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• Since the 1960s, Ireland has seen 5

carbonate-hosted Zn-Pb orebodies mined

and over 20 sub-economic prospects

discovered (Fig. 1). After the closure of

Lisheen mine in 2015, only 1 operational

mine remains: Tara mines in Navan.

• Ireland is in a position to become a

leader in Zn production, but for more

targeted Zn exploration, our current

understanding of ore formation needs to

be improved.

• EMPA trace element analysis can be used

to understand hydrothermal fluid

processes. This will help identify

geochemical haloes around orebodies

and thereby enhance exploration

strategy.

1. Irish Zn-Pb Ores: Background

2. The Lisheen deposit: Background

Figure 1. A simplified geological map of Ireland, with the

significant Zn-Pb deposits highlighted. Geology adapted

from GSI, Bedrock 1:500,000 series. Images from Doran

et al. (in prep.)

• The Lisheen deposit (Fig. 2; 23 Mt at 13.3

% Zn and 2.3 % Pb) in the southern Irish

ore field formed by the replacement of

Lower Carboniferous limestone, triggered

primarily by fluid mixing (Wilkinson et al.,

2005).

• Lisheen mine was active for over 15

years, leaving a wealth of deposit

understanding. It offers an excellent

testing ground for potential geochemical

vectors.

• This poster presents work on the high-

grade Island Pod orebody in the northern

part of the mine.

3. Electron microprobe analysis (EMPA): Results

4. Pyrite trace element variation: Orebody vs halo

• Several generations of sphalerite,

galena and pyrite were analysed by

EPMA from the Island Pod orebody

and its sub-economic halo (n = 574).

• EPMA data for Fe, Mn, Co, Ni, Zn, As,

Pb, Bi, Mo, Ag, Cd, Tl, S, Si, Se, Cu, Au

and Sb were collected at Memorial

University Newfoundland and the

Natural History Museum, London.

• Sphalerite Fe content was the most

variable, with a maximum value of

6.09 wt. % (Fig. 3a). Elevated Fe

correlates with low S isotope ratio

(not shown), interpreted to be

derived from bacteriogenic reduction

of seawater sulfate.

• Pyrite, commonly growth-zoned,

showed most variation with

significant values of Co (maximum

15.1 wt. %), As (maximum 9.64 wt.

%), Ni ( maximum 11.2 wt. %), and Tl

(maximum 1.0 wt. %) (Fig. 3b).

Concentrations of Co, As, Pb and Tl

are distinctly higher in main ore stage

pyrite than in pre-ore (diagenetic)

pyrite (Fig. 3b)

• Galena was relatively clean, with Zn

and Fe being the most common trace

elements, likely due to inclusions of

sphalerite and Fe sulfides.

• Pyrite mineral chemistry can record the hydrothermal

evolution of a mineralizing system.

• Island Pod pyrite preserves oscillatory zoning (Fig. 5a-b),

indicating episodic flow of hydrothermal fluids.

• Intra-grain and other small scale (<250 µm) variation suggests a

continuously evolving mineralizing system, which received fresh

pulses of trace element-bearing fluids (Fig. 5a-c).

• Commonly, As and Co concentrations systematically increase

from pyrite cores to rims. Changes in As from one band to

another of up to 3 wt. % are characteristic of precipitation from

distinct pulses (Caruso et al., 2018).

Exploration applications

• Pyrites offer a useful tool for understanding the

genesis of ore deposits, with a single grain

potentially recording the entire fluid history of a

system.

• Pyrite trace element differences between the

Island Pod orebody and its sub-economic halo

suggest a potential application of pyrite mineral

chemistry as a vector towards mineralization.

Sustainable Development Goals (SDGs) applications

• Zn has a role to play in several of the SDGs (Fig.

6). From its use as a fertiliser in agriculture

(SDGs 2, 3) to its potential use in long term

energy storage (SDGs 7, 11, 12, 13), Zn demand

will increase with sustainable development.

• Ireland has an opportunity to be a world leader

in Zn production, and significantly contribute

towards achieving several of the SDGs.

Figure 2. The orebodies of the Lisheen deposit, with key

structural features shown. Structure adapted from Kyne et

al., 2019 and Torremans et al., 2018). Image from Doran et

al. (in prep.).
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Figure 3a. (above) Sphalerite trace element data from the

Island Pod orebody and its sub-economic halo. Note the

large range Fe concentration in sphalerite.

Figure 3b. (below) Trace element data for main ore stage

pyrite and pre-ore stage (diagenetic) pyrite.

5. Pyrite trace element variation: Intra-grain scale

6. Applications: Exploration and Sustainable Development Goals 

• Mean concentrations of As, Tl, Ni

and Co are about 40-80% lower in

the sub-economic halo than in the

orebody (Fig. 4a, Table 1):

Figure 4b (left). As vs Tl concentrations

in orebody and halo pyrite.

Figure 5a. Pyrite oscillatory zones. As and Co concentrations

consistently increase from core to rim.

Figure 5b. Detail of the box outlined in Fig. 5a, showing growth

bands in more detail.

Figure 5c. A thin (<5 µm) Fe-sulfide band surrounded by pyrite. This

band revealed the highest concentrations of Co, As and Tl from all

Fe-sulphides analysed.

Figure 6. Some of the SDGs in

which Zn may play a role.
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• Tl appears to depend on the presence of

As, with a positive correlation (0.79) noted

(Fig. 4b).

Figure 4a (above). Pyrite trace element data

separated into orebody vs halo samples.

Orebody 

mean 

(wt.%) 

n above 

detection 

limit 

Halo 

mean 

(wt.%)

n above 

detection 

limit 

Co 0.34 111 0.12 151

As 2.03 104 1.25 138

Tl 0.54 55 0.24 4

Ni 1.45 13 0.34 5

Table 1 (above). Mean pyrite trace element

concentrations in orebody and halo samples.

Where the number of analyses (n) is low,

most were below detection limits.
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Seismic reflection imaging of the Irish crust 
using ambient noise autocorrelations

Passive seismic imaging provides novel, low-cost and environmentally friendly tools for mineral exploration. Autocorrelation functions (ACFs) of ambient seismic noise recorded by seismometers bring 
out the reflection response of the structure underneath. We have tested an autocorrelation analysis technique in different locations and depth ranges to determine the resolution and limitations of the 
approach. For that aim we have used around 5 years of continuous recordings from 25 broadband stations spread throughout Ireland and the recordings of an array of 21 broadband stations (Navan Array), 
deployed for a year in the Boliden Tara Mines area. The autocorrelation functions are complex and signal-rich. Using lower frequencies at different seismic stations in Ireland, we are able to image the Moho in 
most locations, which is important in order to validate the method. Higher frequency signals reveal intra-crustal discontinuities and complex structure within the economically important sedimentary layer.

Method

Current challenge: towards resolving uppermost crustal discontinuities

Resolving the Moho

Summary

Preliminary results 

Raw daily seismogram
(vertical component)

Band-pass filter
30 s – 20 Hz

Time Domain Normalization
in different frequency bands

Computation of ACFs

Frequency Domain 
Normalization

“Raw” daily ACFs

Cut time series
in the region of interest

Apply filter based on the
 reflector to resolve

Apply long-period trend
correction (if needed)

Taper the ends
of the time series

Stack of the daily ACFs
(final ACF)

Take the time 
derivative

Figure 1. Profiles of Moho depths 
inferred with ACFs (shaded lines) in 
Ireland at the locations indicated in 
Fig. 2. The frequency ranges used 
to resolve the Moho have been 
optimized on each case based on 
their frequency content (see e.g., 
Fig. 9e). Time series converted into 
depth interpolating two-way travel 
time (TWTT) with a fixed P wave 
velocity (V

p
) of 6.5 km/s for the Irish 

crust and the averaged V
p
 obtained 

with LitMod (Fullea et al., 2014). 
Red contours represent increases in 
velocity, the blue ones - velocity 
decreases. For comparison, Moho 
depths inferred from receiver 
functions are in Fig. 2.

Figure 2. Map of Ireland with 
Moho depths inferred from 
receiver functions (Licciardi et 
al., 2014). Black triangles 
indicate the locations of the 
stations used in this study 
(modified from Licciardi et al., 
2014). Square: location of 
Navan array (Fig. 5).

Comparison with Receiver 
Functions  Autocorrelation functions (ACFs) of the ambient seismic noise recorded with 

an array of seismometers yield information on the reflection response of the 
structure beneath each recorder. 

 To obtain a clear reflection response with ACFs, a sharp impedance contrast 
between reflectors is needed. We start by resolving the Moho, a reflector 
which have been successfully retrieved with ACFs.

 Reflection responses of the upper crust take place at sooner arrival times than those of the Moho. The interpretation of the ACFs is challenging as the sidelobes around zero-lag (Fig. 3b, c) may mask early P wave arrivals. 

 For each Navan Array station (Fig. 5), we stack different frequency bands to detect clear body waves with high signal-to-noise ratio (SNR) and with no contamination of the zero-lag sidelobes of the ACFs (Romero & Schimmel, 2018) (Fig. 3c, Fig. 6).

Figure 3. (a) Magnitude response of  different 
frequency bands applied to the (b) ACF of station 
T003. (c) Stack of the nine band-passed ACFs of (b). 

Figure 4. (a) Positive time lag of Fig. 3c converted into depth using V
p 
inferred 

from receiver functions (from Senad Subašić, personal communication). Red 
contours represent increases in velocity, the blue ones - velocity decreases. 
(b) V

p
 obtained from the borehole N02201 in grey (Fig. 5). Smoothed V

p
 of 

N02201 obtained with a median filter shown as green curves in both plots.

Figure 5. Map with the location of 
the Navan Array. Ore body of 
Boliden Tara Mines in light blue. 
Green diamond: borehole N02201. 

Figure 6. Profile of ACFs  of  the dense line of Navan 
Array (Fig. 5) revealing intra-crustal discontinuities. We 
have followed the procedure shown in Fig. 3. Time 
series converted into depth interpolating two-way travel 
time (TWTT) using V

p 
inferred from receiver functions 

(from Senad Subašić, personal communication). Red 
contours represent increases in velocity, the blue ones 
- velocity decreases.

 The autocorrelation (ACF) method involves a preprocessing of the data before computing the autocorrelation and a further processing after 
obtaining the “raw” autocorrelations, which depends on the reflector to resolve (Figure 7, 8). 

 We classify the autocorrelations as good, medium and poor based on the stability of the ACFs and the coherence of the noise along the days. In Fig. 
9 we can see an example for the station IA001, classified as good.

Preprocessing of the raw data Processing of the raw ACFs

Figure 7. Workflow diagrams showing the main steps of the ACF 
technique for the preprocessing of the data before computing the 
raw ACF (left) and the processing afterwards to obtain the 
corrected ACF (right).

Figure 8. Visual example of the 
processing of an ACF (Fig. 7) to 
obtain the final corrected one. 

Figure 9. Quality control example for 
IA001 (good). (a) Normalized daily 
ACFs (positive time lag). (b) 
Normalized daily cumulative stack of 
the daily ACFs. Phase-weighted stack 
of the daily ACFs filtered between (c)  
0.25 – 1 Hz and (d) 5 – 7 Hz. Both 
frequency ranges can resolve the Moho 
(black rectangles). Negative polarities 
indicates a positive impedance contrast 
(Moho case). (e) Spectrogram of the 
raw ACF of IA001. The content of 
frequencies is high in two frequency 
ranges, which are used to resolve the 
Moho: 0.25 – 1 Hz and 5 – 7Hz, 
respectively (black rectangles). Station 
IA001 is classified as a good station 
since the daily autocorrelations are 
stable in time, the Moho is clearly 
visible and we can use different 
frequency ranges to resolve it.

Quality control: checking the 
stability of the ACFs

5 – 7 Hz

0.25 – 1 Hz
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CONCLUSIONS

● Development of an autocorrelation analysis method. A 
careful preprocessing of the data and processing of the 
ACF are crucial to obtain clear P wave reflections.

● Validation of the ACF technique by resolving the Moho 
in Ireland and by retrieving similar ACFs in nearby 
stations. 

● With Navan Array we have seen correspondence 
between reflectivity and discontinuities given by the 
comparison of ACFs with the V

p
 from a borehole.

NEXT STEPS

 Further understanding of the Irish crustal structure is 
needed, together with numerical forward modelling 
reproducing the main arrivals on the ACFs, in order to 
interpret the strong reflectors in the lower crust and 
upper mantle.

 Comparison of Navan Array ACFs with other local 
seismic profiles to interpret the reflectivity given by 
ACFs and to be able to map the uppermost crustal 
discontinuities.
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Introduction to Rhenium (Re) and Osmium (Os) 

Re-Os at UCD 

 
 1

Both Rhenium and Osmium are Platinum Group Elements
with interesting geochemical behavior.

Parts-Per-Quadrillion

Parts-Per-Billion

Parts-Per-Million

Parts-Per-Trillion

Parts-Per-Thousand

Surface and 
Ground Water

Oils Average Crust Sulfides/Metals/
Organic-rich 

sediments

Molybdenite*
*Does not incorporate
Os except for Re decay 

Typical ranges of abundances

Chalcophile/Siderophile

Organophile

Re and Os accumulate in certain minerals and
substances (sulfides, metals, organics).

Re and Os are often devoid in the minerals/rocks that 
make up the majority of the crust.

Osmium Rhenium

 
 2 Applications of the Re-Os system

 

4
Work�ow Considerations

Select samples and 
ensure adequete context
is given - Re/Os analysis

is destructive

1

2
Typical Oil 

(2 mL)
per datapoint

Typical Water
(30 mL)

per datapoint

3

54

Typical Molybdenite
(<10 mg)

per datapoint

Typical Sulfides (e.g. Pyrite)
(25-400 mg)

per datapoint

Typical Black Shale
(50-400 mg)

per datapoint

Sample Preparation 
(e.g. crushing, mineral

seperation)

Wet Chemistry:
Isolation of Re and Os

Define the geologic 
or environmental problem

Thermal Ionization
Mass Spectrometry (TIMS): 

Measure Re and Os

 
 3 Real World Research Examples

Osmium Isotope Tracing
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Ocean Anoxia  Zone
Mantle Os

 Isotopic Composition

Figure modi�ed from Turgeon and Creaser (2008)

Ocean anoxic events (OAE) can be found throughout geologic history,
however their cause is often poorly understood. During these events a 
large amount of organic material is often preserved and is often
marked by an excursion in carbon isotope space.

Cretaceous oceanic anoxic event 2 triggered by a
massive magmatic episode
Steven C. Turgeon& Robert A. Creaser Vol 454 17 July 2008 doi:10.1038/nature07076

One possible mechanism that can trigger widespread anoxia is the
emplacement of large igneous provinces.

Turgeon & Creaser (2008)
proposed a way to test if
large-scale magmatic activity 
coincided with ocean anoxia
in the Cretaceous.

An increase of magmatic 
activity should lower the
187Os/188Os of seawater and
associated sediments.

Location 1 Location 2

In organic-rich sediment
deposited during ocean 
anoxia they observed a sharp
decline in the 187Os/188Os. 

In organic-rich sediment
deposited around the
time of ocean anoxia they
observed a sharp decline
in the 187Os/188Os. 

Mass balance calculations
suggested that Os input from
magmatic sources increased
by 30-50x. Suggesting a
strong link between 
magmatism and the OAE

Goals/Philosophy for the UCD Re-Os Laboratory
UCDʼs Re-Os group is relatively new (<5 years) and is interested
in developing the lab into a well-recognized research facility.

Approach the analytical capabilities of world-class Re-Os labs 
(e.g. University of Alberta, Durham University, Colorado State University).

Provide opportunities for students, researchers, and industry to acquire
high-precision and accurate Re-Os ages and isotopic ratioʼs.

Working towards these goals requires collaboration with established
research labs and experts in the appropriate fields.

Pyrite Re-Os Geochronology
Re-Os dating of pyrite confirms an early diagenetic onset and 
extended duration of mineralization in the Irish Zn-Pb ore field
Danny Hnatyshin, Robert A. Creaser, Jamie J. Wilkinson, and Sarah A. Gleeson
GEOLOGY, February 2015; v. 43; no. 2; p. 143–146; Data Repository item 2015055   doi:10.1130/G36296.1

Ore

Waulsortian 
Limestone
(347 - 353 Ma)

Lisdu� Oolite

Ballysteen 
Limestone
(353 Ma)

Old Red 
Sandstone

Silurian 
Basement

Crosspatric 
Formation
(<347 Ma)

Hydrothermal 
Alteration

Lisheen Ore Deposit Simpli�ed

The mineralogy of Lisheen precluded many dating techniques (e.g. U-Pb)
and some other methods proved problematic (e.g. paleomagnetism)

Modified from Hitzman et al. (2002)

Proper geochronology of Lisheen was important in determining what 
genetic models are possible for Lisheen (e.g. diagenetic vs. epigenetic)

Pyrite Re-Os geochronology is known to be a robust system that isnʼt
typically disturbed by secondary events. 
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Model 3 Solution   (±95%-conf.) on 12 points
Age = 346.6 ± 3.0 Ma
Initial 187/188=0.253 ± 0.045
MSWD = 1.6, Probability = 0.099
Initial 187/188 variation =0.026 (2σ)

The precise nature of this date
(347 +/- 3.0 Ma) is consistant
with a early diagentic
mineralization event for Lisheen.
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Geochemical Tracing
Different systems can be defined by their different 187Os/188Os isotopic compositions. 

In ore systems the Os composition can be used to find the source of fluids (e.g. magmatic
vs crustal fluids).
Os isotope stratigraphy can be used to monitor the relative inputs of magmatic,
cosmic and crustal sources found in sediments. Can be useful as a weathering proxy.
Anthropogenic contamination can be monitored using Os isotopes because the abundance
and isotopic composition of anthropogenic sources is often distinctive
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Danny Hnatyshin, Ben Rostron, Robert A. Creaser Unpublished PhD Thesis, November 2018

Rhenium-Osmium isotope systematics of surface, shallow and deep groundwater
from the Western Canada Sedimentary Basin (WCSB)

This study focused on defining the Re and Os composition of
groundwater from the Western Canada Sedimentary Basin.

Water/oil samples were collected from water source wells and oil wells.

During collection there were suspected signs of sample contamination.

Due to the extremely low concentrations of Re and Os in groundwater
mixing with secondary sources can possibly be easily recognized

Ravenscrag Formation
(water for injection)

Winnipegosis Formation
(sampled water)

Aquifer Formations

Aquifer Formations

Aquitard Formations

Aquitard Formations

Aquitard Formations

Water is injected 
to help extract oil

[Os] ≈100 ppq
187Os
188Os

≈ 1.4

[Os] ≈ 1 ppq

Measured Composition
[Os] ≈20 ppq

187Os
188Os

≈ 1.4

Suggests mixing of ~20% Ravenscrag 
water and ~80% Winnepgosis water

Consistant with estimates given using 
oxygen  and hydrogen isotopes

Mixing Formation WatersA

Contamination in OilB

Belly River Formation
Oil Resevoir

187Os
188Os

≈ 2.1

Sample 1 

[Os] ≈ 1800 ppq

187Os
188Os

≈ 3.3

[Os] ≈ 600 ppq

Sample 2 
187Os
188Os

≈ 0.2

[Os] ≈ 50000 ppq

Sample 3 

Samples 1 and 2 are typical values for Oil (radiogenic Os signature)

Sample 3 has a mantle signature (unlikely in the WCSB!). Simplest 
explanation is that the Os is sourced from metal associated with the well.

Isotope Dating

187Os

The isotope 187Re is radioactive and decays into 187Os. The older the rock or 
mineral becomes the more Re converts into Os. Through measuring the relative
abundances of these elements we can determine how old a rock or mineral is.

Due to the unique geochemical behavior of Re (i.e. chalcophile/siderophile/
organophile) compared to other radioactive elements (e.g. uranium, rubidium) 
this isotope system can date rocks that would typically be impossible, such
as sulfide minerals (ECONOMIC GEOLOGY) and organic-rich sediments/rocks 
(PETROLEUM GEOLOGY, CHRONOSTRATIGRAPHY).
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All samples at time = 0 will have the same Os isotopic composition.
Therefore, all samples lie on the horizontal red line, called the initial Os ratio.

Over time Re decays into Os. The older the rock/sediment the steeper
the slope of this line. All data should project to the initial Os ratio.

Time > 0

Time = 0

Short-term Capbilities Potential Future Development

Isotopic analysis of non-radiogenic sulfides (e.g. pyrite)

Isotopic analysis of highly radiogenic sulfides (e.g. molybdenite)

Isotopic analysis of organic-rich sediments (e.g. black shales)

Isotopic analysis of petroleum (e.g. crude oil)

Abundance analysis of water Isotopic analysis of water 

Research Capabilities 

187Os
188Os
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INTRODUCTION

Lithium is a key element for electromobility and

renewable energy storage due to its use in long-life

high-energy-density batteries. Lithium is, therefore,

important to attain a range of UN Sustainable De-

velopment Goals (SDGs) [1] in Ireland and the EU:

This publication has emanated from research supported in part by a research grant from Science Foundation Ireland (SFI) under Grant Number 

13/RC/2092 and co-funded under the European Regional Development Fund and by iCRAG industry partners.

Lithium pegmatites in southeast Ireland: 

A storehouse for critical metals
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BACKGROUND KEY OBSERVATIONS RESULTS

GEOLOGY

A belt of unexposed anatectic LCT pegmatites

containing the ore mineral spodumene is emplaced

within the East Carlow Deformation Zone along the

margin of the Caledonian S-type Leinster Batholith,

southeast Ireland [e.g. 3, 4]. In drill cores, these LCT

pegmatites show ore grades, up to 1–2 wt.% Li.

Geologic setting of the Leinster lithium pegmatites. Compiled with data from

Geological Survey Ireland [5].

Schematic model of the magmatic–

hydrothermal transition in the Leinster

lithium pegmatites [6].

Examples of macroscopic textures

typical for each stage. Field of view in

all images is about 8 cm.

THE MODEL
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TYPICAL LITHOLOGIES

Currently, lithium is mined from only two types of

deposits: Li-Cs-Ta-enriched (LCT) pegmatites and

subsurface brines in salt flats (dry lakes) [2]. High

emissions and energy consumption of long-distance

transport in current supply chains strongly contribute

to their CO2 footprint and environmental impact.

Brine production poses additional threats to local

ecology and agriculture. Understanding how domes-

tic lithium deposits formed and how they may be

found are therefore crucial steps towards sustain-

able lithium supply. Other valuable metals typically

enriched in LCT pegmatites include tantalum and tin,

which are often deemed critical because of their

requirement in modern electronics.

The results allow refinement of deposit models and 

support exploration in Europe contributing towards 

responsible lithium production (SDG 12).

Understanding distribution of critical metals in LCT 

pegmatites allows optimisation of efficiency and by-

product output of mining activities (SDGs 9, 12, 13).
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RESEARCH OPPORTUNITIES

Ore geology, mineralogy and geochemistry

research is the fundament of the life cycle of any

mined resource. Research outcomes directly feed

into the first four domains of the supply chain –

exploration, mining, processing and raw product.

Exploration ProcessingMining
Raw 

material

Research opportunities for LCT pegmatites include:

 Deposit models not nearly as advanced as for high

demand metals such as copper.

 Current exploration models are limited and not

widely applicable.

 Vegetated and glaciated terrain as typical for

central and northern Europe poses additional

challenges to exploration.

 Heterogeneous internal structure of deposits with

direct implications for mining and processing.

The fundamental steps in a raw material life cycle. 

PRINCIPAL CONCLUSIONS

 Magmatic crystallisation in LCT pegmatites is fol-

lowed by processes which remobilise and (re-)

deposit critical elements.

 Lithium was deposited in early magmatic units

(Stage I); tantalum and tin are enriched in late

subsolidus units (Stages II–III).

 Cassiterite, columbite and other tantalum oxides in

stream sediments can be used as indicator min-

erals in LCT pegmatite exploration.
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TELLUS STREAM SEDIMENTS

Southeast Ireland stream sediment data was

released to the public as part of the Tellus project by

Geological Survey Ireland [5]. Catchments with LCT

pegmatites show anomalous tantalum and tin.

Columbite and cassiterite in sediments show the

same chemical zoning as in LCT pegmatites.

MINERAL CHEMISTRY

Pegmatites form from melts. Growing crystals of

minerals record the changing physical and chemical

conditions of a crystallising liquid by changes in their

chemistry. Studying mineral chemistry allows re-

construction of melt and fluid evolution.

Ore deposit research

Ab*: Albite

Ap: Apatite

Brl: Beryl

Cst: Cassiterite

CGM: Columbite

Kfs: K feldspar

Ms: Muscovite

Py: Pyrite

Qz: Quartz

Trm: Tourmaline

Muscovite (left) is a rock-forming

mineral and shows three distinct

growth stages recorded for ex-

ample by boron and caesium [6].

Columbite (bottom left) is the main

host for tantalum in the rocks and

records a similar crystallisation

history. Cassiterite (bottom right) is

the main host for tin and shows at

least two growth stages.

Abbreviations:
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Residuals of tantalum (Ta) and tin (Sn) are high in catchments associated with

lithium pegmatites [7]. Raw data: Geological Survey Ireland [5].
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 Lithium batteries are an integral part

of sustainable energy and transport

infrastructures (SDG 9)

 These infrastructures are essential

for sustainable cities (SDG 11).

 A domestic, European lithium sup-

ply chain would allow responsible

production and consumption with a

lower carbon footprint and less

environmental impact than current

production (SDG 12).

 Moving from fossil fuels to renew-

able energies (decarbonisation) is

an essential part of climate action

(SDG 13).
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Aggregate Potential of Irish South Coast 

Offshore Palaeovalleys (AggrePOP): 

Preliminary Results

METHODOLGY
• Data obtained was predominantly collected

on board the RV Celtic Voyager cruise no:
CV18034 – A joint venture between the
AggrePOP and Eirwind projects.

• This was done via the use of a combination of
multiple data acquisition systems such as;
EM2040 Bathymetric surveying (Fig. 1),
Shipek grab sampling and Vibrocoring (Fig. 2)
accumulating to help better quantify the
South coast seabed substrate.

• Post in-situ sediment extraction, particle size
analysis is completed via the use of a Malvern
Mastersizer 3000 optical system that uses
laser diffraction to measure particle size
distribution (PSD) of a given sediment ranging
from 0.1 to 1500 μm

RESOURCE IDENTIFICATION
• The south coast of Ireland sports a jagged

coastline, the seabed is quite similar in nature.
ArcGIS is used to compile physical sediment data
with remotely sensed data in order to quantify
the seabed.

• Bathymetry and Backscatter collected from both
research cruises and INFOMAR projects.

ENVIRONMENTAL BENEFITS OF MARINE 
AGGREGATES
• Marine aggregates (MA) have some benefits

over their terrestrial counterparts. From an
industry standpoint, MA are typically
cleaner and less prone to pyritization with
improved calcium carbonate contents (4).

• Studies of a mixed seabed substrate (sandy
to pebbly) under low dredging intensity has
shown full natural recovery of the seabed
within a short 10-year period (5).

• 1 typical aggregate ship delivers around 250
lorry loads of product, largely reducing
carbon emissions and infrastructure
damage due to extensive truck-based
transport.

RESOURCE QUALITY -
• PSD Malvern laser diffraction and sieve stack

analysis will be performed on the 36 cores and 32
grab samples to assess and quantify particle size
distribution across the South Coast; (below is an initial

size fraction classification of Grab (black) and Vibrocore (green)
samples taken, displayed on a FOLK 7 ternary plot)

O’MAHONY, E.₁,₂,₃, WHEELER, A. ₁,₂,₃ and PETERS, J. ₁,₂,₄

1 School of Biological, Earth and Environmental Science, University College Cork; 2Environmental Research Institute, University College Cork; 3Irish Centre for Research in Applied Geosciences (iCRAG); 

4Marine and Renewable Energy Ireland, MaREI Centre.

Fig. 1 Map of CV18034 cruise area. The white, arrowed line 
shows multibeam survey track line and direction. Labelled, 
yellow dots mark the areas targeted for coring activities.

Fig. 2 (Left): (Action shot) Shipek grab sampler in use off the South-West 
coast of Cork. (Right): Vibrocorer stored safely ready for use during the 
AggreWind research cruise (CV18034). Barrel length 3 m; diameter 11 cm.

FUTURE PLANS AND ACKNOWLEDGEMENTS

Fig. 4 Left to right: Bathymetry – Backscatter – Combined to 
distinguish Bedrock from sediment and sediment veneer.

Fig. 3 Regional display of both remote and physical data used in the AggrePOP 
specific areas of research, inc: Multibeam, Vibrocore and Shipek grab sample 
data. Note, the data has been condensed and clipped to increase resolution.
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• 5 Vibrocores from the area 2 (Fig. 4), show
initial signs of sand to gravel sized grains. A
positive result for preliminary sediment
analysis (ANNOTATED BY YELLOW STAR).

1st

2nd

Scan QR to visit AggrePOP webpage

CORK

WATERFORD

INTRODUCTION
• New construction and development projects are a

vital aspect of improving social wellbeing and sand
and gravel are often required for such projects (1).

• Known shortage of angular sands vital for concrete
production could be strained even further by
predicted enlargement of Cork City by c.100,000
new residents in the near future (2).

• From an ecological and socioeconomic perspective,
marine mining aggregates can both cause
significantly less permanent habitat modification
and increase job prospects in the Irish South Coast
(3,1).

• The AggrePOP aims to quantify resource quality in
order provide these critical and potentially more
environmentally-responsible resources, with the
end goal of delimiting resource presence.

Final

• Probable comparative particle size analysis study
against quantified known terrestrially quarried
aggregates located on the upstream areas of the
studied palaeovalleys.

• Carbonate content to be included in particle size
analysis to assess the lithic fraction versus the
carbonate fraction of South Coast sediment
samples.

• The authors would like to commend the Marine
Institute, the MaREI Centre and the INFOMAR
project for access to workspace and invaluable
research data.
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INTRODUCTION
The Lower Carboniferous limestones in Ireland host the Irish Zn-Pb orebodies, one of the most significant sources of Zn in the world but stratigraphic correlations
are difficult, relying on incomplete biostratigraphy. The main goal of this study to develop a chemostratigraphic reference framework for the volcanic ash layers to
support exploration for the carbonate zinc-lead deposits of Ireland.
The conventional practice in most tephra correlation is to analyse the elemental chemistry of volcanogenic glass (e.g. Lowe, 2011 [1]). The studied tuffs were
deposited into Mississippian age carbonates of the Irish Midlands Basin and are largely diagenetically altered to bentonite clay bands which coincides with the
devitrification of glass. But despite alteration, some bentonites contain resistant phenocrysts like zircon and apatite. Therefore, this study introduces a multi-proxy
tool using high-precision trace element bulk-rock geochemistry, apatite characterisation as well as U-Pb zircon geochronology.

Fingerprinting Volcanic Ash of the 

Irish Midlands
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MATCHOGRAM
Modified method after Marx et al., 2005 [6] compares the relative concentrations of the least mobile elements of 
two samples with each other. First step is to divide all elements from sample A with the corresponding element in 
sample B. A perfect match would be unity. To correct for asymmetry and bias, the concentration of sample A serves 
once as the numerator and once as the denominator. Results are summed up and divided by two to receive the 
symmetrical ratio. Step two corrects for dilution effects. Finally, the reference point is set to zero. Therefore, a
perfect match would result in the sum of absolute 
deviates (ƩD) of zero. The closer the samples’ ƩD is to zero, 
the more likely they share the same origin. The following
element list was used: Al, Ti, Y, Nb, Sn, Ta, La, Pr, Nd, Sm,
Gd, Dy, Er, Yb

RESULT
The three different tuff horizons can be distinguished.

A) Simplified geological map of Ireland, showing the locations of available samples (black 
stars). This poster shows the results for the highlighted area. B) Stratigraphic columns for 
the two sampled boreholes from Slieve Dart.

SAMPLE DESCRIPTION
Three different tuff horizons were sampled from two drillcores (3470/15; 3471/4) in the
Slieve Dart area in the north-west of Ireland. Individual tuff horizons are shown in
different colours. Tuff 1 is the stratigraphically highest tuff in the drill-cores, liing in the
Oakport Limestone formation, followed by Tuffs 2 and 3, which occur in the Kilbryan
Limestone.

HIGH-PRECISION TRACE ELEMENT BULK GEOCHEMISTRY
Volcanic ashes in general are not a one-to-one geochemical image of their source. Their bulk-rock geochemistry 
may be influenced by alteration, phenocrysts, aeolian fractionation, dilution with matrix sediments,… . To minimise 
the influence of these secondary effects on the tuffs, the focus is on aluminium, titanium, niobium, tantalum , rare 
earth elements (REEs) [2]. Used method is a refined high-precision solution ICP - MS trace element analysis [3], [4] 
using low-P hotplate HF-HNO3 digestions. REE/Al ratios were first normalised to MUQ before they were vertically 
translocated to comparable levels in the diagram (H). Negative europium anomalies, like observed in all three tuff 
layers, are characteristic of silicic igneous rocks. They also indicate highly evolved, sub-alkaline magma sources [5]. 
Marker Tuffs from a different area (Tara Deep) are shown for comparison. 

APATITE CHARACTERISATION
Apatite ages are less precise than Zircon ages. But as the trace element chemistry of apatite can provide an 
effective link to the parent igneous rock type of the tuffs, apatite dating will only be used to rapidly characterise 
sample age populations before analysing them for trace elements. Apatite dating as well as trace element data 
were gained using LA ICP-MS. Only both tuff 3 yield enough apatites to date them. Apatite U-Pb ages for sample 
3471/4 and 3470/15 all lie on Tera-Wasserburg discordias (J, K), yielding lower intercept ages 379 ± 28 Ma and 
368 ± 35 Ma, respectively. The initial Pb composition was anchored using an initial 207Pb/206Pb composition 
derived from the Stacey and Kramers model with a conservative uncertainty of 0.02, as otherwise they exhibit a 
relatively poor constrained intercept age due to the small spread in U-Pb ratios.
The Sr/Y vs ƩLREE biplot introduced by O’Sullivan et al., 2019, in review discriminates Tuff 3 apatites as felsic 
granitoid apatites (L). Tuff 1 falls into the alkali-rich igneous apatite and Tuff two into the mafic granitoids to mafic 
igneous apatite field.  

SEM-CL imaging of the zircons shows the zoning 
and the average sizes of the occuring zircons (G).

TUFF 1
3471/4

TUFF 1
3470/15

TUFF 2
3471/4

TUFF 2
3470/15

TUFF 3
3471/4

TUFF 3
3470/15

TUFF 1 3471/4 0

TUFF 1 3470/15 0.4 0

TUFF 2 3471/4 5.0 5.8 0

TUFF 2 3470/15 3.2 4.1 0.7 0

TUFF 3 3471/4 5.9 6.3 5.7 5.1 0

TUFF 3 3470/15 7.9 8.4 4.7 4.2 0.4 0

drillcore 3471/4 drillcore 3470/15

RESULT
The apatite ages for both Tuff 3 samples are in 
accordance with the zircon ages. The principal 
component analysis links both tuff 3 samples to a 
felsic parental magma composition which is 
already indicated by the whole-rock chemistry. 
The REE patterns from tuff 3 are also 
distinguishable from tuff 1 and tuff 2. Thus, the 
combined approach is able to reveal different ash 
beds and can be used for a big dataset to develop 
an Irish chemostratigraphic framework.

The rare earth elements of apatite phenocrysts were 
normalised to chondrite. The REE pattern of both 
tuff 3 layers are notably different from those of the 
stratigraphically higher beds (M). 

J K

B

H

U-Pb ZIRCON DATING 
The used method was laser ablation inductively 
coupled mass spectrometry (LA ICP-MS). Tuff 1 in 
both drill cores did not yield any zircons. Zircons 
from the four other samples are plotted on U-Pb 
zircon Wetherill concordias. Samples yield con-
cordant analyses as well as discordant analyses 
which are interpreted as older inherited grains, 
common Pb bearing grains and grains which 
suffered Pb loss (C, D, E, F). The concordant ages 
for the 2nd tuffs are 345.4 and 347.6 Ma, whereas 
the ages for the 3rd tuffs are both around 358.5 Ma. 
RESULT
U-Pb zircon dating reveals that Tuff 2 and Tuff 3 can 
be differentiated. Tuff 2 is roughly 12 Ma younger 
than Tuff 3. 

DB

E F

RESULT
The REE plot can clearly distinguish three tuff horizons
and correlate the same horizon across cores indicating an
evolved magma source. Binary plots also separates the
three different tuff layers (I).

Tuff 1

Tuff 2

Tuff 3

A

C

G

I
alkali-
rich 
igneous 

J

M

metamorphic 
grade  

alkali-rich 
igneous

L

low-and 
medium 
grade 
metamorphic

high-

felsic granitoids

ultramafic-
carbonatitic

mafic 
igneous

UM

LM
IM

HM

S

LM

0 1 2 3 4 5

LREE

- 2

- 1

0

1

2

alkali-
rich 

igneous

Sr
/Y

metamorphic
grade

mailto:hilde.koch@icrag-centre.org


This publication has emanated from research supported in part by a research grant from Science Foundation Ireland (SFI) under Grant Number 

13/RC/2092 and co-funded under the European Regional Development Fund and by iCRAG industry partners.

Vein-hosted Copper Deposits 

and Hydrothermal Processes of SW Ireland
J. Lang1, P. Meere1, R. Unitt1, S. Johnson2

1Irish Centre for Research in Applied Geosciences (iCRAG), 

School of Biological, Earth and Environmental Sciences, University College Cork, Ireland
2Irish Centre for Research in Applied Geosciences (iCRAG), University College Dublin, Ireland

ACKNOWLEDGEMENTS/REFERENCES
We would like to thank the team from the Allihies Copper Mine Museum for giving us the access to the amazing underground cavities of Mountain Mine. Many thanks to the mineral curators from the National History Museum London for providing sample material for the Re-Os dating. Thanks a lot to David Selby (Durham University, UK) for the Re-Os dating.
Reilly, T.A. 1986. A review of vein mineralization in SW County Cork, Ireland. In: Andrew, C.J., Crowe, R.W.A., et al. (eds) Geology and Genesis of Mineral Deposits in Ireland. Irish Association for Economic Geology, Dublin, 513-544. Figure 1 (Historic Lodes and Historic Sediments) contains Irish Public Sector Data (Geological Survey) licensed under a Creative
Commons Attribution 4.0 International (CC BY 4.0) licence (jetstream.gsi.ie, accessed February/March 2019). Figures 1-4 were created using ArcGIS® software by Esri (including BaseMap) and Microsoft® Bing™ Satellite Maps, 2016-2019. ArcGIS and ArcMap™ are the intellectual property of Esri and are used herein under license. Copyright © Esri. All rights
reserved.

INTRODUCTION
This study focusses on the historically mined vein-hosted copper deposits in southwest Ireland. Central to
this is determining the role of Upper Palaeozoic Munster and South Munster Basin structural architecture
on the nature and timing of mineralisation. Aerial image interpretation and field studies revealed large
scale, basin related E-W to SW-NE striking extensional faults (Fig. 1). These extensional faults are
associated with copper bearing quartz veins and large N-S striking (transfer?) faults. Mineralised sediment
beds follow the Variscan strike (SW-NE). They occur in proximal distance to E-W striking faults and
mineralised quartz veins.

Fig. 4) The copper mines of Crookhaven are located on the southern
coast of Mizen Head.
a) Drone imaging (including ArcGIS® BaseMap, 2019) and field data

show a WSW-ENE strike of the pre-Variscan extensional faults and
the associated mineralised quartz veins. This pre-Variscan strike is
parallel to the syn-Variscan structures (folds and faults).

b) A set of smaller mineralised (chalcopyrite) quartz veins occur sub-
horizontal within altered siltstone. Variscan compression from SE-
NW caused small-scale folding and cleavage.

ALLIHIES

Fig. 7) Results/Hypothesis
The North-South extension during the
development of the Munster and the
South Munster Basins caused large scale
E-W striking extensional faults which
provided a deep sourcing fluid pathway
for medium to high saline copper rich
fluids (Fig. 7a). These fluids formed the
mineralised, mainly E-W striking and
steep dipping quartz veins.
The end Carboniferous Variscan Orogeny
deformed, faulted and folded the basin
structures as well as the mineralised
veins and remobilised silica-rich fluids
which precipitated quartz veins into
tension gashes (saddle reefs, en echelon
veins, sub-horizontal veinlets) (Fig. 7b).

Fig. 3) Map of the historic
copper mines at Gortavallig,
Sheep’s Head (including high
resolution drone imagery and
ArcGIS® BaseMap, 2019).
The copper bearing quartz
veins follow E-W striking
extensional faults. The major
extensional fault shows a
sinistral offset (110 m) caused
by a high angle, syn-Variscan
reverse fault (SW-NE striking).

Fig. 5) Comparable with
Crookhaven, the copper lodes at
Ballycummisk strike WSW-ENE (GSI
Jetstream).
A historic molybdenite sample from
NHM (Russell collection, 1907) and
a recent finding from the
Ballycummisk dumps show Re-Os
ages of 311.8 ± 1.6 Ma and 315.5 ±
1.6 Ma.
Molybdenite covered stylolites
within the mineralised quartz vein
sample indicate a post-
mineralisation (Variscan)
compressional event.

Fig. 2) Structural Map of the historic copper mines
at Allihies, Beara Peninsula.
Pre-Variscan, extensional faults and mineralised
veins (striking mainly E-W) are affected by syn-
Variscan, SW-NE striking structures (drone maps
and Bing™ Satellite Maps (2016), including field
analysis and modifications from Reilly (1986)).
a) Major lodes of the Mountain Mine Area with

pre- and syn-deformation structures.
b) Sinistral faulted lode of Great Mountain Mine

(NW of Mountain Mine Area).
c) Sinistral faulting of Coom Lode (ESE of

Mountain Mine).
d) Historic sample of mineralised quartz vein with

molybdenite and minor chalcopyrite from
National History Museum London (NHM,
Russell collection, 1918)

 Re-Os chronometry on molybdenite for
Mountain Mine revealed an age of 366.4 ± 1.9 Ma

Fig. 1)

a) b)

a)

b)

d)

GORTAVALLIG

CROOKHAVEN

BALLYCUMMISK

366.4 ± 1.9 Ma

311.8 ± 1.6 &
315.5 ± 1.6 Ma

Fig. 6) Copper is an essential product for
sustainable, environmental friendly and modern
techniques. Several hundred kilograms of copper
wire is needed for the construction of one e-car.
Copper has a high electrical conductivity and is
therefore used in almost every electrical device
(smartphones, computers, flat screens).
The key components of wind turbines are large
copper coils which produce sustainable electrical
energy.
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Geochemical halos as a tool for exploration of Irish-type Zn-Pb deposits
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INTRODUCCTION
Tara Deep is a recently discovered Irish-type deposit, satellite to the
Navan orebody, with an inferred mineral resource of 10 Mt @ 8.5% Zn
and 1.8% Pb. It is mainly comprised of sphalerite- and galena-rich
stratabound lenses hosted by the Courceyan Pale Beds. The Tara
Deep deposit is overlain by the Arundian Upper Dark Limestone (UDL)
[1] which includes towards the footwall the Thin-Bedded Unit (TBU).
The TBU is formed by alternating sequences of dark mudstones,
siltstones and calcarenites. Here, seafloor exhalative sulfide
deposition has been linked to Pale Beds mineralization [2].

Fig. 2. Hand specimen, reflected light and back scattered electron images of the laminated pyrite assemblage from TBU overlying the Tara Deep deposit. (a) Mudstone replaced by ~1 cm alternating layers of fine-grained pyrite parallel to the bedding; (b) Relicts of organic matter (o.m.)
included in mudstone; (c) Framboidal and fine aggregates of pyrite microcrystals filling open space in the mudstone; (d), (e) Interstitial sphalerite (sl) included in framboidal pyrite; and (f) Detail of interstitial sphalerite embedding pyrite framboids.

Fig. 5. Hand specimen, reflected light and back scattered electron images of the hydrothermal cherts from TBU overlying the Tara Deep deposit. (a), (b) Centimetre scale hydrothermal cherts included in mudstone which shows a reddish Mn-alteration; (c) Sulfide rim formed by marcasite
(mrc) bird’s eye texture associated with pyrite (py); (d) Sulfide rim comprises chalcopyrite (cp), galena (gn) and sphalerite (sl); (f) Detail of galena forming the rim showing fine inclusions of stibnite (stb), siegenite (sie) and Ni-Sb sulfosalts.

Fig. 4. Hand specimen, reflected light and back scattered electron images of the replacive assemblage from TBU overlying the Tara Deep deposit. (a), (b), (c) Marcasite and pyrite filling fractures and interstices in both silts and calcarenite; (d), (e) Interstitial galena (gn) and chalcopyrite (cp)
in pyrite; and (f) Skeletal marcasite (mrc) replacing radiolaria in calcarenite.
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(1) Laminated pyrite (Fig. 2):
It is the major assemblage and is mostly composed of 0.5-15 cm thick bedding-parallel layers of framboidal pyrite and subordinate interstitial sphalerite. It is widely distributed in the TBU,
progressively decreasing upwards and closely associated with organic matter-rich mudstones. Sulphides have mean δ34S value of -23‰.

(3) Replacive assemblage (Fig. 4):
It is pervasively distributed throughout the TBU and occurs as late remobilizations both crosscutting, and parallel to, the bedding overprinting the early laminated pyrite. It comprises
mostly marcasite, with minor pyrite, sphalerite, chalcopyrite, galena, stibnite, arsenopyrite and pentlandite, with mean δ34S of +10‰.

(4) Hydrothermal cherts (Fig. 5):
Mainly comprises 0.5-2 cm thick microcrystalline quartz bands rimmed by euhedral coarse Mn-rich dolomite associated with bird’s eye marcasite, fine euhedral aggregates of pyrite,
sphalerite, chalcopyrite, and galena which includes very fine exsolved Ni-sulfosalts and stibnite. It is found systematically at higher stratigraphic levels in the TBU and a heterogeneous
horizontal distribution suggests fault or fracture control. Sulphides have mean δ34S value of +16‰.
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Fig. 1. Geological sketches of the
Tara Deep Deposit and the
overlying Upper Dark Limestones.
(a) Schematic stratigraphy of the
Navan area [1]; and (b) Schematic
cross section of the Thin-Bedded
Unit (TBU).

MINERALOGY vs S ISOTOPE COMPOSITION
In-situ laser S isotope analysis has been performed on petrographically well-characterized samples of TBU-hosted mineralization. Four mineral assemblages have been identified:

CONCLUSIONS
Detailed petrographic and S isotope analyses
indicate overlapping diagenetic and multi-
phase hydrothermal sulphide mineralization in
the TBU. First, light δ34S in both laminated
pyrite and pyritized calcarenites suggests a
bacterial origin within sediments during early
diagenesis. Later, anomalous values of
chalcophile elements, linked to hydrothermal
chert and replacive (heavy δ34S), sulphides,
suggest hydrothermal exhalation during early-
mid diagenesis. Similarities in mineralogy and
S isotope compositions suggest genetic links
between the TBU mineralization and the
underlying Tara Deep deposit. Hence, the
TBU mineralization forms part of the
geochemical halo to Tara Deep.

(2) Pyritized calcarenite (Fig. 3):
It is widely distributed throughout the TBU and occurs mainly in calcarenites. Textural patterns include filling of open spaces and fossil replacement by pyrite with mean δ34S of -13‰.

Fig. 6. S isotope analyses from the mineralized TBU and its related mineralogy.
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Fig. 3. Hand specimen, reflected light and back scattered electron images of the pyritized calcarenites from TBU overlying the Tara Deep deposit. (a) calcarenite with high degree of pyritization; (b) Microforaminifera internal mould filling by sphalerite (sl) and external mould by pyrite and
calcite; (c), (d) External mold of microforaminifera replaced by pyrite (py); (e), (f) Microforaminifera and radiolaria replaced by pyrite (py).
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4 Trace Metal Inclusions

na�ve gold

Ag-Telluride

Backscattered electron imagesInclusions are idicated  by peaks in time-resolved laser ablation pro�les
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3 LA-ICP-MS Trace Element Maps

LA-ICP-MS trace element distribution maps of a bornite (bn), digenite (dg) and chalcopyrite (ccp) composite crystal

Trace Element Contents of Cu- (Fe-) Sulphides2

Trace element box and whisker plots of Cu-(Fe-) sulphides. Bn (bornite), Ccp (chalcopyrite), Dg (digenite). Boxes are bordered by the 25 and 75 percentiles. Lines in the boxes indicate 
the medians, circles represent geometric means. Circular outliers are de�ned by being 1.5 times the interquartile range from the boxes. Triangular outliers are de�ned by being three 
times the interquartile range from the boxes. Whiskers are extreme values that are not de�ned as outliers. Each box represents a minimum of 5 samples. 

QMP LP BP QLPbx QLP

oldest Porphyry youngest

Decrease in Sulphide Mineraliza�on

rela�ve bornite         abundance  

rela�ve chalcopyrite   abundance 

rela�ve digenite abundance

1 Mineralogy

Representative thin section examples of the �ve porphyry dikes at Bingham Canyon ordered from oldest to youngest intrusion, simpli�ed mineralisation intensity (locally 
mineralisation intensity might be di�erent) and relative abundances of Cu- (Fe-) sulphides over the porphyry sequence.

 Results
- Vein hosted Cu-sulphides are bornite, chalcopyrite and digenite
- Abundace of all sulphides decreases over porphyry sequence
- Mineralisation decreased with time 

- Bornite major host for Se, Sn and Bi ->  conc. in QMP > LP, BP
- Chalcopyrite primary host of Co, Ga, Ge, As, Cd and In 
->  conc. QMP, LP > BP
- Digenite major host for Ag, Sb, Te and Au ->   conc. in QMP
- Penalty elements: Cd and As commonly <10 ppm, Sn <30 ppm

- When digenite is associated with bornite (exsolution), digenite yields
  higher concentrations of Ag and Au, while Bornite hosts excess Bi

- Rare micron to nanoscale inclusions of telluride, electrum, native Au
  and wittichenite contain high concentrations of Te, Ag, Au, and Bi
 

1

2

3

4

Cd In Sn Sb Te Au BiCo

pp
m

Ga Ge As Se Ag

Dg                   n = 24
Ccp                 n = 119
Bn (with dg)      n = 20
Bn (dg free)     n = 90

Cu- (Fe-) Sulphide Type 

Methods
- Reflected light microscopy -> Mineral characterisation
- SEM-EDS -> Major element chemistry of sulphides, BSE imaging
- Spot laser ablation inductively coupled mass spectrometry (LA-ICP-MS) 
-> Trace element chemistry of sulphides 
- LA-ICP-MS mapping -> Visualisation of trace metal distributions Laser spot raster -> Map

Bingham Cu-Mo-Au Porphyry Deposit
- Bingham Canyon is a giant copper deposit, situated in northern Utah, USA
- Belongs to a belt of Eocene to Oligocene intrusions   
- Deposit developed after a change from regional compression to extension
- Bingham stock: monzonite and a series of mineralisation related porphyry dikes
- Historical samples were taken from the high-grade (>1% Cu, >1g/t Au) zone 
- At least five distinct crosscutting porphyry phases have been identified:
 1. Quartz monzonite porphyry (QMP)         
 2. Latite porphyry (LP)                      4. Quartz latite porphyry breccia (QLPbx)         
 3. Biotite porphyry (BP)                    5. Quartz latite porphyry (QLP)

- Each porphyry phase, at declining intensity, with associated sequence
  of quartz veins, copper-gold mineralisation and potassic alteration 

Geological Maps and cross sections (Redmond and Einaudi, 2010)
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Introduction
- For fertile porphyry systems with large metal endowments, bulk concentrations of major commodities (Cu, Mo, and Au) are well constrained from assay data

- Energy critical elements (ECEs) and precious metals, relevant for energy production/conversion technologies can occur as trace constituents in copper ores

- These trace metals can be potentially be recovered as by-products, adding value to the primary targeted commodities. 

- For example, 90 % of the global Te production is recovered from anode slimes during the Cu refinng process (USGS Mineral Commodity Summaries)

- Mineralogy and substitution mechanisms, responsible for the deportation of trace ECEs in Cu ores are not fully understood -> effective recovery limited!

- Insufficient knowledge on the mineral scale distribution of deleterious elements (i.e. As, Cd, Sn) that may result in refining penalties

-> Characterisation of trace metals signatures (penalty vs. credit) may add value to resources, improve recovery and help migitate environmental effects

-> By linking trace metal signatures and abundance of ore phases, zones of high trace metal potentials at the deposit scale can be identified
Cu and its potential by-products (Hageluken and Meskers, 2010)
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Characterising Hydrothermal Alteration along 

the Rathdowney Trend, Ireland 
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Geological Setting

Lead and zinc sulphide
mineralisation at Lisheen is hosted
within the lower Carboniferous
rocks of the Rathdowney Trend
and is intimately associated with
hydrothermally-derived, replacive
dolomite, commonly referred to as
“Black Matrix Breccia”. Lisheen
mine (Fig. 1) is a historically superb
example of hydrothermal
mineralisation and a prime testing
locality for sulphide geochemical
vectoring.

Fig. 1. Location of Lisheen mine along the 
Rathdowney Trend, Ireland

Abstract

The hydrothermal dolomite and associated Black Matrix Breccia (BMB)
at Lisheen mine are indicated to be the result of infiltration of deep-
sourced hydrothermal fluids along normal fault conduits. These fluids
have resulted in the dissolution of the surrounding Waulsortian
dolomite and the reprecipitation of black hydrothermal dolomite i.e.
(BMB) and the emplacement of phyllosilicates within the dolomitic
matrix. Spatial characterisation of these fluid-derived phases may
potentially reveal geochemical vectors towards future Irish type Pb-Zn
deposits.

Sampling

Metal-bearing hydrothermal
fluids infiltrated the
carbonate stratigraphy of the
Waulsortian Fm., resulting in
rapid dissolution and
replacement of regional
dolomite by black
hydrothermal dolomite.

The resulting rock is a dark,
sulphide-bearing matrix with
pale-grey Waulsortian Fm.
clasts (Fig. 2).

Fluid-filled cavities form
a prime environment for
solution-based dolomite
precipitation.

As indicated in Figure 3,
hydrothermal dolomite
precipitated out of a
super-saturated fluid
and settled on the cavity
floor. Fragments of host
dolomite fell into the
settled precipitate,
flexing around settled
black dolomite laminae
(Fig.3).

Fig. 2. Example of classic matrix hosted BMB

Fig. 3. Sample of hydrothermal dolomite exhibiting settling textures over 
Waulsortian dolomite clasts. 

Geochemistry

Scanning electron
microscopy analyses of BMB
reveals an intricate mosaic
of fine dolomite crystals,
sulphide precipitates and
phyllosilicates (Fig. 4).
Sourced from underlying
shales and mudstones,
these phyllosilicates were
mobilised by hot upwelling
fluids. They are ubiquitous
throughout the BMB and
occur almost exclusively
within fractures and inter-
crystal pore spaces.

Fig. 4. a, b, c. Back-scatter electron images of the Black 
Matrix Breccia. D. Electron dispersive image of the 

elemental distribution within a phyllosilicate.

Fig. 5. Framboidal pyrite emplaced within the hydrothermal dolomite as well as a 
false-colour layered element map. 

Spherical masses of framboidal pyrite within the hydrothermal
dolomite (Fig. 5) reveal a temporal relationship between
dolomite precipitation and sulphide development

Past studies have shown the hydrothermal fluids to be derived
from a deep source, but how deep? The occurrence of tiny
grains of detrital rutile (a high temperature Ti mineral) may
provide further insight into this question (Fig. 6.).

Fig. 6. Back-scatter electron images of detrital rutile in the Black Matrix Breccia.

Microscopy

Aims

• Define hydrothermal alteration using petrographic and
geochemical characterisation of the hydrothermal
dolomite at Lisheen mine as well as the greater
Rathdowney Trend.

• Potentially identify geochemical vectors for future
sulphide exploration in Ireland

• Zinc and lead form a vital constituent in technologies for
low-carbon energy. Future development of ore deposits
in Ireland will directly contribute toward achieving UN
sustainable development goals.
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Irish offshore heavy mineral placer development and mineralogy

Ireland has not yet fully explored the potential 
for secure and sustainable offshore mineral 
deposits. Heavy mineral rich sands have been 
identified in Ireland bearing lucrative Ti-rich 
minerals e.g. ilmenite, rutile and titanite but 
could also possess other economically important 
minerals i.e. rare earth elements (REEs) and 
platinum group elements (PGEs), amongst 
others. Their distribution and accumulation are 
controlled by source, hydrodynamics and a 
tendency to sort by individual mineral densities 
therefore understanding sediment transport 
pathways is imperative in identifying priority 
targets and assessing economic viability. 

2. STUDY AREAS

9. PLACER TRAPS  - CLEW BAY SPARKER TRANSECTS

5. SEM-EDS (PHASE ANALYSIS)

Achill Head
S_33

Phase map

500 mm

(FeO) 

Magnetite

(ZrO) 

Zircon

(SiFeO) 

Amphibole

(TiFeO) 

ilmenite

AlSiFeO

Almandine

(TiCaO) 

Titanite

(CaPO)

Apatite

(FeCrO) 

Cr-spinel

8. CONCENTRATION MECHANISMS 

• Offshore research surveys –
identify key offshore sites to study.

• Collection of seabed mapping and 
shallow seismics to help 
understand concentration 
processes and quantify.

• Geochemical characterisation of 
mineral sands.

• Source identification

13. CONCLUSIONS
• Placer mineralogy for Achill 

Head is mostly dominated by 
Fe-Ti oxides (Fig. 5)

• Phase mapping is useful for 
estimating the % of mineral 
present but not useful for 
minor phases (Fig. 6).

• Settling velocity 
(concentration) is controlled 
by grain size and density. In 
placer samples we see a 
correlation of grainsize and 
settling velocity (Fig.7).

• In Clew Bay – placer 
development may be 
controlled by seabed 
morphology i.e. buried 
drumlins and  could be a 
reason why sand is 
concentration (baffling 
effect) (Fig.8)

• Sediment thickness in NW 
Mayo is associated with 
coastlines that have sheltered 
bays and inlets but in the case 
of Ashleam (SW Achill) where 
there is no apparent trend in 
sedimentation, it is likely that 
rock falls and landslides are 
responsible for sand 
accumulation and 
concentration close to shore. 
This is supported by existing 
backscatter available from 
INFOMAR.

2cm

4. SAMPLE COLLECTION

Achill Head - sample S_33

Mineral assemblages show mostly
• Exsolved Fe-Ti oxide mostly dominate the 

Achill Head sample.
• Ti bearing minerals (rutile) abundant but 

concentrated in Quartz.  Grade yield up to 
55% wt% Ti.

• Abundant amphibole and zircon phases
• Minor amounts of garnet (almandine), Cr-

spinel, apatite, rutile and titanite.

MINERAL CHARACTERISATION
• Following heavy liquid separation 

using 2.9g/cm3 methylene iodide, 
1g of heavy mineral concentrate 
from offshore placer sand was 
mounted using epoxy resin for 
analysis under SEM-EDS (Fig 2 –
bottom left).

• Two grain size fractions (63-125 
um and 125 – 250 um) are 
analysed in order to identify all 
HM assemblages within the placer.

• Multiple fields of view are mapped 
and collected for elemental 
composition using EDS and 
stitched together into a montaged 
image (Fig.3). 

• This allows us to quantify and 

identify major phases in the 
sample

• Blacksod Bay
• Achill Island
• Clew Bay

Inside 
Blacksod Bay

Achill Head

Sam
p

le
 ID

D50 (mm)

Settling velocity 
cm/s

Blacksod 
Bay

Achill 
Head

Mayo

Fig 6: Minor phases have been excluded using this mapping tool –
further work is needed in order to capture full spectrum of 
mineralogy and improve results.
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10. ISOPACH MAPS – SAND CONCENTRATION

Blacksod Bay

Achill

Clew Bay

Fig 9. The thickness of sand was calculated using IHS Kingdom suite. At Clew bay it appears that sand thickness increases moving offshore 

however, Keem displays an increase with thickness moving into the bay. SW Achill is mostly homogenous.

RESULTS

• Clew Bay displays sand thickness
up to 20 meters. Concentrations
are focused mostly between
glacial bed forms.

• SW Achill displays no particular
trend but uniform depth
distribution. Sand thickness up
to 11 meters in depth.

• Keem shows a denser thickness
of sand moving onshore towards
the bay with sediment thickness
up to 12 meters.

Fig.8. High-resolution 
single channel seismic 
profiles collected in Clew 
Bay using the Sparker. 
The top and base of each 
sand horizon was picked 
using IHS Kingdom suite 
in order to calculate 
spatial thickness of the 
sand body.  The 
seismoacoutic data 
reveals laminar layering 
of sand buried and sub-
buried drumlins within 
Clew Bay. 

Clew Bay

Mayo

Achill

Settling velocity (Critical Current Velocity Depositional 
Threshold) for each sample in Blacksod Bay was calculated 
by using the mode grainsize of each sample.

Soulsby (1997) defines the formula to calculate the critical current velocity 
depositional threshold from particle size distributions as:

𝓤𝒔𝒆𝒕𝒍 =
𝒗

𝒅
𝟏𝟎. 𝟑𝟔𝟐 + 𝟏. 𝟎𝟒𝟗𝑫∗𝟑

𝟏

𝟐 − 𝟏𝟎. 𝟑𝟔 , 

Where,
ν = kinematic viscosity of water = 1.4313 x 10-6 m2/s (8°C and 35.1 ppt) 
d = grain diameter = mode of sample grain size curve 

D* = D* = dimensionless grain size = 
𝒈 𝝆𝒔−𝝆

𝝆𝒗𝟐

𝟏

𝟑
𝒅

𝝆 = water density = 1027.4 kg / m3

𝝆𝒔 = grain density = 2650 kg / m3 (quartz)

Results:
Results show display that with grainsize settling velocity 
increases. In samples where placers are highly concentrated we 
see a lower grainsize and settling velocity figure. Grainsize 
fractions 63-250um are more concentrated in heavy minerals in 
comparison to samples above this grain size fraction. (See Fig 7)

Fig 1. Geologic map of study area displaying high grade metamorphic 
terrane and offshore study areas. 

Fig 3. EDS Phase map displaying concentration of minerals phases in sample.

Fig 2. Location of sample S_33 off Achill Head

Fig 7: Map displaying grainsize vs settling velocity. Placer 
sample S_33 has a lower grainsize and settling velocity.
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11. SOURCE

The study area is located in NW Co. Mayo, 
Ireland. The geology of the area comprises 
mostly of high grade metamorphic terrane 
gneisses, schists with granite, metabasite
and pematitic intrusions.

• Future work will utilise detrital U-Pb
geochronology to fingerprint the source 
region  of the heavy mineral placer 
sands.

• Key Indicator minerals titanite, zircon, 
rutile and garnet will help distinguish 
source terraces and in combination with 
trace element analyses to provide insight 
into  potential source rocks.
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1. INTRODUCTION

Marine research survey 
QuIMPeR I 2017:

Acquisition of:
• 213km of high resolution 

shallow seimics
• 213 km of high resolution 

multibeam bathymetry
• 19 vibrocores
• 86 offshore grab samples

12. MBES MAPPING –
Clew Bay

QUiMPeR II marine survey 
successfully mapped the extent of 
Clew Bay to a 1m resolution. The 
data will be utilised to create a sea 
bed classification for the area and 
identify areas of placer formation

Fig 10. Tracklines and grab sampling

Fig 11 . Acoustic Backscatter

Fig 12 . Clew Bay 2m shaded relief
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Lorem ipsum WEKA is a free to download collection of machine 
learning algorithms. It contains tools for data 
preparation, classi�cation, regression, clustering, 
association rules mining, and visualization . This 
software is coded in the Java programming 
language and allows 
users to harness 
machine learning 
models without any 
prior computer 
p r o g r a m m i n g 
knowledge

• Using machine learning models, such as logistic regression and random forest, it is possible to generate 
an accurate source identi�cation mechanism for aggregate quarry sources based on their bulk rock and 
pyrite geochemistry. Depending on the dataset used, these models can range in accuracy from 31 % to 100 
%. 

• The accuracy of these models is enhanced using median concentration values when combining 
datasets. These median values are applied as the composition of the pyrites analysed by SEM – EDS and LA 
– Q- ICPMS follow a non – normal distribution. Were this classi�cation mechanism used as part of an actual 
quarry classi�cation system, mean values taken from a near normally distributed dataset would need to be 
established in order to accurately represent the quarry composition.

• Although PCA was used as part of this investigation, it proved detrimental to the performance of the 
machine learning models, causing the performance of the logistic regression and random forest models to 
drop by 25 % and 19 % respectively. PCA transformation reduced the dimensionality of the dataset and 
caused the variables to appear monotonous to the machine learning models leading to a reduction in 
model performance.

• Machine learning models from both the AQCM and WEKA reached classi�cation accuracies of 100 %. 
However, both models o�er their own set of advantages in the classi�cation process. For instance, WEKA 
can create visualisations of the classi�cation process, while also o�ering a slightly improved performance 
when compared to the AQCM, especially when using single variable datasets. The advantages of the AQCM 
lies in the code as it is entirely open source and customisable to �t the needs of any classi�cation system. 

This publication has emanated from research supported in part by a research grant from Science Foundation Ireland (SFI) under Grant Number 
13/RC/2092 and co-funded under the European Regional Development Fund and by iCRAG industry partners
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Factor loadings plot for PCs 1 – 7. Analytes with a factor loading score of ≥ 0.4 are shaded black, between 0.2 – 0.4 shaded grey 
and ≤ 0.2 are shaded white. (v) represents stoichiometry, the residual value needed for CLR transformation.

PCA plot of PC1 vs PC2 for trace element concentrations of quarry sources 1 – 6
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The AQCM is a bespoke piece of machine 
learning software, tailored to the data 
generated through the geochemical analysis of 
bulk rock aggregate and pyrite. This software 
has been made open source and can be used 
for the classi�cation of any geochemical 
database. Further information regarding how 
to operate the AQCM and its potential uses can 
be found usingthe QR code attached to this 
poster.

Waikato Environment for Knowledge 
Analysis software (WEKA).

Published in the Quaterly Journal of Engineering Geology 
and Hydrogeology, this paper illustrated that a clear 
geochemical variation exists between pyrites from 8 
di�erent aggregate quarry sources located in eastern 
Ireland.

The results from this paper indicated that further research 
into the geochemistry of pyrite was needed in order to 
discover which technique provided the clearest 
compositional variation between the quarry sources.
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IRMS LA - Q - ICPMS

In-situ major element analysis of the pyrite 
crystals was undertaken using a Tescan MIRA 
XMU field emission scanning electron microscope 
(FE-SEM) equipped with an Oxford X-max 80mm2 
Energy Dispersive Spectrometer at the Centre for 
Microscopy and Analysis (CMA)/iCRAG Lab in 
Trinity College Dublin. 

All analyses were carried out using a working 
distance of 18.5 mm, an acceleration voltage of 20 
kV, with a 0.2 nA beam current to maintain a 
detector dead time around 30 per cent, and a 
counting time of 30 seconds using both natural 
pyrite (Fe, S) and pure metal standards (Co, Ni, As, 
In).

Box and whisker plot of IRMS analysis of bulk rock aggregate from quarry sources 1 – 6. 

Bi plot of TS vs δ34S concentrations for quarry sources 1 – 6 

Box and whisker plot of SEM - EDS analysis of bulk rock aggregate from quarry sources Bi plot of trace element concentrations for 
quarry sources 1 – 6.

Box and whisker plot of LA - Q - ICPMS analysis of 
pyrite from quarry sources 1 – 6

Bi plot of Fe vs S concentrations for quarry sources 1 – 6 

Study area

Pyrite to analysed from 6 different quarry 
sources (A-H), located in east of Ireland in 
counties Meath (MH), Dublin (D), Kildare (K) 
and Wicklow (WW).

SEM - EDS
Isotope analyses were carried out at the University 
of St. Andrews with an EA Isolink coupled to a 
MAT253 IRMS via a Conflo IV. Decarbonated rock 
powders were weighed into 8 x 5 mm tin capsules 
and combusted at 1020°C under a constant He 
stream with a 5-second pulse of O2 gas (flow rate 
of 250 ml/min) to convert all sulphide to SO2 gas.

Analytical accuracy was monitored with IAEA-S1, 
which agreed with internationally recognized 
values to within < 0.5‰. Peak areas were 
calibrated for abundance measurements with of a 
series of sulphanilamide standards. The isotopic 
data are expressed in standard delta notation  
relative to VCDT 

LA-Q-ICPMS analysis was carried out at in the iCRAG Raw 
Materials Characterisation Laboratory in Trinity College Dublin, 
using a 193 nm Teledyne CETAC Analyte G2 ArF excimer laser 
coupled to a Thermo Fisher Scientific iCAP-Qc mass 
spectrometer. 

Elements such as Au, V, In and Tl were all included in the early 
analysis stages, however, Au, V and In were all found to be 
below the detection limits of the instrument, while Tl and Ni 
were found to have mass interferences with 208Pb and 58Fe 
respectively. As a result, none of the elements were included in 
later analyses. 

Regular ablations of the carbonate matrix were also conducted 
to verify that no contamination of the pyrite trace element 
content was occurring due to contribution from carbonate 
matrix.

PCA is an unsupervised statistical 
method that rotates and shears a 
data matrix of n-dimensions along 
axes (components) of greatest 
variability. 

For PCA, if the ppm values of the 
various trace, minor and major 
elements are examined in isolation, 
and not in the context of the entire 
ablated volume, misleading 
determinations may result. 

As a result, the data used in PCA has 
been transformed using centred log 
ratio (CLR) transformation, including 
a residual value ((v) or 
“stoichiometry) representing 
non-analysed elements to sum to 
unity (i.e. 1 million ppm). 

CLR is calculated as the log of the 
individual measurement divided by 
the geometric mean of that element 
across the entire dataset. CLR can be 
calculated using ioGAS, CoDaPack 
or“R”.

Machine learning methods employ computational algorithms that attempt to  emulate the process of human 
intelligence and neural networks by learning from data fed into the system. Machine learning methods may 
be useful to our understanding when applied to any kind of data, and are increasingly applied to large 
geochemical datasets.

Two main types of machine learning software were used in this investigation; the Aggregate Quarry 
Classification Model (AQCM) and Waikato Environment for Knowledge Analysis software (WEKA).

Both pieces of software use Logistic regression and random forest learning models in order to classify and 
predict the quarry sources of aggregate fill based on their geochemical composition. Two different pieces of 
software were used in order to compare the results of the AQCM with that of a freely available piece of 
software.
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Study area

Example of decision tree used as part of the random forest classi�cation of quarry 
sources 1 - 6 using WEKA software

Results for the classi�cation of quarry sources 1 – 6 by AQCM and WEKA using random 
forest classi�cation and logistic regression models.

Pyrite to be analysed from 8 different quarry 
sources (A-H), located in east of Ireland in 
counties Meath (MH), Dublin (D), Kildare (K) 
and Wicklow (WW).
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Pyrite is often found in the 
sub-floor, rock aggregate layer of 
Irish houses.
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Bray Group.

Malahide Fm.

Waulsortian limestone Fm.

Tobercolleen Fm.

Lucan Fm.

Loughshinny Fm. Quarry 6

Quarry 2
Quarry 1

Quarry 4
Quarry 5
Quarry 3

Rock aggregate layer

Oxidation of pyrite forms H�SO₄. This reacts with 
limestone aggregate and results in gypsum forma-
tion. Gypsum crystallisation causes delamination 
and expansion of aggregate material.

12,500 thought to be affected. €50,000 
to remediate each home. Overall cost 
to Irish Government: €562,500,000.

Gypsum

Pyrite Peak

Study area


