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Welcome
Dear delegates,
Welcome to the 40th Annual Winter Meeting of the Mineral Deposits Studies Group. We are
delighted to be hosting this (aptly named) ruby anniversary meeting at the University of Bristol,
and look forward to an exciting schedule of talks, posters, and discussion.
We will kick things off on Monday in the splendid surroundings of the Wills Memorial Building with
a welcome lecture on “Volcanoes and Porphyry Deposits” by Richard Sillitoe, followed by an
Icebreaker Reception in the Great Hall. The main meeting will take place in the School of
Chemistry, where there will be 44 talks, 42 posters, and plenty of refreshments to sustain you. On
Tuesday evening, we will return to the Great Hall for a conference banquet.
Student delegates are invited to attend a pre-meeting Student Networking Afternoon, which is
being organised by the University of Bristol Society of Economic Geologists Student Chapter.
This will include a lecture by Jeremy Richards from the University of Alberta on “Writing Scientific
Papers: Advice for Postgraduate Students”, followed by a Careers Panel Discussion with a group
of early- to mid-career economic geologists from industry and academia.
We are extremely grateful to the generous sponsors of this year’s meeting, whose support has
allowed us to offer heavily discounted registration for student attendees. Our sponsors are:
BHP Billiton
The Applied Mineralogy Group of the Mineralogical Society of Great Britain and Ireland (AMG)
Rio Tinto
Zeiss
Addison Mining Services
JDH Exploration
Olympus
Selfrag
SRK Consulting
We would particularly like to acknowledge BHP Billiton. Over the past 5 years, Bristol has built
strong links with the mineral deposits community through the establishment of the BHP Billitonfunded Bristol PCD project (bristolpcd.org). This interdisciplinary endeavour seeks to understand
the links between volcanism, tectonics, and porphyry copper mineralisation, focusing primarily in
northern Chile.
We would also like to mention AMG, who have promoted the meeting in their latest bulletin,
Applied Mineralogist, a copy of which is included in your conference pack. AMG will be
sponsoring a festive mulled wine drinks reception during the poster session on Tuesday evening
and will have an information booth throughout the meeting.
The programme has a wide variety of topics represented in the talks and poster presentations.
We have grouped the talks into themed sessions, including a number of keynote presentations.
The poster presentations are also arranged in a sequence that complements the oral programme.
We hope you enjoy the meeting.
Frances Cooper and the MDSG 2016 Organising Committee
Ed Bunker, Simon Dahlström, Laura Evenstar, Emily Fallon, Luke Neal, Rebecca Perkins,
Brian Tattitch, and Marit van Zalinge
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Many thanks to all the sponsors of this year’s meeting!
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Monday 19th December 2016
Location: Wills Memorial Building, University of Bristol
12.00

Registration desk opens
Mezzanine level
STUDENT NETWORKING AFTERNOON
Hosted by the Bristol SEG Student Chapter
Location: The Old Council Chamber

13.00

Writing Scientific Papers: Advice for Postgraduate Students
Jeremy Richards

14.00

Tea and coffee sponsored by BHP Billiton

14.30

Careers Panel Discussion
Panel Chair: Jon Blundy (University of Bristol)
Panel members: Liv Carroll (Accenture), Lucy Crane (Altus Strategies),
Tracey Laight (SRK Consulting), Cam McCuaig (BHP Billiton),
and Jeremy Richards (University of Alberta)

16.30

Drinks Reception
WELCOME LECTURE AND ICEBREAKER RECEPTION
Location: Reception Room (Lecture) and Great Hall (Icebreaker)

17.15

Welcome and Introduction
Frances Cooper and Steve Sparks

17.30

WELCOME LECTURE: Volcanoes and Porphyry Deposits
Richard Sillitoe

18.00

Icebreaker Reception

Volcanoes and Porphyry Deposits
Richard H. Sillitoe
There has recently been renewed interest in the
long-standing concept of an association of
porphyry copper, gold and/or molybdenum
deposits with subaerial volcanoes. This talk
reviews the evidence for this association, mainly
using partially preserved volcanic landforms that
are temporally related to exposed porphyry
deposits and prospects or their shallow
epithermal manifestations.
Our intrepid speaker demonstrating the
hardship of exploration in Patagonia
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Tuesday 20th December 2016
Location: School of Chemistry, University of Bristol

08.00

Registration desk opens
Foyer area
Tea and coffee sponsored by BHP Billiton
SESSION 1: THE FUTURE OF CRITICAL METALS
Chair: Kathryn Goodenough
Location: All sessions will take place in Lecture Theatre 1
Please note that an asterisk (*) denotes a student author

08.50

Welcome and conference information
Frances Cooper

09.00

KEYNOTE: Responsible sourcing of critical metals
Frances Wall (Camborne School of Mines)

09.40

Critical Elements in Nonsulfide Zn deposits
Nicola Mondillo (Università degli Studi di Napoli Federico II)

09.55

Timing and source of rare earth element mineralisation in the Ditrău alkaline
complex, Romania
Richard Shaw (British Geological Survey)

10.10

Ion Adsorption-Type REE Deposit associated with the Ambohimirahavavy
Alkaline Complex: Potential Controls on Mineralisation
*Eva Marquis (University of Brighton)

10.25

Incorporating criticality into Life Cycle Assessment for rare earth
production
*Robert Pell (Camborne School of Mines)

10.40

Hydrothermal transport of PGEs in porphyry systems – a fluid history of the
Skouries Cu-Au (PGE) porphyry deposit
*Katie McFall (University of Southampton)

10.55

Tea and coffee sponsored by BHP Billiton
SESSION 2: GENESIS OF PORPHYRY COPPER DEPOSITS
Chair: Simon Tapster

11.20

KEYNOTE: Pre- and syn-mineralization volcanism effects on intrusions and
fluid focussing conducive to PCD generation
Alison Rust (University of Bristol)

12.00

Parametric investigation of brine lens formation above a degassing magma
chamber
Andrey Afanasyev (Moscow State University)

4

MDSG 40th Annual Winter Meeting 2016

Programme and Abstracts

12.15

Tempo of magma degassing and the genesis of porphyry copper deposits
Cyril Chelle-Michou (University of Bristol)

12.30

Garnet fractionation records super-hydrous conditions in magmas forming
giant porphyry Cu deposits
*Matthew Loader (Imperial College London)

12.45

Partitioning of Cu and Mo between felsic melts and saline magmatic fluids:
Influence of salinity, ƒO2 and ƒS2
Brian Tattitch (University of Bristol)

13.00

High-resolution temporal evidence for cyclic magmatic-hydrothermal
evolution of the world class Qulong porphyry Cu-Mo system, Tibet
*Yang Li (Durham University)

13.15

Lunch
SESSION 3: TECTONOMAGMATIC CONTROLS ON ORE DEPOSITS
Chair: Marit van Zalinge

14.00

KEYNOTE: Tectonomagmatic controls on arc metallogeny
Jeremy Richards (University of Alberta)

14.40

Age and geochemistry of the Charlestown Group, Ireland: implications for
the Grampian orogeny, its mineral potential and the Ordovician timescale
Richard Herrington (Natural History Museum)

14.55

Contrasting Cu-Au and Sn-W Granite Metallogeny through the Zircon
Record
Nick Gardiner (Curtin University)

15.10

The Kassiteres porphyry-epithermal system, NE Greece:
Evidence for rapid exhumation leading to sub-economic mineralisation
*Rebecca Perkins (University of Bristol)

15.25

Climate change, groundwater flow, and supergene enrichment in the
Central Andes: Insights from (U-Th)/He hematite geochronology
Frances Cooper (University of Bristol)

15.40

Regional controls on water table depth in the Northern Atacama Desert;
Implications for supergene enrichment
Laura Evenstar (University of Bristol)

15.55

Tea and coffee sponsored by BHP Billiton
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SESSION 4: DISTRICTS, DEPOSITS, AND PROSPECTS
Chair: Brian Tattitch

16.20

Geological observations, 3D interpretation and mining-economic
considerations for estimating and reporting the Mineral Resource
at Cukaru Peki
Robert Goddard (SRK Consulting)

16.35

Petrogenesis of the Don Manuel igneous complex and porphyry copper
system, central Chile
*Amy Gilmer (University of Bristol)
Presented by Stephen Sparks (University of Bristol)

16.50

The geological setting of the Hemerdon W-Sn deposit
Robin Shail (University of Exeter)

17.05

Understanding the multi-episode formation of the world-class Hemerdon
W-Sn deposit in the context of SW England granite evolution
Simon Tapster (British Geological Survey)

17.20

The petrology, mineralogy and geochemistry of the large Fen Carbonatite
Complex (Norway) REE-Nb resource
*Christian Marien (Plymouth University)
Presented by Arjan Dijkstra (Plymouth University)

17.35

The Bongará-Mina Grande (Amazonas, Peru) Zn-nonsulfide deposit
*Giuseppe Arfè (Università degli Studi di Napoli Federico II)
EVENING EVENTS

17.50

Poster session
Drinks reception sponsored by The Applied Mineralogy Group of the
Mineralogical Society of Great Britain and Ireland (AMG)

19.45

Depart School of Chemistry to walk to the Wills Memorial Building

20.00

Banquet in the Great Hall, Wills Memorial Building
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Wednesday 21st December 2016
Location: School of Chemistry, University of Bristol
08.30

Tea and coffee sponsored by BHP Billiton
SESSION 5: THE FUTURE OF EXPLORATION
Chair: Anouk Borst
Location: All sessions will take place in Lecture Theatre 1
Please note an asterisk (*) denotes a student author

09.00

KEYNOTE: Changing World – Changing Exploration
John Thompson (Cornell University)

09.40

INVITED: Autonomous vehicles for ore prospecting: Robots in the air and
water
Tom Scott (University of Bristol)

10.00

How semantic technology makes geodata more discoverable, more useful
and more valuable
Antony Benham (International Geoscience Services)
Presented by Edward Lewis (International Geoscience Services)

10.15

KEYNOTE: The Mineral Systems Concept: The key to exploration targeting
Cam McCuaig (BHP Billiton)

10.55

Developing exploration models for critical metals in alkaline complexes and
carbonatites
Kathryn Goodenough (British Geological Survey)

11.10

Zircons and Granite Metallogeny
Chris Hawkesworth (University of Bristol)

11.25

Tea and coffee sponsored by BHP Billiton
SESSION 6: MAFIC ORE DEPOSITS
Chair: Richard Herrington

11.55

KEYNOTE: Kimberlite volcanology and diamond resource estimation
Matthew Field (Amec Foster Wheeler)

12.35

INVITED: Gem diamonds outside of the standard model; future
opportunities
Adrian Jones (University College London)

12.55

Goldilocks or Plain Jane? The PGE metallogeny of the Bushveld LIP as
recorded by the Rooiberg lavas
Hannah Hughes (University of Witwatersrand)

13.10

Hidden treasure: magmatic and geodynamic factors that influenced the
development of Ni-Cu-PGE deposits in the northern Bushveld Complex
Iain McDonald (Cardiff University)
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13.25

Fe-rich cap lithologies in the TAG hydrothermal field: implications for the
preservation of extinct seafloor massive sulphide deposits
*Iain Stobbs (University of Southampton)

13.40

Characterisation of hydrothermal sediments at the TAG Hydrothermal Field
(MAR, 26°N) and metal mobilisation in interstitial fluids
*Adeline Dutrieux (University of Southampton)

13.55

Lunch

14.20

MDSG Annual General Meeting
SESSION 7: NEW CONCEPTS, NEW PROXIES
Chair: Frances Wall

14.45

Solubility and speciation of REE in high temperature fluids: Insights from
in situ XAS studies
Marion Louvel (University of Bristol)

15.00

Global Se and Te systematics in hydrothermal pyrite from different ore
deposits: A review
Manuel Keith (University of Leicester)

15.15

Volcanic ash-fall placers: a new type of REE deposit?
*Eimear Deady (British Geological Survey)

15.30

Climate controlling the formation of Zn-(Pb) supergene Nonsulphide ores
Maria Boni (Università degli Studi di Napoli Federico II)

15.45

Crustal sequestration of magmatic sulfur dioxide as an ore-forming process
John Mavrogenes (Australian National University)
Presented by Jon Blundy (University of Bristol)

16.00

Controls on Base Metal Concentrations in Crustal Fluids: Implications for
the Central African Copperbelt
*James Davey (University of Southampton)

16.15

The Agdz Cu–Ag–Au Project: resolving the ore deposit model
*Huw Richards (Camborne School of Mines)

16.30

An investigation into the relationship of orogenic quartz veins and
disseminated mineralization in the Klondike
*Matthew Grimshaw (University of Leeds)

16.45

Announcement of Student Prizes

17.00

Depart venue
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Posters
Location: School of Chemistry, University of Bristol
1.

Geological and mineralogical characteristics of REE mineralisation of the Verkhnee
Espe and Iysor granitoid massifs (East Kazakhstan)
*Akmaral Baisalova (Kazakh National Research Technical University)

2.

Optimising the REE-Zr-Nb potential of eudialyte and its alteration products in the
Ilímaussaq complex, South Greenland
Anouk Borst (University of St Andrews)

3.

The Distribution of Precious and Energy Critical Metals at the scale of a Copper deposit
*Maurice Brodbeck (Trinity College Dublin)

4.

Offset-type PGE mineralisation in the Sotkavaara Intrusion, northern Finland: an
association with zones of low-Cr clinopyroxenite
*George Guice (Cardiff University)

5.

Luminescence of REE minerals
*Nicky Horsburgh (University of St Andrews)

6.

A new mechanism for the formation of tropical weathering related REE deposits
*Liam Hardy (University of Brighton)

7.

Nb-Ta-Sn mineralisation in spodumene pegmatites of southeast Ireland
*David Kaeter (University College Dublin)

8.

A new insight into “off axis” mineralisation: geochemical and field evidence from Alpen
Rose, Troodos
*Andrew Martin (Cardiff University)

9.

Shallow submarine barite mineralisation on Milos Island, Greece
*Jo Miles (University of Bristol)

10. The Geochemistry of Caesium and Fluorine in SW England: Indicators of PermoTriassic Processes? Evidence from TellusSW
Charlie Moon (Moon Geology/Camborne School of Mines)
11. High-Ce REE minerals in the Parnassus-Giona bauxite deposits, Greece
*Evangelos Mouchos (University of Bristol)
12. Bauxite in Abruzzi (Italy): the Campo Felice and Monte Orsello occurrences
*Francesco Putzolu (Università degli Studi di Napoli Federico II)
13. Geochemical and Lu-Hf isotopic constraints on the petrogenesis of Ta-mineralisation in
the Gardar rift: The Motzfeldt Centre, South Greenland
*Callum Reekie (University of Cambridge)
14. Development of a new automated technique for PGM identification on a SEM running
AZtec software
*Hannah Stephenson (Cardiff University)
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15. Sulphide melt evolution in the Volspruit Project: the most primitive, yet most
contaminated platinum-group element (PGE) deposit in the Bushveld Complex?
Dominique Tanner (Cardiff University)
Presented by Iain McDonald (Cardiff University)
16. Fingerprinting fertile porphyry magmas using apatite
*Emily Brugge (Imperial College London)
17. Textural, spatial and temporal variation within the igneous suites of the Spence
porphyry copper deposit, northern Chile
*Edward Bunker (University of Bristol)
18. Exhumation of Andean Granites: Implications for Porphyry Copper Formation and
Enrichment
*Simon Dahlström (University of Bristol)
19. The effect of titanite crystallisation on Eu and Ce anomalies in zircon and its
implications for the assessment of porphyry Cu deposit fertility
*Matthew Loader (Imperial College London)
20. Testing the plagioclase discriminator using the GEOROC database to identify porphyryfertile magmatic systems worldwide
Ben Williamson (Camborne School of Mines)
21. The pressure-temperature stability and composition of sulphate melts
*Michael Hutchinson (Oregon State University)
22. Caledonian Gold Mineralisation in the Southern Uplands-Longford Down Terrane in
Scotland and Ireland: A synthesis of current data
Samuel Rice (University of the West of Scotland)
23. Copper Metallogenesis in Upper Palaeozoic sedimentary rocks of southern Ireland
*Juergen Lang (University College Cork)
24. The Geochemistry of the Waterford Copper Coast Mineralisation, Ireland
*Joshua Copage (University College Cork)
25. Characteristic of the metal distributions within the Lisheen and Silvermines Zn-Pb
deposits, Ireland
John Güven (University College Dublin)
26. Clumped C-O isotope temperature constraints for carbonate precipitation associated
with the Irish-type Lisheen and Navan Zn-Pb orebodies
Steven Hollis (University College Dublin)
27. Targeting VHMS mineralization at Erayinia in the Archaean Yilgarn Craton, Western
Australia: geochemical and hyperspectral halos
Steven Hollis (University College Dublin)
28. Chemical and mineralogical zonation in the Caribou Zn-Pb VMS deposit, Canada
*Foteini Drakou (Trinity College Dublin)
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29. Gold-barite-polymetallic VMS deposit of Maikain, NE Kazakhstan
*Manshuk Kokkuzova (Kazakh National Research Technical University)
30. Gold Mineralisation in the Yalgoo Singleton Greenstone Belt, Western Australia
*Jamie Price (Cardiff University)
31. The antimony mineralization of Corti Rosas (Gerrei, Sardinia)
*Amedeo Cauceglia (Università degli Studi di Napoli Federico II)
32. Mineral assemblages and textures of granite-hosted veins in the Hemerdon W-Sn
deposit: constraints from scanning electron microscope chemical X-ray mapping
Colin Wilkins (Plymouth University)
33. The Geological Conditions of Fire Opal Formation in the Simav Graben, Turkey and
Querétaro Region, Mexico
*Andrew Dobrzanski (University of Edinburgh)
34. Age models for mineral exploration: Effective strategy for end-user geochronology
Simon Tapster (NIGL, British Geological Survey)
35. Steps to developing iron-oxide U-Pb geochronology for robust temporal insights into
IOCG and BIF mineralisation
*Liam Courtney-Davies (University of Adelaide)
Presented by Simon Tapster (NIGL, British Geological Survey)
36. New software for processing LA-ICP-MS data for mineral deposit applications
Will Brownscombe (The Natural History Museum)
37. Characterisation of the crystallography of gold using EBSD
*Matthew Grimshaw (University of Leeds)
38. Application of X-Ray Photoelectron Spectroscopy in Mineral Deposit Studies
Martin Smith (University of Brighton)
39. Characterisation of Kalgoorlie and Cerro Matoso oxide Ni laterite using Microfocus
Scanning EXAFS
*Ifeoma Ugwu (University of Bristol)
40. Designing an experimental approach to simulate the mining process of seafloor
sulphide ore deposits
*Emily Fallon (University of Bristol)
41. The use of Low-Cost ROV for Deep-Sea Mineral and Ore Prospecting
*Jonathan Teague (University of Bristol)
42. Magnetic fabrics of crust-mantle boundary in obducted ophiolites: preliminary data
from Coverack, UK, and Mirdita, Albania
*Jack Turney (University of Birmingham)
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Abstracts
Abstracts are arranged in alphabetical order by first author.
In each abstract, the name of the presenting author is underlined.
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Parametric investigation of a brine lens formation
above degassing magma chamber
Andrey Afanasyev1, Oleg Melnik1, Jon Blundy2, Steve Sparks2,
Ivan Utkin1, Yulia Tsvetkova1
1

Institute of Mechanics, Moscow State University, Russia (afanasyev@imec.msu.ru)
2
School of Earth Sciences, University of Bristol, UK

Formation of porphyry-type ore deposits is associated with degassing of crustal magma chambers.
Saline, metal-rich magmatic fluid penetrates into a shallow region saturated with cold meteoric
water where the metals concentrate in brine lenses (Fig.). The formation of the lenses and, thus, of
the deposits occurs due to phase transitions [1]. The evaporation of H2O results in enrichment of
residual fluid in NaCl. At a depth of 1–2 km precipitation of solid halite blocks the pore space and
facilitates formation of concentrated brine lenses.
In order to investigate lens formation, we developed an extension of our multiphase simulator
MUFITS [2] for NaCl–H2O mixture flows. We applied the code in a simple axisymmetric scenario
with a high permeability zone in the central part of the domain surrounded by low permeable rocks
(Fig. 1). The high permeability zone simulates a volcanic conduit above a magma body. The
degassing of magma is simulated with a point source of hot supercritical fluid that ascends rapidly
up the conduit, undergoing phase transitions en route. Typical temperature in the lens is 450–550°C
and overpressure above lithostatic is a few MPa.

Figure 1. Schematic view of the problem (a), and calculated distribution of the total mass fraction of NaCl, direction of H2O flux and
isotherms (b).

We conducted a parametric analysis, investigating the influence of model parameters on
accumulation of halite and metals. We found that a higher permeability in the conduit, a smaller
permeability in the surrounding rocks and a higher salinity of magmatic fluid favor larger lenses. A
smaller magmatic fluid temperature T, i.e. temperature in the chamber, results in a smaller lens that
disappears abruptly at a threshold value Ta ≈ 650°C, and it does not form at T<Ta. This is because at
T<Ta the thermodynamic conditions at shallow depth do not favor halite precipitation that blocks
the flow up the conduit. Finally, we conclude that at T>Ta the lens parameters are most sensitive to
the permeability of rocks surrounding the conduit.
References
[1] Weis, P. (2015), The dynamic interplay between saline fluid flow and rock permeability in magmatic-hydrothermal systems,
Geofluids, 15, 350–371. [2] Afanasyev, A., MUFITS Reservoir Simulation Software: www.mufits.imec.msu.ru. This work was
supported by the Russian Science Foundation under grant RSF-16-17-10199.
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The Bongará-Mina Grande (Amazonas, Peru) Zn-nonsulfide deposit
G. Arfè1, M. Boni1, N. Mondillo1, G. Balassone1, M. Joachimski2, A. Mormone3
1

Dipartimento di Scienze della Terra, dell’Ambiente e delle Risorse, Università degli Studi di
Napoli Federico II, Napoli (Italy) (giuseppe.arfe@unina.it)
2
GeoZentrum Nordbayern, University of Erlangen-Nuremberg, Erlangen (Germany)
3
INGV Osservatorio Vesuviano, Napoli (Italy)

The Mina Grande deposit (Amazonas, Peru) consists of several mineralized areas, where the ore
occurs as Zn-nonsulfides in karst cavities [1]. Lead is scarce or absent. The primary deposit is
considered to have been a MVT [2], located in carbonate rocks of the Condorsinga Fm.
(Pliensbachian-Toarcian) of the Pucarà Group. The nonsulfide mineral assemblage, mostly
consisting of hydrozincite, smithsonite and hemimorphite, is associated with concretionary calcites
and, locally, with a gossanous cap. The measured resources were considered ~ 315.000 Tons @ 24
% Zn in a 2008 evaluation, but at Mina Grande there is still considerable economic potential both
for nonsulfides in the surficial karst network, and for primary sulfides, possibly occurring along
several tectonic structures in the whole area.
Several stages of alteration and mineral formation, mirrored by the mineralogical paragenesis of the
deposit, have been confirmed by stable isotopic analyses of the newly formed carbonate minerals.
Isotopically different smithsonite and hydrozincite generations have been detected. Early
smithsonite was the first product of sulfide oxidation and secondary precipitation, and was partially
replaced by early generations of hemimorphite and hydrozincite. Late smithsonite, hemimorphite
and hydrozincite generations can be considered the products of a second oxidation phase. Early and
late smithsonites have different δ18O ratios (from 26.9 to 27.2‰ and from 26.0 to 26.3‰ VSMOW,
respectively). The average O-isotope ratios of spongy and needle-shaped hydrozincite (24.6 and
23.7‰ VSMOW, respectively) are relatively similar to those of concretionary calcite in the deposit
(24.45‰ VSMOW).
The different oxidation stages might be related to several periods of uplift that occurred in the
Bongará district at least since ~10 Ma, when the switch from the Pebas to Acre systems affected the
Amazonas foreland basin in Miocene. The karstic activity, to which the supergene mineralization is
related, can be restricted to a period spanning between Late Miocene and Early Pliocene. Climatic
models of the ecosystems persisting in the region from Late Tertiary to Recent also suggest that the
Mina Grande supergene mineralization was related to several weathering episodes that occurred
under a climate not very different from today.
References
[1] Workman, A., and Breede, K. (2016), NI 43-101, Technical Report on the Bongará zinc project in the Yambrasbamba area,
northern Peru, 139 p.
[2] Basuki, N.I., and Spooner, E.T.C. (2009), Post-early Cretaceous Mississippi Valley Type Zn-Pb mineralization in the Bongará
Area, Northern Peru: Fluid evolution and Paleo-Flow from fluid inclusions evidence. Exploration and Mining Geology, 18, 25–39.

14

MDSG 40th Annual Winter Meeting 2016

Programme and Abstracts

Geological and mineralogical characteristics of REE mineralisation of the
Verkhnee Espe and Iysor granitoid massifs (East Kazakhstan)
Akmaral Baisalova1, Galia Bekenova1, Alla Dolgopolova2, Reimar Seltmann2
1

SIGS, KazNRTU, Almaty, Kazakhstan (baisalova73@mail.ru)
2
Natural History Museum, CERCAMS, London, U.K.

The Verkhnee Espe and Iysor granitoid massifs are situated in the Semey region of East
Kazakhstan. They are related to alkaline granitic rocks of the Tleumbet-Saur belt that is linked to a
junction between Caledonian and Hercynian fold systems [1]. Apical parts of the Verkhnee Espe
and Iysor granitoid massifs underwent intensive high-temperature post-magmatic metasomatism,
which led to a complete change in the composition and structure of primary rocks and led to the
formation of albite-riebeckite granites with elevated concentrations of rare elements. There is a
certain confinement of massifs with such granites to a mobile zone of north-west direction
characterised by the most intense manifestation of tectonic dislocations [2].
Study of geological structures showed that riebeckite-albite granites with rare earth and rare metal
mineralisation are spatially associated with dome-shaped protrusions of granitoid massifs, whereby
the maximum concentration of rare and rare-earth elements are confined to their most apical parts
and to apophysis that branch out from the massifs [3,4]. A characteristic feature of the Verkhnee
Espe massif is a clear zoning in distribution of petrographic varieties of granitoid rocks determined
by a changing sequence of paragenetic mineral assemblages, reflecting the evolution of
metasomatic processes. The main economic interest concerns the near-contact zone of the Lesser
Cupola and ore bodies #1–4 and #6 that concentrate bulk resources of rare-metal ores with
increased content of Zr, Nb, Th, Y, rare elements and rare earths. The near-contact mineralised zone
of the Lesser Cupola combines its northern and north-eastern parts and reveals a well-defined
zonation, where rock suites vary from the contact zone to the inner part of the massif in
petrographic composition, structural-textural features and concentrations of rare metals and rare
earths [3,5].
Relationship between metasomatites and hornfelsed sedimentary rocks of the roof is characterized
by gradual transitions, expressed in: (1) bleaching of rocks near the metasomatites, (2) clear
expressed banding, and (3) occurrence of new metasomatic formations of riebeckite, aegerine,
albite, microcline and ore minerals with their quantity increasing towards the contact area. Almost
unnoticeable zonation of predominantly grey sequence of sedimentary rocks becomes very apparent
in the zone of metasomatites; this is caused by the alternation of unequal composition of light
(albite), pink (microcline), and dark (enriched in riebeckite) layers. Regular feature of metasomatic
rocks is a dominant orientation of prismatic crystals of riebeckite and aegerine concordant with
general direction of banding.
References
[1] Belov, V.A., Ermolov, P.V. (1996), The Verkhnee Espe rare metal deposit in East Kazakhstan, in: Shatov et al. (Eds.) Graniterelated ore deposits of Central Kazakhstan and adjacent areas, St Petersburg, 219–228.
[2] Stepanov, A.V., Bekenova, G.K. (2009), Brief description of the Verkhnee Espe rare-element deposit, Proceedings of an
international conference on geology, mineralogy and future trends of mineral resources development, Almaty, 248–258.
[3] Stepanov, A.V., Bekenova, G.K., Dobrovol'skaya, E.A., Levin, V.L., Kotelnikov, P.E. (2011), About fenitization process in
connection with small intrusions of alkaline granites of the example Verhneespinskogo rare metal deposit (East Kazakhstan),
Abstract volume for a conference “Geology in the twenty-first century” (Satpaev readings), 302–310.
[4] Stepanov, A.V. et al. (2012), Natrotitanite, ideally (Na0.5Y0.5)Ti(SiO4)O, a new mineral from the Verkhnee Espe deposit,
Akjailyautas mountains, Eastern Kazakhstan district, Kazakhstan: description and crystal structure, Mineralogical Magazine, 76 (1),
37–44.
[5] Bekenova, G.K. et al. (2015), Ontogenetic approach to genetic modeling of Verkhnee Espe deposit of rare elements (Eastern
Kazakhstan), Abstract from an "Ontogeny, phylogeny and mineralogy" conference, Chelyabinsk, Russia, 68–75.

15

MDSG 40th Annual Winter Meeting 2016

Programme and Abstracts

How semantic technology makes geodata more discoverable,
more useful and more valuable
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1
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Baseline geodata, geology, geochemistry and geophysics, are essential in mineral exploration.
Regional-scale geodata acquisition, airborne geophysical surveying, or lithogeochemical sampling,
is an expensive and time-consuming process. Geodata will continue to grow in importance in the
future as exploratists on managers and geologists will increasingly have to look in areas where
deposits are concealed. However, whilst the collection of this geodata is important, even more
important is to understand and extract maximum value from this data.
Semantic technology is a well-known and trusted tool used in many sectors including
pharmaceutical process design and in financial prediction. Semantic technologies encode meaning
into content and data to enable a computer system and effectively allow them to “understand” the
data they process [1]. This makes them potentially ideal to be used in the mineral exploration
sector, where prospectivity studies are typically completed following labour
intensive and time consuming desktop studies.
To address the dual challenge of exploring for increasingly hard to locate
mineral deposits and more effectively using available geodata, IGS Xplore
has been developed a new and innovative mineral prospectivity system
which uses semantic technology. It is a unique knowledge-based software
application that examines geodata-sets using a set of well-established, nonstatistical, empirically-based geological rules governing 50 known
mineralization models worldwide, ensuring that generated mineral
prospectivity areas are not theoretical constructs but are based on actual
Figure 1. Prospectivity
geological conditions. The semantic technology used by IGS Xplore uses
Map of Besshi Copper
inference processes to automatically enrich geodata with geological
Deposits in North West
meaning, discover new relationships between geodata and generate more
Botswana.
comprehensive, descriptive data models. Furthermore, storing complex and
varied datasets requires a level of interoperability and extensibility that only semantic technologies
can offer. IGS Xplore also allows full traceability of prospectivity process and outcomes compared
to statistical and neural analyses.
We have recently released a series of base metal prospectivity maps for the Ngamiland District of
Botswana using geodata available on the recently-launched Botswana Geoscience Portal, hosted by
Geosoft [2] (Fig. 1). The new prospectivity maps connect and interpret the datasets available on the
Portal to bring out the potential of the data and add value, giving industry an indication of the
Greenfield opportunities in underexplored or covered terranes. Using semantic technology in
mineral exploration will enable a greater understanding of favourable locations for mineral deposits
using existing geodata sources to maximise the value of acquiring this data.
References
[1] Wojcik, S., Osman, T. and Zawada, P. (2016), Semantic Approach for Prospectivity Analysis of Mineral Deposits, Proceedings
of the 2nd International Conference on Geographical Information Systems Theory, Applications and Management - Volume 1:
GISTAM, 180–189.
[2] http://www.earthexplorer.com/2016/New_base_metal_prospectivity_maps_for_Botswana.asp.
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Climate controlling the formation of Zn-(Pb) supergene Nonsulphide ores
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Supergene deposits represent the product of oxidation of primary sulphide bodies and of their
mobilization and subsequent deposition in alteritic covers or in karstic cavities, after mechanical
and/or chemical transport. Nonsulphide Zn-(Pb) deposits (NSZ) are a relatively common supergene
ore type [1,2], and were the earliest source of mined zinc. These deposits contain hydrated zinc
silicates and carbonates such as hemimorphite and hydrozincite, clay minerals as sauconite, or the
most common carbonate smithsonite. Lead can be contained in cerussite and/or anglesite. The best
example of an economic supergene Nonsulphide Zn deposit is the Skorpion operation in Namibia
[3].
Recent developments in processing technologies for the treatment of NSZ deposits have caused a
revival in exploration for NSZ ores throughout the world. Nevertheless, at several mining sites the
processing plants are underperforming relative to initial expectations, which has resulted in delays
in the development of their exploitation. Capital and operating costs, as well as metal recoveries
have not completely met the feasibility study expectation, and several NSZ resources are still
battling with technical and/or political issues. Many technical problems can be mitigated by a better
identification of the mineralogical association of the metallic and nonmetallic minerals, whose
precipitation was differently controlled by local climate and nature of the host rock [2].
Supergene alteration of primary Zn-(Pb) sulphides, eventually followed by precipitation of
secondary ore minerals, represents a peculiar case of weathering process, which is mainly
controlled by climate. To detect the conditions associated with the weathering (or paleo-weathering)
phenomena, plays a crucial role in understanding this kind of deposits. Base metals nonsulphides
were considered in the past as being related to the same climatic conditions of laterites: this is not
the case, because most of them are deposited in periods different from known laterites and bauxites,
under climates ranging from hot/humid, to cold/humid, warm/humid and semi-arid to arid.
Carbon and oxygen stable isotope studies allow gaining indirect paleoclimatic information on the
depositional conditions of Nonsulphide ores. The oxygen-isotope variation of the individual
carbonate minerals within a deposit is relatively small, indicating constant formation temperatures
and a single, meteoric fluid source. Carbon-isotope values are instead highly variable in NSZ
deposits, thus suggesting several carbon sources that are isotopically distinct. Periods of
paleoclimatic switch-overs from seasonally humid/arid to hyperarid conditions have been
considered as being the most favorable for the formation and preservation of supergene
Nonsulphide concentrations. However, while several recent Nonsulphide deposits throughout the
world are positioned between 15° and 45°N latitude, thus pointing to a warm and humid weathering
climate, others have been deposited in desertic or even sub-Arctic regions. A few examples will be
presented here.
References
[1] Hitzman, M.W., Reynolds, N.A., Sangster, D.F., Allen, C.R., and Carman, C.E. (2003), Classification, genesis, and exploration
guides for nonsulfide zinc deposits, Economic Geology, 98, 685–714.
[2] Boni, M., and Mondillo, N. (2015), The "Calamines" and the "Others": the great family of supergene nonsulfide zinc ores, Ore
Geology Reviews, 67, 208–233.
[3] Borg, G. Kärner, K., Buxton, M., Armstrong, R., and van der Merwe, S.W. (2003), Geology of the Skorpion non-sulphide
deposit, southern Namibia, Economic Geology, 98, 749–771.
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Optimising the REE-Zr-Nb potential of eudialyte and its alteration products in
the Ilímaussaq complex, South Greenland
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Rare earth elements (REE) are critical to the development of a sustainable hi-tech economy [1].
Eudialyte-bearing nepheline syenites provide promising alternatives to currently mined REEdeposits in China, and techniques for their economic and environmental friendly exploitation are
being developed. Europe hosts substantial eudialyte deposits within three rift-related peralkaline
complexes, i.e. Ilímaussaq (Greenland), Lovozero (Russia), and Norra Kärr (Sweden) [2,3]. Despite
being relatively low grade (c. 2 wt% TREO) compared to conventionally exploited REE phases,
eudialyte is attractive for exploitation because of its (1) associated enrichment in other critical
metals e.g. Zr, Nb and Ta; (2) high proportions of heavy relative to light REE (up to 1:1), (3) low U
and Th contents, and (4) easy magnetic separation.
As eudialyte crystallises in unusually Cl, F and OH-rich peralkaline melts, it is commonly replaced
by finely intergrown secondary REE, Zr, Nb phases during late-magmatic fluid activity [4,5]. Here
we present the results of a detailed petrographic study of eudialyte alteration in the rhythmically
layered floor cumulates of the Ilímaussaq complex, i.e. the world’s largest eudialyte deposit. Three
types of alteration assemblages are identified, characterised by different Zr-phases, i.e. catapleiite,
zircon and gittinsite. Niobium is concentrated into nacareniobsite-(Ce), fergusonite-(Y) and
fersmite. The REE are redistributed into finely disseminated britholite-(Ce), monazite-(Ce),
allanite-(Ce), and a group of poorly identified Ca-Ba-REE-phospho-sillicates [4,5]. The latter are
most common, but too small (<10 µm) for quantitative analyses using common analytical
techniques. Semi-quantitative mass balance calculations suggest that Zr, Nb and REE were
immobile, and hence, the overall ore grade is unaffected by hydrothermal activity. However, a large
proportion of the metals now reside in unknown minerals which could significantly hinder metal
recovery as illustrated in recent hydrometallurgical studies [6,7] describing issues with silica gel
formation, acid consuming gangue minerals and resistant secondary phases. To overcome these
issues, high purity eudialyte concentrates and further mineralogical studies of alteration products
are required. Future work will therefore use synchroton radiation and nano-techniques (µ-XRF, µXRD, XAS, TEM) to study the structure and composition of secondary phases in altered eudialyte.
Element mapping and REE speciation studies will provide insight into how the REE are
redistributed on the micro- to nano-scale. Ultimately, the results will contribute to optimising the
economic potential of eudialyte and similar resources in and outside Europe.
References
[1] European Commission (2014), Report on critical raw materials for the EU. [2] Sørensen (1992), Agpaitic nepheline syenites: a
potential source of rare elements, Appl. Geochem., 7, 417–427. [3] Goodenough et al. (2016), Europe's rare earth element resource
potential: An overview of REE metallogenetic provinces and their geodynamic setting, Ore Geol. Rev. 72, 838–856. [4] KarupMøller & Rose-Hansen (2013), New data on eudialyte decomposition minerals from kakortokites and associated pegmatites of the
Ilímaussaq complex, South Greenland, Bull. Geol. Soc. Denmark, 61, 47–70. [5] Borst et al. (2016), Zirconosilicates in the
kakortokites of the Ilímaussaq complex, South Greenland: Implications for fluid evolution and HFSE-REE mineralization in agpaitic
systems, Min.Mag. 80, 5–30. [6] Zakharov et al. (2011), Causes of insufficient recovery of zirconium during acidic processing of
lovozero eudialyte concentrate, Russian J. Non-Ferrous Metals, 52(5), 423–428. [7] Voßenkaul et al. (2016), Hydrometallurgical
Processing of Eudialyte Bearing Concentrates to Recover Rare Earth Elements Via Low-Temperature Dry Digestion to Prevent the
Silica Gel Formation, J. Sustain. Metall., 1–11.
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The Distribution of Precious and Energy Critical Metals
at the scale of a Copper deposit
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Precious- and energy-critical elements (ECEs) mainly occur as trace constituents in base-metal
sulphides of zinc and copper ores. This project concerns itself with the geochemistry of ECEs and
precious metals in copper ores, namely Co, Ag, Au, Se, Te, Re and Tl, which are referred to as
“rare metals” in the following. There is no definite list of critical elements but all currently
recognised ECEs have in common that their availability appears critical to the large-scale
deployment of energy-related technologies [1]. The growing demand for ECEs as key components
in renewable and sustainable energy, production, conversion and storage technologies necessitates
research that contributes to an enhanced supply of these metals.
While average crustal abundances of ECEs are well known, there is a surprisingly limited
understanding of how these metals are distributed at the ore-body and especially at the mineral
scale. Specifically, there is a substantial lack of knowledge concerning the geochemical behaviour
of rare metals within copper ore systems. These aspects constrain effective extraction, processing
and refining of these metals and additionally causes preventable waste of resources. Here we outline
the scope and scientific approach of a project that addresses these challenges.

a)

b)

2mm
Figure 1. (a) Sampling at the deposit scale, (b) Rhenium distribution map of molybdenite by LA-ICP-MS.

The chief aim is to more precisely determine the copper deposit type (VMS-, porphyry-, or
sedimentary deposit) that bears the most outstanding rare metal potential both in terms of absolute
tonnage and ability to recover the ECE's through mineral processing. The target deposits will be
characterised through analysis of mineral phases via trace element mapping (LA-ICP-MS). As was
shown by Ulrich et al. [2], LA-ICP-MS mapping has the ability to visualise the complex
distribution of low concentration elements (e.g. platinum group elements (PGEs)) in sulphides,
revealing unprecedented detail. Exploiting the key assets of this technique - low detection limits and
high spatial resolution - the rare metal distribution of copper ore associated minerals, mainly
sulphides, will be spatially visualised and quantified. An exemplary result of this approach is shown
in Figure 1b. In a further task of the project, case study copper deposits will be selected, which will
be sampled across the entire ore-bodies (Figure 1a). This is expected to lead to an improved
understanding of the rare metal distribution on the deposit scale.
References
[1] Jaffe, R., Price, J., Hitzmann, M. and Slakey, F (2011), Securing Materials for Emerging Technologies, A report by the American
Physical Society (APS) panel on Public Affairs and Materials Research Society (NRS). [2] Ulrich, T., Kamber, B.S., Jugo, P.J. and
Tinkham, D.K. (2009), Imaging element-distribution patterns in minerals by laser ablation-inductively coupled plasma massspectrometry (LA-ICP-MS), The Canadian Mineralogist, 47, 1001–1012.
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New software for processing LA-ICP-MS data
for mineral deposit applications
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A new software approach is presented for handling Laser-Ablation-Inductively-Coupled-PlasmaMass-Spectrometry (LA-ICP-MS) data. This project arose out of the frustration and expense
associated with existing software options and a preference for an unsustainable LOTUS 123 based
option [1] amongst veteran museum staff.
The aim of the project was to provide a processing option that would be suitable for three separate
situations. Firstly, for the most efficient possible handling of high throughput commercial analyses,
such as those undertaken in the industry-funded London centre for Ore Deposits and Exploration
(LODE), laboratory. Secondly, to provide an easy, robust processing methodology for visiting
students and MSci students that ensures adequate understanding of the mathematics of data
reduction while minimizing the potential for mistakes. Thirdly, for enabling novel processing
methodologies to be created and tested by the LA-ICP-MS research staff at the NHM.
Written in C# as a Visual Studio Tools for Office (VSTO) add-in that runs in Microsoft Excel, the
program installs as an application that centrally updates to avoid versioning issues. Parameters,
standards and different operating protocols are stored at a central location on the institution
network. The program incorporates a large number of translated VBA macros that had been
developed ad-hoc over the years and were utilized for various tasks.
LA-ICP-MS processing follows the ubiquitous methodology of using internal and external
standards to convert counts to concentrations, correct for instrument drift and correct for
fractionation between elements [2]. It also provides the framework to create alternative processing
options, several of which are in development.
At present the software allows the freedom to easily process different elements by different internal
and external standards, to use total oxide percentages to normalize instead of an internal standard,
and to use a fractionation factor derived from multiple external standards as opposed to just one. It
can also reduce data purely using ratios, and has U/Pb options that produce age dates and data
output for use with Isoplot [3].
In addition the software provides universal geochemical tools for quickly handling, reducing and
interpreting SEM data and EPMA data. A specific workflow has been incorporated to translate XY
coordinates between machines and to generate automated experiment files for both the laser
ablation and mass spectrometer software, allowing runs to be planned offline and run automatically.
Automated processing algorithms are to be included in the next iteration of the software along with
an integrated institution-wide database.
References
[1] Jackson, S. E. (2008), LAMTRACE data reduction software for LA-ICP-MS, In ed. Sylvester, P. Laser Ablation ICP-MS in the
Earth Sciences: Current Practices and Outstanding Issues, Mineralogical Association of Canada short course series, 40, 305–307.
[2] Longerich, H.P., Jackson, S.E., and Günther, D. (1996), Laser ablation inductively coupled plasma mass spectromic transient
signal data acquisition and analyte concentration calculation, Journal Analytical Atomic Spectrometry, 11, 899–904.
[3] Ludvig, K. (2012), User’s manual for Isoplot 3.75, a geochronological toolkit for Microsoft Excel, Berkeley Geochronology
Center Special Publication No. 5.
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Fingerprinting fertile porphyry magmas using apatite
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The use of igneous mineral chemistry to fingerprint fertile porphyry systems has become an area of
significant interest [1,2]. To further the research, the controls behind these variations in mineral
chemistry need to be better understood. Apatite is a resistant indicator mineral (RIM), with a
structure that can accommodate wide variations in both major and trace elements. In igneous
apatite, these substitutions can reveal the conditions of the melt and associated fluids including the
redox state [3], water content and aluminosity.
By comparing its chemistry within fertile and barren systems, we seek to develop apatite as a probe
of fertile arc magma evolution. In addition, hydrothermal apatite will provide an insight into the
role and character of the exsolved fluids. Analysis by SEM and cathodoluminescence (CL) provides
petrographic information, in particular REE zoning; microprobe and LA-ICP-MS can give detailed
geochemistry of the apatite and apatite-hosted fluid inclusions. A worldwide data set on apatite
from a range of porphyry systems and barren arc-segments will be created. This will be combined
with more focused studies where a detailed crystallization history and different generations of
apatite can be discerned. The apatite composition can then be related to external controls such as
melt chemistry, timing of fluid exsolution and mineralization, and fluid composition. From the
results, the key differences between barren and fertile systems will be modelled, helping to identify
triggers of magma fertility and the controls on the mineralizing potential of the exsolved fluids. The
determination of hydrothermal and igneous apatite chemistry associated with deposits will aid
exploration techniques and ultimately contribute to a deeper understanding of the formation of
porphyry systems.
Some initial analyses of complexly-zoned, large crystals of fluorapatite have been carried out.
These show zoning in BSE images related to the concentrations of major elements, with finer
zoning visible in CL as a result of variations in REE content. The compositions of the major
concentric zones suggest paired substitution of cations (e.g. 2Ca2+=Na++REE3+) linked to halogen
variations. There is difficulty in obtaining accurate halogen concentrations in apatite due to the
effects of migration parallel to its c-axis during electron beam analysis; however, preliminary
studies like this will be used to develop methods, standards and quality checks for later analyses.
References
[1] Bouzari. F., Hart, C.J.R., Bissig. T., and Barker. S. (2016), Hydrothermal alteration revealed by apatite luminescence and
chemistry: a potential indicator mineral for exploring covered porphyry copper deposits, Economic Geology, 111, 1397–1410.
[2] Williamson, B.J., Herrington, R.J., and Morris, A. (2016), Porphyry copper enrichment linked to excess aluminium in
plagioclase, Nature Geoscience, 9, 237–241.
[3] Miles. A. J., Graham. C.M., Hawkesworth. C.J., Gillespie. M.R., Hinton. R.W., Bromiley. G.D., and EMMAC (2014), Apatite: A
new redox proxy for silicic magmas? Geochimica et Cosmochimica Acta, 132, 101–119.
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Textural, spatial and temporal variation within the igneous suites of the Spence
porphyry copper deposit, northern Chile
Edward Bunker1, Jon Blundy1, Frances Cooper1, Daniel Condon2, Simon Tapster2
1

School of Earth Sciences, University of Bristol, Bristol (edward.bunker@bristol.ac.uk)
2
NERC Isotope Geosciences Laboratory, British Geological Survey, Keyworth

The Spence porphyry copper deposit (PCD) in northern Chile lies within the Paleocene-Early
Eocene metallogenic belt and mineralisation is hosted in a ~57 Ma dacitic to dioritic porphyritic
intrusive suite [1]. The deposit can be divided into 4 major SSW-NNE-trending igneous bodies,
referred to as the South, Central South, Central North and North (Fig. 1). These intrusives have
been grouped into 3 major units based upon cross-cutting relationships, alteration style, vein
type/density, and igneous texture. From oldest to youngest, they are: Quartz Feldspar Porphyry 1
(QFP1), Quartz Feldspar Porphyry 2 (QFP2), and Feldspar Porphyry (FP) [2]. Closer inspection of
Spence drill-core has revealed variation within the igneous textures and mineralogy of QFP1,
suggesting a more complicated and protracted emplacement history than previously thought [3].
A greater understanding of the
relative timescales of intrusive
and hydrothermal systems and
their relationship to mineralisation is required in order to
resolve conflicting models for
PCD formation. Therefore, in
an effort to develop a highresolution magmatic timeline
at Spence, we performed
chemical abrasion isotope dilution thermal ionization mass
spectrometry (CA-ID-TIMS)
U-Pb zircon geochronology on
samples across the Spence
igneous suite (Fig. 1). Our
results reveal a prolonged Figure 1. Google Earth image of Spence with the 4 igneous bodies
and U-Pb zircon ages indicated. Red: QFP1; Yellow: QFP2; FP: not
history of emplacement for shown due to insignificant volume, but is limited to the South.
QFP1, which we suggest
formed through a series of pulses over several hundred thousand years. Ages from QFP2 (Central
South) and FP (South) are contemporaneous, but precede QFP1 (Central North), suggesting that the
onset and cessation of magmatism may have migrated from SSW to NNE. Our results reveal that
the intrusive units at Spence developed over several hundred thousand years and that magmatism
progressed northwards over time. The timing of mineralisation at Spence will need to be precisely
constrained in order to relate it to this complex magmatic history and build up a complete picture of
PCD evolution in the Spence deposit.
References
[1] Rowland, M. G. and Clark, A. H. (2001), Temporal overlap of supergene alteration and high-sulfidation mineralization in the
Spence porphyry copper deposit, II region, Chile, Abstract, Annual Meeting, Geological Society of America, Session 150.
[2] Rowland M. G. (2001), Geology of the Spence porphyry copper deposit, northern Chile, Rio Algom internal report.
[3] Sillitoe R. H. (2011), Comments on the Cerro Colorado and Spence hypogene models, northern Chile, BHP Billiton internal
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The Corti Rosas antimony deposit is located in the "Southern Nappe Zone", northeast of the village
of Ballao, within the Gerrei region (southeast Sardinia, Italy). In the Gerrei, Cambrian to Lower
Carboniferous sedimentary and volcanic rocks have been affected by polyphase tectonism and lowgrade metamorphism (greenschist facies) during the Hercynian orogeny. The Sb mineralization of
Corti Rosas is fault-controlled and occurs as thin veins hosted in black shales of the SiluroDevonian “Scisti a Graptoliti” Fm. This deposit has been addressed in various models,
contemplating a sedimentary, magmatic-hydrothermal or hydrothermal origin [1]. The orebody,
which is partly exploited, is composed mainly of stibnite, accompanied by arsenopyrite and pyrite.
This study is aimed to better determine the mineral association and the paragenesis of the
mineralization.
Stibnite has been detected mainly in (Fe)-calcite veins, but it is also locally scattered throughout the
shaly host rock. A range of microstructures (deformation bands, undulatory extinctions, pressure
lamellae, kink bands, fracture-fillings) are always present in this mineral. Two generations of pyrite
have been distinguished: an early syngenetic/diagenetic pyrite I, in form of partially recrystallized
framboids, and pyrite II with a cataclastic texture. Arsenopyrite also occurs, both as euhedral,
rhombic-shaped crystals, disseminated in the black shales, and as crystals with a cataclastic texture.
In association with arsenopyrite it was possible to detect zinkenite (Pb9Sb22S42), a quite uncommon
Sb- and Pb-mineral. Zinkenite displays a chemical zonation characterized by increasing Sb content
toward the rim of the crystals, reflecting a gradual 3Pb2+ ↔ 2Sb3+substitution.
Three main stages of mineral precipitation can be recognized: (I) pyrite I ± quartz ± calcite, (II)
arsenopyrite + pyrite II ± zinkenite ± sphalerite + Fe-dolomite ± fluorapatite + calcite + quartz, and
(III) stibnite + (Fe)-calcite. The first hydrothermal event (II) is characterized by a progressive
enrichment of Sb2S3 towards the late deposition stages; the bulk precipitation of stibnite ore
occurred in the final stage (III).
The late deposition of stibnite could be related to an increase in chemical potential of the more
volatile Sb2S3 in the ore-forming fluid, due to the transformation of antimony from a polyvalence
state to a complex anion: this enabled the metal to remain in solution in the hydrothermal fluids
longer than other components [1]. The average depositional temperature for the second
hydrothermal stage, calculated through arsenopyrite geothermometry is around 350°C. The deposit
experienced a complex deformation, evidenced by a set of textures developed especially in stibnite,
which are clearly associated with the Hercynian tectonics. Intra-crystalline deformation probably
occurred when temperature reached 180°C [1]. Brittle deformation is most likely related to the late
phases of Hercynian crustal extension.
References
[1] Carmignani L., Cortecci G., Dessau G., Duchi G., Oggiano G., Pertusati P., Saitta M. (1977), The antimony and tungsten deposit
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Tempo of magma degassing and the genesis of porphyry copper deposits
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Porphyry deposits are copper-rich orebodies formed by precipitation of metal sulphides from
hydrothermal fluids released from magmatic intrusions that cooled at depth within the Earth’s crust.
Finding new porphyry deposits is essential because they are our largest source of copper and they
also contain other strategic metals including gold and molybdenum. However, the discovery of
giant porphyry deposits is hindered by a lack of understanding of the factors governing their size.
Here, we use thermal modelling and statistical simulations to quantify the tempo and the chemistry
of fluids released from cooling magmatic systems of various sizes emplaced at various injection
rates. We confirm that typical arc magmas produce fluids similar in composition to those that form
porphyry deposits and conclude that the volume and duration of magmatic activity exert a first
order control on the endowment (total mass of deposited copper) of economic porphyry copper
deposits. Therefore, initial magma enrichment in copper and sulphur, although adding to the
metallogenic potential, is not necessary to form a giant deposit. Our results further link the
respective durations of magmatic and hydrothermal activity from well-known large to supergiant
deposits to their metal endowment. This novel approach can readily be implemented as an
additional exploration tool that could help assess the economic potential of magmatic-hydrothermal
systems.
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Climate change, groundwater flow, and supergene enrichment in the
Central Andes: Insights from (U-Th)/He hematite geochronology
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The western margin of the Central Andes has an arid climate that is thought to have persisted since
at least ~15 Ma [1–3], and yet the region also hosts a number of porphyry copper deposits with
well-developed supergene enrichment blankets that must have formed when the climate was wetter
[e.g. Chuquicamata, La Escondida, and Cerro Colorado; 1,4,5]. While it has been suggested that the
onset of aridity at ~15 Ma was caused by the rain shadow created by uplift of the Andes in the late
Oligocene [2–4], others have suggested that the arid climate could have already been established by
Eocene time [6]. Determining the precise relationship between Andean uplift, aridity, and the
cessation of supergene mineralisation in northern Chile is of fundamental importance for our
understanding of porphyry copper enrichment and could inform future exploration strategies in the
region.
In this study, we place direct constraints on the timing of climate aridification in northern Chile by
tracking the downward migration of the water table in the Cerro Colorado leached cap using (UTh)/He hematite geochronology [7,8]. The hematite formed by reaction of oxygenated groundwater
with ferrous-bearing minerals, such as pyrite and chalcopyrite, above the redox interface at the
water table. In the reducing environment below, this process was unable to continue, and thus the
depth of hematite precipitation as a function of time can be used to constrain the relative movement
of the water table.
Nine samples collected from vertical drill holes through the ~50–200 m-thick leached cap yielded
ages from 30.82 ± 1.54 Ma to 2.12 ± 0.35 Ma (2σ), suggesting that hematite precipitation has been
continuous at Cerro Colorado since at least ~31 Ma, and was broadly commensurate with growth of
supergene alunite and jarosite until ~14 Ma, [5]. After ~14 Ma, alunite and jarosite precipitation
appears to have ceased, indicating an end to supergene mineralisation. This coincides with the start
of a downward younging trend in our data that implies a slow and steady lowering of the water
table at a rate of ~11 m/Ma until the present day. We relate this lowering to the incision of a local
canyon in response to the onset of aridity and suggest that it could be linked to the shutting off of
supergene mineralisation at this time.
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The Geochemistry of the Waterford Copper Coast Mineralisation, Ireland
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The occurrence of vein-hosted base metal mineralisation on the southern coast of Ireland has not
been well resolved with the surrounding geological terrane. The mineralized lode structures of the
Copper Coast, County Waterford, lie within the larger Ordovician – aged arc volcanics of southeast
Ireland which is host to historically economic VMS-style deposits such as the Avoca Cu-Pb-Zn
deposit [1,2]. The area is currently the site of ongoing exploration for base and precious metal VMS
prospects. This study aims to characterise the geochemistry and timing of the mineralisation using
both field and laboratory techniques.
This study is examining the timing and geochemistry of the mineralisation through field work and
the application of petrography, fluid inclusion investigation and stable isotope analysis.
Initial field work indicates that the formation of the mineralised lodes is related to a tectonicallydriven, hydrothermal event. Petrographical investigation has shown that the fault-hosted vein
systems display several complex generations of fluid flux with distinct zones of Cu and Pb-Zn
mineralisation. The textural and structural relationships seen associated with the mineralised lodes
suggests that they formed through Mode-I oblique-slip faulting induced within a transtensional
regime.
The geochemical and economic significance of the Copper Coast mineralisation is not yet certain.
The structural and petrographic evidence, at present, indicate that the system may represent
remobilised mineralisation from a proximal VMS deposit.

Area of study

Figure 1. Bedrock geology map
showing location and geology of
study area.

Figure 2. Photo showing a
typical mineralised lode
structure on the Copper Coast.

Figure 3. Photomicrograph
showing the appearance of bi-phase
inclusions within ore-phase quartz.
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Steps to developing iron-oxide U-Pb geochronology for
robust temporal insights into IOCG and BIF mineralisation
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Direct U-Pb dating of iron-oxides, principally hematite and magnetite, is a relatively new method,
which was first realized through a reconnaissance geochronological study of U-bearing oscillatoryzoned hematite from the Olympic Dam iron-oxide copper-gold deposit, South Australia [1].
Although successful, only 207/206Pb weighted average ages were deemed reliable due to calibration
against a non-matrix-matched standard (GJ-1 Zircon).
In a push towards more robust iron-oxide geochronology, we are attempting to fabricate,
characterize and evaluate natural, as well as synthetic standard material using a complimentary
range of instruments and techniques. Once suitable standard material has been attained, it will be
applied as a proxy to constrain the timing and potential lifespan of mineralization in a range of
complex deposits, including those in the Olympic Cu-Au province (South Australia), as well as
banded iron formations (BIF) found to contain uranium. Significant steps have been taken, through
characterization of potential standard material, employing sensitive – high resolution – ion
microprobes (SHRIMP) and isotope dilution–thermal ionization mass spectrometry (ID-TIMS),
both applied to iron-oxides for the first time, and which has yielded extremely positive initial
results. In tandem with this, the development of a mixed U-Pb solution standard dating technique
[2] has furthered our understanding of matrix-effects and other limitations associated with hematite
LA-ICPMS U-Pb geochronology, but also allowed us to date samples, including BIF hematite [3],
in which U concentrations in the mineral are as low as 10 ppm. One route of fabricating synthetic
hematite, using a modified chemical vapour transport method, is producing mm-sized crystals,
which are now set to undergo U-Pb doping experiments.
Although numerous minerals can be dated routinely, and in many cases reliably, iron-oxides can
become an important tool for directly dating mineralization in ore deposits, in which conventional
minerals like zircon and monazite are either absent, or are not necessarily representative of the oreforming event. In turn, this can contribute to the overall genetic model of an ore deposit, and lead to
potential applications in mineral exploration. The ubiquitous presence of iron-oxides in several
deposit types suggests the method may have far reaching applicability.
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Exhumation of Andean Granites:
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Porphyry copper deposits (PCDs) are typically thought to form only a few km beneath the Earth’s
surface, associated with the emplacement of granitic host rocks. They are subsequently exhumed to
the surface, where they may undergo secondary enrichment by meteoric fluids or be completely
removed by erosion. The rate at which exhumation occurs seems to be a critical factor in the
potential for supergene enrichment, preservation at the surface, and possibly for primary hypogene
mineralisation [1]. Rapid exhumation during the supergene enrichment stage leaves little time for
the system to interact with the water table to produce mature enrichment blankets before the ore is
eroded at the surface. Rapid exhumation during the hypogene stage may on the other hand result in
telescoping of the ore, which can be of economic importance because of the potential to generate
giant ore deposits by overprinting the deep porphyry mineralisation with shallow epithermal
mineralisation [2].
We present a regional study of granite exhumation rates across northern Chile, focusing on spatial
and temporal patterns of exhumation in both barren and mineralised systems along the EoceneOligocene metallogenic belt. Minimum exhumation rates for each intrusion are calculated by (1)
combining U-Pb zircon geochronology with Al-in-hornblende geobarometry to pinpoint the time
and depth of granite emplacement, and (2) assuming steady and continuous exhumation from
emplacement to the surface.
Twelve new U-Pb zircon ages for granitic intrusions near the Collahuasi and Queen Elizabeth
porphyry copper deposits and BHP Billiton drill holes close to the Chile-Peru border, have been
obtained using LA-ICPMS. Most of the plutons were found to be of Eocene age (39–51 Ma), but
three yielded Triassic to Permian ages (240–294 Ma). Emplacement depths for eight of the
intrusions were calculated using a revised version of the Al-in-hornblende geobarometer calibrated
for shallow intrusions [2]. The Eocene, Triassic and Permian plutons all show very similar
emplacement depths of 5–7 km, yielding minimum average exhumation rates of 0.12–0.15 km/Ma
for the Eocene plutons, and 0.02 km/Ma for the Triassic and Permian plutons. This suggests that
little exhumation of the older plutons took place between the Permian and the Eocene, but
exhumation accelerated during or after the Eocene, possibly related to increased rock uplift and
erosion along the western Andean margin.
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Crustal fluids are significant agents of element transfer through the Earth system and play a
fundamental role in the formation of hydrothermal ore deposits. In particular, sedimentary brines
are responsible for the formation of extensive low-temperature Pb, Zn and Cu mineralization and
temperature and chlorinity are widely considered to impose first-order controls on crustal fluid
metal contents. Through the development of a database of crustal fluid P-T-X characteristics, the
relationship between temperature, chlorinity and base metal concentrations can be explored and
order-of-magnitude estimations of the Fe, Mn, Pb and Zn concentrations in chloride-dominated
aqueous crustal fluids established. In order to test the veracity of predicted metal concentrations,
two data sets with combined LA-ICP-MS major and trace element analysis and corresponding
microthermometry of individual fluid inclusions were investigated from three different
metallogenic systems [1,2]. While some variation from predicted fluid metal concentrations is
apparent, the measured fluid inclusion data broadly conforms to predicted metal concentrations.
Using this approach we have estimated the base metal concentrations of brines present in the
Zambian Basin which hosts one of the largest and richest metallogenic provinces in the world.
Previous studies have suggested the presence of two generations of Zambian Copperbelt fluids,
distinguished by their halogen systematics and host vein chronology [3]. These fluids are
anomalously hot and saline relative to most sedimentary waters, with elevated Fe, Mn, Pb and Zn
predictions. However, copper solubility in crustal fluids is less well constrained by fluid
temperature and chlorinity alone, implying a more significant role for one or more other
physiochemical parameters such as the fluid redox state or post-entrapment modification through
diffusion processes [4]. The predicted metal concentrations of the Zambian basin fluids are
compared with recently acquired fluid inclusion LA-ICP-MS data to assess the primary controls on
the composition and temporal evolution of the fluids responsible for the formation of this worldclass metallogenic province.
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Volcanic ash-fall placers: a new type of REE deposit?
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The Çanakli deposit, a part of the Aksu Diamas project in western Turkey, owned by AMR Mineral
Metal Inc., has an inferred resource of 494 million tonnes at 0.07% TREO (total rare earth oxide) in
unconsolidated sediments at surface. This deposit is a potentially important source of European rare
earth element (REE) supply. Alternative supplies of critical minerals are being intensely
investigated across the globe, with a focus on by-product or added-value minerals such as REE, for
example from alumina processing [1] and phosphate production [2].
The deposit is hosted in Quaternary sediments situated in a basin in Mesozoic limestone. REEbearing heavy minerals occur in lenses and are disseminated in channelised debris flows. There is
no obvious source of these minerals within the basin catchment. However, the alkaline Gölcük
volcano is located approximately 20 km north-west of the deposit and repeatedly erupted during the
Plio-Quaternary [3]. The related ash falls represent a potential source for the REE-bearing minerals.
The source of the REE is being investigated by the British Geological Survey through the EUfunded FP7 project EURARE (www.eurare.eu).
Scanning electron microscopy (SEM) analysis of heavy mineral concentrates has confirmed the
presence of REE-bearing minerals such as allanite and chevkinite. These minerals are also found in
samples of pyroclastic material from the Gölcük alkaline volcano. Chemical fingerprinting of both
major minerals, such as magnetite and pyroxene, and the minor REE-bearing minerals, using a
combination of LA-ICP-MS and quantitative SEM, is used to investigate the potential for Gölcük as
the source.
If the Çanakli REE deposit resulted solely from the accumulation of air-fall tuff-borne minerals in a
topographic depression, without additional concentration processes, then this is a new type of
deposit. Improved understanding of the origin of this deposit type would aid identification of
additional REE resources in similar settings globally, including those at Monte Vulture, Italy.
Acknowledgements: The research leading to these results has received funding from the European
Community’s Seventh Framework Programme ([FP7/2007–2013]) under Grant Agreement no.
309373. This publication reflects only the author’s views, exempting the Community from any
liability.
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Gem deposits are an important economic mineral resource in many countries and a gemstone that
commonly commands a high price is opal. Opal comes in several gemological forms and optical
effects within the stone are dependent upon the crystal structure which is largely a result of the
geological environment during the stones formation. While the presence of non gem-quality opal is
often reported within geological literature there has been far less work concerning the geology of
gem-quality opals and in particular fire opal. Fire opals are typically red in color and though they
are less likely to display optical effects than other opal varieties they still reach tens to hundreds of
pounds per carat (0.2 g).
To better understand these stones an overview of the geological and structural environments of two
famous fire opal localities – Simav in Turkey (in particular the fire opals from Şaphane) and the
Querétaro district in Mexico – will be presented along with available geochemical data for the
volcanism and hydrothermal activity in each region. Both sets of opal are hosted within Tertiary
rhyolite facies [1,2] with opal-bearing host rock showing a strong spatial relationship to iron-stained
clay-bearing fractures which appear to have acted as conduits for hydrothermal waters. The
geochemistry of modern day waters from springs within the Simav area and analog waters
representing analogue volcanic systems were therefore modeled to understand possible
relationships to the assemblages observed. Previous FTIR analysis by Hatipoğlu [1] has identified
the structure and potential inclusions within the opals and further work aims to build upon these
data. So far a model for the formation of the fire opals has been developed based upon precipitation
from silica-saturated hydrothermal waters followed by polymorphic changes via the Ostwald Step
rule [3] but further work is required to understand how the observed pattern of fire opals relative to
the fractures in the rock have formed in relation to this rule.
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Understanding the distribution of minor, precious and penalty elements in sulphide minerals is key
to the optimisation of ore processing. The importance of such studies is underlined by the need for
efficient metal recovery that is particularly challenging for fine-grained massive sulphide deposits.
The Caribou deposit, Bathurst Mining Camp, is a highly-zoned Zn-Pb-Cu-Ag Volcanogenic
Massive Sulphide (VMS) deposit that is known for its particularly fine-grained base metal
sulphides. The mineralisation in this deposit occurs within an array of six en echelon lenses, of
which the NW sulphide lenses exhibit a clear mineralogical and geochemical zonation.
Comprehensive bulk geochemical analysis of drill core samples, together with assays and
petrographic observations, indicate the presence of a zone-refined hydrothermal stratigraphy for the
NW lenses. This stratigraphy is characterised by a Zn-Pb-rich bedded facies near the top of the
lenses, underlain by a barren pyritic facies and a massive to fragmental Cu-rich facies near the
footwall. A magnetite facies is also present, which tends to coincide with the barren pyrite facies
and some part of the Zn-Pb facies. Statistical analysis of the entire data set shows three wellcorrelated groups of elements: a) Zn-Pb-Sn, b) Pb-Ag-Sn-Sb and c) Au-Ag-As. Interestingly,
elevated concentrations of In are observed in both the Zn-Pb and Cu-rich facies, suggesting the
presence of several host phases (sphalerite, chalcopyrite, stannite, cassiterite). The Zn-Pb facies is
also characterised by high Au, As and Sb concentrations consistent with the occurrence of
refractory Au in arsenian pyrite and arsenopyrite. The correlations identified between precious
metals and penalty elements is of critical importance to planning the optimization of the ore
processing.
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Hydrothermal sediments collected at the TAG Hydrothermal Field (on Mid-Atlantic Ridge at 26°N)
show distinctive lithology and geochemistry according to their geological environment. Samples
were collected using gravity coring, seabed drilling and mega-coring during two research cruises
(on the RV Meteor and the RRS James Cook) completed this summer (2016), as part of the ECfunded Blue Mining program. Hydrothermal sediments are characterised by high concentrations of
metalliferous particles and occur in the vicinity of, and over, hydrothermal seafloor massive
sulphide (SMS) deposits. The sediments recovered from the TAG field are a mixture of Fe-rich
clays (principally nontronite) and Fe-oxyhydroxides [1] in a background of pelagic carbonate ooze.
They have been generated by four main processes: settling of metalliferous particles derived from
plume fall-out; in situ oxide precipitation by low-temperature hydrothermal activity; oxidation and
weathering of extinct SMS by seawater fluid circulation; and last, mass movement of weathered
chimneys materials.
The primary aim of this research is to determine the generation and accumulation of these
metalliferous sediments and how they relate to supergene processes during the closing stages of the
hydrothermal cycle. My project focuses on three different seafloor environments. The first
comprises active low-temperature hydrothermal activity zones such as the Mir Zone and
Shimmering Mound. The lithology observed in the cores is highly heterogeneous, containing
multiple oxide fragments indicative of in situ oxide precipitation and short-distance mass transport
of weathered sulphide. The second environment comprises hydrothermally extinct SMS mounds
(e.g. Southern Mound and Rona Mound). Sediments on these are homogeneous and show a smooth
gradation with depth towards the interface with the underlying massive sulphide ore deposits. This
interface, reached during seafloor drilling, comprises a Fe-rich siliceous (jasper) layer. The third
environment occurs as distal channels filled with sediments deposited from mass wasting of the
SMS mounds and hydrothermal plume fall-out. These cores present alternating layers of carbonate
ooze, sulphide sands and iron oxyhydroxides.
Interstitial pore fluids in the sediments serve as transport agents for heat and reactive elements,
mobilized from the buried sulphides and moved upwards towards the seafloor. Pore water samples
were extracted using synthetic rhizones in a nitrogen-filled environment and preserved according to
their analytical purpose. These have been analyzed for cations by both ICP-OES and ICP-MS.
Initial results show distinct geochemical trends with depth indicating discrete oxidation horizons,
resulting from microbial activity, and cation mobilization from the ore-body interfaces. The
geochemical trends in the pore fluids are compared with micro X-Ray analysis (ITRAX) of the
sediment cores to resolve interactions between migrating fluids and their host solids.
Characterisation of the metalliferous sediments and their interstitial fluids allow us to address
authigenic and diagenetic processes occurring at each environment including the origin of the
sedimentary material, the history of the hydrothermal activity in the area, and the processes of postdepositional metal mobilization.
References
[1] Severmann, S., Mills, R. A., Palmer, M., and Fallick, A. (2003), The origin of clay minerals in active and relict hydrothermal
deposits, Geochimica et Cosmochimica Acta, 68, 1, 73–88.

33

MDSG 40th Annual Winter Meeting 2016

Programme and Abstracts

Regional controls on water table depth in the Northern Atacama Desert;
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Understanding spatial and temporal fluctuations in the depth of the regional water table has
important implications for the presence of potentially copper-enriched blankets in porphyry copper
deposits that are of high economic importance [1]. The Atacama Desert of Northern Chile hosts
some of the largest supergene enriched deposits in the world and yet our understanding of how the
water table has varied over time varies dramatically across the region. Within the Northern
Atacama, the water table is thought to have dropped anywhere between <200 m and >1000 m
within the same region from 10 Ma to the present day [2,3].
In this study, we use exceptionally preserved relict landforms, including peneplains, river terraces
and alluvial fans to constrain regional-scale changes in the water table across the Northern Atacama
over the last 11 Ma. We create 3D profiles of the water table over a N-S distance of 300 km dating
back to the Mid-Miocene. The profiles provide insight into the interaction between climaticallydriven increases in sediment supply and water discharge over a wide area within a tectonically
erosive landscape in a non-vegetated region. The area includes regions characterised by two
distinctly different terminal base levels (endoreic and exoreic), differing precipitation rates and a
range of drainage area sizes.
We combine these results with previously published data on river profiles, drainage basin areas and
length of fluvial systems to constrain the main controls on water table fluctuation within this
important copper-bearing region. Our new, integrated dataset suggests that regions with lower falls
in the water table through time are more advantageous for supergene enrichment. Using this we
characterize the most favourable environments for supergene enrichment within the Northern
Atacama.
References
[1] Sillitoe, R. H. (2010), Porphyry Copper Systems, Economic Geology, 105, 3−41.
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Acid rock drainage is a natural weathering process that is often exacerbated by mining activities,
common in onshore sulphide ore mines. A similar weathering process also occurs on seafloor
massive sulphide (SMS) ore deposits, and the prospect of seafloor mining in the future raises
similar concerns. Unlike onshore deposits, it is assumed the seafloor sulphides are converted to
oxides with negligible metal release and minimal net acid generation due to the buffering capacity
of seawater and low solubility of iron at near neutral pH [1]. Whilst dissolution studies of specific
sulphide minerals in seawater have been undertaken [2], the only study that exists that emulates a
true composition of sulphide ore dissolving in seawater was undertaken by Nautilus Minerals Inc.
This was undertaken as a regulatory need to provide an environmental impact statement for future
mining in Papua New Guinea. No other dissolution studies exist that emulate the true composition
of sulphide ore deposits that are actively mined in a colder, higher pressure, saline context. It is of
particular importance that SMS deposits include a variety of minerals, and along with the seawater,
these minerals have potential to form galvanic cells that have the ability to substantially increase the
dissolution of metals into the water column [3].
Nautilus Minerals Inc provide the only current concept for the mining of hydrothermal vents.
During this process, there is the potential to agitate and expose a high surface area of fresh sulphide
minerals to seawater and exacerbate any natural weathering. Material released during the mining
process and waste water return from dewatering the slurries at the surface, will be suspended in the
water column as a sediment plume to be either dispersed into wider ocean and ultimately to settle
out some distance away. During sediment agitation, this fine suspended sulphide particulate has the
ability to dissolve, releasing heavy metals and toxins into the water column and thereby have a
detrimental impact on the local ecosystems [4,5]. For accumulation or dispersion throughout the
wider ocean, the impact is presumed to be limited as a result of the large dilution factor. If however,
any heavy metal release is not balanced by subsequent oxidation and precipitation, there is the
potential for toxicity to the local environment and associated ecosystems.
Based on the mining procedures outlined by Nautilus Minerals Inc, an experimental approach has
been designed to simulate this process to provide an understanding of any heavy metal release and
toxicity. Presented here is the design of the experimental set up, variables to be investigated as well
as the challenges encountered including method and analysis and how they were overcome. Trial
experiments to test the set up and analytical techniques indicate large variability in metal release
between SMS samples with varying mineralogy as well as significant release of Cu and Zn.
References
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megafaunal assemblages: implications for seabed mining and conservation, Mar. Environ. Res., 115, 78–88.
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Kimberlites are the primary source of diamonds on Earth, accounting for well over 80% of current
diamond production by carat weight. Until the recent past the only major interest in kimberlites
from the academic community was for their source of deep, sub-continental lithospheric mantle
rocks and minerals on which a vast amount of literature has been published. What is less well
known to the scientific world is their volcanology and the role it plays in understanding the rocks
during resource definition and estimation work by mining and exploration companies.
It has long been proposed that kimberlite magma’s ability to sample and carry diamonds and other
deep mantle rocks and minerals to the surface is due to their high gas (specifically CO2) content, yet
the proof of this and its implication on kimberlite volcanology had not been thoroughly tested. It
was assumed that because they have structures similar to maar-diatreme volcanoes they must be
largely hydro-volcanic in origin.
Not long after it was first deduced that kimberlites are of volcanic origin [2] it became apparent that
diamonds are not evenly distributed through the volcanic structures, and that this feature applied to
diamond concentration (grade), size and quality [3]. These are the three most important elements
needed to estimate ore value. The added challenge is that diamond concentration in kimberlites is
extremely low (< 1.5 ppm for the highest grade mines [1]) and consequently places considerable
financial demands on companies evaluating kimberlites for economic viability.
In an effort to streamline its evaluation processes and procedures, De Beers engaged the University
of Bristol in 2003 to study the geology and volcanology of kimberlites it was mining in order to
define appropriate geological constraints on the emplacement processes of kimberlites and hence on
the distribution of diamonds within them. This paper presents a summary of that 5-year
collaborative research programme and some of its consequences.
The research programme involved a diverse set of studies including detailed mapping, petrographic,
mineralogical, fluidization modelling, experimental melting and TRM studies. The results were
integrated into a review paper published in 2013, simply entitled “Kimberlite Volcanism” [4]. The
consequences of the research were that it triggered considerable interest from other mining
companies, who also invested in research on their kimberlite mines and consequently a wealth of
new data and ideas that have contributed to a quantum change in the understanding of kimberlite
geology and volcanology in the last decade.
For the mining companies the results of the research have spawned data collection procedures that
have contributed significantly to better geological modelling and resource evaluation procedures
than were being practiced in the industry prior to 2003.
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[3] Wagner, P.A. (1914), The Diamond Fields of South Africa. Transvaal Leader, Johannesburg, 347pp. [4] Sparks, R.S.J. (2013),
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Magmatic genesis and evolution – mediated by geodynamic setting – exert a primary control on the
propensity of granites to be metal fertile. A revolution in our understanding of these petrogenetic
processes has been made through a range of mineral-based tools, most notably the common
accessory mineral zircon. There is consequently considerable interest in whether the geochemical
and isotopic compositions of zircon can be applied to metallogenic problems.
The paired magmatic belts of Myanmar have broadly contrasting metallogenic affinities (Sn-W
versus Cu-Au), and are interpreted to have formed on the accretionary margin of the subducting
Neo-Tethys Ocean. They therefore present the opportunity to geochemically compare and contrast
the zircon compositions in two end-member types of granite-hosted mineral deposits generated in
collisional settings. We present an integrated zircon isotope (U-Pb, Lu-Hf, O) and trace element
dataset that fingerprint: (a) source; (b) redox conditions; and (c) degree of fractionation. These
variables all impact on magma fertility [1], and our key question to address is whether they can be
reliably traced and calibrated within the Myanmar zircon record.
Granitoid-hosted zircons from the I-type copper arc have juvenile εHf (+7 to +12) and mantle-like
δ18O (5.3 ‰), whereas zircons from the S-type tin belt have low εHf (-7 to -13) and heavier δ18O
(6.2–7.7 ‰). Plotting Hf versus U/Yb reaffirms that the tin belt magmas contain greater crustal
contributions than the copper arc rocks. Links between whole rock Rb/Sr and zircon Eu/Eu*
highlights that the latter can be used to monitor magma fractionation. Ce/Ce* and Eu/Eu* in zircon
are thus sensitive to redox and fractionation respectively, and can be used to evaluate the sensitivity
of zircons to the metallogenic affinity of
their host rocks. Tin contents that
exceed the solubility limit are required
in order to make a magmatichydrothermal deposit, and empirical
observations suggest that this threshold
may be marked by zircon Eu/Eu*
values of ca. < 0.08. The isotope and
trace element signatures of both
magmatic and detrital zircons can be
developed into a useful exploration tool.
References
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A global supply shortage of a number of key metals is forecast over the next few decades. There
have been considerable advances in the application of in situ isotope and trace element analyses of
accessory phases in studies of magmatic processes, and in this study we evaluate uses of the mineral
zircon in selected mineralised systems. Zircons are widely used because they yield precise ages,
their trace element contents can be linked to processes of magma differentiation and mineralization,
and they contain inclusions of minerals that further constrain the composition of the parental
magmas. There are links between fO2 and degree of fractionation of magmas associated with
different types of mineralisation, and a key question remains over the extent to which these can be
evaluated from zircons, specifically within their rare earth element (REE) signatures. There are
concerns that in some systems zircon is such a late
stage mineral that it only records the composition of the
last remnants of residual magma. However, the strong
negative correlation of whole rock Rb/Sr and average
Eu/Eu* of zircons from I- and S-type granites from the
Lachlan Fold Belt, highlight that the zircon data can be
used as a measure of the degree of fractionation of the
whole rocks, at least in these systems.
Comparison of REE data in zircons from Myanmar and
the Zaaiplaats Granite from the Bushveld Complex
highlights that there is an increase in the inferred
1. Plot of the average zircon Eu/Eu* values
degree of fractionation from the Cu bearing magmas in Figure
of zircons against whole rock Rb/Sr ratios for
Mynamar, via the Sn bearing of the Zaaiplaats, to the selected I- and S-type granites from the Lachlan Fold
Sn bearing granites of Myanmar. Changes in Ce/Ce* Belt. Whole rock SiO2 = 55–72%, and the sample
indicate that the Cu bearing granites are significantly with 72% SiO2 is displaced above the main array.
more oxidised than the Sn bearing granites of Zaaiplaats or Myanmar. Plots of Sn normalised to an
element of broadly similar KD values, versus Eu/Eu* as an index of fractionation, highlights a
mineralisation vector expressed as Sn/Sn*; the measured Sn content of the zircon over Sn*, the
expected zircon Sn content as a result of fractional crystallisation. This offers a way of depicting the
chemical changes associated with mineralisation, and the degree of fractionation of the mineralised
magma. The displacements to elevated Sn/Sn* values in the Zaaiplaats zircons occur in relatively
fractionated magmas, and they are associated with increases in Cl, F and B. Zircons contain mineral
inclusions which are often robustly preserved, and the host mineral (zircon) can be precisely dated
and it yields model Hf ages that constrain when the crustal source of the parent magma was derived
from the upper mantle. Analyses of Pb isotope ratios of K feldspar inclusions in zircon [1], and Sr
isotope ratios of apatite inclusions, are used to evaluate the nature of the source, and whether the
source rocks were generated within plate or subduction related settings.
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The Pliocene Don Manuel igneous complex (DMIC) and porphyry copper system in the Andean
Principal Cordillera of central Chile is one of the youngest porphyry copper systems in the Andes.
The Don Manuel system provides a window into a trans-crustal magmatic system and the igneous
processes involved in magmagenesis associated with porphyry copper-style mineralization. This
study examines the origin and assembly of the diverse magmas that comprise the DMIC using
petrographic, geochemical and isotopic data.
The DMIC consists of basaltic andesite to rhyodacite units that have undergone polybaric
differentiation from parental magmas with varying initial water contents. These magmas were likely
wet (H2O>4%) with the more silicic magmas likely originating form parental magmas with the
highest initial water content. Plagioclase was likely suppressed in these magmas resulting in the
high-Sr trend observed in plagioclase phenocrysts in the more silicic units. Lower initial water
contents for the parental magmas of the more mafic DMIC units resulted in a low-Sr trend observed
in the plagioclase phenocrysts from these units. Polybaric differentiation in the DMIC is
documented by the wide range of amphibole compositions and geochemical signatures consistent
with cryptic amphibole fractionation. Comparison with experimental data suggests that amphibole
in the DMIC system may have begun crystallizing in the mid- to lower crust and continued to
shallow levels.
The DMIC intermediate porphyry dikes, which are closely associated with copper mineralization,
contain diverse crystal cargos indicating significant igneous mixing. These crystal cargos represent
a sample of crystal mush entrained from different depths, as well as crystals originating in different
magmas and crystals grown in-situ from hybridized magmas. Mafic enclaves within the biotite
tonalite indicate magma mingling and have plagioclase and amphibole compositions similar to that
of the basaltic andesite in the system.
Sulfur and chlorine contents of apatite within the different DMIC units suggest variable degassing
and decoupling of volatile components. Since sulfur may begin degassing deep, this decoupling
provides evidence for mafic magma as the source of sulfur for DMIC copper mineralization.
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Nevsun’s Cukaru Peki copper-gold deposit (Cukaru Peki) was discovered in 2012 and is located
some 5km south of the Bor mining complex in the Timok Metallogenic Complex in eastern Serbia.
Cukaru Peki comprises an Upper Zone deposit (UZ) of high sulphidation mineralisation and an
underlying Lower Zone deposit (LZ) of porphyry-style mineralisation.
SRK first prepared a Mineral Resource estimate for the UZ in January 2014. An updated estimate
and preliminary economic assessment (PEA) for the UZ were produced in April 2016. The Cukaru
Peki UZ Mineral Resource comprises an Indicated Mineral Resource of some 1.7 Mt above a cutoff grade of 0.75% copper, with average grades of 13.5% copper, 10.4 g/t gold and 0.23% arsenic
and an Inferred Mineral Resource of some 35.0 Mt above a cut-off grade of 0.75% copper, with
average grades of 2.9% copper, 1.7 g/t gold and 0.17% arsenic.
The PEA was prepared for Reservoir Minerals Inc. who, at the time, had a 45% share in the project,
the remainder being owned by Freeport McMoRan Exploration Corporation (FMEC). Since then
the UZ has been wholly acquired by Nevsun Resources Ltd. who also own 60.4% of the LZ in joint
venture with FMEC.
The highest copper and gold grades occur near the upper contact of the UZ body at a depth of some
400m below surface underneath a Miocene basin. Here an inclined lens of massive pyrite breccia
has been outlined with a diameter of roughly 200m. Beneath this lens, a semi-massive sulphide
zone extends downwards for more than 300m within an altered andesite host rock. Copper and gold
grades generally decrease downwards.
This paper summarises the outcome of some three years of drilling and sampling, geological
observations, 3D modelling and preliminary mining and economic work which have shaped the
current Mineral Resource model at Cukaru Peki. We also describe how the Mineral Resource
classification and reporting has also been influenced by these considerations.
The April 2016 NI 43-101 PEA [1] considered conventional underground mining methods
potentially targeting the very high grade mineralisation (13% Cu and 10.6 g/t Au) at the top of the
deposit in an initial production phase before mining lower grades towards the base of the UZ until
copper grades fall to a cut-off grade of 1.0%.
We discuss the importance of defining the high copper and gold grades to enable a production
profile focused on project repayment and also the medium term prediction of different
mineralisation styles given their influence on concentrate quality and associated down-steam costs.
In addition, a combined alteration and structure model for the UZ resource is being developed to
assist with mining geotechnical considerations and exploration strategy.
References
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Conceptual geo-models have been developed for many metalliferous mineral deposit types, and are
widely used to guide exploration targeting [1]. However, only very limited geo-models exist for
critical metals such as niobium (Nb) and the rare earth elements (REE) that are found in alkaline
igneous and carbonatite intrusions [2]. Our understanding of the controls on such mineralization is
gradually developing with studies on individual complexes, which can be brought together to create
exploration targeting models. Development of such models is now being funded by a new H2020
project, HiTech AlkCarb (www.carbonatites.eu), building on the work of the FP7 EURARE project
(www.eurare.eu).
Most of the world’s well-known REE and Nb deposits are in igneous complexes in deeply eroded
extensional rift settings, such as the Gardar Province of SW Greenland or the alkaline province of
the Kola Peninsula. The EURARE project has recently reviewed our knowledge of REE
mineralisation across Europe [3] and identified key metallogenetic belts. This research showed that
the controls on critical metal mineralization at varying depths in alkaline complexes and
carbonatites are not well understood. In less deeply eroded areas where only the upper, nonmineralised parts of igneous complexes are exposed, such as across Southern Europe, exploration
targeting is challenging. This means that exploration to date has focused simply on localities with
surface exposure, rather than targeting those with the geology and mineralogy that are most suitable
for development.
The HiTech AlkCarb project will address these questions by studying alkaline igneous and
carbonatite complexes where different levels in the system can be investigated, either due to
geological processes such as erosion or caldera subsidence, or through drilling or mining. An
important natural laboratory for the project is the Kaiserstuhl carbonatite in Germany, where new
geophysical data and drill core will be used to develop exploration targeting concepts for
carbonatites. As well as studying different levels within a single deposit, the project will make
conceptual links between alkaline complexes of different age and erosion level that have formed in
similar tectonic settings and show similar geological characteristics. So, for example, the wellexplored REE deposit in the Songwe Hill carbonatite in Malawi may represent an analogue for the
intrusions at depth beneath Kaiserstuhl. Similarly, the ultrapotassic alkaline magmatism of the
Roman Province in Italy is in many ways analogous to the ultrapotassic magmatism recognized in
the NW Highlands of Scotland, despite a 400 Myr difference in their ages.
This talk will summarise the progress made by the EURARE project and the work under way in the
HiTech AlkCarb project, and look at how exploration models for these critical metals are evolving.
References
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Auriferous quartz veins have traditionally been invoked as the source of the extensive placer
deposits of the Klondike District. Exploration for plausible bedrock sources has proved challenging
because of a lack of outcrop and the discontinuous nature of the veins, which are hosted in complex
units of polydeformed schist. The discovery of a unit of disseminated gold in schist along the Lone
Star ridge has raised the possibility that quartz veins may not be the sole source of the detrital gold.
The Klondike Gold district is located in north-west Yukon and is part of the Tintina Gold belt
which extends through the Yukon and into Alaska. The discovery of the White Gold District in
2004 precipitated an exploration boom accompanied by studies of regional metallogeny.
Subsequently both the Klondike and White goldfields were ascribed to a major period of orogenic
mineralisation in the Mid-Late Jurassic.
Mineralised discordant quartz veins comprise subhedral milky quartz and contain visible gold
associated with minor pyrite. The veining at Lone Star is interpreted to be part of a series of
orogenic style veining across the Klondike which formed as a single stage [2]. Disseminated gold is
present in a unit of schist thought to be a rhyo-dacite which also contains syngenetic sulphide lenses
[3]. A model proposed by Mackenzie et al (2007) suggests that the syngenetic layer may be a
source for gold in the discordant veins [4], but the genetic relationship between the auriferous schist
and the auriferous veins has hitherto been unclear.
Detailed petrographic studies revealed that the parageneis of gold is late and associated with a
discrete phase of hyaolophanee (Ba Kspar), Fe-Mg carbonate and telluride minerals. Imaging of the
quartz veins using cathodoluminescence revealed four stages of quartz emplacement (Q1–Q4) with
gold occurring in Q3. This phase of quartz displays bright CL, forms less than 5% of the vein and
fractures pyrite. Gold occurs along the fractures of pyrite with hyaolphane at a number of localities.
The mineralogical association and late paragenetic timing of gold in the schist and veins suggests
that they may be part of the same event. A new model is proposed whereby a single aurifierous
fluid permeated pre-existing fractures in veins and the schist.
Trace element analysis of the quartz and gold are currently being investigated to better characterise
the auriferous fluid. The discovery of gold within the schist and a single auriferous quartz stage has
permitted an informed critique of previous exploration strategies which have focussed on the
(mostly barren) quartz veins whilst being unaware of a potential low grade high tonnage target.
Additionally, the new model may provide a solution to discrepancies between gold inventories in
auriferous quartz veins and their local placer expressions both at Lone Star and elsewhere.
References
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Electron backscatter diffraction (EBSD) is a scanning electron microscope (SEM) based technique
which has been applied in this study to characterize the crystallography of gold. The technique
provides quantitative data defining grain boundaries, lattice orientation and defects which can be
used to inform both the conditions of gold precipitation and subsequent transport of gold particles in
the surficial environment.
The technique has been applied to native gold samples from the Klondike Gold District, Yukon,
Canada, which is world famous for the extremely rich placer deposits. The geographical extent of
the placers is small, which implies either that the source mineralization is correspondingly rich, or
that placer gold is a consequence of authigenic processes.
Straight twin boundaries (Fig. 1) are a consequence of annealing above 250°C, and these are present
in all hypogene grains studied [1]. Placer grains exhibit the same feature, invalidating an authigenic
origin. Furthermore deformation of the twin boundaries could find application in predicting distance
travelled in the surficial environment.
This study is the first to systematically characterize the internal crystallography of gold from a lode
and placer source. Future research will integrate data from composition studies (electron
microprobe, trace element mapping by LA-ICP-MS) with gold crystallography with a view to
further illuminating ore forming processes at specific localities.

Figure 1. Left: Reflected light image of gold in oxidized pyrite from quartz vein. Right: Orientation map (IPFZ) showing straight
twin boundaries which are a result of annealing.
References
[1] Hough, R. M. et al. (2007), Gold nuggets: supergene or hypogene?, Australian Journal of Earth Sciences, 54(7), 959–964.

43

MDSG 40th Annual Winter Meeting 2016

Programme and Abstracts

Offset-type PGE mineralisation in the Sotkavaara Intrusion, northern Finland:
an association with zones of low-Cr clinopyroxenite
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Located in northern Finland, the Palaeoproterozoic Sotkavaara Intrusion was emplaced into 1.98 Ga
quartz-feldspar mica schists and an interbedded arkosite-amphibolite suite (eastern Peräpohja Schist
Belt). With a 2.5 x 1.5 km surface expression, this overturned intrusion com-prises a <370 m thick,
clinopyroxenite-dominated, ‘Pyroxenite Unit’ (PU) stratigraphically overlain by a <85 m thick
‘Gabbro Unit’ (GU). Although the PU exhibits an absence of distinct petrographic/geochemical
layering, clinopyroxene mineral chemistry and whole-rock geochemistry indicate that the GU was
produced by fractional crystallisation of the PU.
The PU contains a series of <50 m thick zones characterised by exceptionally low Cr2O3
concentrations (< 0.1 wt. %) and the appearance of rare orthopyroxene xenocrysts. ‘Low-Cr zones’
are exclusive to the PU, chaotically distributed within the PU, do not form stratiform horizons and
display distinctively fractionated geochemical trends. We propose that these ‘low-Cr zones’
represent small pulse(s) of fresh magma emplaced into the partially crystalline magma chamber and
that, subsequent to magma injections, the intrusion behaved as a closed system. Chromite
crystallisation in a deeper chamber may account for Cr2O3 depletion.
Offset-type precious metal mineralisation of Pt- Pd- (Au) - (Cu) (in stratigraphic order) occurs at
subeconomic grades (< 1.1 ppm Pt + Pd + Au over 15-26 m drillhole thicknesses) and is hosted
exclusively by ‘low-Cr zones’, within the PU. Pt, Pd and Au precious metal subzones overlap
considerably, with the Cu subzone a distinct, non-overlapping, horizon. Visible sulphides are rare
within the mineralised succession and have δ34S compositions that range from +1.29 to +9.59 ‰ (x̅
= 4.82). 60 % of PGM are associated with silicate phases, with the assemblage dominated by
palladoarsenide (Pd2As), majakite (PdNiAs), isomertieite Pd11Sb2As2), geversite (PdSb2) and
sperrylite (PtAs).
Occurrences of offset-type PGE mineralisation in the Munni Munni Complex [1], Great Dyke [2],
Rìncon del Tigre Complex [3] and Skaergaard Intrusion [4] are attributed to the latter stages of
magmatic differentiation. However, these famous intrusions lack the high δ34S values and host-rock
Mg-numbers observed in the Sotkavaara Intrusion. Further, the discontinuous (rather than
stratiform) distribution and absence of magnetite within the mineralised rocks provide an additional
distinction. We propose that fractional crystallisation was responsible for S-saturation and
subsequent offset precious metal peaks. This may have been facilitated by crustal contamination
(potentially involving local black shale units) in a deeper chamber, prior to emplacement of the
magma represented by ‘low-Cr zones’.
References
[1] Barnes, S. J., Keays, R. R., and Hoatson, D. M. (1992), Distribution of Sulfides and PGE within the Porphyritic Websterite Zone
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Precious Metals Mineralization in the Rincon Del Tigre Complex, Eastern Bolivia, Economic Geology, 95(1), 113–30. [4] Holwell,
D. A., Keays, R. R., McDonald I., and Williams, M. R. (2015), Extreme Enrichment of Se, Te, PGE and Au in Cu Sulfide
Microdroplets: Evidence from LA-ICP-MS Analysis of Sulfides in the Skaergaard Intrusion, East Greenland, Contributions to
Mineralogy and Petrology, 170(5-6), 1–26.
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The term feeder is used in mineral deposits to refer to locations where metal bearing fluids enter the
site of mineralisation. Metals typically precipitate in an order determined by their solubilities in
response to physio-chemical changes (i.e. reduced temperature and\or pressure, fluid mixing and
host-rock interactions). This differential precipitation results in zonations characterised by changes
in concentrations and relative metal proportions.
We use metal distribution patterns at two Irish-type deposits, Lisheen and Silvermines to gain
insights into the local controls on mineralisation, locate the position of feeder zones and track fluid
pathways along faults and through the host lithology. In Irish-type deposits, concentrations of
metals are highest closest to feeders while relative proportions of metals increase from minor metals
(i.e. Ni, Cu, As) proximal to feeder zones through to Pb and finally to Zn distally.
Tonnage maps of Lisheen show that: (1) the distribution of early-stage Fe mineralisation is
governed by early, E-NE-trending structures, (2) Zn and Pb mineralise later and follow both the
early Fe trends as well as an additional NW-trending structure, (3) no significant Pb or Zn occurs
within relay ramps, (4) Cu, Ni and As follow similar trends and show high concentrations proximal
to feeder zones but die out quickly distally, and (5) Zn/Pb ratios increase away from feeder zones
evolving from ratios of 3:1 proximally to ratios of 12:1 distally. This zonation is due to the
increased mobility of Zn over Pb.
Grade distribution maps for Silvermines show that: (1) Zn/Pb ratios evolve from 2:1 proximal to
feeder zones, to 4:1 distally, (2) low Zn/Pb ratios occur along fault planes and high ratios occur at
the base of the host lithology then steadily increase NNE-wards away from the fault, (3) elevated
Ag values occur close to, and along the faults, (4) Zn mineralisation occuring on the ramp, is a
distal expression of mineralisation and is not sourced from the ramp itself while Pb mineralisation is
distinctly absent, (5) moderate metal concentrations occur in breccias associated with breach points.
Finally, we conclude that ramp relay zones are only mineralised at local scales (fault separation <
300m) where the ramps are fully breached. Metal zonations originate from points along fault planes
that are not necessarily at the point of maximum displacement. Feeders occur along fault planes in
places where a) favourable units are brought into juxtaposition with the host lithology and/or b)
where relay ramps are fully breached. The insights in this study highlight the fundamental structural
controls of segmented fault arrays on the formation of these Irish-type deposits.
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Ion-adsorption clay (IAC) deposits of REEs have previously been assumed to have formed through
fundamental classic geologically constrained tropical weathering processes. However, several
factors in this assumption do not account for the overall ion-exchangeable REE content in many
studied deposits. Kaolinite, which is the primary mineralogical media for hosting adsorbed REE’s,
has an exchange capacity of 1–15 meq/100 g. Despite this, Yttrium concentrations in IAC deposits
can reach upwards of 400–600 ppm. Sites in Portugal may host 140 ppm of Yttrium, of which 75%
is extractable from the ion exchangeable REE fraction (when washed with ammonium sulphate).
However, these deposits only comprise of a 15% kaolinite content.
The missing link in the absence of host material to account for the remaining ion exchangeable
fraction is hypothesised to be the seasonal cycling of naturally occurring fulvic and humic acids
derived from forest litter biodegradation. The subsequent migration and deposition of these organic
acids at lower pH boundaries within the profile have been shown to have the ability to complex
with REEs in previous studies and may preferentially adsorb REEs in the presence of kaolinite [1],
ultimately controlling their distribution in ion adsorption deposits.
This poster summarises our ongoing research.
References
[1] Wan, Y., Liu, C. (2006), The effect of humic acid on the adsorption of REEs on kaolin, Colloids & Surfaces, 290, 112–117.
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Age and geochemistry of the Charlestown Group, Ireland:
implications for the Grampian orogeny, its mineral potential
and the Ordovician timescale
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Accurately reconstructing the growth of continental margins during episodes of ocean closure has
important implications for understanding the formation, preservation and location of mineral
deposits in ancient orogens. The Charlestown Group of Co. Mayo, Ireland, forms an important but
understudied link in the Caledonian-Appalachian orogenic belt between the well-documented
sectors of western Ireland and Northern Ireland. We have reassessed its role in the c. 474–465 Ma
Grampian-Taconic orogeny, based on new fieldwork, high-resolution airborne geophysics,
graptolite biostratigraphy, U-Pb zircon dating, whole rock and an examination of historic drillcore
from across the volcanic inlier. The Charlestown Group is divisible into three formations: Horan,
Carracastle, Tawnyinah. The Horan Formation comprises a mixed sequence of tholeiitic to calcalkaline basalt, crystal tuff and sedimentary rocks (e.g. black shale, chert), forming within an
evolving peri-Laurentian affinity island arc. The presence of graptolites Pseudisograptus of the
manubriatus group and the discovery of Exigraptus uniformis and Skiagraptus gnomonicus favour a
Yapeenian (= late Arenig; Ya2 stage) age for the Horan Formation (equivalent to c. 471.2–470.5
Ma according to the timescale of Sadler et al., 2009). Together with four new U-Pb zircon ages
(471 to 469 Ma) this fauna provides an important new constraint for calibrating the middle
Ordovician timescale. Overlying deposits of the Carracastle and Tawnyinah formations are
dominated by LILE- and LREE-enriched calc-alkaline andesitic tuffs and flows, coarse volcanic
breccias and quartz-feldspar porphyritic intrusive rocks, overlain by more silicic tuffs and volcanic
breccias with rare occurrences of sedimentary rocks. The relatively young age for the Charlestown
Group in the Grampian orogeny, coupled with high Th/Yb and zircon inheritance (c. 2 Ga) indicate
the arc was founded upon continental crust (either composite Laurentian margin or
microcontinental block). A regional correlation is favoured to the post-subduction flip
volcanic/intrusive rocks of the Irish Caledonides, specifically the late-stage development of the
Tyrone Igneous Complex, Murrisk Group ignimbrites, and late intrusive rocks of Connemara
(western Ireland) and the Slishwood Division (Co. Sligo). Examination of breccia textures and
mineralization across the volcanic inlier questions the previous porphyry hypothesis for the genesis
of the Charlestown Cu deposit, features more consistent with a volcanogenic massive sulfide
(VMS) deposit.
References
[1] Sadler, P.M., Cooper, R.A., Melchin, M. (2009), High-resolution, early Paleozoic (Ordovician-Silurian) time scales, GSA
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Clumped C-O isotope temperature constraints for carbonate precipitation
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In the last 50 years, five Zn-Pb orebodies have been developed (Tynagh, Silvermines, Navan,
Galmoy and Lisheen) and over twenty sub-economic deposits discovered in Ireland. There is now a
consensus that these deposits formed during early burial by carbonate replacement of Lower
Carboniferous (Courceyan to lower Chadian) limestones. Factors required for their formation
include normal faults that allowed ascending, warm, metal-bearing fluids equilibrated with Lower
Paleozoic basement to mix with sinking, cooler, hypersaline brines that carried bacteriogenically
reduced sulphide of ultimate seawater origin.
It is well established that the crystallization of carbonate minerals from aqueous fluids causes
temperature-dependent, mineral-fluid C and O isotope fractionations. Mineral C-O isotope
compositions are controlled by crystallization temperature, the isotopic composition of the fluid and
its speciation (itself a function of temperature, pH and fO2). However, the heavy isotopes of these
two elements are known to bond in carbonate minerals measurably more frequently than expected
by stochastic distribution. Of great potential is the fact that the extent of this “clumping” appears
directly correlated with temperature of deposition which, crucially, is independent of fluid δ18O
composition. Measured Δ47 – a measure of distance from stochastic behaviour – thus provides an
independent measure of crystallization temperatures, with errors at hydrothermal temperatures
better than ±20ºC, approaching the accuracy of fluid inclusion micro thermometry. Most usefully,
δ13C and δ18O isotope ratios are simultaneously determined along with Δ47, allowing fluid δ18O to
be directly calculated, rather than modelled.
We have measured Δ47 in paragenetically-constrained, carbonate generations from both the Lisheen
and Navan Zn-Pb deposits. Coarse white dolomite from Lisheen white matrix breccias from the
hanging-wall of the Island Pod show significant, non-systematic, temperature variations of ~100 to
170ºC over ~80 m depth range with calculated fluid δ18O of 5.7 to 14.8‰. Post-ore pink dolomite at
Lisheen and crosscutting calcite veins appear to have formed at significantly lower temperatures
(~40 to 70ºC) than ore-stage carbonates. Remobilized, sphalerite-bearing calcite veins from the
hanging-wall of the Randalstown Fault at Navan yield Δ47 temperatures of 60–110ºC, consistent
with existing fluid inclusion constraints [1]. The new data show considerable promise for
elucidating the thermal behavior of these extraordinary Irish-type hydrothermal mineralizing
systems.
References
[1] Marks, F.R. (2015), Remote detection of Irish-type orebodies: an investigation of the Navan halo, Unpublished PhD thesis,
University College Dublin.
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Targeting VHMS mineralization at Erayinia in the Archaean Yilgarn Craton,
Western Australia: geochemical and hyperspectral halos
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Despite having been a target for volcanic-hosted massive sulfide (VHMS) mineralization since the
1960s, few resources have been defined in the Archean Yilgarn Craton of Western Australia.
Exploration challenges associated with regolith and deep cover exacerbate the already difficult task
of exploring for small, deformed deposits in stratigraphically complex volcanic terranes.
Furthermore, the abundance of intercalated black shale horizons in prospective sequences, coupled
with saline groundwater, has made the interpretation of electro-magnetic responses difficult.
Systematic lithogeochemistry, pXRF (for qualitative vectoring), and hyperspectral analysis of
drillcore is a cost effective method to aid the discovery of new orebodies. Such methods are being
used to identify vectors to VHMS mineralization at Erayinia, ~150 km SE of Kalgoorlie. Coupled
with extensive soil geochemistry, reverse circulation (RC) drilling and heliborne VTEM
geophysics, several new zones of mineralization have been discovered north of the King deposit,
and ~4.5 km to the NW along a second VHMS prospective stratigraphic horizon.
At King, east of the Claypan Fault, a small Zn-(Cu) orebody (~2.15 Mt at 3.47% Zn) occurs as two
small stratiform replacive lenses in a structurally overturned volcanic-dominated sequence. The
local stratigraphy includes: BIF and tuff in the stratigraphic hanging-wall, rare black shale at the ore
horizon, and felsic to intermediate volcaniclastic rocks and garnet-amphibolite in the footwall.
Mineralization is dominated by pyrite–sphalerite and is closely associated with pyrrhotite–
magnetite-(chalcopyrite) stringers at depth. A cap of supergene Cu mineralization has been
remobilized from the overturned chloritic feeder zone. Hydrothermal alteration is characterized by
silica-sericite ± chlorite ± albite ± carbonate in felsic to intermediate rocks, and silica-epidote ±
chlorite ± magnetite in garnet amphibolite. Footwall felsic volcanic rocks are calc-alkaline and
predominantly of FII affinity, with gently dipping LREE- and flattish chondrite-normalized HREEprofiles similar to other VHMS-hosting felsic rocks of the Yilgarn Craton. Significant enrichments
of Si, Fe, Mg, K, Ca (and depletions of Na) occur in footwall lithologies, with anomalous Ag, As,
Bi, Pb, Sb and Sn in rocks and soils.
In 2014, drilling ~4.5 km NW of the King deposit (west of the Claypan Fault) identified widespread
hydrothermal alteration and Zn-(Cu) mineralization across a strike length of ~3 km. Massive pyrite
was intercepted associated with black shale. Stringer pyrite-sphalerite occurs in hydrothermally
altered felsic volcaniclastic rocks in a sequence dominated by amphibolite-facies metabasalt. Felsic
volcanic rocks are dacitic in composition, calc-alkaline, of FI to FII affinity, with chondritenormalized REE profiles similar to those from the King deposit. Black shales contain high Eu/Eu*
and anomalous concentrations of the following pathfinder elements approaching massive pyrite and
Zn mineralization: As, Bi, Hg, In, Sb, Se, Sn, Tl, Te. Hyperspectral analysis shows systematic
shifts in chlorite (Fe/Mg), carbonate (Ca,Mg,Fe) and white mica (Al) chemistry approaching
mineralization.
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Rare earth (RE) ions can emit distinct spectral lines when excited within a mineral lattice. However,
luminescence displayed by minerals is complex and involves energy interactions between the
crystal lattice and local defects (including chemical substitutions). Many minerals contain multiple
RE elements and energy is able to transfer non-radiatively between RE ions. Interaction between
RE and the lattice is not taken into account in models presenting minerals as simple systems.
Further complexity arises from the presence of radiation damage to the lattice, influencing the
energy transfer between RE elements and determining which RE is detected and also their quantum
efficiency.
Instrumentation at the Mineral Spectroscopy Suite, University of St. Andrews (XEOL, TL, UV Vis)
has been utilized to investigate emission spectra for naturally occurring REE-bearing minerals from
different localities. We have compared RE minerals, including ancylite, bastnäsite, catapleiite,
eudialyte, and wöhlerite, to determine the fundamentals of each system. Preliminary data provide
evidence for the role of RE energy transfer in thermoluminescence, luminescence hysteresis, and
differences in colour.
In addition to understanding the fundamentals of REE luminescence, this study will enable the
development of applications to exploit the luminescent properties of REE-bearing minerals. As an
example it may be possible to develop ‘smart sorting’ so that the luminescent properties of REEbearing minerals are applied during ore beneficiation to increase efficiency and/or target particular
REE minerals.

50

MDSG 40th Annual Winter Meeting 2016

Programme and Abstracts

Goldilocks or Plain Jane? The PGE metallogeny of the Bushveld LIP
as recorded by the Rooiberg lavas
Hannah S.R. Hughes1,2, Dominique Tanner3, Iain McDonald3, Olutola Jolayemi4,
Wolf Maier3, Nils Lenhardt4, Judith Kinnaird1
1

School of Geosciences, University of the Witwatersrand, Wits 2050, Johannesburg, South Africa
(hannah.hughes@wits.ac.za; hhughes2000@gmail.com)
2
Present address: Camborne School of Mines, University of Exeter, Penryn, UK
3
School of Earth and Ocean Sciences, Cardiff University, Cardiff, UK
4
Department of Geology, University of Pretoria, Pretoria 0002, South Africa

The metal wealth of the Bushveld Large Igneous Province (LIP) and Kalahari Craton (including the
Kaapvaal and Zimbabwe cratons) are famous: the mineralisation of the Bushveld LIP comprises an
array of resources, from platinum-group elements (PGE) and chromite, to tin and fluorite. But the
question of how the craton and the LIP acquired their spectacular metal endowment remains hotly
debated.
The bulk rock geochemistry of lavas (as ‘liquid’ compositions) has been used to assess the Ni-CuPGE prospectivity of LIPs globally, with geochemical tools (often including chalcophile element
ratios) being used to trace whether the magmas have equilibrated with sulphides prior to or during
emplacement (e.g., [1]). According to these criteria, LIPs that contain both metal-depleted and
undepleted magmas are deemed particularly prospective. In addition, the abundance of PGE, Cu
and Au in lavas is also used as an indicator of fertility for the region.
The Rooiberg Group comprises of suite of lavas coeval with the intrusive Bushveld Complex and
synchronous intrusions of mafic-ultramafic to syenitic-carbonatitic rocks that comprise the
Bushveld LIP. The Rooiberg lavas consist of nine units (comprising low-Ti basaltic andesites, highTi basalts, low-Mg and high-Mg felsites, Fe-Ti-P andesites, and rhyolites) divided between four
formations: Dullstroom, Damwal, Kwaggasnek and Schrikkloof [2].
In this study, we present new major and trace element data for the Dullstroom basalts and basalticandesites and the first complete PGE and Au datasets for the Rooiberg lavas. In essence, we pose
the following questions: (a) would one predict (by modern geochemical exploration techniques akin
to those employed in LIPs globally) the Bushveld Complex PGE mineralisation had it not
outcropped at surface? And (b) is the Bushveld LIP tantamount to a metallogenic Goldilocks? Total
PGE abundances of the Dullstroom lavas range from 6.5 to 17 ppb – a low-to-moderate
concentration for basaltic lavas, when compared to a global dataset for LIP liquid compositions [3].
Chalcophile element ratios such as Cu/Pd and Pd/Ir highlight a non-komatiitic parental magma
which is generally not significantly metal depleted.
References
[1] Maier, W.D. (2005), Platinum-group element (PGE) deposits and occurrences: mineralization styles, genetic concepts, and
exploration criteria, Journal of African Earth Sciences, 41, 165–191.
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Current genetic models for magmatic-hydrothermal ore deposits require the transport of both
economically important metals and volatile elements (particularly water, sulphur and chlorine)
through the crust in arc magmas. Large amounts of sulphur in many of these deposits (often >1Gt,
[e.g. 1,2]) implies very sulphur rich magmas, and recent work has shown that arc magmas may be
regularly sulphate saturated during ascent [e.g. 3,4]. Sulphate is commonly be present as anhydrite
at magmatic conditions, however previous experimental work on basalts [5] found immiscible
sulphate melts were stable at ~1GPa and 1300°C. As a natural analogue [6] have also described
“wormy anhydrite” inclusions in amphiboles from Yanacocha, Peru.
Despite this there has been no systematic study of
the stability or composition of these sulphate melts
in equilibrium with silicate melts. Our preliminary
work has found them to be stable at a range of mid
to lower crustal P-T conditions (600–1000MPa and
800–1300°C) in oxidised, hydrous, silicic melts
(~65wt% SiO2). Sulphate melts are notoriously
difficult to analyse due to both quench
heterogeneities and complications with polishing
soft, soluble materials (Figure 1). Here we present
preliminary LA-ICP-MS and Microprobe data
which suggest representative analyses can be made
of both major elements and a number of trace
elements (including Sr, Ba) which partition
Figure 1. BSE image of sulphate melt bleb showing
strongly into the sulphate melt phase. Sulphate
quench heterogeneity and surface topography
melts behave differently both physical (density,
resulting from polishing.
viscosity etc.) and chemically (major and trace
element partitioning) from crystalline anhydrite and their presence may have widespread
implications for the geochemical evolution of ore forming magmas.
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One of the traditional exploration guidelines for kimberlitic diamonds is that the underlying bedrock
should have been relatively stable for ~1.5 Ga (billion years). Thus, Archaean cratons (>2.5 Ga)
stabilized crustal terranes, or “Archons” [1] are considered to have the highest potential for the
discovery of commercial diamond deposits hosted by kimberlites or lamproites. A similar
observation can be made for the global distribution of another deep carbon-related exploration
target (REE, Nb etc), namely igneous carbonatites (n~2,900), which are strongly co-located on
ancient Archaean or Proterozoic lithosphere [2]. Whether or not the magmas for carbonatites,
kimberlites or lamproites do or don’t share any genetic connections is debatable, but the
petrogenesis of these potential mineral conveyors can be understood in terms of a plate tectonic
framework. Since around 2000, the discovery of very high-pressure mineral inclusions within
“superdeep” diamonds, have greatly extended models for the potential entrainment of diamonds
below the lithosphere into the asthenosphere. In some localities superdeep diamonds are mingled
with normal mantle diamond populations, but the opposite scenario suggests that superdeep
diamonds may occur associated with deep delivery systems unrelated to modern plate tectonics.
Additionally, some characteristics of natural superdeep diamond, confuse or overprint the
discrimination criteria for synthetic HPHT gemstones, including the application of stable isotope
signatures and the presence of metallic Ni-Fe-carbide inclusions. We observe that fundamental
aspects of the deep carbon cycle [3] and the behavior of diamond at HPHT conditions are
unresolved [4] and emphasise, as previously noted [5], that “traditional” criteria are not necessarily
applicable for exploration of new primary diamond deposits.
References
[1] Janse, A.J.A. (1994), Is Clifford’s Rule still valid? Affirmative examples from around the world, Proceedings of the Fifth
International Kimberlite Conference, Vol. 2: Diamonds: Characterization, Genesis and Exploration, Brasilia, 144–159.
[2] Woolley, A.R. and Kjaersgaard, B.A. (2008), Carbonatite occurrences of the world: map and database, Geological Survey
Canada, issue 5796 (free to download).
[3] Sverjensky, D.A. and Huang, F. (2015), Diamond formation due to a pH drop during fluid-rock interactions, Nature
Communications, 6, 8702.
[4] Jones, A.P., McMillan, P.F., Salzmann, C.G., Alvaro, M., Nestola, F., Prencipe, M., Dobson, D. (2016), Structural
characterization of natural diamond shocked to 60 GPa; implications for Earth and planetary systems, Lithos, 265, 214–221.
[5] Kaminsky, F.V. (2007), Non-Kimberlitic Diamondiferous Igneous Rocks: 25 Years On, Journal of the Geological Society of
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Nb–Ta–Sn mineralisation in spodumene pegmatites of southeast Ireland
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An unexposed belt of Li–Cs–Ta (LCT) pegmatites of the albite-spodumene sub-type emplaced in
the East Carlow Deformation Zone along the margin of the S-type Leinster Granite, SE Ireland, was
revealed by exploration drilling in the 1970s and 1980s [e.g. 1,2]. An increasing demand for Li for
Li-ion batteries resulted in rejuvenated interest and current exploration by International Lithium
Corporation. LCT pegmatites are also significant sources of other rare elements like Be, Rb, Nb,
Cs, Ta and Sn [3]. Many are important constituents of high technology applications. Ongoing work
[4] reports highest bulk concentrations of Rb, Cs and Ta in samples showing only low to
intermediate Li concentrations, which contradicts models for pegmatite formation by fractional
crystallisation of Leinster Granite magma.
Nb–Ta–Sn mineralisation in Leinster pegmatites was recognised early [1] but received little
attention until now. Columbite group minerals (CGM, (Fe,Mn)(Nb,Ta)2O6) are abundant as small
bladed crystals (50–300 µm) in a fine-grained albite-dominated aplite groundmass and as larger
blocky, hypidiomorphic crystals (100–500 µm) in a coarse pegmatitic lithology. Bladed CGM show
commonly oscillatory zoning, with overall trends from high-Nb cores to Ta-rich rims (up to 60 wt%
Ta). Blocky CGM show irregular, patchy zoning. Both CGM morphologies show high
Mn/(Mn+Fe) ratios, normally > 0.5. Blocky and more rarely bladed CGM are sometimes
overgrown or replaced by microlite (Na,Ca)2Ta2O6(O,OH,F). Other secondary phases are ixiolite
((Ta,Nb,Sn,Mn,Fe)4O8) and wodginite (Mn2(Sn,Ta)Ta2O8). Cassiterite (SnO2) is common as
inclusions (< 20 µm) in CGM but occurs also as irregular solitary grains up to several mm showing
optical zoning (dark brown to almost colourless). Rhomboid cassiterite grains (< 50 µm) are rare
and usually associated with blocky CGM.
A review of recently released Tellus stream sediment data [5] revealed several geochemical
anomalies along the margin of the Leinster Granite: Ta and Sn are enriched in areas with known Li
pegmatite occurrences with highest concentrations > 4 ppm and > 35 ppm, respectively. Nb forms a
complementary pattern to Ta. Compared to granite areas (3–10 ppm), Nb is still relatively enriched
above pegmatite bodies (10–18 ppm), but highest concentrations (> 20 ppm) are located east of
high-Ta areas. Additional Ta- and Sn-enriched areas along the granite margin indicate that there
might be additional LCT pegmatites to be discovered. Future work includes trace element LA-ICPMS analysis of minerals enriched in strategic metals (Cs, Rb, Ta, Nb, and Sn) to test different
models of rare element enrichment and pegmatite crystallisation. Sr–Nd–O isotopic variations will
be studied to distinguish magma sources, test for assimilation of country rock and evaluate the
effect of hydrothermal activity. New petrogenetic models will be refined using LCT pegmatite
samples from Brazil Lake, Nova Scotia, Canada. Finally, the exploration value of the models will
be assessed.
References
[1] Steiger, R., and von Knorring, O. (1974), A lithium pegmatite belt in Ireland, Journal of Earth Sciences, Leeds Geological
Association, 8, 433–443. [2] Luecke, W. (1981), Lithium pegmatites in the Leinster Granite (Southeast Ireland), Chemical Geology,
34, 195–233. [3] Linnen, R. L., Van Lichtervelde, M., and Černý, P. (2012), Granitic pegmatites as sources of strategic metals,
Elements, 8 (4), 275–280. [4] Barros, R., Menuge, J. F., and Zack, T. (2016), Understanding the origin of rare element pegmatites
associated with the Leinster Granite in southeast Ireland, Applied Earth Science, 125 (2), 77–77. [5] Tellus (2016), SE Ireland stream
sediments data. http://www.tellus.ie/data/ (date accessed: 06.10.2016).
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Global Se and Te systematics in hydrothermal pyrite
from different ore deposits: A review
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Pyrite is one of the most important constituents in hydrothermal base and precious metal ores of
Carlin-type, epithermal-porphyry and orogenic Au deposits. The trace elements Se and Te are
enriched in such deposits and pyrite is known to host these, and other semi metals such as As, Sb
and Bi. Since pyrite is the dominant sulfide mineral in these deposits it can represent a major
repository for these elements. Previous studies have shown that trace elements in pyrite, such as As,
Au and Co, can be used to infer major ore forming processes [1,2]. Consequently, the distribution
of Se and Te in pyrite probably reflects a number of key ore forming processes such as different
source rock compositions and physicochemical changes in the ore-forming fluids [3].
This investigation, for the first time, compares the Se and Te contents of pyrite from various
deposit-types from a global perspective. Carlin-type and low-sulphidation epithermal pyrite is
enriched in Se and Te compared to pyrite from high-sulphidation epithermal and porphyry Cu
systems. Orogenic Au pyrite is characterised by intermediate Se and Te contents. The positive AuTe correlation and the distribution of these metals in relation to As suggest that Au-telluride
inclusions are common in Te- and Au-rich pyrite. Neutral to alkaline fluids can effectively mobilise
and transport Te from the source region to the depth of metal deposition [4]. Fluid boiling in low
sulphidation epithermal systems, as well as wall rock sulphidation and oxidation in Carlin-type (and
orogenic Au) deposits can effectively precipitate Te in association with pyrite and Au from the oreforming fluids [5]. In contrast, Se in pyrite apparently varies in response to changes in fluid
temperature [6,7] but irrespective of pH and oxygen fugacity. Unlike Te, there are no systematic Te
variations with other minor and trace elements (e.g., As) and no obvious relationship to specific
mechanisms of mineral precipitation. Hence, Se can be used as proxy to estimate the precipitation
temperature of pyrite in different ore deposits. In addition, the results of this study imply that bulkore As represents a potential tracer to target Te in mineralised ore zones, as for example in Carlintype systems.
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[1] Keith, M., Haase, K. M., Klemd, R., Krumm, S., and Strauss, H. (2016), Systematic variations of trace element and sulfur isotope
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[2] Deditius, A. P., Reich, M., Kesler, S. E., Utsunomiya, S., Chryssoulis, S. L., Walshe, J., Ewing, R. C. (2014), The coupled
geochemistry of Au and As in pyrite from hydrothermal ore deposits, Geochimica et Cosmochimica Acta, 140, 644–670.
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submarine hydrothermal vents, Ore Geology Reviews, 72, 728–745.
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[5] Gao, S., Xu, H., Li, S., Santosh, M., Zhang, D., Yang, L., and Quan, S. (2017), Hydrothermal alteration and ore-forming fluids
associated with gold-tellurium mineralization in the Dongping gold deposit, Ore Geology Reviews, 80, 166–184.
[6] Auclair, G. Fouquet, Y., and Bohn, M. (1987), Distribution of selenium in high-temperature hydrothermal sulfide deposits at 13°
North, East Pacific Rise, Canadian Mineralogist, 25, 577–587.
[7] Huston, D. L., Sie, S. H., Suter, G. F., Cooke, D. R., and Both, R. A. (1995), Trace elements in sulfide minerals from eastern
Australian volcanic-hosted massive sulfide deposits Part I. Proton microprobe analyses of pyrite, chalcopyrite, and sphalerite, and
Part II. Selenium levels in pyrite: Comparison with δ34S values and implications for the source of sulfur in volcanogenic
hydrothermal systems., Economic Geology, 90, 1167–1196.
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Gold-barite-polymetallic VMS deposit of Maikain, NE Kazakhstan
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The Maikain deposit is situated 130 km to the south-west from Pavlodar city in north-eastern
Kazakhstan. It is located within the late Riphean – early Paleozoic Maikain anticline. It comprises
12 mineralised sites, 6 of which are of economic significance as follows: Maykain A, B, C, D, F
and the New Vein. The Maikain B is the most typical and best studied deposit, and it is the subject
of this study. The Maikain deposit is one of few examples of lower Paleozoic volcanogenic massive
sulfide (VMS) deposits of gold, silver, copper, zinc and lead. The early to middle Ordovician
Maikain deposit exhibits characteristics of a transitional type between the Uralian and Rudny Altai
types [1,2], or bimodal-mafic type [3]. The Maikain ore district is located within the Maikain
metallogenic zone, representing the ensimatic island arc of the later stage that formed on the
oceanic crust during the Ordovician. The Maikain ore district is located within the field of the
Bozshakol spilite-keratophyre formation. Volcanic rocks are divided into two sub-formations: the
Lower, Dzhangabul formation, composed of intermediate volcanics, and the Upper, Aschikol
formation, consisting of acid lavas and pyroclastics alternating with marine clastic sediments. The
ore field is confined to the transitional horizon between the Dzhangabul spilite and the Aschikol
keratophyre subformations, cross-cut by plagiogranite porphyry dikes.
The Maikain ore field is located within a large fault zone of the Salair orogeny resulting in host
rocks being fragmented into smaller blocks. Volcanic rocks of the Bozshakol formation are strongly
altered and transformed into silicified (“secondary quartzites”), quartz-sericite, chlorite and quartzchlorite schists. Maikain ore field is located in the eastern wing of the third-order anticline in the
eastern part of the late Riphean – early Paleozoic Maikain synclinorium. The ore field represents a
volcano-tectonic depression similar to cauldron subsidence [1,4]. The Maikain B deposit is
composed of lower-middle Cambrian sedimentary-volcanogenic rocks. All ore bodies are localised
within a large foliated zone. Mineralised zone comprises series of lenses occurring concordantly
with host rocks. The main four ore bodies are composed of massive ores, have clear contacts and
pinch-out gradually. Three main ore types are distinguished and listed here in order of their
formation: massive; massive-barite-polymetallic and barite-polymetallic. Each type is characterised
by specific mineral associations [5]. Au and Ag content increase from one ore type to the next; also,
Cu, Pb and Zn grades in two latter ore types are similar and significantly higher than in the massive
ores. The deposit was formed near-surface (at sub-volcanic level). Pre-ore metasomatites were
formed at 510–420°C and economic mineral associations – at 490–340°C by way of intrusion and
recrystallization of highly-concentrated sulfide fluids of fluid-melt or mineralised magma types [6].
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Hannington, M.D., (1999), Classification of volcanic-associated massive sulfide deposits based on host-rock composition, Rev. Econ.
Geol., 8, 1–11. [4] Kaipov, A.D., Taranto, N. (1974), The Cambrian volcanism and copper-pyrite mineralization of Maikain ore field,
Magmatic and metamorphic complexes of Kazakhstan, Balkhash, 286–287. [5] Yarenskaya. M.A. (1971), Bornite-tennantitechalcocite association in VMS ores of Kazakhstan, Mineralogy and geochemistry of Central Kazakhstan and Altai, Alma-Ata,
Science, 5–15. [6] Parilov, Y.S. (2012), Genesis of main types of non-ferrous deposits in Kazakhstan, GIN, Almaty, 266.
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Renewed effort to understand the genesis of base metal ore deposits in the Irish Midlands and
Southwest Ireland sprung from new targets of exploration companies. This study focusses on
historically mined, sediment hosted and vein type Cu deposits. We aim to identify the dominant
structural and geochemical controls of Cu mineralisation in Upper Palaeozoic sedimentary
sequences. Central to this is determining whether there is a genetic link between the Cu deposits of
SW Ireland and those of the southern sector of the Irish Midland Orefield.
To this stage this project has produced a detailed structural map of the barren and mineralised veins,
as well as petrography, fluid inclusion microthermometry and sulphur isotope measurements of
selected samples from Allihies mines (West Cork). Moreover, the structural, petrographical and
geochemical results are compared with occurrences on the Mizen Head and Sheep’s Head
peninsulas.
The chief findings of the first months of investigation show that the mineralized veins follow a
general E–W to SE–NW trend, the homogenisation temperatures (Th LV-L) of quartz hosted fluid
inclusions range between 110 and 210°C, and sulphur stable isotopes signature from chalcopyrite
gave values of δ34S from -15.5 to -12.0‰.

Trending of
mineralised Cu veins

Figure 1. Research areas/mines (modified after ArcGIS and Bing Maps, 2016).
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High-resolution temporal evidence for cyclic magmatic-hydrothermal evolution
of the world class Qulong porphyry Cu-Mo system, Tibet
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Metals within porphyry copper deposits are derived from a magma chamber at the depth, and then
are transported by magmatic fluids through porphyry stocks to the shallow level [1]. Although this
model is widely accepted, there is a paucity of detailed and precise comparisons between the
timescales of igneous and hydrothermal systems. Typically, timescales of hydrothermal systems
ranging from tens of thousands years to several millions of years [2] have been assessed by
bracketing the timescale of ore formation via dating zircon pre-ore and post-ore intrusions or by
cooling ages derived from thermochronology. However, both the inadequate analytical precision of
the in-situ zircon U-Pb dates commonly used, and the lack of direct chronological constraints on the
ore forming system prohibit an effective understanding of the true longevity and thermal life of a
deposit and can result in controversy when compared with high-precision ID-TIMS techniques [2].
Alternatively, molybdenite Re-Os geochronology allows us to evaluate the absolute ages of oreformation – yet typically the systems are not systematically sampled or sampled to a high enough
density to be able accurately interpret data further than points in time. It is clear from field
observation [1] and analytical approaches [2,3] that the magmatic systems associated with ore
formation are pulsed. Obtaining absolute chronological constraints on an ore body is essential to
interpreting how this pulsed activity is reflected within the hydrothermal system, whether single or
multiple systems are present, and what do the standard vein classifications (A-B-D) represent?
Ultimately it asks the question of if multiple episodes of ore deposition or prolonged lifetime are
required to form economic deposits.
To evaluate these issues we tested the spatio-temporal fluid evolution of the giant Qulong porphyry
system [1], by integrating vein mineralogy and relationships and fluid inclusion data with the most
detailed and extensive high precision molybdenite (ID-N-TIMS) Re-Os geochronology study todate, to capture the mineralization process in addition to re-evaluation of the magmatic system with
high precision zircon (CA-ID-TIMS) U–Pb geochronology. Our findings indicate that long term
cooling (450–280°C) of the hydrothermal system occurred over the ~266 kyrs within which the
giant deposit formed. However, data identify at least 3 shorter term (<60 kyr) thermal cycles during
deposit formation. This suggests a fluctuating yet repeated magmatic input that was required to
form the giant deposit and highlights the caution with which A-D vein types can be translated into a
relative chronology, even within relatively simple or short-lived systems. The absolute chronology
allows us to accurately constrain the hydrothermal cooling rates during porphyry copper formation,
and indicates the systems far exceed the lifetimes of individual magmatic pulses expressed as
porphyry intrusions. This suggests decoupled transport of volatiles and magmatism to the ore
environment. Our results highlight the potential issues with both low n Re-Os data sets and
thermochronology for assessing the duration of porphyry copper deposit formation elsewhere.
References
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Chile, Economic Geology, 110(2), 387–421. [4] Stein, H.J. (2014), Dating and Tracing the History of Ore Formation, in Treatise on
Geochemistry (2nd Edition), Elsevier, Oxford, 87–118. [5] Li, Y., et al. (2016), Fluid inclusion characteristics and molybdenite ReOs geochronology of the Qulong porphyry copper-molybdenum deposit, Tibet, Mineralium Deposita, doi:10.1007/s00126-016-0654z.
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Garnet fractionation records super-hydrous conditions
in magmas forming giant porphyry Cu deposits
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Garnet fractionation in arc magmas is typically inferred to indicate high pressures [1,2,3] but recent
experimental studies [4] have shown that garnet also crystallizes at moderate pressures and
exceptionally high H2O content (>10 wt. %). In this study, we compare the geochemistry of synand post-mineralization intrusions from the Oyu Tolgoi porphyry Cu-Au deposit and show that their
rare earth element geochemistry indicates a switch from amphibole to garnet fractionation over <2
Myr. Modelling the effects of increasing melt H2O at a constant pressure shows that Oyu Tolgoi
cryptic amphibole and cryptic garnet signature magmas can be generated by fractionation of a
common parent magma at low and high H2O respectively, with no pressure increase required.
Similar switches in geochemistry are observed in modern volcanic systems, and in several other
major porphyry Cu systems where they coincide with the onset of mineralization and are restricted
to short timescales and narrow arc sections. We propose that these rapid switches in the
fractionating assemblage can best be accounted for by an increase in magmatic H2O content, which
is already considered to be an important process in the generation of magmas with high ore-forming
potential. The subduction of ridges or seamounts provides an appropriate compressive
tectonomagmatic framework in which large volumes of trapped magma may become especially
hydrous. The identification of rapid switches to cryptic garnet signatures in arc sequences may
provide a useful tool for porphyry deposit exploration.
References
[1] Kay, S. M., & Mpodozis, C. (2001), Central Andean ore deposits linked to evolving shallow subduction systems and thickening
crust, GSA Today, 11(3), 4–9.
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lineament, northwest Argentina, Journal of Volcanology and Geothermal Research, 258, 47–73.
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59

MDSG 40th Annual Winter Meeting 2016

Programme and Abstracts

The effect of titanite crystallisation on Eu and Ce anomalies in zircon and its
implications for the assessment of porphyry Cu deposit fertility
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Ce and Eu anomalies in zircon are known to be redox sensitive from experimental studies [1,2], and
thus may provide useful proxies in exploration for porphyry Cu deposits [3] which are thought to be
derived from oxidised magmas [4]. However, these anomalies are also affected by the cocrystallisation of REE bearing phases, such as titanite. Here, we report the trace element chemistry
of zircons from titanite-bearing intrusions associated with mineralisation at the world class Oyu
Tolgoi porphyry Cu-Au deposit (Mongolia). Based on these data, we suggest that neither Eu/Eu*,
nor Ce4+/Ce3+ are robust proxies for melt redox conditions, because they are both too strongly
dependent on melt REE concentrations, which are usually poorly constrained and controlled by the
crystallisation of titanite and other REE-bearing phases. In spite of this, Eu/Eu* can broadly
distinguish between fertile and barren systems, so may still be a useful indicator of porphyry
magma fertility.
References
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[3] Ballard, J.R., Palin, J.M., Campbell, I. H. (2002), Relative oxidation states of magmas inferred from Ce(IV)/Ce(III) in zircon:
application to porphyry copper deposits of northern Chile, Contributions to Mineralogy and Petrology, 144, 347–364.
[4] Richard, J.P. (2015), The oxidation state, and sulfur and Cu contents of arc magmas: implications for metallogeny, Lithos, 233,
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Insights from in situ XAS studies
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The increasing demand for Rare Earth elements (La to Yb, +Sc and Y) from the green and
communication industries calls for a better understanding of the processes leading to their
concentration in the Earth’s crust and especially those that may favor enrichment in the most
valuable LREEs (Nd, Pr and Eu) or HREEs (Tb, Dy and Y) in different environments.
Since the early 90s, the recognition of the critical role of hydrothermal remobilization in
reconcentrating REEs to economic levels in primary environments associated with carbonatic or
peralkaline intrusions has encouraged the development of both theoretical and experimental studies
investigating the effect of pressure, temperature and pH on the stability of REEs aqueous species.
While early models suggested a significant role of REE-F complexation in REEs high temperature
aqueous transport [1], a series of solubility experiments conducted at McGill University coupled
with comprehensive field studies of different deposits led to the hypothesis that, given the Cl-rich
nature of the magmatic fluids, REE-Cl rather REE-F should dominate the hydrothermal transport of
the REEs [2]. Additional work has since supported this hypothesis, as well as shown the likely role
of P in the deposition of the REEs [3–5].
Yet, the current thermodynamic models extrapolate from experimental data that are limited to
temperature below 300–400°C and do not reflect the temperature of the primary fluids escaping the
magmatic intrusions. Also, complexation with P, S or C has not yet been thoroughly investigated at
high T despite their high concentrations in the ore fluids. In an effort to extend experimental
conditions and verify the current thermodynamic models to higher temperature, we started
conducting X-ray absorption measurements (XAS) in a dedicated autoclave that enables the in situ
study of trace element solubility and aqueous speciation up to ~600°C and 150 MPa on the BM30B beamline of the ESRF (Grenoble, France) [6]. Up to now, we were able to investigate the
solubility and speciation of Nd, Sm, Eu, Gd, Er and Yb over a wide range of fluid composition
involving Cl, F, P, C or S up to ~500°C and 50–80 MPa. Here we will present the preliminary
conclusions of those experiments regarding the different behaviors of LREE versus HREE and
provide the first spectroscopic description of REE aqueous complexation in the presence of P and S.
References
[1] Haas, J., Shock, E.L. and Sassani, D. (1995), Rare earth elements in hydrothermal systems: estimates of standard partial molal
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The petrology, mineralogy and geochemistry of the large Fen Carbonatite
Complex (Norway) REE-Nb resource
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The c. 580 Ma Fen Carbonatite Complex in Southern Norway is a circular, c. 2.5 km diameter pipelike composite intrusion (Fig. 1) consisting of highly alkaline rocks (ijolite), carbonatites and
ultramafic lamprophyres (damtjernites). The Fen Complex is also the type area for the pervasive
Na-K metasomatic alteration of country-rock gneisses referred to as ‘fenitization’ and it is the
location where the magmatic origin of carbonatites was first proposed by Brögger in the 19020’s.
The Fen Complex is almost certainly the largest REE resource on the European continent with a
resource size estimate of >100 MT at c.1 wt% REE-oxide.
We will present results from our on-going research project which looks at the key geological stages
in the formation of this REE resource, from mantle metasomatism and melting, to late/postmagmatic alteration. Our research has shown that primary magmatic carbonatite in the Fen
Complex is calcite-dolomite carbonatite with relatively low grades of REE (typically <2000 ppm SREE), hosted in REE-fluorocarbonate and fluorapatite. These rocks locally contain abundant
metasomatic pyrochlore and columbite (up to 5000 ppm Nb) in magnetite-rich zones. In many
areas, especially in the eastern part of the intrusion, the primary calcite-dolomite carbonatite is
transformed into a red, secondary hematite-carbonatite known locally as Rødbergite. In Rødbergite,
REE are greatly enriched (4000–15000 ppm S-REE). The transformation of calcite-dolomite
carbonatite to Rødbergite is associated with the breakdown of REE-fluorocarbonate and fluorapatite
to form secondary REE-monazite. There is geochemical evidence that LREE and HREE are partly
decoupled during the transformation, and transitional, partly transformed carbonatite contains
relatively high HREE/LREE ratios. Apatite aggregates (probably originally of a cumulate origin)
acted as a trap for oxidizing REE-bearing fluids. Sr and Nd isotope analysis shows that while
primary carbonatites have mantle signatures (relatively depleted with respect to CHUR at 580 Ma,
eNd(580 Ma) +4), the transformation to Rødbergite is associated with a strong relative increase in
radiogenic 87Sr, clearly pointing to a key role for ‘external’ fluids with a crustal isotopic signature in
the formation of secondary Rødbergite. We will outline models for the nature of the Rødbergite
formation processes, and discuss the possible geological context for this event.

Figure 1. Simplified geological map of Fen Complex, based
on NGU map (geo.ngu.org) and our own data. Our key
sampling transects are marked/numbered in blue.
Rødbergites, i.e., strongly REE-enriched secondary hematitecarbonatites are shown in red.
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Ion Adsorption-Type REE Deposit associated with the Ambohimirahavavy
Alkaline Complex: Potential Controls on Mineralisation
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The Rare Earth Elements (REE: La-Lu) have been highlighted as ‘critical materials’ as a result of
concerns over the security of supply. In particular demand for heavy REE (HREE: Gd-Lu) has
increased over the past decade [1]. Ion Adsorption-Type Deposits (IADs) supply the majority of
HREE and yttrium to the global market [2]. Containing more than c. 50% ion exchangeable REE (+
yttrium), typically adsorbed to the surface of clay minerals such as kaolinite and halloysite, it is the
ease of extraction through leaching that makes IADs economically viable3. Economic ion
adsorption-type deposits are almost exclusively confined to areas of southern China underlain by
metaluminous to weakly peraluminous granites [3]. Notably the most HREE-enriched IADs in
China are associated with HREE-enriched muscovite granites that contain easily degradable REEminerals (e.g. fluorcarbonates) formed during deuteric alteration [3]. The primary control on the
formation of HREE-rich ion adsorption type deposits seems to be the presence of easily weathered
HREE-bearing minerals in the protoliths, but there has been limited study of how these minerals
form. Other than IADs, peralkaline igneous rocks are known to be a substantial source of REE,
especially the valuable HREE but processing the ‘hard-rock’ deposits can be challenging [4]. At
Ambohimirahavavy, Madagascar, peralkaline igneous rocks have been weathered to form an ion
adsorption deposit which is thus relatively easy to process.
The Ambohimirahavavy prospect is currently unique in hosting a recognised ion adsorption-type
deposit developed above alkaline to peralkaline igneous and volcanic rocks, some of which carry
REE mineralisation of up to 2.24% TREO [5]. The ion adsorption ores are present within lateritic
weathering profiles above these protoliths, and carry an average grade of 835 ppm TREO [5]. By
studying this deposit we aim to understand better the preconditions necessary for the formation of
IADs. Preliminary results from leaching experiments on variably mineralised weathered profiles
from across the prospect demonstrate that bedrock variations are important in controlling the
location of REE mineralisation. This is also evident locally within some laterite profiles, with
differences in ion-exchangeable REE content being associated with recognisable changes in
protolith composition (e.g. Profile TAND044: weathered pegmatite 738 ppm REE; weathered
mudstone 378 ppm REE). Preliminary work has clearly identified the presence of clay sorbed REE
above bedrock pegmatite and hydrothermal vein hosted mineralisation. Petrographic observations
have shown the bedrock mineralisation to include late magmatic REE-bearing phases (eudialyte,
zircon, pyrochlore) and hydrothermal phases (allanite, REE-fluorcarbonates) that could be easily
broken down by weathering. Initial observations suggest that the development of the magmatic, and
post-magmatic hydrothermal system may have been critical in the formation of an economic deposit
by weathering.
References
[1] Wall, F. (2014), ‘Rare Earth Elements’, in Gunn, G. (ed.) Critical Metals Handbook, John Wiley & Sons, pp. 312–339. [2] U.S.
Geological Survey (2015), Mineral Commodities Summaries 2015, U.S. Geological Survey, 196 p. [3] Sanematsu, K., and
Watanabe, Y. (2016), Characteristics and Genesis of Ion Adsorption-Type Deposits, Reviews in Economic Geology, 18, 55–79. [4]
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A new insight into “off axis” mineralisation:
geochemical and field evidence from Alpen Rose, Troodos
Andrew Martin1, Iain McDonald1, Hazel Prichard1, Chris MacLeod1
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Silicification has important implications for the enrichment and distribution of Au within oceanic
crust; it leads to significant enrichment of Au in areas distal to VMS deposits providing targets for
mineral exploration. Previous studies by Prichard and Maliotis [1] revealed an enrichment of Au in
silicified umbers. Umbers are hydrothermal muds of exhalative origin found on the seafloor. Pre
silicification, umbers contained approximately 5 ppb Au whereas post silicification, Au
concentrations are enriched to ppm levels. The behaviour and enrichment of other critical elements
such as Se and Te that can have affinities for Au in hydrothermal systems have not previously been
studied in the silicifying “off axis” system. On a fundamental level, the distribution, tectonic
environment and metal potential of these late stage silicifying events remains poorly understood.
To address this issue, the silicified system at Alpen Rose in the eastern Troodos ophiolite of Cyprus
has been studied. The Alpen Rose deposit is located 1.5 km west of the village of Mathiatis. It is a
ridge comprised of multiple mineralised lava flows, approximately 100 m high and striking NWSE. Lava flows are approximately 60 m wide, dipping steeply towards the NE and contain minor
disseminated pyrite and chalcopyrite. To the southwest the ridge is bound by a breccia unit and
oblique normal fault. Striking approximately parallel to the ridge are a series of massive brecciated
quartz veins. Structurally the ridge is heavily segmented by a series of N-S/NE-SW dilatational
faults.
New geochemical analyses coupled with detailed field observations are presented in this study.
These show multiple phases of silicification and ppm-level Au, Sb, As and Ag mineralisation. The
study also highlights the strong correlation between Au and Te in the “off axis” hydrothermal
system and significant Te enrichment of up to 0.8 ppm. Although Te does exhibit a strong
correlation with Au, several samples which contain appreciable Te contain minor Au (<50 ppb).
This suggests the mineral deportment of Te is not exclusively within Au-Ag tellurides; other phases
may host appreciable Te.
Structurally the ridge occurs at a hypothetical ridge boundary (an area between two spreading
centers). In these areas, dilatational faulting may have acted as a fluid conduit for late-stage
silicification. This study highlights the significance of late stage hydrothermal fluids in the
enrichment of both precious metals and Te in oceanic crust.
References
[1] Prichard, H.M., Maliotis, G. (1998), Gold mineralization associated with low-temperature, off-axis, fluid activity in the Troodos
ophiolite, Cyprus, J. Geol. Soc., 155, 223–231.
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Crustal sequestration of magmatic sulfur dioxide as an ore-forming process
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A dominant sulfur-bearing magmatic volatile species in volcanic arcs is SO2, yet sulfite (S4+)
minerals are rare, testifying to the reactivity of SO2. Disproportionation of SO2 to reduced (sulfide),
neutral (elemental sulfur) and oxidized (sulfate) species is one expression of this reactivity.
Previous studies of SO2 disproportionation reactions have focused on low-P-T conditions, involving
SO2 gas and liquid water, such as those close to volcanic vents [1], or in water-free, high-T systems
[2]. However, release of magmatic volatiles can occur at depth where hot magmatic gas meets
crustal rocks +/- pore fluids.
80μm

1 mm

We have investigated experimentally the viability of such
reactions by reacting SO2 gas with a mixture of calcite and
a metal-bearing saline fluid at 1.0 to 1.5 kbar pressure and
400 to 800°C. SO2 gas is supplied via thermal
decomposition of sodium bisulfite in an unsealed inner
capsule (Fig. 1). At all temperatures, the calcite-bearing
experiments produced anhydrite and sulfide through
reaction of SO2 with calcite (Fig. 1). In an experiment
where calcite was replaced by quartz, no sulfide was
produced, establishing that Ca is a crucial component of
this reaction. Our experiments show that production of
anhydrite and sulfide through calcite-mediated SO2
disproportionation takes place on timescales of just a few
hours. This could occur where hot magmatic SO2 gas
encounters magmatic brines in igneous rocks, basinal
brines within sedimentary rocks, or calcium-bearing
saline groundwaters.
We suggest that reaction of hot magmatic SO2 with Ca-
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The Mineral Systems Concept: The key to exploration targeting
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The past two decades have seen the emergence of the mineral systems concept, whereby ore
deposits are viewed as small-scale expressions of a range of earth processes occurring at different
temporal and spatial scales [1]. Understanding mineral systems and the scale-dependent processes
that form them guides exploration strategies and further research efforts.
Giant ore deposits are zones of focused mass and energy flux. Advances in understanding of the
physics of complex systems—self organized critical systems—leads to a new understanding of how
fluid flow is organized in the crust and how high-quality orebodies are formed. Key elements for
exploration targeting include understanding and mapping threshold barriers to fluid flow that form
extreme pressure gradients, and mapping the transient exit pathways in which orebodies form.
It is proposed that all mineral systems comprise four critical elements that must combine in nested
scales in space and time: whole lithosphere architecture; transient favorable geodynamics; fertility,
and preservation of the primary depositional zone. Giant ore deposits have an association with
large, long-lived deeply penetrating and steeply dipping structures that commonly juxtapose
distinctly different basement domains. These structures are vertically accretive in nature, having
limited or subtle expressions at or above the level of ore deposition.
Three transient geodynamic scenarios are recognized as common to many mineral systems:
anomalous compression, initial stages of extension, and switches in prevailing far-field stress. In
each scenario, “threshold barriers” are established which produce extreme energy and fluid/magma
pressure gradients that trigger self-organized critical behavior and ore formation.
Fertility is defined as the tendency for a particular geologic region or time period to be better
endowed than otherwise equivalent geologic regions. Fertility comprises four major components:
secular Earth evolution (variations in the Earth’s atmosphere-hydrosphere-biosphere-lithosphere
through geologic history that result in formation of deposits), lithospheric enrichment, geodynamic
context, and paleolatitude (in specific mineral systems). The primary depositional zone is usually
within the upper 10 km of the Earth’s surface, where large P-T-X gradients are established over
short distances and time scales. Variable preservation of this zone through subsequent orogeny
explains the secular distribution of many ore deposit types.
The mineral system approach has advantages in exploration targeting compared to approaches that
use deposit models. Emphasizing common ore-forming processes, it links many large ore systems
(e.g., VMS-epithermal, porphyry-orogenic gold) that are currently considered disparate deposit
models and relates these ore systems in a predictable way to their large-scale geodynamic context.
Moreover, it focuses mineral exploration strategies on incorporating primary datasets that can map
the critical elements of mineral systems at a variety of scales, and particularly the regional to camp
scales needed to make exploration decisions.
References
[1] McCuaig, T.C. and Hronsky, J.M.A. (2014), The mineral system concept: the key to exploration targeting, SEG Special
Publication, 18, 153–175.
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Hidden treasure: magmatic and geodynamic factors that influenced the
development of Ni-Cu-PGE deposits in the northern Bushveld Complex
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The northern limb of the 2.06 Ga Bushveld Complex, South Africa, is a major exploration frontier
for magmatic Ni-Cu-platinum group element (PGE) sulphide deposits. It hosts the Platreef, the
world’s 3rd largest primary PGE deposit, but also important Ni-Cu-PGE deposits in the Lower Zone
(Volspruit) and in the upper Main Zone (Aurora, Waterberg, Moorddrift). Equivalent magmatic
sulphide mineralization is unknown at these stratigraphic levels in the other limbs of the Bushveld
Complex, and the repeated occurrence of magmatic Ni-Cu-PGE sulphide deposits is unique to the
northern limb [1]. Unlike the thin (0.3–2m thick) Merensky Reef and the UG2 chromitite of the
eastern and western Bushveld that rely on narrow mining methods, all of the northern Bushveld
deposits are thick (10–200m) orebodies amenable to mechanised mining. Rising costs and limited
scope for mechanization associated with deep Merensky and UG2-type deposits mean that the
future development of South African PGE mining will almost certainly be focused on the northern
Bushveld Complex.
The northern limb is intruded north of the Thabazimbi-Murchison lineament (TML); a 2.9 Ga
suture zone that juxtaposed Archaean crust and subcontinental lithospheric mantle (SCLM) of the
Pietersburg block against the crust and mantle of the Kaapvaal Shield. These blocks shared no
common history prior to 2.9 Ga and the Bushveld thermal event probably involved melting of
fundamentally different types of granite-greenstone crust and SCLM north and south of the TML.
Mantle peridotite xenoliths north of the TML carry Co-rich base metal sulphides with different PGE
and semi-metal concentrations to those found south of the TML. High-Co sulphides with low Pt/Pd
ratios are recorded in the SCLM under southern Scotland; they are linked to older subduction events
and are potential source of Co and PGE for post-Caledonian mafic magmas [3]. The contrasting
nature of the SCLM and the greater proportion of Au-rich greenstone belt material exposed in the
crust north of the TML are considered to contribute to a strong first order geodynamic influence on
why both chilled magmas and magmatic sulphide orebodies in the northern limb are consistently
Pd- and Au-rich and Pt-poor compared to their equivalents to the south [2]. The manner in which
the Bushveld magmas intruded also played a role. The Northern Bushveld magma chamber had the
potential to interact more extensively with metalliferous sediments (Black Reef and Duitschland
formation) of the lower Transvaal Supergroup than magmas south of the TML which intruded into
the upper Transvaal Supergroup. Cu/Pd ratios suggest the Main Zone magma south of the TML
supplied metals to the PGE reefs of the Upper Critical Zone, whereas Main Zone magma that
intruded north of the TML had an undepleted PGE budget that ultimately formed deposits such as
Aurora and the T Zone at Waterberg [1].
References
[1] McDonald, I., Harmer, R.E., Holwell, D.A., Hughes, H.S.R., and Boyce, A.J. (2017), Cu-Ni-PGE mineralisation at the Aurora
Project and potential for a new PGE province in the Northern Bushveld Main Zone, Ore Geology Reviews, 80, 1135–1159. [2]
McDonald I., and Holwell D.A. (2011), Geology of the Norther n Bushveld Complex and the Setting and Genesis of the Platreef NiCu-PGE Deposit. In: E. Ripley and C. Li (Editors), Reviews in Economic Geology, 17, Society of Economic Geologists, 297–328. [3]
Hughes, H.S.R., McDonald, I., Faithfull, J.W., Upton, B.G.J., and Loocke, M. (2016), Cobalt and precious metals in sulphides of
peridotite xenoliths and inferences concerning their distribution according to geodynamic environment: A case study from the
Scottish lithospheric mantle, Lithos, 240–243, 202–227.
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Hydrothermal transport of PGEs in porphyry systems –
a fluid history of the Skouries Cu-Au (PGE) porphyry deposit
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Porphyry deposits are a potential alternative resource for platinum group elements (PGEs), as well
as critical metals such as Te, Se and Bi. The Skouries deposit is a PGE-enriched Au-Cu porphyry
system in the Chalkidiki peninsula, Greece, with associated Ag, Bi, Te and Se credits. The deposit
is hosted by multiple porphyritic monzonite and syenite intrusions, which are similar petrologically,
close temporally, and are interpreted to originate from a large magma chamber at depth. The
Skouries deposit is orthomagmatic, with sulphur, oxygen and hydrogen isotopes from the
mineralised veins showing magmatic values (δ34S: -3.8‰ to +1‰, fluid δ18O: 6.4‰ to 7.4‰, and
fluid δD: -87.5‰ to -52.6‰). The Cu-Au mineralisation is present as bornite, chalcopyrite and
electrum in three ‘main stage’ vein sets; SEM and EPMA analysis has shown the Pd-Pt-Te-Bi
mineralisation to be hosted in platinum group minerals (PGMs) associated with the same stages of
hypogene mineralisation and potassic alteration. PGMs occur as telluride and bismuthide inclusions
in ore minerals and as isolated blebs in quartz crystals, with the most common being sopcheite
(Ag4Pd3Te4) and sobolevskite (PdBi).
Fluid inclusion analysis of the mineralised veins shows an evolution from an early, CO2-rich fluid
to later highly saline brines. Early CO2 vapour inclusions homogenise at temperatures >540oC,
whereas the brine inclusions homogenise by halite dissolution at temperatures between 350oC and
>600oC with total salinities of between 60 wt% and 95 wt%. The brine inclusions contain diverse
daughter minerals including hematite, anhydrite and barite, showing the fluids to be highly
oxidised. LA-ICP-MS of brine inclusions yielded an average Cu content of 0.34 wt% and an
average Au content of 0.7 ppm, whereas the vapour inclusions gave an average Cu content of 0.89
wt% and an average Au content of 1.4 ppm. The first generation of brine inclusions in the
mineralised veins are interpreted to represent the main mineralising fluid, with the CO2 inclusions
representing magmatic gas input that waned over time. The final inclusion stage shows a drop in
temperature and salinity, accompanied by a decrease in ore metal concentrations.
High temperature, oxidised and highly saline fluid conditions are thought to favour the
hydrothermal transport of PGEs [1], and here we present the first detection of Pd in fluid inclusions
by LA-ICP-MS. Pd concentrations in the brine inclusions range from 0.1 ppm to 4.4 ppm,
supporting the experimental evidence for hydrothermal PGE transport in porphyry systems. The
brine inclusions also contain high Bi concentrations (average 100 ppm), yielding Pd/Bi ratios
consistent with those seen in assay. As the Pd-Bi-Te system is molten above 489°C [2] Bi-Te melts
may act as a collector mechanism for PGEs in high temperature hydrothermal fluids, which
ultimately precipitate as Pd tellurides and bismuthides. This would allow the formation of PGEenriched porphyries without Pt and Pd sulphide saturation.
References
[1] Xiong, Y. & Wood, S. (2000), Experimental quantification of hydrothermal solubility of PGEs with special reference to porphyry
copper environments, Mineralogy & Petrology, 68, 1–28. [2] Berlincourt, L.E. et al. (1981), Phases and phase relations of the
platinum group elements In: Platinum Group Elements: mineralogy, geology, recovery, CIM Special Volume 23, 19–47.
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Shallow submarine barite mineralisation on Milos Island, Greece
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Recently emerged volcanoes and associated epithermal systems provide a geologically young and
accessible laboratory to study volcanic-hydrothermal systems from the shallow submarine
environment [1]. Surface expressions formed from the discharge of thermal fluids are known to
contain significant Au, Ag and Cu, making this environment a prospective field for mineral
exploration and exploitation. The dormant island of Milos, in the South Aegean Volcanic Arc, is a
recently exhumed (1.4 my) volcanic edifice formed as a consequence of post-orogenic slab rollback
and back arc extension. Such systems within the Aegean Arc are thought to contain considerable
metals and semi-metals required for high-tech electronics and green energy, such as Sb, Se and Te.
Reconnaissance of the field area was undertaken via GIS (geographical information systems) and
high-resolution airborne remote sensing imagery in a 3D visualization suite (GeoVisionary). Over a
period of three days, thirty-five breccia bodies were digitally mapped surrounding Triades-Galana
with BGS·SIGMA (System for Integrated Geoscience Mapping). Mineralisation within the breccia
bodies consist of barite (veins and clasts), minor sulphides and local silicification. Landsat imagery
aided alteration mapping, where transects were undertaken to identify possible vectors for
mineralisation through the use of a Portable Infra-red Mineral Analyser (PIMA) spectrometer.
Dominant argillic-sericitic alteration surrounds most breccia bodies, suggesting movement of
nearby geothermal fluids both proximal and distal to the mineralisation. Preliminary data from
barite via portable X-Ray Fluorescence (XRF), suggests concentrations of up to 4130 ppm Ag,
9353 ppm Sb, 169447 ppm Pb, 4025 ppm Cu and 6982 ppm Zn. There appears to be no correlation
between concentration and style of barite mineralisation (vein or clast). Trace element analysis by
an electron probe microanalyser (EPMA) will be used to determine Ag-phases and mineral textures
within the barite, further implicating prospectivity.
The mapping campaign identified six major breccia body prospects within the region which
contained significant trace metal by-product potential of barite. Dominant argillic-sericitic alteration
and minor high-sulphidation (HS) phases [2] e.g. enargite [3], indicates the submarine system to be
of a previously evolving, but dominantly low-sulphidation (LS) epithermal system.
References
[1] Naden, J., Kilias, S. P., and Darbyshire, D. P. F. (2005), Active geothermal systems with entrained seawater as modern analogs
for transitional volcanic-hosted massive sulphide and continental magmato-hydrothermal mineralization: The example of Milos
Island, Greece, Geology, 33, 541–544.
[2] Einaudi, M. T., Hedenquist, J. W., and Inan, E. E. (2003), Sulfidation state of hydrothermal fluids: the porphyry-epithermal
transition and beyond, Special Publication Society of Economic Geologists, 10, 28 p.
[3] Alfieris, D., Voudouris, P., and Spry, P. G. (2013), Shallow submarine epithermal Pb-Zn-Cu-Au-Ag-Te mineralization on
western Milos Island, Aegean Volcanic Arc, Greece: Mineralogical, geological and geochemical constraints, Ore Geology Reviews,
53, 159–180.
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Nicola Mondillo1, Richard Herrington2, Maria Boni1, Giuseppe Arfè1
1

Dipartimento di Scienze della Terra, dell’Ambiente e delle Risorse,
Università degli Studi di Napoli Federico II, Napoli, Italy (nicola.mondillo@unina.it)
2
Department of Earth Sciences, Natural History Museum, London, UK
Nonsulfide Zn (NSZ) ore is a general term, describing a group of supergene and hypogene deposits
mainly consisting of oxidized Zn-bearing minerals [1]. Sulfide deposits that commonly are
progenitors of nonsulfide mineralization contain sphalerite, which is a known host for gallium,
germanium and indium. The aim of the present study is to understand the mobility of Ge during
sulfide oxidation and the formation of secondary nonsulfide ores. To determine the mineral
residence of Ge in nonsulfide Zn deposits, we conducted a focused program of sampling and
analysis on specimens from the Natural History Museum (NHM) collections in London, and on
material we collected personally in selected mines and prospects.
The most relevant results have been obtained on a batch of Kabwe specimens from the NHM Ores
collection, and on drillcore samples from the Rio Cristal (Bongará) prospect in Peru. Kabwe
(=Broken Hill, Zambia) is a carbonate-hosted Zn-Pb sulfide deposit, where sphalerite, galena,
pyrite, chalcopyrite and accessory Ge-sulfides are patchily replaced by the hydrothermal Zn-silicate
willemite [2]. The entire assemblage is overprinted by minerals typical of the supergene
environment: smithsonite, cerussite, hemimorphite, sauconite, pyromorphite, Pb-vanadates and Feoxy-hydroxides. The Rio Cristal prospect (Bongarà, Peru) is a typical smithsonite-rich nonsulfide
deposit, derived from a deep weathering process of an original MVT sphalerite-bearing orebody. In
the analyzed drillcores, several gossanous samples contain high amounts of goethite and
hemimorphite. Whole rock chemical analyses and laser ablation on Zn silicates and Fe-oxyhydroxides from the two deposits have shown that Ge at Kabwe is only hosted in willemite, and not
in typical supergene phases. At Rio Crystal, instead, the highest Ge amounts are associated with
hemimorphite and goethite.
From the present dataset, it appears that from the analyzed NSZ deposits, only Rio Cristal contains
significant concentrations of Ge in the secondary phases. This is a notable result, because even
though the occurrence of Ge in silicates and Fe-oxy-hydroxides has been predicted from theoretical
studies, it has been seldom directly observed in nature [3, 4]. It is also important to evidence the
difference to Kabwe, where the supergene mineral phases are essentially Ge-free, despite the
primary sulfide deposit being very enriched in Ge. Looking at the solubility of Ge and Si in aqueous
fluids, it is possible to observe that they behave in a similar fashion. It is well known that under
humid-tropical climatic conditions under conditions of near-neutral pH, silica can be more
efficiently leached from silicate rocks than Al or Fe. The specific conditions of the Rio Cristal area
(e.g. the presence of weathered sulfides creating an acid environment, together with the humid
climate and high precipitation rates increasing the Si availability) have probably favored the
formation of hemimorphite over smithsonite, thus enhancing the possibility to form Ge-bearing
stable secondary phases.
References
[1] Hitzman, M.W., Reynolds, N.A., Sangster, D.F., Allen, C.R., Carman, C.E. (2003), Classification, genesis, and exploration
guides for nonsulfide Zinc deposits, Economic Geology, 98, 685–714.
[2] Kamona, A.F. and Friedrich, G.H. (2007), Geology, mineralogy and stable isotope geochemistry of the Kabwe carbonate-hosted
Pb–Zn deposit, Central Zambia, Ore Geology Reviews, 30, 217–243.
[3] Höll, R., Kling, M., Schroll, E. (2007), Metallogenesis of germanium – A review, Ore Geology Reviews, 30, 145–180.
[4] Saini-Eidukat, B., Melcher, F., Lodziak, J. (2009), Zinc-germanium ores of the Tres Marias Mine, Chihuahua, Mexico,
Mineralium Deposita, 44, 363–370.
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The Geochemistry of Caesium and Fluorine in SW England: Indicators of
Permo-Triassic Processes? Evidence from TellusSW
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The enrichment of Cs in Li- and F-rich granites, as well as basal Permian breccias has been known
for some time [1,2]. However data were very limited and the TellusSW data [3] (soils, stream
sediments and waters) for the first time provide information on the spatial distribution of Cs, as well
as F in waters.
The occurrence in high Cs in latest granites and earliest Permian breccias, coupled with the known
volatile behaviour of Cs in Li-Cs-Ta systems, suggest that enrichment in basal breccias may be due
to reworking of acid volcanic material or geothermal output. In the SE Devon these Cs anomalies
have a regional spatial relationship with Sb mineralisation.
Caesium anomalies in the Start area of Devon and correlation with outliers suggest that the element
can be used to predict areas where Permian sediments have been subsequently removed by erosion.
Another notable anomaly, E of the Camel Estuary in N Cornwall, may be the result of such a
process and has a spatial association with Sb and unconformity Au-Sn occurrences.
Fluoride in water data highlight the Li and F-rich granites in the St Austell area. However the other
major F anomaly forms a broad zone to the SE and W of Exeter, probably reflecting F bedrock
highs in the U-Cu rich Littleham Mudstone Formation and lamprophyres. Fluorite rich veins can
also be detected, notably at Menheniot, and raise the possibility that F in the veins may be due to a
topaz-granitic or lamprophyric source. Understanding geological controls of F also has implication
for prediction of the health impact of F in local drinking water.
References
[1] Merefield, J.R., Brice, C.J. & Palmer, A. J. (1981), Caesium from former Dartmoor volcanism: its incorporation in New Red
sediments of SW England, Journal of the Geological Society, 138,145–152.
[2] Fuge, R., Kent, F.L., Perkins, W.T. (1992), The geochemistry of caesium in the secondary environment around the St Austell
granite, Geoscience in South-West England, 8, 64–66.
[3] TELLUSSW (2016), Tellus GB website: http://www.tellusgb.ac.uk.
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High-Ce REE minerals in the Parnassus-Giona bauxite deposits, Greece
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The Parnassus-Giona karst bauxite deposits (Central Greece) are amongst the most important of
their kind worldwide for alumina production, however they also contain significant amounts of rare
earth elements (REE). Bauxite is mainly composed of the Al minerals diaspore [α-AlO(OH)] and
boehmite [γ-AlO(OH)] but also contains hematite (Fe2O3) and goethite [FeO(OH)], anatase (TiO2)
and kaolinite [Al2Si2O5(OH)4] [1]. REE-bearing minerals in the Parnassus-Giona bauxites are
authigenic and detrital. The former are minute in size (usually less than 1 µm) and their grains
occasionally form larger aggregates or occur as micropore and fissure fillings [2]. These are most
commonly LREE fluorcarbonate minerals of the bastnäsite [(Ce,La)CO3F] and parisite
[Ca(Ce,La)2(CO3)3F2] group, such as hydroxylbastnäsite-Nd and La [(Nd,La)CO3(OH,F)] [3,4,5].
Detrital grains occur as LREE phosphates, such as rhabdophane [(Ce,La)PO4.(H2O)] and florencite
[CeAl3(PO4)2(OH)6], and Y-phosphates like churchite [YPO4.2(H2O)] and xenotime (YPO4) [6].
Samples were collected from the actively mined B3 (third) bauxite horizon in underground
workings of the Parnassus-Giona deposits and were examined for their REE minerals. Analysis was
carried out using SEM/EDS and EPMA at University of Exeter. The REE-bearing minerals detected
were dominantly Ce-bearing but also contained small amounts of Ca and Th. The absence of P and
F indicates that those minerals seem to be Ce oxides or carbonates rather than fluorcarbonates or
phosphates, which are reported in the literature [5,6]. Additionally, the absence of other REE
indicates that these minerals are not likely to be Ca-containing hydroxylbastnäsites-Ce
[(Ce,Ca)(CO3)(OH)], i.e. containing OH instead of F, although Ca-containing hydroxylbastnäsiteNd and La [(Nd,La,Ca)CO3(OH,F)] has been reported in B3 from the Parnassus-Giona deposits
[3,4]. Consequently, further research on the mineralogy of Greek bauxites is needed to identify all
REE-bearing phases and to clarify their mode of formation.
References
[1] Tsirambides, A., and Filippidis, A. (2012), Metallic mineral resources of Greece, Central European Journal of Geosciences, 4,
641–650.
[2] Maksimović, Z., and Pantó, G. (1996), Authigenic rare earth minerals in karst-bauxites and karstic nickel deposits, In: Jones,
A.P., Wall, F., and Williams, C.T. eds., Rare earth minerals: Chemistry, Origin and Ore Deposits, London, Chapman & Hall, 10,
257–279.
[3] M.Ochsenkühn-Petropulu, M., and Ochsenkühn, K.M. (1995), Rare earth minerals found in Greek bauxites by Scanning Electron
Microscopy and Electron Probe Micro-Analysis, European Microscopy and Analysis, 37, 33–34.
[4] Lymperopoulou, Th. (1996), Determination and recovery of rare earth elements from bauxites and red mud, Ph.D. thesis,
National Technical University of Athens (In Greek).
[5] Gamaletsos, P., Godelitsas, A., Mertzimekis, T.J., Göttlicher, J., Steininger, R., Xanthos, S., Berndt, J., Klemme, S., Kuzmin, A.,
and Bárdossy, G. (2011), Thorium partitioning in Greek industrial bauxite investigated by synchrotron radiation and laser-ablation
techniques, Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with Materials and Atoms, 269,
3067–3073.
[6] Laskou, M., and Andreou, G. (2003), Rare earth element distribution and REE-minerals from the Parnassos-Ghiona bauxite
deposits, Greece, Biennial Society for Geology Applied to Mineral Deposits Meeting, 7th, Mineral Exploration and Sustainable
Development, Athens, Greece, 2003, Conference Proceedings, 89–92.
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Rare earth elements (REE) have a broad and expanding range of uses in low carbon energy
technologies, from wind turbines, to batteries, catalysts and electric cars. Concerns about the future
supply of individual REE, such as neodymium and dysprosium, combined with their growing
economic importance has led to a number of studies identifying REEs as critical metals [1,2]. In
response to this, exploration companies have identified a number of sites globally which have the
potential for rare earth extraction. These sites have distinct geological characteristics with varying
individual REE contents. This means that unique processing routes are needed for each project.
How do we identify which projects are most suitable for our future rare earth needs, whilst
minimizing the environmental impacts, ensuring sustainable development?
A life cycle assessment (LCA) allows for a quantitative assessment of the environmental
performance of rare earth production, providing data including energy, water, and chemical
consumption as well as global warming potential, land use changes, ocean and terrestrial
acidification. A major challenge with applying the LCA methodology to rare earth production is
ensuring that a consistent approach is taken. For example, previous research has been inconsistent
in what is included in the environmental calculation, leading to different results from independent
assessments covering the same projects [3]. This lack of consistency also means that it is not
possible to justly compare projects from different studies.
Current LCA methodologies also fail to take into account the complex nature of rare earth
production. For example aspects relating to geopolitics and supply constraints are overlooked. A 3dimensional criticality space which includes supply risk, vulnerability to supply risk, and
environmental implications was proposed by Graedel et al. in 2015 [4]. It is possible to modify this
to include the metrics for social, regulatory and geopolitical data under the broader concept of
supply risk. It also includes material importance in addition to substitutability in the concept of
vulnerability to supply restriction. These metrics are used as a weighted measurement against the
environmental performance of the LCA, providing results that better reflect the complex forces that
drive rare earth production. It also allows a greater number of stakeholders to be represented.
References
[1] European Union (2014) Report on Critical raw materials for the EU, Report of the Ad hoc Working Group on defining critical
raw materials, May 2014, 41 pp.
[2] British Geological Survey (2015), Risk List 2015, 8 pp., http://www.bgs.ac.uk/mineralsuk/statistics/risklist.html.
[3] Vhidi, E., Navarro, J., Zhao, F. (2016), An initial life cycle assessment of rare earth oxides production from ion-adsorption clays,
Resources, Conservation and Recycling, 113, 1–11.
[4] Graedel, T.E., Harper, E.M., Nassar, N.T., Nuss, P., Reck, B.K. (2015), Criticality of metals and metalloids, Proc Natl Acad Sci
USA, 112, 14, 4257–4262.
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Evidence for rapid exhumation leading to sub-economic mineralisation
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Porphyry–epithermal systems host >75% of the world’s known Cu reserves along with considerable
volumes of precious metal mineralisation. Consequently, a considerable body of work has studied
the controls on mineralisation with an aim to identify key geological processes that lead to
significant metal enrichment. Volcanic arc porphyry–epithermal systems are the most numerous
and well-studied deposits, where subduction-related processes generate hydrous, highly fractionated
calc-alkaline magmas favourable for mineralisation [e.g. 1]. However, porphyry-epithermal systems
are not restricted to collisional tectonic regimes. Post-collisional crustal extension can result in
areas of elevated heat flow generating small-volume, calc-alkaline to shoshonitic magmas, some of
which are associated with exotic metal-bearing porphyry-epithermal systems [2].
Whilst the major and minor element geochemistry of subduction-related and post-collisional
porphyries is strikingly similar, the largest difference between systems is their tectonic evolution.
Exhumation of a porphyry–epithermal system from its emplacement depth to the surface is a
complex process driven by two primary factors: tectonic uplift and surface erosion. Exhumation is
therefore greatly influenced by the regional stress field in an extensional vs. compressional tectonic
regime. Exhumation rates of volcanic arc porphyry–epithermal systems are typically 0.5 to 1.0
mm/yr [3], considered fast compared with adjacent tectonic blocks within convergent margins.
Such rapid exhumation and associated steep thermal gradients are thought to concentrate hypogene
mineralisation and allow protracted interaction of the mineralised system with the water table,
resulting in considerable supergene enrichment [4].
The sub-economic Kassiteres porphryry–epithermal system is a key exemplar of post-collisional
porphyry-epithermal mineralisation [5]. Kassiteres is hosted by an Oligocene pluton within the
Maronia Magmatic Corridor, and lies 10 km south of the Kechros Fault, a basal detachment of the
Rhodope Metamorphic Core Complex. High-precision U-Pb zircon ages, in combination with
detailed field observations and Al-in-hornblende geobarometry, suggest an exhumation rate for
Kassiteres of >5 mm/yr, up to an order of magnitude higher than typically observed in porphyryepithermal systems. Widespread argillic alteration and blank quartz-magnetite veining is observed
over an area of at least 4 km2 with localized acid vents and Si-lithocaps suggesting considerable
interaction between the wallrock, hydrothermal fluids, meteoric waters and the atmosphere. We
propose that the extremely rapid exhumation of this system during porphyry emplacement led to a
transition from intrusive to eruptive magmatism. As a result, the mineralising fluid was dispersed
through the overlying highly permeable pyroclastic units leading to a breached porphyry system and
the observed, sub-economic mineralisation.
References
[1] Sillitoe, R.H. (2010), Porphyry copper systems, Economic Geology, 105, 3–41. [2] Richards, J. (2009), Postsubduction porphyry
Cu-Au and epithermal Au deposits: Products of remelting of subduction-modified lithosphere, Geology, 37, 247–250. [3] Wilkinson,
B.H., and Kesler, S.H. (2007), Tectonism and exhumation in convergent margin orogens: Insights from ore deposits, The Journal of
Geology, 115, 611–627. [4] McInnes, B.I.A., Evans, N.J., Fu, F.Q., and Garwin, S. (2005), Application of Thermochronology to
Hydrothermal Ore Deposits, Review in Mineralogy and Geochemistry, 58, 467–498. [5] Voudouris, P.M., Tarkian, M. and Arikas, K.
(2006), Mineralogy of telluride-bearing ores in the Kassiteres-Sappes, western Thrace, Greece, Mineralogy and Petrology, 87, 31–
52.
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The Yalgoo-Singleton Greenstone Belt (YSGB) is an ancient Archaean sequence that lies in the
Murchison Province of Western Australia and like many of the greenstone belts of the area, is host
to significant gold mineralisation. The YSGB is 190 kilometres in length, strikes in a NNW
direction and is bound by multiple generations of granitoid and gneissic intrustions. Minjar Gold
Pty, the project partner, has the mineral rights to tenements covering around 70% of the greenstone
belt, which is thought to be prospective for nickel and base-metals, in addition to gold. The
lithologies comprising the belt are dominated by mafic volcanic and intrusive rocks, with minor
ultramafic intrusive and sedimentary rocks including superb examples of banded iron formations
[1]. Deformation within the belt is largely heterogeneous, with narrow high-strain shear zones
dissecting more weakly deformed areas [2].
The YSGB is host to multiple world-class VMS deposits, including the currently active Golden
Grove (Cu-Zn-Pb-Ag-Au) mine. The belt also contains extensive gold mineralisation, which has
been assigned to the orogenic clan of deposits, thought to post-date the VMS mineralisation. This is
of considerable economic importance, with the Minjar Project tenements hosting a current total
gold resource of 1.1 million ounces. However, the source(s) and timing of the mineralising fluids
responsible for the gold deposits of the area are poorly understood. Initial SEM work on samples
from the Black Dog deposit display multiple generations of Au mineralisation, involving a later
antimony-gold phase overprinting an earlier silver-gold phase, in addition to a diverse sulphide
assemblage with some remarkable textures.
Further study within the scope of the project will entail detailed structural mapping along the YSGB
assisted by aerial magnetic imagery, in addition to SEM, XRD and ICP-MS analysis and innovative
fluid inclusion study of a suite of ore samples from multiple deposits across the belt. This will allow
a greater understanding of the paragenesis of the mineral assemblage accompanying gold
mineralisation and determine both the composition and origin of the mineralising fluids that flowed
through the main shears present. Furthermore, these mineralisation events are to be radiometrically
dated for the first time, giving further insights into their origin and complimenting the complex
geological history of the belt.
Aside from the gold mineralisation present, little is known about the geochemistry of the igneous
rocks of the YSGB, making it one of the least understood greenstone belts of the Archaean Yilgarn
Craton. A working hypothesis is that the igneous rocks of the belt represent the remnants of a Large
Igneous Province (LIP), which is to be tested through geochemical analysis of samples taken from
the major units present. The possibility of a link between gold mineralisation and oceanic plateaus
is also to be explored.
References
[1] Watkins, K.P. and Hickman, A.H. (1990), Geological Evolution and Mineralisation of the Murchison Province – Western
Australia, Geological Survey of Western Australia: Bulletin, 137, 267pp.
[2] Thomas, B.D. (2003), The geology of the Minjar Project, Western Australia, BSc Honors Thesis, School of Earth Sciences,
University of Tasmania, Australia, 87pp.
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Bauxite deposits were largely exploited in Italy at the beginning of the 20th century up to the 2nd
World War. The most productive districts were located in the Apulia, Campania and Abruzzi
region. The Abruzzi bauxite district comprises several deposits, which are currently uneconomic, at
Campo Felice, Monte Orsello and in the Ocre Mts. (Apennine chain). Two main bauxite horizons
occur: a first corresponding to a Late Albian-Early Cenomanian stratigraphic gap, and a second
bounded by Late Cenomanian-Early Turonian limestones [1,2]. The largest deposits are located in
the Campo Felice and Monte Orsello areas, along the first of the mentioned gaps. The bauxites
occur here as almost continuous horizons and/or lenses up to 10 m thick and more than 50 m wide.
The textures of the Abruzzi bauxites range from oolitic-pisolitic to arenitic-conglomeratic, this
suggesting a continuous reworking of evolved lateritic soils [1]. Boehmite is the main mineral, and
gibbsite has been detected only in traces. The most abundant Fe-mineral is hematite, followed by
goethite and rare lepidocrocite. Kaolinite is also widespread, and is particularly concentrated in the
bauxite matrix. Anatase and rutile are ubiquitous, as well as several detrital trace minerals:
monazite, xenotime, zircon, baddeleyite, and ilmenite. Pyrite has been detected in the nuclei of
some ooids. In few samples, cavity-filling autigenic REE-fluorocarbonates (i.e. bastnäsite and
parisite) have been observed.
Major, minor and trace element analyses have shown that the Abruzzi bauxites are not only
mineralogically, but also geochemically similar to those of the Campania mineralized district. They
are characterized by the following mean values: ~ 55 wt.% Al2O3, ~ 20 wt.% Fe2O3, ~ 10 wt.%
SiO2, ~ 2 wt.% TiO2, Sc ~ 60 ppm, V ~ 270 ppm, Cr ~ 240 ppm, Ni ~ 200 ppm, Co ~ 35 ppm, Zr ~
500 ppm, Ga ~ 60 ppm, Y ~ 80 ppm, and ΣREEs ~ 670 ppm.
REEs have variable concentrations along the deposit profile, showing the highest values in
correspondence of the bastnäsite/parisite-bearing layers. The REEs concentrations are also
positively correlated with Ce/Ce* values. This correspondence indicates that REE autigenic mineral
precipitation could be associated with oxidative events related to the uprise of the paleogroundwater
table within the deposit, as also observed for the bauxites of the Apulia district by Mongelli et al.
[3]. Due to the rapid rise in world demand of “critical elements”, our future work will be mainly
dedicated to monitor the behavior of REEs during the bauxitization process in the Abruzzi deposits,
and to their relationship with the supergene mineral phases.
References
[1] Bárdossy G., Boni M., Dall’Aglio M., D’Argenio B., and Pantó G. (1977), Bauxites of peninsular Italy, Composition, origin and
geotectonic significance, Stuttgart, Schweizerbart’sche Verlagsbuchhandlung, Gebr. Borntraeger, Monograph Series on Mineral
Deposits, 15, 61 p.
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calpionelle delle successioni carbonatiche mesozoiche dell’Appennino centrale (Italia), Studi Geologici Camerti Volume Speciale
“Biostratigrafia dell’Italia centrale”, 9–129.
[3] Mongelli, G., Boni, M., Buccione, R., and Sinisi, R. (2014), Geochemistry of the Apulian karst bauxites (southern Italy):
Chemical fractionation and parental affinities, Ore Geology Reviews, 63, 9–21.
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The alkaline igneous Gardar Province of South Greenland is among one of the world’s best exposed
igneous provinces and an important economic setting for HFSE and REE mineralisation. Pyrochlore
is a common accessory phase in the pervasively altered and typically peralkaline syenites of the
Motzfeldt Centre (1273 ± 6 Ma), the first of five major plutonic centres that comprise the Igaliku
Complex (~1280–1140 Ma) of NE Gardar. Despite this exceptional enrichment, commonly in
excess of 120 ppm Ta, petrology and petrogenesis across Motzfeldt remain to be constrained in full.
Here, we present geochemical and Lu-Hf isotopic data for the Swaldale region, a narrow band of
syenites and associated minor intrusives on Motzfeldt’s NW margin. Work for this present study
was undertaken in collaboration with the licence holder, Regency Mines plc.
Ta-rich pyrochlore mineralisation typically occurs as stratified cumulates and disseminated microveins in the Motzfeldt Sø Formation (MSF), the first of two main igneous phases that comprise the
Motzfeldt Centre. Across Swaldale, syenites of the MSF are moderately undersaturated, with covariation in (Na+K)/Al (0.75–0.95) and Mg/(Mg+Fe) (2.18–19.82) demonstrating relatively
evolved intruding magmas. Whole rock Ta concentrations vary between 7.2 and 22.1 ppm and are
comparably lower than the MSF across both central and NE Motzfeldt where more prevalent
pyrochlore mineralisation can be demonstrated [1]. Electron-probe studies of alkali-mafic silicates
are consistent with continued in situ fractionation under increasingly oxidised and peralkaline
conditions, perhaps facilitated, in part, by interaction with meteoric groundwaters. Zircon separates,
obtained from a distinct zircon-rich syenite facies present across northern Swaldale, show a broad
range of 176Hf/177Hf between 0.281908 and 0.282165 ± 0.3x10-4 (2σ), corresponding to εHf of -0.458.66. Crustal residence ages, determined by growth curve modelling for an appropriate felsic
protolith, range between 1.438 and 1.881 Ga.
Combined, our geochemical data are consistent with a model whereby HFSE in melts parental to
the MSF derive from both an Archaean-aged (2.0–2.1 Ga) and a depleted mantle source.
Subsequent contamination by crustal components of Ketilidian (1.79–1.85 Ga) age is probable but
not required to explain the observed range of 176Hf/177Hf. From textural observations, the MSF is
likely to have been assembled incrementally by repeated injection of volatile-rich melts. Continued
fractionation in a deep-seated crustal magma chamber, in situ fractionation and the localised effects
of assimilation are suggested to explain the diversity of HFSE mineralisation across the Motzfeldt
Centre. Changes to Nb/Ta across Motzfeldt are consistent with HFSE solubilities in F-rich melts
where the solubility of Ta is greater than Nb. Further work is underway to constrain the nature of
the Archaean-aged component suggested to be present at depth beneath the Gardar Province.
References
[1] McCreath, J.A., Finch, A.A., Herd, D.A., and Armour-Brown, A. (2013), Geochemistry of pyrochlore minerals from the
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Caledonian Gold Mineralisation in the Southern Uplands-Longford Down
Terrane in Scotland and Ireland: A synthesis of current data
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The bedrock sources of widespread alluvial gold in modern stream sediments in the Southern
Uplands-Longford Down Terrane (SULDT) in Scotland and Ireland are enigmatic [1]. The
geotectonic evolution of the terrane is well constrained and provides an excellent framework for
investigating the processes and controls of mineralisation. Data from 11 known bedrock gold
anomalies indicate that gold is dominantly refractory with rare native grains <10 µm and is
geospatially associated with D1 Caledenoid shear-zones, and commonly hosted by D3 transverse
structures of probable Early Devonian age [2,3]. Fluid inclusion data indicate that gold was
deposited from a low salinity mesothermal (~330°C) carbonic fluid of probable mixed magmaticmetamorphic origin consistent with Caledonian orogenic conditions [4,5]. Auriferous veins exhibit
bleached sericite-chlorite alteration haloes and disseminated arsenopyrite. Mineralisation is
spatially and temporally associated with Late Caledonian minor intrusions at several localities [2].
The same relations are seen at the Black Stockarton Moor subvolcanic complex, interpreted as a
porphyry Cu deposit [6]. Caledonian gold in the SULDT therefore appears compatible with both
orogenic and intrusion-related gold (IRG) deposit types and postsubduction porphyry Cu-Au and
related epithermal systems [6–8]. A contribution from magmatic fluid has been indicated for
numerous orogenic gold deposits globally e.g. the Birimian of West Africa, the Lachlan Belt,
Australia or Val D’Or and Timmins, Canada [9]. With careful consideration of the complex
polyphase history of deformation and fluid flow the well-constrained geology of the SULDT
provides opportunities to investigate the relationships between various global models of gold
mineralisation.
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The Agdz Cu–Ag–Au Project: resolving the ore deposit model
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The Agdz Project is a Cu–Ag–Au greenfield exploration licence operated by Aterian Resources, a
wholly owned subsidiary of Altus Strategies, and staked within a highly prospective metallogenic
province of the central Moroccan Anti-Atlas Mountains. This terrain hosts numerous other base and
precious metal ore deposits including the copper and silver mines at Bouskour, Imiter and
Zgounder. This presentation reviews the geology and mineralisation of the licence in order to
further resolve the ore deposit model, previously understood as a porphyry-IOCG hybrid, in order
to more accurately inform and direct future work programmes.
Located on the southern margin of the Neoproterozoic Jbel Saghro inlier, the geology comprises a
rhyodacitic calc-alkaline volcano-sedimentary assemblage of the Ouarzazate Supergroup which
formed during an Ediacaran post-collision extensional regime following Pan-African orogenesis.
Mineralisation is dominated by Cu-oxides and argentiferous minerals with early exploration work
returning grades of up to 8.0 % Cu, 398.0 ppm Ag, and 3.7 ppm Au.
A series of trenches and prospective areas across the licence were logged and mapped respectively
with a range of representative samples also collected for further petrographic analysis via optical
and scanning-electron microscopy. Electron-probe microanalysis was also conducted to acquire
precise plagioclase and chlorite chemistry in attempt to employ two diagnostic porphyry
geochemical exploration tools.
Results show mineralisation in outcrop is silicified, patchy and commonly associated with
propylitic and argillic alteration plus crustiform barite-quartz-adularia veins. Disseminated and
blebby chalcocite-covellite is often found replacing primary chalcopyrite-bornite, which is
expressed at surface by prevalent malachite, azurite and chrysocolla; this is indicative of an
enriched supergene profile. Occurrences of native Au, electrum, acanthite and amalgam confirm the
metalliferous association. Mineralisation is structurally controlled, particularly by major fault zones
and intersections within a NNE-SSW and NW-SE dominated discontinuity framework.
Evaluation of the characteristics of end-member mineralisation models suggests that the Agdz
licence most closely aligns with both high and low sulfidation epithermal systems. It is proposed
these zones of enhanced permeability were conducive to the near-surface percolation of low
temperature (100–300°C), acidic and siliceous Cu-Ag-Au±Hg±Pb bearing fluids that were derived
from post-orogenic extension magmatism (570–545 Ma). Thus, in contrast to previous studies, a
transitional-epithermal ore deposit classification is suggested.
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The fundamental control of plate tectonic processes on ore formation was realized almost as soon as
the plate tectonic model was established in the late 1960s–early 1970s. The formation of seafloor
massive sulfide deposits at oceanic spreading centers, various types of sediment-hosted deposits in
continental rifts, porphyry and epithermal deposits in volcanic arcs above subduction zones, and
granite-related ore deposits in continental collision settings were quickly established. More recently,
the formation of porphyry, epithermal, and some types of IOCG deposits has been recognized to
occur by remobilization of lithosphere previously affected by prior episodes of subduction (or other
types of mantle) metasomatism.
At root, these ore deposit types reflect the focused convection of heat and volatiles from the mantle
towards the surface. Plate boundaries provide high-permeability pathways for this heat and mass
flux, which is transmitted to the surface either directly as magmas or fluids (or both). At convergent
margins, the flux begins with dehydration (and in some cases melting) of subducting oceanic
lithosphere, which releases water, S, Cl, and other fluid-soluble components into the mantle wedge,
triggering partial melting. Ascent of these partial melts into, and interaction with, the upper plate
lithosphere generates hydrous intermediate-composition magmas, which rise into the upper crust
where volatiles are exsolved due to decompression and crystallization. These hydrothermal fluids
may go on to form porphyry and epithermal deposits if their flow is focused and sustained by a
large magma supply.
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The likely connection of many porphyry copper deposits (PCDs) with subduction zone volcanic
systems has long been recognised, although not all PCDs necessarily involve volcanism, and postmineralization major explosive eruptions would ruin potential PCDs. Magmatic fluid fluxes from
plutonic systems into the upper crust in focussed zones appear to be a central feature of PCDs. This
talk will explore how substantial under- and over-pressures generated by volcanic eruptions might
promote fracturing and permeability development conducive to subsequent focussing of fluids and
mineralization.
First we will compare the subvolcanic thermo-mechanical and volatile-permeability legacies of
three contrasting styles of volcanic eruptions: dome effusion, vulcanian explosion, and the much
less common, sustained Plinian eruption. All three types of eruption can generate deviatoric stresses
in the vicinity of ascending magma that are sufficient to cause damage (fracturing) and associated
generation of permeability in host rocks. Notably, vulcanian eruptions can excavate sub-cylindrical
holes down to >2 km depth in 10s of seconds [1], causing substantial, sudden underpressures in
both the host rocks and the non-erupted magma. The underpressure not only causes permeability
development, it also generates large pressure gradients that will draw volatiles into the ephemeral
low-pressure region. Although vulcanian eruptions are short in duration, they can occur in swarms
such as the 75 vulcanian explosions in a period of one month at Montserrat in 1997 [1]; also the
associated subvolcanic permeability changes can affect volatile distribution and focusing long after
the eruption. The deep hole excavated by a vulcanian (or Plinian) eruption is unstable and can fill
with either intruding magma or collapsing wall-rocks, forming a vertical intrusion or breccia. The
high permeability and at least initially low pressure of breccia pipes left after these eruptions will
draw in fluids, as explored by [2] for kimberlite pipes. To prevent barren mineralization from influx
of non-magmatic waters requires mineralizing magmatic fluids to be drawn up from below, which
will be favoured by increased magma permeability and vertical pressure gradients (i.e. high
magmatic fluid pressures at depth).
Overpressures also cause fractured zones, which in turn can focus fluid flux. For example, high
magmatic pressures are required to open dykes [3], and along-margin damage zones may be
effective for channelling fluids. A common but underappreciated mechanism for fluid overpressures
is the ascent of exolved magmatic fluids, which due to compressibility expand and accelerate as
they rise causing highly non-linear pressure profiles, with the pressure at any point within the flow
exceeding that if the fluid was incompressible [4]. Modeling indicates that the resulting
overpressures can be sufficient to exceed the strength of many rocks, and could lead to fractured
zones in regions relevant to PCD generation.
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Autonomous vehicles for ore prospecting - robots in the air and water
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A rapidly developing field of autonomous technology for commercial applications is that of
unmanned mobile robotic systems. The major enabling technology for this development is the
micro-computer; developed for mobile phones and following a trend of becoming increasingly
more powerful whilst maintaining low cost. Robotic systems in the air are more commonly referred
to as unmanned aerial vehicles (UAVs) and in the sea - autonomous underwater vehicles (AUVs).
Both types of system offer a major opportunity for international mining industry by providing a
means of prospecting for valuable ores over large often remote areas without significant ‘on the
ground’ involvement of human staff.
Such systems are terrain independent, may be loaded with multiple different light-weight sensors
(LiDAR, Thermal/visual imaging, radiation etc.) and provide a complimentary follow-on from
satellite-based surveying to investigate interest areas at a higher spatial resolution.
The present talk will provide details of two specific areas of technology development at the
University of Bristol: (i) aerial radiation mapping using UAVs and (ii) deep sea prospecting using
low-cost observation class AUVs/ROVs. Radiation mapping UAVs have been deployed on multiple
occasions over the past decade (Kurvinen et al., 2005; Pöllänen et al., 2009). However, major
technology acceleration within the field has been evident since the incident at the Fukushima
Daiichi Nuclear Power Plant (FDNPP) in March 2011 (Boudergui et al., 2011; Cao et al., 2015;
Furutani, Uehara, Tanji, Usami, & Asano, n.d.; Han & Chen, 2014; Han, Xu, Di, & Chen, 2013;
MacFarlane et al., 2014; Martin, Payton, Fardoulis, Richards, & Scott, 2015; Sanada & Torii, 2015;
Towler, Krawiec, & Kochersberger, 2012). There can be no doubt that the use of UAVs to carry out
radiation surveys is an invaluable tool in furthering the efficiency of the response to future nuclear
accidents and disasters but the same technology may be exploited to prospect for valuable ore
bodies (uranium, thorium, REE, gold, coal, evaporates). UAVs have the capability to produce highresolution maps without the need to enlist a large workforce or incur great expense.
Radiation surveying is much more difficult under the sea due to the efficient attenuation of radiation
by the water. Radiation mapping is only possible when operating extremely close (or in contact)
with the ocean floor. Such a capability may be provided by ROV platforms but supplemented by
other techniques such as micro-gravity mapping and fluorescence imaging photogrammetry. In the
near future, valuable deposits such as cobalt crusts and seafloor massive sulphides (SMS) will be
the target of such robotic surveying systems, marking a new era for deep sea prospecting.
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The Hemerdon W-Sn deposit, being worked at Drakelands Mine near Plymouth by Wolf Minerals
is centred upon a subvertical, NNE-SSW striking, 100+ m wide Early Permian granite dyke hosted
by Devonian metasedimentary and metavolcanic rocks. Mineralisation is overwhelmingly
associated with moderately to steeply NW-dipping greisen-bordered quartz-wolframite ± cassiterite
sheeted veins. The resource size and dyke host are, to date, unique in SW England. We have
undertaken a preliminary evaluation of mine and near mine-site geology in order to place the
deposit into a regional geological framework and understand some of the factors that have
contributed to the development of such a unique resource.
There has been no systematic BGS re-mapping of the Ivybridge sheet since the 1890s, but the
adjacent Plymouth sheet has been recently mapped to modern standards [1] and provides an insight
into the Upper Palaeozoic regional tectonic evolution [2]. Mapping of new exposures created during
site enabling works in summer 2015 has been supplemented with near mine-site mapping in 201516, using Tellus South West radiometric, LiDAR and magnetic data as well as historical AMAX
and BGS data. These data shave allowed the Plymouth sheet lithostratigraphy to be correlated
further east.
The key issues that contribute to W prospectivity in the Hemerdon area are: (1) The Hemerdon
Granite is an old muscovite granite sourced by early (low-T) muscovite-dominated partial melting
[3]; (2) Proximity to major NW-SE fault zones that controlled migration of early melts from lower /
middle / upper crust; dilation along an earlier NNE-SSW segment allows emplacement of the
Hemerdon Dyke and forms persistent ‘chimney’ (magmatic-hydrothermal fluid pathway) during
continued crystallisation of deeper magma batches; faults repeatedly reactivated as transfers; (3)
Proximity to the Landulph High influences the development of extensional fault zones and tensile
fractures in the Hemerdon Dyke and surrounding host rocks during Early Permian post-Variscan
extension; repeated movements create effective permeability networks (fault-fracture meshes)
during the continued release of magmatic-hydrothermal fluids.
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Mineral deposits associated with silica-undersaturated, nepheline syenites are an important source
of critical metals, such as the rare earth elements (REE) and niobium, and a number of other
commodities (e.g. phosphorus, titanium and zircon). In particular, it is highly-peralkaline, or
hyperagpaitic nepheline syenites that are typically associated with economic concentrations of Nb,
REE, Zr and Ti (e.g. Ilímaussaq in Greenland). However, miaskitic nepheline syenites contain
much lower concentrations of these elements and are typically not economically mineralised.
Therefore mineralised examples of miaskitic rocks, such as the Ditrău Alkaline Igneous Complex
(DAIC) in Romania, are of real interest because they further diversify the REE supply base, thus
reducing potential risk to supply.
The Triassic DAIC is a miaskitic nepheline syenite body in north-eastern Romania. The ring-shaped
intrusion is tilted and covers an area of approximately 200 km [2]. To the north-west it comprises a
series of amphibolites, and alkali diorites and gabbros, with syenites, nepheline syenites and alkali
granites cropping out in the east. The eastern margin comprises hydrothermally altered nepheline
syenite that is considered to represent the roof-zone of the complex [1]. The complex is cut by a
series of mineralised veins that contain predominantly monazite and allanite in a carbonate and
sulfide gangue.
Previous work has largely focused on the age and petrogenesis of the complex and the mineralogy
of the associated mineralisation. However, attempts to understand the relationship between the two
are notably lacking. Here we present new LA-ICP-MS geochronology to investigate that
relationship. U-Pb dates for titanite from the amphibolites and altered roof-zone nepheline syenite
indicate a magmatic age of ca. 230 Ma. U-Pb dates for monazite from the mineralized veins will
allow us to assess whether the mineralisation is coeval, or indeed post-magmatic. Large crystals of
complexly zoned monazite have been analysed using photoluminescence hyperspectral imaging to
try to quantify the degree of structural disorder in the monazite and how this might affect the results
of dating [2]. A series of Nd isotope measurements in titanite, monazite and apatite will allow us to
better understand the source of mineralising fluids within the DAIC.
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X-ray Photoelectron Spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic technique
that measures the elemental composition at the parts per thousand range [1]. It can also be used to
determine the chemical and electronic state of elements within a material. The technique works by
irradiating a sample with a monochromatic X-ray beam, and then measuring the kinetic energy of
electrons emitted from core atomic orbitals when photons are adsorbed by the material surface. The
kinetic energy of detected electrons can be related to the binding energy of electrons within the
material, and hence to the concentration of specific elements. Chemical shifts in the binding energy
peaks of individual elements can be used to determine their redox state and bonding Environment.
The electrons analysed typically only escape from the first 10-15nm of a sample, and thus the
technique is highly sensitive to surface composition. In the instrument currently operated at the
University of Brighton (Thermo Scientific ESCALAB 250xi) an ion beam can be used to remove
surface contamination, expose the interior of the sample, and to carry out depth profiling to
compare the surface and interior of materials.
Here we present 3 case studies of the application of XPS to mineral deposit studies. In the Nalunaq
shear zone hosted gold deposit, Greenland, gold grades vary from <1 to >200g/T gold [2], and
visible gold is frequently associated with the oxidation of arsenopyrite. XPS analysis of sulphides
show the progressive alteration of trace metals hosted in arsenopyrite and pyrite, notably including
the formation of chalcocite from trace Cu in pyrite identified from the Cu 2p3 peak, and ultimately
the occurrence of metallic Au in goethite. In the Eureka carbonatite, Namibia, altered HREEenriched monazite contains an average of 9.6% total S as SO3. XPS analysis shows that sulphur is
present as both sulphide microinclusions, and as sulphate within the monazite lattice. Sulphate is
inversely proportional to the concentration of Ce, but not to Y, suggesting an association of the
HREE with sulphate which may be critical in the development of HREE enriched deposits [3].
Finally, XPS has been applied to the study of marine steel corrosion, an end-use of metals
application that has strong parallels to studies of microbial mineralisation and sulphide mineral
weathering. Depth profiling into microbial corrosion blisters shows Fe-S species on the interior of
blisters, and Fe-sulphate and oxyhydroxide species on the external portions. In intermediate layers
thiosulphate and sulphite compounds have been identified. The formation of the marine corrosion
blisters can thus be related to sulphate reducing bacterial activity at the steel surface, and
subsequent bacterial iron and sulphur oxidation, encapsulating most of the mineralogical sulphur
cycle, on the outer surface blisters. These findings have been supported by genetic studies of
bacterial species involved in corrosion.
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Fe-rich cap lithologies in the TAG hydrothermal field: implications for the
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Globally over 340 high temperature hydrothermal sites have been identified at a range of ocean
spreading centres [1]. Only 13 of these sites of have undergone intrusive investigation (drilling
or coring) and of these, only 6 sites have published tonnage estimates [1]. Almost all research
and drilling of SMS deposits has been focussed on active systems, the investigation of the
morphology, subsurface structure and mineralogy of hydrothermally extinct seafloor massive
sulphide (eSMS) deposits is almost non-existent.
Here, we discuss the initial results of a comprehensive and unique campaign to study eSMS
deposits in the TAG hydrothermal field (26° North, mid-Atlantic ridge) and identify subsurface features that might indicate if and how such deposits are preserved into the geological
record. Two research cruises were undertaken during the summer of 2016 as part of the EUfunded Blue Mining programme. These cruises obtained new geological and geophysical data
that enables characterisation of eSMS deposits in three dimensions. Our data include: high
resolution bathymetry (obtained by AUV), seismic reflection and refraction, 3D
electromagnetics, ROV surveys and samples, sediment cores, and rock-drill core, obtained
using the British Geological Survey’s robotic seafloor drilling rig (RD2).
Our drilling programme revealed a similar stratigraphy at each of three different eSMS deposits
studied: Southern Mound, MIR Mound, and a newly discovered mound we named ‘Rona
Mound’. All three sites comprise a superficial sediment cover of carbonate over iron-rich
oxyhydroxides, underlain by a coherent and dense layer of red-coloured silica-rich ‘jasper’,
tens of centimetres thick, overlying less altered massive sulphide. While silica replacement
textures of the wall rock are described from modern hydrothermal systems [2], these do not
form ‘caps’. However, the association of similar iron-silica-rich strata overlying VMS deposits
(the ancient analogue of SMS deposits) is well documented [i.e. 3–5]. The origins of the silica
‘cap’ is controversial with contrasting views on whether the silica is hydrothermal, hydrogenic
or biogenic, and whether the iron is a direct product of sulphide weathering or derived from
hydrothermal plume fallout. We suggest that these ‘jasper’ layers are a common product,
formed during the waning stage of the hydrothermal cycle. As a result, they form an
impermeable ‘cap’ that protects the underlying massive sulphide ore body from ingress of
oxygen-rich seawater and subsequent oxidation and dissolution. The formation of a ‘jasper cap’
acts automatically to preserve eSMS deposits when hydrothermal circulation ceases and is
essential to the resource potential of eSMS deposits.
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2010-5070-C, chap. 10, 6 p. [4] Grenne, T., Slack, J.F. (2005), Geochemistry of jasper beds from the Ordovician Løkken
ophiolite, Norway—Origin of proximal and distal siliceous exhalites, Economic Geology, 100, 1511–1527. [5] Jones, S.,
Gemmell, J.B., and Davidson, G.J. (2006), Petrographic, geochemical, and fluid inclusion evidence for the origin of siliceous
cap rocks above volcanic-hosted massive sulfide deposits at Myra Falls, Vancouver Island, British Columbia, Canada,
Economic Geology, 101, 555–584.
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Development of a new automated technique for PGM identification
on a SEM running AZtec software
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The platinum-group element (PGE) content of mineralized rocks is typically expressed as a
combination of solid solution in sulphides (e.g. Pd in pentlandite) or as discrete, micron-scale
platinum-group minerals (PGM). Characterising the deportment of PGE in ores is an essential
component to understanding the evolution and viability of a mineral deposit. PGM are readily
imaged via scanning electron microscopy (SEM) using backscattered electron maps (BSE). Due to
their high mean atomic number, PGM backscatter more electrons compared with silicates or Fe-NiCu sulphide minerals creating a stronger signal and increased brightness when examined using the
BSE detector on an SEM.
Conventional PGM studies involve manual scanning of a thin section for bright PGM, following
scan lines at a certain magnification, and are a time-consuming process. This is especially
problematic in highly mineralized samples, (>8 g/t total PGE), where it may take >8 hours to
manually record all the PGMs in a 1 cm2 area of a thin section. The demand by the mining industry
for faster analyses and complete ore characterization for metallurgical and liberation purposes has
led to the development of various mineral liberation analysis (MLA) software products by FEI and
MINTEK e.g. [1] and [2]. Contrastingly, the method outlined here utilizes the widely available
Oxford Instruments AZtecEnergy software on a Zeiss (NTS S360) Sigma HD FEG-SEM, fitted
with two 150 mm2 EDS detectors at Cardiff University.
The results of a comparative study whereby the manual method and the newly developed automated
approaches are applied on the same thin section are presented here. By combining the data, an
assessment of the accuracy and effectiveness of both approaches as well as an indication of any bias
can be achieved. The data was collected using the AZtecFeature function. The hypothesis behind
this methodology is that a thin section can be ‘screened’ for PGM based on their characteristic
brightness, as described above. Grayscale threshold values can be applied to highlight grains of this
specific brightness once a BSE image of a sample has been acquired, this typically takes 20
minutes. These threshold values are set for each sample and require one PGM to be found manually
first as a ‘benchmark’. The highlighted grains are linked to the SEM so that the slide is easily
navigated to these sites to confirm their composition and textural setting; the grain size (area) is
calculated automatically.
Early indications suggest that there are limitations and benefits of the automated technique.
Automation improves search times by 98% (i.e. the time it takes to find all the PGM in the sample)
although we have not yet fully automated PGM identification from other high density minerals.
There are two main problems with relying on BSE intensity alone: (1) Galena has the same
brightness as the PGM and (2) Laurite is duller than other PGM, leading to over- and underrepresentation in the automated dataset, respectively.
References
[1] van der Merwe, F., Viljoen, F., and Knoper, M. (2012), The mineralogy and mineral associations of platinum group elements and
gold in the Platreef at Zwartfontein, Akanani Project, Northern Bushveld Complex, South Africa, Contributions to Mineralogy and
Petrology, 106, 25–38.
[2] Voordouw, R. J., Gutzmer, J. G., and Beukes, N. J. (2010), Zoning of platinum group mineral assemblages in the UG2 chromitite
determined through in situ SEM-EDS-based image analysis, Mineralium Deposita, 45, 2, 147–159.
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Sulphide melt evolution in the Volspruit Project: the most primitive,
yet most contaminated platinum-group element (PGE) deposit
in the Bushveld Complex?
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The Volspruit Ni-PGE Project is the only PGE resource in the Bushveld Complex hosted within
ultramafic rocks (i.e., in the absence of cumulus plagioclase). It is one of only a few known PGE
prospects hosted within the lower ultramafic portion of a layered mafic intrusion, thus it represents
an end-member in genetic styles for PGE mineralisation.
The ultramafic rocks that host PGE mineralisation at the Volspruit Project are extremely primitive
(olivine chemistry = Fo85-Fo91) [1], but contaminated by assimilation of sedimentary country rocks
(δ34S = +3.83 to +4.32‰) [2]. These factors make the Volspruit Project an ideal natural laboratory
to study the deportment and fractionation of precious and semi-metals during the evolution of
magmatic sulphide ores.
Here, we present electron microscope data methodically documenting the mineralogy of high
atomic mass minerals (platinum-group minerals (PGM), electrum and Pb-rich minerals) and their
relationship to adjacent assemblages. We also present new data characterising the in situ trace
element chemistry of the sulphide assemblage (pyrrhotite, pentlandite and chalcopyrite) using laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS).
Electron microscope data reveal abundant PGM assemblages, electrum, galena and Pb-chloride
minerals associated with magmatic sulphide assemblages in high-grade samples. The high atomic
mass minerals and base metal sulphides are typically hosted in a matrix of orthopyroxene,
serpentine minerals, chromite ± phlogopite, however, xenocrysts derived from assimilated
metasediments (e.g., titanite, zircon, monazite and calcite) were also observed. Galena, Pb-chloride
minerals and sphalerite exhibit a magmatic association with base metal sulphides, indicating that
they crystallised during the evolution of an mss-rich sulphide liquid. These associations have
previously only been observed in evolved, Cu-rich magmatic sulphide ores at Noril’sk [3] and
Sudbury [4].
Trace element analyses of pyrrhotite reveal S/Se values of up to 19319. We investigate whether the
extremely high S/Se in pyrrhotite is inherited during assimilation of sedimentary country rocks, or if
it caused by crystallisation of galena and sphalerite from the evolving sulphide liquid – as these
minerals concentrate Se.
References
[1] Hulbert, L.J. and Von Gruenewaldt, G. (1982), Nickel, Copper, and Platinum Mineralization in the Lower Zone of the Bushveld
Complex, South of Potgietersrus, Economic Geology, 77, 1296–1306.
[2] Hulbert, L.J. (1983), A petrological investigation of the Rustenburg Layered Suite and associated mineralization south of
Potgietersrus, D.Sc. Thesis, University of Pretoria, 511 pages.
[3] Genkin, A.D. & Evstigneeva, T.L. (1986), Associations of platinum-group minerals of the Noril’sk copper- nickel sulfide ores,
Economic Geology, 81, 1203–1212.
[4] Dare, S.A.S. et al. (2014), Mineralogy and geochemistry of Cu-rich ores from the McCreedy east Ni-Cu-PGE deposit (Sudbury,
Canada): Implications for the behavior of platinum group and chalcophile elements at the end of crystallization of a sulfide liquid,
Economic Geology, 109, 343–366.
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Understanding the multi-episode formation of the world-class Hemerdon W-Sn
deposit in the context of SW England granite evolution
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The world-class granite-related, sheeted-vein, Hemerdon W-Sn deposit (Devon, SW England) has
been intermittently mined since the 17th Century. In a major step forward for UK metal mining, ore
extraction was re-established at the deposit (now Drakelands Mine) in 2015. It ranks as one of the
top five W resources in the world, with a total resource of 145.2Mt @ 0.15% W03 and 0.02% Sn.
Despite its economic and strategic value, the genetic model for the hypogene W-Sn ore body is
poorly-defined and limits our understanding of the controls on W mineralisation associated with the
SW England batholith.
To address this issue, we present a new mineralogical vein classification and paragenetic sequence
for the hypogene ore based on data from drillcore and in-pit exposures (Drakelands Mine). The
major W ore host, greisen (topaz absent)-bordered quartz-feldspar sheeted-veins (hosting Fe-W-Mn
oxide series with rare trace scheelite), commonly show evidence for localised reactivation
(brecciation of early W veins and local transport of wolframite), but also replacement/
remobilisation of wolframite where early W veins have interacted with later Cu-As-S-rich fluids. In
contrast to previous studies (e.g. [1]), our data indicate that Sn deposition did not usually occur
within the primary W-bearing veins. Cassiterite is restricted to paragenetically later greisenbordered veins, reactivated segments of earlier veins and new fault-controlled (lode) systems. These
contrast with earlier veins by exhibiting a strong association with boron-rich fluids and tourmaline
mineralisation. The discrete nature of ore types that formed the Hemerdon deposit echoes earlier
work across the Dartmoor Pluton [1] that proposed decoupled W and Sn transport in contrasting
types of ore fluid. A preliminary, petrographically guided, LA-MC-ICPMS Pb isotope study of
hydrothermal K-Feldspar not only supports the concept of decoupled W and Sn, but also indicates
that wolframite- and cassiterite-bearing veins originated from different sources – likely to be
different magma batches. To further test the nature of fluid evolution in an area with discrete but
pervasive overprinting hydrothermal events, ongoing work is focused on expanding the Pb isotope
data set and integrating it with O-S isotopes and ore mineral IR fluid inclusion data.
Interpreting deposit evolution also requires a conceptual understanding of the genesis and
construction of the SW England batholith. We have extrapolated a new high-resolution zircon U-Pb
and Lu-Hf regional model for granite genesis to illustrate how, over the lifetime of crustal melting,
the thermal evolution of melt extraction zones, potential role of mantle-derived magmas and
incremental assembly of upper crustal plutons might influence the nature of associated ore deposits.
We shed light on the timing and origins of magmas associated with other W deposits (e.g. Cligga
Head) and major boron-rich fluid exsolution events in the region (e.g. Wheal Remfry). However,
the fundamental question of which magmatic event generated W mineralisation at Hemerdon
remains. This is currently being addressed by dating individual vein sets at Hemerdon using highprecision U-Pb geochronology of hydrothermal monazite to constrain the timing of ore formation
relative to local granite emplacement.
References
[1] Shepherd, T., Miller, M., Scrivener, R., and Darbyshire, D. (1985) Hydrothermal fluid evolution in relation to mineralization in
southwest England with special reference to the Dartmoor-Bodmin area: High Heat Production (HHP) Granites, hydrothermal
circulation and ore genesis, 345–364.
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Age models for mineral exploration:
Effective strategy for end-user geochronology
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Geochronology is a pervasive and integral tool for developing and testing geological models
throughout the earth sciences. Radio-isotopic data (e.g. U-Pb, K-Ar, Ar-Ar, Re-Os, U-Th/He) is
commonly used within mineral exploration programs and academic research over a range of spatiotemporal scales. Ages of interest may be derived from literature and legacy data or through new
data acquisition appropriate to the region of interest. Increasingly, temporal constraints are being
linked with additional information such as trace elements and petrogenetic tracer isotopes that can
be used as “fertility indicators”. Both access to mass spectrometry and the speed at which data can
be collected has rapidly increased in recent years, yet effective geochronology extends much further
than data acquisition. Disengagement between the rocks of interest, isotopic data collection, and the
end user, alongside “plug in and play” approaches to measurement, can lead to erroneous results
and misinformed interpretations. To address these issues, we look to outline potential pitfalls and
how these can be avoided by best practice and streamlined workflow for optimising the potential
and value of geochronological tools within exploration programs. Our goals are to empower the
end-user in getting the most out of geological time.
The functionality of an age for the end-user depends on its precision and accuracy, but perhaps most
importantly – the requirements of the geological question. Thus, a detailed understanding of the
associated geology, the timescales of geological processes of interest, and the sources of
uncertainties are required to obtain the most effective and robust results. Indirect dating of an event
(e.g. bracketing of mineralisation) may achieve more cost effective and useful results than direct
dating of ore in some circumstances. The analytical turnaround time and cost of different techniques
can also be critical for exploration programs.
It is important to appreciate the difference between dates (isotopic ratios, laboratory assumptions
and decay constants) and ages (dates interpreted in a geological context) and that multiple age
interpretations may be permitted by a single data set. When interpreting dates into geologically
meaningful ages it is essential to identify where the over-use and misunderstanding of statistics or
laboratory assumptions has been used to erroneously artificially increase precision, the limits of
interpretation placed by systematic uncertainties, and how the precision of data interacts with
geological complexities introduced by open system behavior, isotopic disequilibrium and crystal
recycling.
Ultimately, maximizing the value, longevity of data and effective use of geochronology, will come
from developing a flexible digital framework that can incorporate large multi-sample
geochronological data sets in the context of geological relationship uncertainty (relative
chronology). Connecting data in this way will permit easy integration with geochemistry,
assessment of sampling respresentativity and easy identification of erroneous analyses or
interpretations. Utilising raw data inputs, rather than simply interpreted ages, will allow for iterative
and probabilistic age interpretations that respond to analytical limits, geological field observations
and can evolve with the sharpening of model requirements and the advancement of fundamental
isotopic geochemistry. This is the ‘Age model’ concept. We invite discussion and feedback during
these early stages of the project to meet future community needs.
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Partitioning of Cu and Mo between felsic melts and saline magmatic fluids:
Influence of salinity, ƒO2 and ƒS2
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The formation of porphyry Cu-Mo-Au deposits hinges critically on the efficient extraction of the
Cu, Mo, Au and Fe available from the magma by exsolving magmatic volatile phases (MVPs).
More than 30 years experiments have highlighted the critical importance of the salinity of the fluids
(represented by the ∑Cl or XNaCleq) [1–3] and in recent work, the presence and speciation of sulfur
(controlled by both the ƒS2 and ƒO2) [2]. We present new experiments aimed at combining all these
factors and synthesizing data from existing studies with the new work to quantify Cu-Mo
partitioning into MVPs at salinities covering the range from 1wt% to greater than 70wt%, including
vapors, brines and supercritical fluids.
Using this combined data set we have quantified the correlation between DCuf/m and XNaCleq in
MVPs across a wide range of exsolution conditions, which highlights the dominance of
{Na,K,H}+[CuCl2]- with secondary effects of CuCl0, ƒH2S, and changes in aH2O. This relationship
is
defined
by
an
empirical
equation
as
follows:
=
9.0±1.4x104
DCuf/m
[(XNaCleq)2(XH2O)15±3{1+160±40(XH2S)}] + 400±60(XNaCleq) + 100(XH2S) + 0.3. The data also show a
clear 1:1 relationship between Cu and Cl partitioning between coexisting brine and vapor. The data
highlights the critical importance of salinity in controlling Cu transport with secondary effects of
ƒH2S that are further limited by the range of ƒH2S reasonable for PCD and non-existent role of SO2
f /m
in Cu partitioning. Mo behaves somewhat differently with DMo
showing a linear dependence on
XNaCleq but with a moderate added dependence on ƒO2. The empirical fit for Mo at oxidized
f /m
conditions is as follows: DMo
(at NNO+2) = 450±60*(XNaCleq) + 2*(XH2O). This work provides
new, robust evidence that Mo partitioning is influenced by ∑Cl [3] with the prevalence of a monochloride complex (e.g. {Na,K,H}+[MoO3Cl]-) or alkali molybdate complex (e.g. {Na,K}HMoO4)
controlling DMo.
These empirical functions for Cu and Mo partitioning provide the first cohesive framework in
which to place the range of partitioning experiments completed to date. The work highlights the
importance of tracking fluid salinity and developing realistic models for sulfur content and
speciation. Yet, most importantly, the use of these functions will allow for accurate quantitative
inclusion of metal transport as part of new dynamic models for MVP exsolution, flow and
ultimately ore metal mineralization mechanisms.
References
[1] Candela and Holland (1984), The partitioning of copper and molybdenum between silicate melts and aqueous fluids. Geochimica
et Cosmochimica Acta, 48, 373–380.
[2] Simon A. C., Pettke T., Candela P. A., Piccolli P. M., and Heinrich C. A. (2006), Copper partitioning in a melt-vapor-brinemagnetite-pyrrhotite assemblage. Geochimica et Cosmochimica Acta, 70, 5583–5600.
[3] Ulrich T. and Mavrogenes J. (2008) An experimental study of the solubility of molybdenum in H2O and KCl-H2O solutions from
500°C to 800°C, and 150 to 300 MPa, Geochimica et Cosmochimica Acta, 72, 2316–2330.
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The use of low-cost ROV for deep-sea mineral ore prospecting
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Terrestrial mineral resources are getting harder to exploit; most of the ‘easy’ deposits have already
been exploited and hence the costs are continuing to rise. The world’s undersea reserves are
estimated to include 10 billion tonnes of polymetallic nodules, with an estimated value of metals in
the seabed globally rated at over $2 trillion per annum [1]. The only problem is knowing where the
valuable resources lie and hence prospecting with Remotely Operated Vehicles (ROVs) is an area
of increasing developmental interest. Currently most commercially available vehicles (ROV’s) in
an ‘affordable range’ for small institutions and private individuals, range from ~£500–£30,000.
Typically within this range, with few exceptions, they have a depth capacity of 100 m, which limits
them from undertaking deep water operations (300m+). To go ‘deep’ the price of ROV technology
increases exponentially and with a conversely decreasing range of technology providers. With the
advent of increasingly powerful and energy efficient microcomputers there exists an opportunity to
propagate ‘low cost’ ROV technologies to greater and greater depths for the benefit of mineral and
ecological exploration [2]. Accordingly, the University of Bristol is developing prototype low cost
Observation Class ROVs for exploration at depths below 300m, using the 500m Victory Shaft at
Geevor Tin mine near, Cornwall for on-land testing.

Figure 1 (above). SMS deposits are typically located in water depths
> 1,000 m and in close proximity to tectonic plate boundaries and
submarine volcanic activity, mid-ocean spreading ridges, submarine
arc volcanic chains, and back-arc basins [3].

Figure 2 (above). Solwara 1 Project overview [3].
Figure 3 (right). Sources of potential Impact from
offshore mining operations [3].
References
[1] Lodge, M. (2015), Deep sea mining: The new resource frontier?, Outlook on the Global Agenda 2015, 73–74. [2] Sepp. C, David.
J. (2005), ROV Operation from a Small Boat, Marine Technology Society Journal, 39, 88–89. [3] Nautilus Minerals (2008),
Environmental Impact Statement – Solwara 1 project. Coffey Natural Systems Pty Ltd. Brisbane, Australia.
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Changing world – changing exploration
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Mining and exploration have always been changing. The first primitive miners responded to early
metal use, and new mines and more sophisticated tools developed over the subsequent 8000 years.
The industrial revolution and associated increasing demand led to further development including
new bulk mining and underground methods, and dramatic changes in processing. Exploration
became increasingly important, particularly in the last 50 years, with explorers going to new places,
with new ideas and technology, and many excellent discoveries followed.
The modern world continues to change with the rate of change accelerating. Most recently, we have
witnessed unprecedented global connectivity and numerous advances in digital technology that
have been termed the “Fourth Industrial Revolution”. This revolution is already impacting energy
use, transportation, and employment. When combined with new materials and associated
applications, there is potential for disruptive changes to metal markets and hence mining and
exploration. These developments build on existing trends that already affect mining such as
population growth, basic human needs, emerging economies, and heightened expectations for
quality of life and a clean environment.
Predicting how these factors will play out in the short to long term is challenging. Potential decline
in metal demand would clearly reduce exploration expenditure while rapid increases in metal use,
or supply constraints, could cause metal-specific exploration booms, as happened with rare earth
elements in 2010–11. Neither support consistent exploration efforts. Although mining and
exploration have always adapted to fluctuating demand, successful exploration takes time, wellconceived efforts and appropriate budgets.
While a spirit of adventure and field skills have remained consistent ingredients for exploration
success, many aspects of modern exploration would be unrecognizable to practitioners operating
thirty-five years ago. New technologies reflect the new digital era but maximizing the benefits of
these tools, and the vast amount of data they generate, requires care and creativity. Change will
continue but predicting the end-result in thirty-five years is as difficult as it would have been to
predict the present thirty-five years ago.
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Magnetic fabrics of crust-mantle boundary in obducted ophiotites:
preliminary data from Coverack, UK, and Mirdita, Albania
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The generation and evolution of the oceanic crust is recorded in ophiolite sequences, where
fragments of oceanic crust and upper mantle were obducted at destructive plate boundaries.
Associated mineral deposits related to ultramafic and serpentinised complexes include Cr, Ni, Cu,
Fe as well as asbestos, talc and magnesite. In this contribution we report preliminary magnetic
fabric data from two ophiolite sequences exposed at Coverack Cove, Cornwall, UK, and Mirdita
ophilite, Albania. The Coverack section is part of the Lizard ophiolite, a fragment of the Rheic
oceanic crust obducted onto Avalonia in the late Devonian during the Variscan orogeny [1]. The
Mirdita ophiolites are fragments of Tethyian oceanic crust emplaced onto the margin of Pelagonia
during Alpine convergence in the Cretaceous [2]. In each case the focus has been on the crustmantle boundary, targeting serpentinised ultramafic (mantle) and gabbroic (crustal) lithologies.
Results show some magnetic characteristics that are shared between both study areas. Serpentinised
ultramafics tend to have distinctly higher magnetic susceptibilities than gabbroic lithologies. This is
consistent with the formation of magnetite during serpentinisation. Magnetic fabric orientations in
serpentinites are scattered, showing almost no correlation with any visible fabrics or structure
(layering). Gabbroic samples show more consistent lineation and foliation orientations. We interpret
these initial results to show that magnetic susceptibility is sensitive to serpentinisation and that the
serpentinisation process (growth of new magnetite grains) can overprint or even obliterate primary
magmatic or secondary tectonic fabrics. Gabbros may record emplacement related strains or
possibly magma flow.
References
[1] Barnes, R. P., and Andrews, J. R. (1986), Upper Palaeozoic ophiolite generation and obduction in south Cornwall, Journal of the
Geological Society, 143(1), 117–124.
[2] Nicolas, A., Boudier, F., and Meshi, A. (1999), Slow spreading accretion and mantle denudation in the Mirdita ophiolite
(Albania), Journal of Geophysical Research: Solid Earth, 104(B7), 15155–15167.
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Characterisation of Kalgoorlie and Cerro Matoso oxide Ni laterite
using Microfocus Scanning EXAFS
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Laterites are a major resource for Ni. Understanding how these deposits form and how Ni can be
extracted from these deposits requires that we understand the mineral phase association and crystal
chemistry of Ni. Extended X-ray Absorption Fine Structure (EXAFS) analysis of Ni laterites
provides insight on the exact association between nickel (Ni) and the host minerals as well as the
metallurgical techniques for optimum extraction of Ni. Here, we characterize discrete mineral
grains of oxide Ni laterites from Kalgoorlie and Cerro Matoso with different Ni contents using
microfocus scanning EXAFS. We find that in these oxic laterites, Ni is associated with goethite and
has no association with Mn-oxides and hydrous Mg-silicates. However, we find variations in the
mechanism of phase association with goethite. Cerro Matoso and Kalgoorlie Ni laterites containing
0.88 wt. % Ni and 1.02 wt. % Ni, respectively suggest structural incorporation as the association
between Ni and goethite. Fitting these data indicate progressive transformation from surface
complexation to polynuclear surface complexes. However, for Cerro Matoso Ni laterite with 4.6 wt.
% Ni, 70 ± 10% Ni is associated with goethite via surface precipitation or extended polynuclear Ni
complexes whereas the remaining 30 ± 10% of the Ni is structural incorporated in the goethite.
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We use a wider range of specialist raw materials in our manufactured goods than ever before. Many
of these are mined in just small quantities, of tens to thousands of tons per year, and that means that
a small number of mines are sufficient to satisfy world demand. Annual rare earth production, for
example, is two orders of magnitude lower than that of copper. Critical metals are defined as economically important but produced from just a few mines or countries such that they are particularly
vulnerable to supply disruption [1,2]. These critical metals are essential for new ‘green’ and
‘digital’ technologies such as renewable energy, state-of-the-art medical technologies, computers
and smartphones. Considerable effort has been made in the last few years to increase recycling,
diversify supply or find alternatives to these critical metals. Less attention has been paid to
responsible sourcing. Yet, it seems common sense that raw materials needed for environmentallyfriendly technologies should come from environmentally-friendly – and ‘people friendly’ – sources.
How easy is this to achieve for the critical metals? Is it a case of ‘beggars can’t be choosers’ or is
responsible sourcing an important factor in determining critical metal supply chains?
The answer is that responsible sourcing of specialist metals has only really been widely considered
in the case of conflict minerals. The USA has legislation that requires the source of Ta (‘coltan’)
and of W, Sn and Au from the Great Lakes area of Africa to be certified as conflict free, and Europe
is following suit. The ITRI Tin Supply Chain Initiative assures a chain of custody to prevent
conflict minerals entering the supply chain. However, the conflict mineral rules are a ‘single issue’
measure. Although the Ta capacitors in smartphones are now more likely to be conflict-free, there is
no assurance about factors such as environmental protection, workforce well-being, community
relations, or mine closure planning.
The main drivers for responsible mining are not yet responsible sourcing initiatives from consumers
but the need for mining companies to (1) satisfy investment banks in order to raise capital, (2) gain
their social licence to operate from their host communities and (3) comply with legislation. These
drivers and controls apply to critical metals mines (outside China) just as well as to the mainstream
commodities. However, there are so many different management and reporting systems that it is
still difficult to identify any clear ‘responsible mined’ mark that could penetrate and influence
supply chains.
So is there a role for geology in responsible sourcing? There may well be an opportunity here
alongside development of new sources of critical metals. For example, there are a wide range of
potential rare earth deposits under development and each has different characteristics. Some are
hard rock, high grade; some low grade but with higher proportions of the more sought after, and
rarer, heavy REE; others can be easily leached without any need for the usual minerals processing.
Life cycle analysis-type approaches can compare environmental characteristics right from the first
stages of exploration. Several studies have now been done but results vary widely depending on
how far along the supply chain the analysis is taken, how co-products are valued and how the
data are collected.
References
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Mineral assemblages and textures of granite-hosted veins in the
Hemerdon W-Sn deposit: constraints from scanning electron microscope
chemical X-ray mapping
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We report the results of a petrological and mineralogical microscopy study of granite-hosted
greisen-bordered veins within granite of the Hemerdon W-Sn deposit, Devon, one of the five largest
W deposits in the World. The deposit is currently mined at the Drakelands Mine. The Hemerdon
granite is a satellite intrusion of the larger Dartmoor pluton of the post-Variscan Cornubian
granitoid batholith.
Using a range of microscopy techniques, including fast large-area chemical mapping by means of
energy dispersive x-ray spectrometry (EDS) on a scanning electron microscope, we identified three
types of mineralized veins in drill core material: W-only veins, Sn-only veins, and polymetallic
W±Sn±sulfide veins. We also found that wolframite is also fully confined to veins, whereas
cassiterite is often found within greisen, particularly at vein selvages. Based on the mineralogical
analysis of the veins, we recognized two end-member ore mineral associations: wolframite-apatiterutile (±monazite) and cassiterite-arsenopyrite-fluorite. We also found a close association between
tourmaline and cassiterite. EDS imagery indicated that apatite, fluorite and rutile are pervasive
phases in the veins, greisen-borders and altered wall rock.
These petrographic observations suggest that W and Sn mineralization are at least in part
decoupled, where wolframite crystallized from phosphate-rich hydrous melts or magmatic fluids,
and cassiterite from (later?) boron- and fluorine-enriched fluids. Our results can be scaled up and
used to classify veins in the Hemerdon deposit and establish overprinting relations in order to
improve our understanding of the petrogenesis of this important mineral deposit, and to constrain
the timing of the formation of the ore.

W

Figure 1. Wolframite (W), cassiterite (purple) in
arsenopyrite (blue) and apatite (bright green) in a
polymetallic vein. Extract from large-area EDS map.
Horizontal field of view c. 1.5 cm.

Figure 2. Cassiterite (brown) and tourmaline (blue-green)
surrounded by quartz and K-feldspar in a Sn-only vein
(PPL). Horizontal field of view c. 2 mm.
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Testing the plagioclase discriminator using the GEOROC database to identify
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Porphyry-type deposits, which provide around 75%, 50% and 20% of world copper, molybdenum
and gold, respectively, are mainly associated with calc-alkaline porphyry magmatic systems in
subduction zone settings [1]. Although calc-alkaline magmas are relatively common, large porphyry
copper deposits are extremely rare and increasingly difficult to discover. From a recent pilot study
[2], the composition of plagioclase, specifically the presence of excess aluminium, may provide a
new tool for discriminating ‘fertile’ (porphyry-associated) from ‘barren’ calc-alkaline systems.
Williamson et al. [2] based their study on a comparison of existing data for plagioclase from
‘fertile’ and ‘barren’ systems worldwide and a more detailed examination of the ‘fertile’ La Paloma
and Los Sulfatos copper porphyry systems in Chile. Subsequent to this, the plagioclase
discriminator has been tested on plagioclase data from continental margin settings in the online
GEOROC database (http://georoc.mpch-mainz.gwdg.de/georoc). Some of the highest values for
excess aluminium have been found in areas already known to host large porphyry-type deposits, for
example in northern Chile, however for other areas, in certain parts of Japan and New Zealand,
there are no such deposits. In the case of Japan, where there is generally favourable geology for
porphyry deposits, it may be that they are hidden below thick sequences of cover [3]. The
occurrence of other anomalous areas will be discussed as well as the current shortcomings of the
approach, mainly the paucity of data coverage for many known porphyry-‘fertile’ areas and limited
temporal information, i.e. for nested ‘barren’-‘fertile’ systems.
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