study for 
that particular district. Such a study would identify any 
geochemical fertility signatures or vectors to ore within 
the alteration halo that are specific to porphyry 
mineralization at that locality. Results from such a study 
could then be implemented to find the most prospective 
targets in extensive regional exploration programs.  

The initial step taken in this particular study, that uses 
geochronology of co-existing titanite to filter the chlorite 
data prior to geochemical vectoring, may not be 
necessary in younger porphyry terrains as overprinting of 
alteration may not be an issue. This work flow should 
therefore be reserved for complex terrains, where it is 
expected that successive magmatic events obscure the 
porphyry signature, and so a pre-classification step is 
needed prior to the application of geochemical 
exploration techniques. 

 
Acknowledgements 
 
This study was part of a PhD research project funded by 
Rio Tinto and Imperial College London. I would like to 
extend my gratitude to the Rio Tinto Exploration - Project 
Generation Group, in particular to their leader Paul 

Agnew and my PhD supervisor Debora Araujo for their 
ongoing support throughout the project. Titanite U-Pb 
dating was conducted at the School of Earth and 
Environment at the University of Portsmouth, we would 
like to thank Craig Storey and Stephanie Lasalle for their 
significant contribution to data collection, processing and 
interpretation. Staff in the Imaging and Analysis Centre at 
the Natural History Museum, in particular Clara 
Wilkinson, William Brownscombe, Yannick Buret, John 
Spratt, Inja Thjissen and Elly Harman are thanked for 
help with SEM and LA-ICP-MS analysis. We 
acknowledge the extensive field support of geologists 
and staff at Oyu Tolgoi Ltd., in particular thanks goes to 
Oggy Togtokhbayar and Alan Ketaren. 
 
References 
 
Baker MJ, Wilkinson JJ, Wilkinson CC, Cooke DR and Inglis S 

(2015) Chlorite trace element chemistry as an exploration tool: 
a case study from the Collahuasi mining district, northern Chile. 
In: World-Class Ore Deposits: Discovery to Recovery; SEG 
2015 Conference, Hobart, Tasmania, September 27-30, 2015. 

Cooke DR, Baker M, Hollings P, Sweet G, Chang Z, Danyushevsky 
L, Gilbert S, Zhou T, White NC, Gemmell, B and Inglis S (2014) 
New Advances in Detecting the Distal Geochemical Footprints 
of Porphyry Systems—Epidote Mineral Chemistry as a Tool for 
Vectoring and Fertility Assessments. Econ Geol Spec Publ 
18:127-152 

Crane D and Kavalieris I (2013) Geologic overview of the Oyu Tolgoi 
porphyry Cu-Au-Mo deposits, Mongolia. Econ Geol Spec Publ 
16:187-213 

Loader MA, Wilkinson JJ and Armstrong RN (2017) The effect of 
titanite crystallisation on Eu and Ce anomalies in zircon and its 
implications for the assessment of porphyry Cu deposit fertility. 
Earth Planet Sci Lett 472:107–119 

Pacey A (2017) The characteristics, geochemistry and origin of 
propylitic alteration in the Northparkes porphyry Cu-Au system. 
PhD thesis, Imperial College London 

Rukhlov AS, Rowins SM, Mao M, Coogan LA and Spence J (2017) 
Apatite compositions as a proxy for the oxidation states of 
porphyry Cu-Mo-Au deposits. British Columbia Ministry of 
Energy and Mines, British Columbia Geological Survey GeoFile 
2017-2 

Sievwright R (2017) Developing magnetite chemistry as an 
exploration tool for porphyry copper deposits. PhD thesis, 
Imperial College London 

Wilkinson JJ, Chang Z, Cooke DR, Baker MJ, Wilkinson CC, Inglis 
S, Chen H, Gemmel JB (2015) The Chlorite Proximitor: A New 
Tool for Detecting Porphyry Ore Deposits. J Geochem Explor 
152:10-26 

Wilkinson JJ, Cooke D, Baker M, Chang Z, Wilkinson C, Chen H, 
Fox N, Hollings P, White N, Gemmell JB and Loader M (2017) 
Porphyry indicator minerals and their mineral chemistry as 
vectoring and fertility tools. In: McClenaghan MB and Layton-
Matthews D (ed) Application of indicator mineral methods to 
bedrock and sediments. GSC Open File No 8345 

Williamson B, Herrington RJ and Morris A (2016) Porphyry copper 
enrichment linked to excess aluminium in plagioclase. Nat 
Geosci 9:237–241


	New Techniques Fri AM
	Isotope geochemistry of groundwaters in mineral exploration – the tip of the iceberg
	1 Introduction
	2 Hydrogeochemistry in mineral exploration
	3 Isotopic geochemistry
	3.1 Application of traditional stable isotopes
	3.2 Application of non-traditional stable isotopes

	4 Conceptual model
	5 Implications
	Acknowledgments
	References

	Sonic drilling coupled with on-line-on-mine-analyses: field tests at the Villeveyrac bauxite deposit (Southern France)
	1 Introduction
	2 Geological characteristics
	3 Field test preparation
	4 SOLSA Drill
	5 SOLSA Core Scanner
	6 SOLSA Benchtop combined XRD-XRF-Raman spectroscopy
	7 SOLSA databases
	8 Discussion and Conclusions

	Application of non-destructive, micro-focus X-ray computed tomographic analyses on gold occurrence and distribution in drill-core samples.
	1 Introduction
	2 Micro-focus X-ray computed tomography
	3 Samples and methods
	3.1 Core-logging and sample selection
	3.2 μXCT sample scanning and setup

	4 Results
	4.1 Drill-core mineralogy and petrography
	4.2 Grey-value mineral discrimination and 2D image reconstruction
	4.3 3D image reconstruction

	5 Discussion
	6 Conclusion
	Acknowledgements
	References

	Determination of Re-Os isotopes, PGEs by isotope dilution, and trace elements from single aliquots of aeological materials of economic interest
	1 Introduction
	2 Methodology
	3 Prospective Applications
	3.1 Petroleum System Applications
	3.2 Sulphide Mineralization Applications
	3.3 Gold Exploration Applications

	4 Continued Work and Advancements
	5 Conclusions
	Acknowledgements
	References

	Mineral trace element chemistry in the exploration for magmatic sulfide deposits
	1 Introduction
	2 Samples
	3 Methods
	4 Results and Discussion
	4.1 Ruthenium in chromite from komatiites, komatiitic basalts and picrites
	4.2 Cu in olivine from komatiites
	4.3 Implications for exploration targeting

	Acknowledgements
	References

	To make better exploration tools, we first need to better understand ore deposits.
	1 Introduction
	2 Understanding background
	2.1 Detrital monazite as a proxy for evaporite-related alteration in sedimentary rocks

	3 Textural context
	3.1 Textures of detrital magnetite grains
	3.2 Cathodoluminescent textures of detrital zircon grains

	4 Mineral assemblages
	4.1 Hypogene or supergene?

	5 Automated classifications
	5.1 Detrital magnetite as a proxy for porphyry Cu

	6 Conclusions
	Acknowledgements
	References

	Hydrothermal apatite as an indicator of porphyry Cu deposit fertility
	1 Hydrothermal and Igneous Apatite
	2 Oyu Tolgoi Porphyry Cu-Au (Mongolia)
	3 Analytical Techniques
	4 Results
	4.1 Petrography
	4.2 Trace element chemistry

	5 Discussion
	Acknowledgements
	References

	Porphyry copper indicator minerals (PCIM) in stream sediment samples: application at the Taurus deposit in east-central Alaska with comparison to other techniques
	1 Introduction
	2 Regional and Deposit Geology
	3 Methods
	4 Results
	4.1 Previous studies
	4.2 Taurus mineralogical results
	4.3  Chemical composition of resistate minerals

	5 Comparison of PCIM results with other exploration methods
	6 Conclusions
	Acknowledgements
	References

	Titanite geochronology and chlorite chemistry resolve multiple phases of propylitic alteration in the Oyu Tolgoi district, Mongolia
	1 Introduction
	2 Oyu Tolgoi Geology
	3 U-Pb Dating of Propylitic Titanite
	4 Chlorite Chemistry
	4.1 Chlorite classification
	4.2 Geochemical vectoring

	5 Discussion and Conclusions
	Acknowledgements
	References





