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The long-term prediction of engineered barrier system materials is generally supported 
by: demonstrating a mechanistic understanding of the degradation processes, conducting 
large-scale in situ tests, and developing computer models. The study of analogues can be 
used to support long-term predictions relevant for copper as part of waste canisters. Cop-
per is an important part of many disposal concepts, e.g., KBS-3 developed in Sweden and 
Finland and Mark II developed in Canada.

The Michigan International Copper Analogue (MICA) Project focuses on the general stability 
of native copper in the world’s largest native copper dominated deposits of the Keweenaw 
Peninsula native copper district in Michigan, U.S.A. One of the key requirements for the 
deep geological disposal of high-level nuclear waste is the assessment of its long-term 
performance and safety for upwards of one million years. Observations made from the 
geological systems, i.e., natural analogues, can be utilized in the safety case and can provide 
information far beyond one million years. Both natural and archaeological analogue studies 
are reported in the literature, but only a few studies have focussed on the stability of native 
copper within its natural setting. The goal of the MICA Project is to provide a unique data 
source to describe natural analogue processes governing long-term corrosion behaviour of 
the pure copper used in waste canisters. This information will support disposal safety cases 
as well as stakeholder communications.

The Keweenaw Peninsula native copper district occurs within the ca. 1.1 billion years old 
North American Midcontinent Rift system (MCR). Metamorphogenic ore-forming hydro-
thermal fluids precipitated native copper and associated minerals in primary and second-
ary open spaces of the host rocks at depth about 1.04 to 1.07 billion years ago. Subsequent 
erosion resulted in exposure of the native copper deposits at the surface. The Keweenawan 
deposits were commercially mined from 1845 to 1968.

Keweenaw Peninsula native copper occurrences have been mentioned as a qualitative source 
of information to support the use of copper as part of nuclear waste canisters. However, 
data on natural corrosion of native copper for geological disposal process-based safety as-
sessments is lacking. In Phase I of the MICA Project, the combination of geologic setting 
and geologic and environment history was used to group natural native copper occurrences 
into several different potential analogues. For each potential analogue, the geologic history, 
environmental condition, length of exposure, and uncertainties and assumptions are pre-
sented based on existing data. The feasibility of obtaining sufficient representative or new 
samples with a reasonably high potential for being exposed to water have been assessed 
for each analogue. Water is an essential component to initiate corrosion of native copper as 
illustrated by native copper inclusions encased in calcite and other minerals which do not 
show visible corrosion. Availability of supportive information such as estimates of water 
composition is also evaluated. All these data have been reviewed against disposal concepts 
and degradation processes. While all the analogues have the potential to provide insight 
into corrosion of copper, some of the analogues are ranked to have higher potential than 
others. Native copper encased in bedrock or minerals with limited to no exposure to wa-
ters provides a baseline analogue or background level of corrosion. A few of the corrosion 
analogues identified as the most promising and relevant are:

1. Bedrock native copper with long and varied history – Cumulative corrosion under dif-
ferent probable conditions over time frames of up to 100s of millions of years and more 
and at depths up to 2 km.

2. Cumulative corrosion observed in subaqueous Lake Superior native copper gravel and in 
native copper in glacial deposited sediments.

3. Copper in clay – Bedrock native copper formed in situ in hydrothermal fracture-filling 
clay.

4. Copper exposed to copper sulfides – bedrock native copper effected by sulfur-bearing 
waters and native copper in contact with sulfide minerals.

The results from Phase I of the MICA Project provide a context and a starting point to further 
investigate the corrosion of native copper samples during Phase II.
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Pitkän aikavälin ennusteet teknisten vapautumisesteiden materiaaleista perustuvat 
yleensä mekanistiseen tietoon niihin vaikuttavista rappeutumisprosesseista sekä in situ 
-koejärjestelyihin ja mallinnukseen. Kuparikapselin kannalta oleellisten kehityskulkujen  
ymmärtämiseksi voidaan käyttää lisäksi analogiatutkimuksia. Kupari on tärkeä komponentti 
useissa loppusijoituskonsepteissa, kuten Ruotsissa ja Suomessa kehitetyssä KBS-3:ssa ja 
Kanadassa kehitetyssä Mark II:ssa.

MICA-projektissa keskitytään kuparin yleisen stabiiliuden tutkimukseen Keweenawin 
niemimaalla Yhdysvaltojen Michiganissa sijaitsevien maailman suurimpien natiivikupari-
esiintymien avulla. Korkea-aktiivisen ydinjätteen syvän geologisen loppusijoituksen tär-
keimpiä edellytyksiä on arvioida sen pitkäaikainen toimintakyky ja osoittaa turvallisuus 
miljoonaksi vuodeksi. Geologisista ympäristöistä saatuja tietoja (luonnonanalogioita) voidaan 
hyödyntää turvallisuusperustelussa, ja joissain tapauksissa ne tarjoavat tietoa paljon pidem-
miltäkin ajanjaksoilta kuin miljoona vuotta. Sekä luonnollisia että arkeologisia analogia-
tutkimuksia on esitetty kirjallisuudessa, mutta vain harvoissa tutkimuksissa on keskitytty 
kuparin stabiiliuteen sen luonnollisessa ympäristössä. MICA-projektin tavoitteena on tarjota 
ainutlaatuista täydentävää tietoa kuvaamaan pitkäaikaisen korroosion prosesseja puhtaasta 
kuparista tehdyissä loppusijoituskapseleissa ja siten tukea loppusijoituksen turvallisuutta 
sekä keskustelua sidosryhmien kanssa.

Keweenawin niemimaan kuparialue sijaitsee noin 1,1 miljardin vuoden ikäisen Pohjois-
Amerikan hautavajoaman (Midcontinent Rift, MCR) alueella. Esiintymät muodostuivat 
metamorfogeenisten hydrotermisten fluidien mineralisoidessa metallista kuparia isän-
täkiven huokostilavuuksiin 1,04–1,07 miljardia vuotta sitten. Myöhemmät erosionaaliset 
vaiheet ovat tuoneet kupariesiintymät maanpinnalle. Keweenawin esiintymiä louhittiin 
kaupallisesti vuosina 1845–1968.

Keweenawin natiivikupariesiintymät on mainittu kvalitatiivisena tietolähteenä liittyen 
kuparin käyttöön osana loppusijoituskapselia. Geologisen loppusijoituksen turvallisuus-
arvioinnissa tarvittavaa tietoa natiivikuparin luonnollisesta korroosiosta ei kuitenkaan ole 
saatavilla. Alueen geologisen historian ja ympäristön tuntemusta käytettiin MICA-projektin 
ensimmäisessä vaiheessa natiivikupariesiintymien ryhmittelyyn useisiin potentiaalisiin 
luonnonanalogiatyyppeihin. Jokaisesta mahdollisesta analogiasta esitetään geologinen 
historia, ympäristöolosuhteet, altistumisen kesto, epävarmuudet ja oletukset olemassa 
olevan tiedon perusteella. Jokaisesta analogiasta on arvioitu riittävän edustavien tai uusien 
näytteiden saatavuus korroosioaltistumisen varmistamiseksi. Vesi on tärkeä tekijä natii-
vikuparin korroosion käynnistymisessä, kuten havaitaan kalsiitin ja muiden mineraalien 
ympäröimissä natiivikupari-inkluusioissa, joissa ei havaita näkyvää korroosiota. Tukevien 
tietojen saatavuutta esimerkiksi veden koostumuksessa on myös arvioitu. Kaikkia näitä 
tietoja on tarkasteltu loppusijoituskonseptien ja rappeutumisprosessien kannalta. Vaikka 
kaikilla analogioilla on potentiaalia tarjota tietoa kuparin korroosiosta, jotkin niistä ovat 
muita lupaavampia. Muiden kivilajien tai mineraalien sisällä sulkeumana oleva natiivikupari, 
joka ei ole ollut kosketuksissa veden kanssa, voi tarjota tietoa kuparin lähtötilanteesta ja 
toimia korroosioprosessien vertailukohtana. Muutamia olennaisimmista korroosioanalo-
gioista ovat seuraavat:

1. 	Kallioperän kupari, jolla on pitkä ja monivaiheinen historia – kumulatiivista korroosiota 
monissa erilaisissa olosuhteissa satojen miljoonien vuosien aikana ja jopa 2 km:n syvyy-
delle asti.

2. 	Yläjärven subakvaattisessa natiivikuparisorassa ja glasiaalisedimenteissä havaittavan 
natiivikuparin kumulatiivinen korroosio.

3. 	Saven ympäröimä kupari – kallioperän kupari, jota tavataan hydrotermisten savien  
yhteydessä siirrostäytteissä.

4.	Kupari- ja kuparisulfidisysteemit – kallioperän kupari, johon ovat vaikuttaneet rikki
pitoiset vedet, sekä sulfidimineraalien kanssa kosketuksissa oleva kupari.

MICA-projektin ensimmäinen vaihe tarjoaa taustan ja lähtökohdan kallioperän natiivi
kuparin korroosiotutkimukselle projektin toisessa vaiheessa.
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AAS Atomic Absorption Spectroscopy

APT Atom Probe Tomography

BC Before Christ

BGE Federal Company for Radioactive Waste Disposal (WMO in Germany)

B.P. Before Present

CANDU Canada Deuterium Uranium (Canadian pressurized heavy-water reactor design)

DSDP Deep Sea Drilling Project

EBS Engineered Barrier System

EPMA Electron Probe MicroAnalysis

FEP Features, Events, Processes

FI Fluid Inclusion

GTK Geological survey of Finland

HLW High Level Waste

IAEA International Atomic Energy Agency

ICP-OES Inductively-Coupled Plasma Optical Emission Spectroscopy

INAA Instrumental Neutron Activation Analysis

KBS-3 Swedish repository concept developed to dispose spent nuclear fuel

KBS-3V Variant of KBS-3 where vertical disposal holes are used to dispose waste packages

LA-ICP-MS Laser Ablation Inductively Coupled Plasma Mass Spectrometry

LIP Large Igneous Province

Mark II NWMO repository concept

MCR (North American) MidContinent Rift

Micro-XCT Micro X-ray Computed Tomography

Micro-XRF Micro X-Ray Fluorescence

NAGRA National Cooperative for the Disposal of Radioactive Waste (WMO in Switzerland)

NEA Nuclear Energy Agency

NWMO Nuclear Waste Management Organization (WMO in Canada)

NWS Nuclear Waste Services (WMO in UK, see also RWM)

ODP Ocean Drilling Program

PLV Portage Lake Volcanics

RWM Radioactive Waste Management (see also NWS)

SEM-EDS Scanning Electron Microscopy analysis - Energy Dispersive Spectroscopy

SKB Swedish Nuclear Fuel and Waste Management Co. (WMO in Sweden)

SRB Sulfate Reducing Bacteria

TDS Total Dissolved Solids

UFC Used Fuel Container

VSHE Volts vs. Standard Hydrogen Electrode

WMO Waste Management Organization

XRD X-Ray Diffraction

XRF X-Ray Fluorescence

GLOSSARY
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1 INTRODUCTION

Long-term metallic copper stability is of inter-
est in assessing long-term performance of high-
level radioactive waste repositories (e.g., Hall et al. 
2021). Metallic copper is an important part of many 
disposal concepts, e.g., KBS-3 used in Sweden and 
Finland (SKB 2010a) and Mark II used in Canada 
(Boyle & Meguid 2015). One of the key parts for 
the high-level nuclear waste (HLW) disposal is the 
assessment of long-term performance of the engi-
neered canister encasing the waste. Assessment of 
performance of the copper waste packages has been 
mainly conducted with extrapolation of short-term 
investigation data, and via mass balance and mass 
transport calculations. 

Studying natural analogues over geological time 
scales can be an important way of obtaining a better 
understanding of long-term safety (e.g., IAEA 1989, 
Miller et al. 2000). In this report, natural metallic 
copper deposits are referred to as ‘native’. Natural 
analogues for native copper have been extensively 
used in safety cases, but mainly at a qualitative 
level (Alexander et al. 2015, Reijonen et al. 2015). 
A generally accepted definition for natural ana-
logues comes from Côme and Chapman (1987): “...
an occurrence of materials or processes which resemble 
those expected in a proposed geological waste reposi-
tory”. This has been further defined by IAEA (1999): 
“Natural analogues can include both natural and 
human-made materials provided the processes that 
affect them are natural. Thus, studies of archaeological 
and historical artefacts, ancient buildings, anthropogenic 
sources of radionuclides such as nuclear weapons fallout, 
and examples of pathways in plants and animals can be 
regarded as natural analogue studies.”

The Keweenaw Peninsula in Michigan provides a 
wealth of occurrences of natural native copper sub-
jected to several different environmental histories 
(see Fig. 1). Geological samples have been studied 
for decades (mainly regarding ore formation and 
local/regional geology). The use of copper in the 
area dates back thousands of years in the cultures 
of indigenous peoples. In addition to geological 
and archaeological samples, historical artefacts of 
native copper from the area are available for study. 
Of the sample types mentioned above, archaeo-
logical samples are not the scope of project Phase 
I work.

The potential corrosion of metallic copper in the 
underground repositories is primarily driven by the 
composition of water in contact with the copper 
canisters used to contain the nuclear waste and to 
a lesser degree by contact with air prior to satura-
tion with water. The natural metallic copper of the 
Keweenaw Peninsula site has been exposed to a 
variety of compositions of water over short to long 
periods of time applicable to disposal relevant time 
scales (from 100s to millions of years). 

The objective of MICA Project Phase I is to sys-
tematically collect and review the existing literature 
and data on the environmental setting of metal-
lic copper occurrences of Keweenaw Peninsula and 
availability of samples for study in collaboration 
with local experts. In addition, Phase I, includes 
testing analytical methods to study metallic cop-
per samples and develop methodologies to describe 
the properties of unaltered samples as well as the 
corrosion and/or alteration phenomena. 
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Fig. 1 Geologic setting of the Mesoproterozoic Midcontinent Rift showing area of economic native copper deposits 
in the Keweenaw Peninsula and occurrences of native copper in exposed rocks of the Midcontinent Rift. Figure 

modified from Bodden et al. (2022).

2 SAFETY CASE FRAMEWORK

2.1 Disposal concepts

2.1.1 Radioactive waste disposal options in general

Commonly accepted disposal options are based on 
either near-surface or deep geological concepts. 
Near-surface options are implemented with or 
without an engineered barrier system with disposal 
at ground level and/or underground several tens 
of meters below ground level. These shallow dis-
posal facilities are strongly affected by long-term 
changes in the surface environment and are there-
fore, typically used only for low-level radioactive 
waste disposal consisting of short-lived radioactive 
isotopes (e.g., World Nuclear Association 2020).

Deep geological concepts, needed for high level 
waste (HLW) disposal, are based on isolation pro-

vided by a combination of natural and engineered 
barriers (multi-barrier concept), and typically 
planned to be passive, i.e., without need to maintain 
the facility after the closure. These concepts can be 
divided into deep boreholes and mined repositories. 
Deep borehole disposal has been considered as an 
option for geological isolation but has been aban-
doned in many countries due to economic consider-
ations and insufficient knowledge and technology. 
The most commonly planned deep geological dis-
posal concept is for a mined repository comprising 
tunnels into which packaged waste would be placed 
(e.g., World Nuclear Association 2020).

All mined repository concepts selected or under 
development for deep geological disposal of HLW 
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are based on a series of engineered barriers com-
bined with the natural barrier of the host rock for 
the repository (e.g., NEA 2000). The engineered 
barrier system (EBS) can include, for instance, 
spent nuclear fuel packed into a metal container 
surrounded by compacted bentonite. The EBS is 
designed to contain the radionuclides, retain them, 
and retard their dispersion into the environment. 
The natural barrier provides a favorable and stable 
environment for the EBS and isolates the repository 
from the surface environment (e.g., Boyle & Meguid 
2015, Posiva SKB 2017).

2.1.2	 Concepts with copper as part of 
the engineered barrier system

The Swedish Nuclear Fuel and Waste Management 
Co. (SKB) is planning to construct a repository 
for spent nuclear fuel at the Forsmark site in 
Östhammar Municipality, Sweden. In their KBS-3 

concept, spent fuel is placed in corrosion-resistant 
copper canisters with a cast iron insert providing 
mechanical strength. The sealed copper canisters 
will be placed in tunnels approximately 500 meters 
deep in the bedrock and embedded in bentonite. The 
bentonite protects the canisters from minor rock 
movements and limits the inflow of the groundwa-
ter. The host rock provides a stable environment for 
the canisters and the bentonite (Fig. 2; SKB 2010a, 
2011). The primary option for implementing the 
KBS-3 concept is use of vertical placement of the 
canisters (KBS-3V, Fig. 2). Also, Posiva in Finland 
has selected the KBS-3 method for final disposal. 
Posiva and SKB have been jointly formulating the 
long-term safety principles guiding the design and 
production of a KBS-3 repository (Posiva SKB 2017). 
Posiva has already submitted the application for 
the operating license based on this concept to the 
Finnish authorities on December 2021.

Fig. 2. SKB’s KBS-3 concept (SKB 2010a).

Based on Nuclear Waste Services (NWS; former 
Radioactive Waste Management Ltd.) the require-
ments for geological disposal consist of isolation 
and containment of the high-level radioactive 
waste; confidence in long-term safety; and low 
probability of future generations unintentionally 
intruding into the disposal facility. The Engineered 
Barrier System (EBS) needs to be physically and 
chemically compatible with the geological envi-

ronment. RWM (2016) is considering three differ-
ent host rock types: higher strength rock, lower 
strength sedimentary rock, and evaporite rock. In 
case of higher strength rock (igneous or metamor-
phic), NWS considers using a sealed canister fab-
ricated from copper, with a cast iron insert (Fig. 3; 
RWM 2016).

In Canada, due to specific reactor technology 
(CANDU), the fuel bundles and therefore spent 
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nuclear fuel containers (UFC) are smaller than, 
for example, in the KBS-3 concept. However, the 
Canadian disposal concept relies more on the EBS 
system than the KBS-3 concept. The Nuclear Waste 
Management Organization (NWMO), Canada, has 
designed a method based on a smaller sized can-

ister consisting of standard pressure vessel grade 
steel for structural containment and a copper coat-
ing applied to its surface for corrosion protection 
termed the Mark II concept (Fig. 4; Boyle & Meguid 
2015).

Fig. 4. NWMO’s Mark II concept (Boyle & Meguid 2015).

Fig. 3. Schematic of illustrative disposal concept for high heat generating waste. Disposal in higher strength 
rock. (RWM 2016).
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National Cooperative for the Disposal of Radio
active Waste (NAGRA), Switzerland, is developing 
design concepts of canisters for the deep geological 
disposal of HLW. The high-level waste canister is 
an integral part of the multi-barrier system. A wide 
range of designs and materials has been considered 
for the canister, including a steel canister or can-
ister with corrosion resistant coating. Feasibility 
of candidate canister designs have been recently 
assessed by Diomidis et al. (2017) by considering 
e.g., mechanical integrity, environmental damage, 
and potential impact on the geological barrier. A 
canister concept based of a thick-walled forged 
carbon steel substrate coated with copper, was 
favorably assessed.

In addition to canister material, copper is con-
sidered as a potential material to be used in some of 
the borehole sealing concepts as well (e.g., Jackson 
et al. 2014), where the disposal is closer to the land 
surface and therefore likely subjected to a wider 
range of hydrogeochemical conditions than those 
expected for deeper disposal.

2.1.3	 Copper composition in repository designs

The copper used in canister designs is carefully 
tested to fulfil the design specifications. As exam-
ples, SKB’s specification for the copper composition 
and preliminary specification for NWMO’s copper 
coating are presented in Table 1 and Table 2 below.

Table 1. Material specifications for copper canisters (SKB 2010b). All elements specified in wt-ppm except  
copper content in wt.%.

Cu % P O S H Ag As Bi Cd Fe Mn Ni Pb Sb Se Sn Te Zn

≥99.99 30−100 <5 <8 <0.6 <25 <5 <1 <1 <10 <0.5 <10 <5 <4 <3 <2 <2 <1

Table 2. Preliminary material specifications for copper coating (Mehran Behazin, NWMO, personal communica-
tion, February 28th, 2023). All elements specified in wt.ppm except copper content in wt.%.

Cu % P O S H C

>99.9 <100 <400 <100 <10 <50

2.2 Important aspects regarding copper stability considerations in safety cases

Copper integrity described in long-term safety 
assessments by SKB, Posiva and NWMO are rel-
evant to the MICA project goals. The state-of-the-
art for safety cases has been presented in dedicated 
reports of the WMOs (e.g., Posiva 2021a,b). The 
WMOs’ work over decades has identified possible 
substances with potential to cause copper corro-
sion in the repository at some stage of the future 
evolution (assessment time frame is 1 Ma) of the 
system (e.g., King et al. 2001, 2012), which have 
been considered in requirements set for reposi-
tory designs (e.g., POSIVA SKB 2017). Below, the 
most important findings on corrosion substances 
relevant to MICA are briefly listed:
1.	Sulfide is the most important cause of corro-

sion of copper canisters in the repository.
a.	 Sulfide (HS-) can be present in the ground-

water, but its concentration is highly site 
specific. Expected (and observed by ground-
water sampling) sulfide concentrations in 
the Swedish and Finnish repository sites 

at Forsmark and Olkiluoto are quite low, at 
Forsmark mostly < 0.4 mg/L (Tullborg et al. 
2010) and in Olkiluoto 0−3.0 mg/L (Posiva 
2021c). However, it is known that during 
the transient conditions in the groundwater 
system, i.e., during operation of an under-
ground repository, the sulfide levels may 
locally be higher due to microbial sulfate 
reduction (SRB) processes. Sulfide can also 
be locally produced from sulfate (SO4) by 
microbial activity, in the buffer and backfill, 
but the activity is suppressed in compacted 
bentonite.

b.	 For MICA, the aim is to seek, whether we 
could find evidence of copper stability in 
environments where dissolved sulfide has 
existed in connection with native copper. 
The presence of sulfur-bearing minerals or 
hydrothermal fluids in contact with native 
copper could provide new insight for safety 
case assumptions. Potentially, also samples 
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where copper has been subjected to alternat-
ing conditions (regarding presence of sulfide 
and oxygen, see below) would be of interest.

2.	Oxygen is another corrodent to copper, but its 
availability is limited in the SKB and Posiva 
repository systems to early phases after closing 
the underground openings (Posiva SKB 2017).
a.	 Additional oxygen could be introduced into 

the disposal unit by the unlikely case of infil-
tration of oxygen rich groundwaters, e.g., in 
connection with melting of future glaciers.

b.	 For MICA, exposure to oxygen needs to be 
considered in selecting the samples for stud-
ies since some of the samples may represent 
very extreme cases for corrosion from the 
safety case point of view, and thus their rel-
evance as analogues may be of little value.

3.	Salinity as such is not considered an issue for 
copper performance, as in general Cl- inhibits 
passivation and localized corrosion of the cop-
per (e.g., King et al. 2012). This is beneficial 
from the safety case point of view as uniform 
corrosion of copper can be tolerated in the 
system, while pitting corrosion causes more 
significant impact to integrity of the copper 
canisters.
a.	 Both SKB and Posiva have evaluated higher 

salinities than currently observed at the 
repository sites when assessing the cop-
per stability in the long-term. For Olkiluoto 
up to 5 mol/kg have been considered in the 

modeling (4 times higher than the Olkiluoto 
bounding brine composition). This high 
salinity does not affect copper stability (King 
et al. 2021), even though some uncertainties 
in the modeling results are reported, involv-
ing the higher salinities.

b.	 At Olkiluoto salinity is rarely higher than 100 
g/L (TDS) (Posiva 2021c). At Forsmark salin-
ity is even lower (SKB 2008). However, at 
Bruce site in Canada (NWMO 2011), TDS can 
be above 300 g/L. Thus, for NWMO and NWS 
(who have not selected the site yet) higher 
salinities in the host rocks could be of higher 
significance than for SKB/Posiva, depending 
on the site selected. Salinity is considered 
as potential issue for copper corrosion in 
conditions where the main corroding agents 
oxygen and sulfur are absent. Cl affects the 
copper equilibrium in the system and hence 
can facilitate corrosion. See Lilja et al. (2020) 
for a thorough discussion.

c.	 Overall, for MICA, a large salinity range is 
relevant to repository concepts considered 
here and should be assessed for its effect on 
copper stability. 

While the above (points 1−3) considers conditions 
identified in safety cases most affecting corrosion 
of the copper canisters, also other aspects can be 
of relevance to the safety case. These are discussed 
in terms of process understanding and they are 
further elaborated in the section below.

2.3 Nuclear Energy Agency (NEA) Features, Events and Processes (FEP) database

An overview on the processes relevant to cop-
per stability in international geological disposal 
concepts can be found for example by looking at 
Nuclear Energy Agency (NEA) Features, Events 
and Processes (FEP) database 3.0 (NEA 2019). In 
this report, a short overview is provided in Table 3 
on the FEPs of potential significance in the MICA 

project. The objective of listing these FEPs here is 
because the focus of Phase II will be set on safety 
case relevant processes. NEA FEP database provides 
a high-level starting point for processes of inter-
est and more specific processes may need to be 
accounted for in future phases of MICA.
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Table 3. NEA FEPs relevant to copper waste packages and the potential significance for MICA project objectives.

FEPs 
(NEA 
2019)

Context Processes of relevance to MICA MICA input for process understanding

2.3.3 Mechanical 
processes 
[waste  
package]

Deformation
Material volume changes
Stress corrosion cracking
Mechanical processes may operate over 
time periods that are very short compared 
to the assessment period (e.g., loading 
caused by seismic shearing) or over time 
periods that are very long compared with 
the assessment period (e.g., loading by 
creep of the surrounding geosphere)

MICA project can potentially provide 
some textural information (e.g. evidence 
of shearing, grain size) on the massive 
native copper that can be of use for 
comparing mechanical properties of the 
native copper in comparison to copper in 
the waste packages. 
Stress corrosion cracking is related to 
geochemical conditions (availability of 
nitrite, ammonium and acetate). Less 
likely to find relevant sites within MICA.

2.3.4 Chemical  
processes 
[waste  
package]

Evolution of pH conditions 
Evolution of redox conditions
Corrosion
Alteration
Precipitation
Complexation
Colloid formation
Chemical processes acting within and/
or upon a waste package may alter the 
chemical and/or physical forms of the 
waste package components.

In MICA project scope, most of the 
mentioned processes are of relevance 
when investigating natural occurrences 
of native copper and compilation of 
understanding of the past and current 
conditions that affect the copper stability.

2.3.5 Biological  
processes 
[waste  
package]

Microbial growth and decline
Microbially/biologically mediated processes
Biological/biochemical processes may 
affect the characteristics of engineered 
components, and potentially their 
performance. For example, microbes may 
influence corrosion of metals (‘microbially-
influenced corrosion’)

In MICA project, the potential influence 
of microbial processes needs to be 
considered when assessing potential 
sources of corroding agents.

3 BACKGROUND

3.1 Geologic setting of native copper 

Gold, silver, and meteoric iron were probably the 
first metals to be worked into tools and other arte-
facts, but native copper was the first to be used in 
significant ways (e.g., Murr 2015, Mindat.org 2021). 
Native copper was first used approximately 10000 
years ago by Neolithic humans at least in the Middle 
East and North America (Martin 1993, Murr 2015, 
Britannica 2020, Pompeani et al. 2021, Bebber & 
Key 2022). Smelting of native copper from the ore 
and casting in molds was the beginning of the met-
allurgy in Mesopotamia c. 6000 years B.P. (Murr 
2015, Britannica 2020). Approximately 5500 years 
ago, metallic copper was first produced from other 
than native copper ores. Copper was alloyed with tin 
to make bronze (Murr 2015). Availability, quality, 

and price of copper have been important issues for 
people for a long time (e.g., Nanni 1750 BC).

Native copper occurs in a wide variety of geo-
logical environments (Cornwall 1956, Marcos 1989, 
Ikehata et al. 2016) that include basaltic lavas and 
interbedded sedimentary rocks; intrusive rocks, 
typically mafic and ultramafic; clastic sediments; 
oxidized copper ores, and modern swamps and 
lakes.

Deposits dominated by native copper are rare 
because reduced sulfur-poor hydrothermal sys-
tems are uncommon (Wang et al. 2006). Based on 
several studies, for example Ikehata et al. (2016) 
and Marcos (1989), the origin of native copper can 
be divided into four generalized types:
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1.	primary (magmatic) native copper crystalliz-
ing contemporaneously with silicate minerals 
from:
a.	 mafic magma (e.g., Ikehata et al. 2016, 

Hofmeister & Rossman 1985, Zhang et al. 
2006, Ikehata & Hirata 2012);

b.	 pegmatite (e.g., Räisänen 1986, Marcos 1989, 
Marcos & Ahonen 1999);

2.	primary (hydrothermal) native copper precipi-
tated from hydrothermal fluids hosted by:
a.	 ancient oceanic pillow basalt (spilite) (e.g., 

Nagle et al. 1973);
b.	 continental flood basalt (e.g., Stoiber & 

Davidson 1959, Bornhorst et al. 1988, 
Białowolska et al. 2002, Emetz et al. 2005, 
Zhu et al. 2007, Pinto et al. 2010, Zhang et 
al. 2013), and

c.	 ocean island alkali basalt (Ikehata et al. 
2016).

3.	secondary native copper from serpentinization 
of copper sulfide minerals in mafic or ultra-
mafic rocks (e.g., Ikehata et al. 2016, Lorand 
1987) resulting in native copper, copper sulfide 
minerals, and/or awaruite (alloy of nickel and 
iron);

4.	secondary supergene native copper resulting 
from galvanic reactions of pre-existing metal-
lic sulfides and metals in a media of percolat-
ing groundwater, such as in the Malanjkhand 
porphyry deposit (e.g., Ikehata et al. 2016, 
Sikka et al. 1991); 
In addition, native copper, of unknown origin, 

has been observed and documented by the Deep Sea 
Drilling Project (DSDP) and Ocean Drilling Program 
(ODP) in oceanic sediments covering the igneous 
basement, and in the basement rocks themselves 
(e.g., Hekinian 1974, LeHuray 1989).

Selected examples of native copper occurrences 
are presented in the sections below.

3.1.1	 Primary (magmatic) native copper

Copper-rich sulfide minerals and native copper in 
plagioclase lherzolite, spinel lherzolite, and har-
zburgite are reported in the Horoman peridotite 
complex, Hokkaido, Japan. It is suggested that cop-
per and the copper sulfides are primary, and not 
related to low-temperature processes such as ser-
pentinization (e.g., Kitakaze 1998, Ikehata & Hirata 
2012, Kitakaze et al. 2011).

Native copper grains are observed from a picrite 
lava of the Emeishan Large Igneous Province in 

the Lijiang area, SW China (Zhang et al. 2006). 
The native copper fits into the mineral paragenetic 
sequence which suggests that the primary magmas 
were S-unsaturated. Native gold and native copper 
grains are xenocrysts from the mantle, transported 
to shallow depths, and captured by the picritic 
melts (Zhang et al. 2006).

Native copper is hosted in granite pegmatite at 
Hyrkkölä, Finland. This native copper is connected 
to the late stages of the Svecokarelian orogenic 
events approximately 1.8–1.7 Ga ago (Räisänen 
1986, Marcos 1989, Marcos & Ahonen 1999, 
Räisänen 1989). The pegmatites are 0.05–0.5 m 
thick foliation-parallel veins hosted in amphibolite 
and quartz-feldspar gneisses. Native copper occurs 
as thin flakes in and between feldspar grains and 
around tourmaline grains (Marcos & Ahonen 1999).

Other primary occurrences include a Miocene 
basaltic lava flow in Lake County, Oregon, U.S. 
(Hofmeister & Rossman 1985) and Lesnaya Varaka 
ultramafic alkaline complex in the Kola Peninsula, 
NW Russia (Barkov et al. 1998).

3.1.2	 Primary (hydrothermal) native copper

The volcanic rocks that fill the Midcontinent rift 
system host widespread and locally abundant native 
copper in the Keweenaw Peninsula native copper 
district, Michigan, U.S. (Bornhorst & Lankton 2009). 
Native copper is mainly hosted by the Portage Lake 
Volcanics (PLV) and occurs in brecciated and amyg-
daloidal flow tops, interflow conglomerate beds, 
and cross cutting vein systems (e.g., Houghton 
1841, Lane 1911, Butler & Burbank 1929, White 1968, 
Bornhorst et al. 1988, Mauk et al. 1992, Bornhorst & 
Lankton 2009). In addition to PLV, the rift-filling 
sedimentary units host native copper especially in 
the far western Upper Peninsula southwest of the 
main native copper district (White 1968, Mauk et 
al. 1992, Bornhorst & Lankton 2009). Please also 
refer to Section 4.2 for more details.

Bell et al. (2020) defined the Kiffaanngissuseq 
metallogenic province in NE Greenland and 
described a basalt-hosted native copper formation 
related to a 1250 Ma orogenic event. A significant 
amount of native copper occurs in aphyric basalts of 
the Zig-Zag Formation as part of a mineral assem-
blage of prehnite, quartz, and calcite (Bevins et al. 
1991). Bell et al. (2020) reported many similarities 
between Zig-Zag Formation of Kiffaanngissuseq 
and PLV of Keweenaw Peninsula. Both are associ-
ated with low-grade metamorphic minerals and 
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host native copper in void spaces within basalt lava 
flows.

Other hydrothermal native copper occurrences 
include Vista Alegre district in Paraná basaltic prov-
ince, southern Brazil (Pinto et al. 2011); Mineoka 
belt of Boso Peninsula, central Japan (Ikehata et al. 
2016); some of the Chilean manto-type deposits 
(Muñoz 1975, Kojima et al. 2009); Darhand and 
Mejdar deposits in the Orumieh-Dokhtar magmatic 
belt in Iran (Nezafati et al. 2005, Akbarpour et al. 
2012, Alireza et al. 2019).

3.1.3	 Secondary native copper

The layered Muskox Intrusion in Nunavut, Canada 
is reported to contain native copper mineraliza-
tion as well as awaruite, wairauite, and native iron 
(Chamberlain et al. 1965). Mineral distributions and 
textures indicate that the native metals formed in 
situ during the serpentinization of the host dunites 
and related rocks. Conditions during the alteration 
are interpreted to be more reducing in the central 
and lower parts of the layered series because the 
native metals are abundant in the central regions 
and are lacking in other parts. This suggests that 
reducing conditions were generated internally and 

possibly because of serpentinization (Chamberlain 
et al. 1965).

Other secondary native copper occurrences 
include Table Mountain and Blow-Me-Down 
Mountain ophiolite massifs, Bay of Islands area, 
Newfoundland, Canada (Lorand 1987); The Acoje 
massif, Zambales ophiolite complex, Philippines 
(Abrajano & Pasteris 1989).

3.1.4	 Secondary supergene native copper

Supergene native copper can form in many sys-
tems, such as in porphyry copper ores, where redox 
weathering of copper sulfide minerals is taking 
place and preexisting copper sulfides are breaking 
down by downward percolating groundwater and 
subsequently reprecipitated as native copper. (e.g., 
Ikehata et al. 2016). 

For example, Cook (1988) described six copper-
bearing supergene mineral assemblages at the 
Lakeshore Mine, Pinal County, Arizona, U.S. The 
deposit is hosted by a granodiorite stock which 
is cut by a normal fault, the Lakeshore fault. 
Supergene sulfides are overlain by native copper, 
sulfates, silicates, and cupric oxides. 

3.2 Natural analogue studies on copper

Native copper analogue studies (both geological and 
archaeological) have been reported in the litera-
ture and have been extensively reviewed by various 
authors for their applicability to nuclear waste dis-
posal (e.g., Miller et al. 2000, Alexander et al. 2015, 
Reijonen et al. 2015, King 2021). WMOs have used 
natural analogues for safety analysis (e.g., Posiva 
2012), but only few studies have focused on the 
general stability of native copper hosted by natural 
media (e.g., Milodowski et al. 2000, Marcos 2002).

Keweenaw Peninsula native copper occurrences 
have been mentioned as a qualitative source of 
information in relation to the safety assessments of 
geological repositories (e.g., in Miller et al. 2000), 
however, the data available to be used in safety 
assessments for geological disposal is very limited, 
especially regarding corrosion processes. Based on 
the reviews made by e.g., Posiva (2012), the two 
best studied natural native copper analogues are 
Hyrkkölä (Finland) and Littleham Cove (UK). These 
are briefly presented below.

3.2.1	 Hyrkkölä – native copper in fractured  
crystalline rock (Finland)

Native copper occurs in small quantities in fractures 
of crystalline rocks at the Hyrkkölä and Askola 
sites, Finland. The age of the U-Cu mineralisation 
is about 1 700 Ma (see Section 2.1.1 for overview on 
magmatic copper deposits).

Post-emplacement corrosion under both oxi-
dizing and reducing conditions has been reported 
(Marcos & Ahonen 1999) and the native copper has 
been subjected to sulfur-bearing fluids. Despite 
contact with sulfur-bearing fluids the native copper 
has survived, and only thin films of sulfide miner-
als are observed e.g., non-stoichiometric cuprous 
sulfide phases (djurleite (Cu1.934S)). Oxygen-bearing 
groundwater (O concentration 0.5 to 4 mg/L) is 
present at the site today and likely from 10 000 
to 100 000 years ago (Marcos & Ahonen 1999). 
Oxidation of the native copper is ongoing, albeit 
very slow (Marcos & Ahonen 1999), possibly due to 
hindering mechanism, such as smectite surround-
ing the native copper.
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3.2.2  Littleham Cove – native copper in Permian  
mudstone formation (UK)

The Permian mudstone formation at Littleham Cove 
has been studied as a natural native copper ana-
logue where the host material is clay (Milodowski 
et al. 2002). Native copper occurs here as cylindri-
cal plates (up to 160 mm in diameter and 4 mm 
thick). Copper is closely associated with uranifer-
ous-vanadiferous concretions and reduction spots 
within the red mudstone and is interpreted to be 
formed before the maximum compaction of the local 
strata. After initial diagenetic reactions, the native 
copper occurrences have been considered to be pre-
served by the clay matrix without further alteration 
over 170 million years, before being exposed by the 
uplift and erosion. Some very late-stage alterations 
of native copper have been observed in the samples 
e.g., copper oxyhydroxides, copper carbonate and 
copper sulfate minerals. Alexander et al. (2015) note 
that some uncertainties remain, including:

	– The permeability of the mudstone host rocks 
has not been examined but the permeabil-
ity is likely to be greater than would be the 
case for an engineered bentonite buffer in 
a repository (i.e., more corrosion would be 
expected at Littleham Cove).

	– Similarly, the porewaters today and for 
the past 170 million years in the Littleham 
Mudstone Formation may have been signifi-
cantly different than those anticipated in a 
radioactive waste repository.

3.2.3	 NWMO copper analogue review

King (2021) has recently reviewed the copper natu-
ral analogues for their use in supporting the pre-
diction of the long-term corrosion of the NWMO’s 
copper-coated UFC. In this review, the relevance 
of natural analogues has been estimated from 
the point of view of long-term safety assessment 
methodology (and its data needs) utilized in the 
NWMO’s safety case. King (2021) has also listed 
potential future studies of interest to NWMO. 
King identified potential natural analogue studies 
include some that could be part of Phase II of the 
MICA project. These studies are (based on Table 2 
in King 2021):

	– The detailed properties of Cu2S films on 
native copper
•	 Evidence to support position that Cu2S films 

formed under repository conditions are 
porous, rather than being passive and sus-
ceptible to localized film breakdown. 

	– Localized corrosion under anaerobic 
conditions
•	 Evidence for pitting

	– Effect of impurity levels on copper corrosion
•	 Cold spray copper has relatively high O con-

tent, electrodeposited copper can contain 
amounts of P, S, and/or H depending upon 
the process 

	– Localized corrosion under aerobic conditions
•	 Evidence for surface roughening versus pit-

ting, under both saturated and unsaturated 
conditions is needed

	– Mechanism of suppression of microbial 
activity by bentonite (note: this would 
require samples from clay pockets)

	– Mechanical performance (NB: not identified 
a site yet)
•	 Maximum external load considered by NWMO 

is 45 MPa
	– Fate of initially trapped O2
•	 Determines duration of oxic phase, as well 

as extent of general and localized corrosion. 
Current uncertainty regarding processes 
responsible for O2 consumption under deep 
geological repository conditions 

	– Conversion of Cu2O to Cu2S

In MICA, the scope is broader than what is pre-
sented in the above list, due to the needs of different 
WMOs with differing boundary conditions. The list 
above is therefore useful to potentially define topics 
of future activities of MICA Phase II, but it should be 
not taken as an exhaustive list. King (2021) points 
out that the safety assessment models for copper 
corrosion are based on mass transport calculations, 
and not corrosion rate estimates. However, this is 
not seen as a reason to not to seek better corrosion 
rate estimates for the copper (King 2021, considered 
corrosion rate of copper via natural analogue as 
less-worthwhile analogue to be studied). As dis-
cussed in Section 3.2 so far, the corrosion rate data 
from natural analogues are very limited.
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4 KEWEENAW GEOLOGY

The Keweenaw Peninsula native copper district 
(Fig. 5) occurs within the ca. 1.1 Ga old North 
American Midcontinent Rift system (MCR). The 
rift was filled with thick succession of about 25 
km of dominantly subaerial basaltic lava flows with 
minor interbedded clastic sedimentary rocks over-
lain by about 8 km of clastic sedimentary rocks. 
Ore-forming hydrothermal fluids were generated 
by burial metamorphism of the rift-filling mafic 
volcanic rocks about 15 to 30 Ma after the end of 
significant magmatism during regional compres-
sion. These fluids moved upward from the source 
zone into the zone of precipitation where native 
copper and associated minerals were precipitated 
in primary and secondary open spaces. Subsequent 

erosion during the Precambrian likely exposed the 
deposits at the land surface. A Paleozoic sea covered 
the area and resulted in deposition of sedimen-
tary rocks on the Precambrian erosional surface 
and saline ocean waters penetrating downward. 
Quaternary glaciations stripped away most of the 
Paleozoic rocks and once again exposed the native 
copper deposits at the surface. Some basic descrip-
tion of the geology of the Keweenaw Peninsula 
geology are provided below. For detailed discus-
sions, reader is referred to the following papers and 
references therein: Butler & Burbank 1929, White 
1968, Bornhorst 1997, Bornhorst & Lankton 2009, 
Bornhorst & Barron 2011, Bornhorst & Mathur 2017, 
Bodden et al. 2022.

4.1 The Midcontinent Rift

The bedrock of the Keweenaw Peninsula is almost 
entirely composed of rift-related rocks (Bornhorst 
& Lankton 2009). The MCR is a major tectonic 
feature in the Precambrian crust of Northern 
America. Heaman et al. (2007) dated the onset of 
the Midcontinent rift to be approximately 1.15 Ga 
and Hodgin et al. (2022) dated the outcrops of the 
rift-flanking Jacobsville Sandstone to be approxi-
mately 950 Ma or the end of rift-related bedrock 
strata. Volcanic materials began filling the rift 
about 1.15 Ga because of a rising and laterally-
spreading mantle plume that extended the over-
riding lithosphere (Bornhorst & Lankton 2009). The 
continental crust had a long and complex history 
but was a rigid crustal block for hundreds of mil-
lions of years prior to rifting (Klasner et al. 1982).

The PLV is a geologic formation that includes 
rift-filling subaerial basaltic lava flows and inter-
bedded clastic sedimentary rocks. The exposed 
thickness of the PLV is about 5 km. Subaerial lava 
flows of the PLV are typically about 10–20 m thick 
and consist of a massive interior, capped by a 
vesicular and/or brecciated flow top (Bornhorst & 
Lankton 2009). 

Between periods of active volcanism, gravels and 
sand with lesser silt and mud were transported 
from the edges of the rift and deposited on top of 
the relatively flat-lying lava flows. Upon burial, 
these sediments lithified into conglomerates, sand-
stones, siltstones, and shales. Individual layers of 
these sediments have thicknesses from a few cm up 
to tens of meters. When volcanism resumed these 

clastic sediments were buried by new lava flows. 
The process repeated several times and resulted 
in the volcanic-dominated PLV with minor (<5%) 
interbedded clastic sediments (Bornhorst & Lankton 
2009).

Volcanism waned and then ended but the rift 
continued to sag. This basin was filled with a sig-
nificant thickness of clastic sediments (Bornhorst 
& Lankton 2009).

The PLV are overlain by rift-filling sedimentary 
rocks consisting of red-brown conglomerates and 
sandstones of the Copper Harbor Formation depos-
ited in alluvial fans. Subaerial lava flows, informally 
termed the Lake Shore Traps, are interbedded in 
this rift-filling unit and represent some of the last 
significant volcanism of the rift system. The Copper 
Harbor Conglomerate is overlain by rocks of the 
Nonesuch Formation, which is composed mainly 
of gray to black siltstones and shales. The last rift-
filling sediments were sands, silts, and muds of the 
Freda Sandstone, which were deposited by shallow 
rivers (Bornhorst & Lankton 2009). The last phase 
of the MCR was characterized by compression, 
probably caused by continental collision along the 
Grenville front about 1.07 Ga to 950 Ma (Bornhorst 
& Lankton 2009).

The MCR is both a rift system and a large igneous 
province (LIP) (Bornhorst 1997, Bornhorst & Barron 
2011, Stein et al. 2015). There was a major compres-
sional event late in the history of the MCR and dis-
tinguishes it from other LIPs in the world. The MCR 
is notable because of its abundant native copper 
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deposits that are not associated with other rifts or 
LIPs. The late compressional event is hypothesized 
to have been critical to the generation of native 
copper deposits, as it likely provided a fracture 
network that integrated the plumbing system and 

allowed for upward movement of the ore-forming 
fluids generated by burial metamorphic processes at 
depth below the native copper deposits (Bornhorst 
1997, Bornhorst & Lankton 2009, Bornhorst & 
Mathur 2017, Bodden et al. 2022).

4.2 Geological setting of the Keweenaw native copper mining district

The native copper deposits of the Keweenaw 
Peninsula are hosted in the tops of subaerial 
basaltic lava flow, in interflow red-colored clastic 
sedimentary horizons, and in veins (White 1968, 
Bornhorst & Lankton 2009). Precipitation of native 
copper is accompanied by an assemblage of low-
grade alteration minerals. Native copper and asso-
ciated minerals were deposited as part of a regional 
hydrothermal event from about 1.07 to 1.04 Ga 
coincident with regional compression (Bornhorst 
& Mathur 2017, Bodden et al. 2022).

The copper-bearing fluids were generated by 
burial metamorphism of the rift-filling basalts 

at temperatures of about 300–500°C (Bornhorst 
& Mathur 2017, Bodden et al. 2022). About 10 km 
thickness of basalt beneath the present ore horizons 
is suggested to be a sufficient source for the copper 
seen in the deposits (Bornhorst 1997). Degassing of 
sulfur from low-sulfur subaerial lava flows likely 
resulted in very low sulfur contents in the hydro-
thermal ore fluids generated by burial metamor-
phism of these rocks (Bornhorst & Mathur 2017, 
Bodden et al. 2022). The pathways of very low sul-
fur hydrothermal ore fluids through the very low 
sulfur basalts resulted in precipitation of native 
copper instead of copper sulfides.

Fig. 5 Geologic map of Keweenaw Peninsula Native Copper District. Figure modified from Bodden et al. 2022.
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4.3 Younger geological evolution

From ca. 950 Ma to 500 Ma, the Keweenaw Peninsula 
was subjected to erosion, long after formation of 
the native copper deposits with an age from 1.04 
to 1.07 Ga. Many kilometers of rock were eroded 
which likely exposed the native copper deposits to 
the surface. Groundwater likely interacted with the 
native copper ores at shallow levels as the result of 
erosion and could have caused supergene alteration 
(Bornhorst & Robinson 2004). The expected super-
gene minerals would have been cuprite (Cu2O), 
tenorite (CuO), malachite (Cu2CO3(OH)2), and chry-
socolla ((Cu,Al)2H2Si2O5(OH)4 · n H2O). Today, these 
minerals are found near the surface but well below 
the water table (<300 m) in several deposits. They 
may be near the same position beneath the surface 
as they were 500 million years ago (Bornhorst & 
Lankton 2009).

Phanerozoic sediments associated with marine 
deposition in the Michigan basin buried the copper 
ores and their host rocks beginning ~500 Ma. This 
sedimentation took place from ca. 500 to 175 Ma 
(Catacosinos et al. 2001). Observations of isolated 
outliers of Ordovician limestone, e.g., Limestone 
Mountain and Sherman Hill, ca. 35 km south of 
Houghton, are evidence of the presence of these 
overlying rocks. The Phanerozoic geologic processes 
were nontectonic and without major faulting. This 
long period of marine conditions overlying the rocks 

of the rift and the native copper deposits likely 
resulted in deep penetration of saline brines into 
the bedrock (Bodden 2022). Saline brines encoun-
tered during mining of the native copper deposits 
are likely of Phanerozoic origin (Kelly et al. 1986). 
Another period of long-term erosion followed, from 
the middle Jurassic to the Pleistocene glacial period 
(Bornhorst & Lankton 2009). The extent of erosion 
during this time is unknown but it seems likely 
that Paleozoic rocks remained at the bedrock sur-
face over the entire Keweenaw Peninsula until after 
Pleistocene glaciation. 

Pleistocene glaciers effectively eroded the 
Phanerozoic rocks of the western Upper Peninsula. 
The amount of erosion of underlying rift-related 
rocks is uncertain although it seems likely that there 
was limited glacial erosion of the more competent 
rocks such as the PLV. The weaker sandstones, 
siltstones, and shales were eroded into lowlands. 
The current bedrock topography is a result of the 
cumulative effect of a series of glacial episodes. The 
elevated ridge making up the Keweenaw Peninsula 
consists of competent rocks of the PLV and adjacent 
Lake Superior consists of less competent rift-filling 
sandstones, siltstones, and shales. By the end of 
the most recent glacial retreat, native copper ores 
were once again exposed at the surface (Bornhorst 
& Lankton 2009).

4.4 Composition of native copper

The native copper of the Keweenaw Peninsula 
typically consists of >99%  copper (often >99.9%  
copper), but it does contain trace elements, which 
are likely not separate phases. Native copper does 
contain fluid inclusions that could be the source 
of low amounts of trace elements but it is more 
likely that trace elements substitute into the crys-
talline structure of native copper. The variation in 
the composition of natural native copper may be of 
interest from a corrosion point of view. 

Silver is a well-known element associated with 
Keweenaw Peninsula native copper and the term 
“lake copper” was used to indicate that smelted 
(not electrolytically refined) copper from the 
Keweenaw Peninsula contained silver. Native silver 
occurs as a separate visible phase in some samples 
of native copper and likely also occurs as a sepa-
rate phase only visible under high magnification 
using a SEM. The amount of silver that substitutes 

into the crystalline structure of native copper is 
unknown. Carefully separated native copper ana-
lyzed by INAA contains about 300 wt.ppm Ag with 
maximum of about 2000 ppm (Rapp et al. 2000; 
sheet copper [sheet copper formed along thrust 
faults are likely time equivalent to native copper 
from the Keweenaw Peninsula] from Mauk and 
Hancock 1998). A reasonable assumption is that 
300 ppm Ag substitutes into native copper and the 
maximum level is a result of a separate native silver 
mineral phase. 

Native copper is also well-known to have higher 
amounts of arsenic which causes a different color 
of acid cleaned native copper. Rapp et al. (2000) 
reports a median of 54 ppm As whereas Mauk and 
Hancock (1998) report about 100 to 200 ppm As for 
sheet copper. Both report a large range with As of 
up to a few 1000s of ppm.
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Aside from Ag and As, other trace elements typi-
cally do not exceed 10s of ppm. Rapp et al. (2000) 
reported low levels of Fe in native copper of about 
250 ppm, but this was not confirmed by Mauk and 
Hancock (1998) who did not detect Fe. 

Rapp et al. (2000) report Hg at levels up to 120 
ppm as compared to Mauk and Hancock (1998) 
who report typically 2 to 10 ppm. The absolute 
abundance of 120 ppm Hg reported by Rapp et al. 
(2000) is not consistent with unpublished data of 
Bornhorst (pers. comm.) whose data is more con-

sistent with the level of Hg reported by Mauk and 
Hancock (1998). Bornhorst’s data indicates a very 
strong correlation between the abundance of Ag 
and Hg.

Other reported elements in native copper based 
on a combination of Rapp et al. (2000) and sheet 
copper from Mauk and Hancock (1998) include Co 
of about 2 ppm and Sb of about 2 ppm (not detect-
able in Rapp et al. 2000). Typically, Sc, Cr, Sb, Zn, 
Co, Ni, Se, Br, Sm, Sn, Ti, Mn, La, and V are not 
detected in Keweenaw Peninsula native copper.

5 THE GEOLOGIC CONTEXT AND SEQUENCE OF EVENTS

This chapter contains descriptions of the geologic 
contexts and sequence of events related to native 

copper and includes relevant uncertainty comments 
and questions.

5.1 Keweenaw Peninsula bedrock native copper

5.1.1 Generation of Main-Stage Hydrothermal  
Fluids

The hydrothermal system of the Keweenaw 
Peninsula native copper district consists of a main-
stage event (1040 to 1070 Ma) during which native 
copper and associated minerals were precipitated 
followed by a late-stage event during which cop-
per sulfide-bearing minerals were precipitated. The 
main-stage hydrothermal fluids are interpreted as 
being hybrid ore-forming fluids derived by mixing 
of burial metamorphic derived fluids and sulfur-
depleted seawater (Bodden et al. 2022). This hybrid-
ization of fluids resulted in an ore-forming Ca-rich 
saline brine (Kelly et al. 2022, Kelly 2020) which 
contained copper in the 100s of ppm to perhaps as 
high as 1000s of ppm (Livnat 1983, Jolly 1974).

5.1.2	 Conditions of Hydrothermal 
Precipitation of Native Copper

Oxygen and carbon isotopic data on main-stage 
hydrothermal calcite suggest that the hybrid 
ore-forming fluids were mixed with sulfur- and 
copper-depleted reducing meteoric water in the 
zone of precipitation (Bornhorst & Woodruff 1997, 
Bodden et al. 2022). Mixing of ore-forming fluids 
and dilute meteoric water along with metamor-
phic mineral reactions (Jolly 1974) facilitated pre-
cipitation of native copper. The temperatures of 
precipitation of native copper were spatially zoned 
varying from 150 to 300 °C (Bodden et al. 2022). 
Table 4 shows a compilation of the hydrothermal 
precipitation conditions.

Table 4. Composition of main-stage hydrothermal fluids. Information is mainly based on Jolly (1974), Livnat 
(1983), Kelly (2020), Bodden et al. (2022) and Kelly et al. (2022).

Temperature	 150 to 300°C

Salinity Ca-rich brine with 10 to 30 wt.% salinity (Kelly 2020, Kelly et al. 2022).
Zone of precipitation: hybrid (metamorphic-seawater) ore-forming fluids mixed with meteoric 
water

Very low CO2 XCO2 < 0.01

Very low S < 1 ppm ?

Cu 100s to 1000s ppm

pH 6 to 8

Pressure likely 0.75 to 1.5 kbar at top of PLV with fluid pressure close to lithostatic
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5.1.3 Spatial Setting of Keweenaw Peninsula  
bedrock native copper

Most native copper of the Keweenaw Peninsula 
fills open spaces within the tabular dipping tops 
of subaerial lava flows and clastic sedimentary 
layers. A small volume of native copper occurs in 
veins. Typical, masses of native copper range in size 
from mm disseminations to masses up to 25 kg. In 
general, the masses are larger in veins than in the 
lava flow tops and interbedded clastic sedimentary 
rocks. Masses of native copper in veins can be up to 
10s of tons. Native copper is associated with a suite 
of hydrothermal minerals. Native copper occurs as 
inclusions in the associated hydrothermal minerals 
and itself contains inclusions of associated hydro-
thermal minerals (Bodden et al. 2022, Bornhorst 
& Lankton 2009). For the generalized sequence of 
events, see Table 5.

Native copper occurrences include following set-
tings (not listed in order of importance):

	• Amygdule fillings in top of subaerial basalt lava 
flows.

	• Void space fillings in top of subaerial basalt lava 
flow with brecciated flow top.

	• Fracture and vein fillings in the top of subae-
rial basalt lava flow which extend upward and 
downward into massive flow interior.

	• Pore space fillings in clastic sedimentary rocks 
especially conglomerate and sandstone. 

	• Veinlet to veins filling open fractures (no strati-
graphic offset) and faults that crosscut tabular 
stratigraphic units.

	• Particle size µm to several meters; hard to predict 
spatial distribution due to “nugget effect”.

	• Native copper as inclusions in associated 
minerals.

	• Associated minerals found as inclusions in 
masses of native copper.

	• Preservation of native copper in calcite in contact 
with fluid inclusions - not “dry” preservation.

5.2 Native Copper at the White Pine Mine

The White Pine Mine is a sediment-hosted strati-
form copper deposit hosted by the rift-filling 
Nonesuch Formation deposited about 1.08 Ga 
(Bornhorst & Williams 2013). During diagenesis 
low-temperature, copper-bearing hydrothermal 
fluids were released by the compaction of pyrite- 
and organic-bearing muds and flowing upwards. 
The pyrite (FeS2) was replaced by chalcocite (Cu2S), 
the principal ore mineral at the White Pine Mine. 
Pyrite-poor oxidized sandstones at the top of the 
Copper Harbor Formation hosts diagenetic native 
copper disseminated in the pore spaces. 

5.2.1 Spatial Setting

In the southwest part of the White Pine Mine 
native copper occurs in crosscutting veins fill-
ing thrust faults interpreted as associated with 
late-rift regional compression (Mauk et al. 1992). 
These native copper bearing thrust faults crosscut 
the stratiform diagenetic chalcocite ore. This fault/
vein hosted native copper often occurs as sheets of 
copper mm square and mm thick up to 2 by 2 m 
square and 1 cm thick. The sheets of native copper 
are interpreted to be deposited by the same hydro-
thermal event (1070 to 1040 Ma) that precipitated 
native copper in the Keweenaw Peninsula proper. 
The generalized sequence of events is presented 
in Table 5.

5.3 Float copper masses

Float copper is an informal term used for masses 
of native copper that were carried in (“floated”) 
and transported by glacial ice. Float copper masses 
result from bedrock native copper that becomes 
entrained in glacial ice. The native copper masses 
were plucked from the bedrock by glacial ice or 
resulted from native copper already freed from the 
bedrock by erosional processes and lying on the 

surface or being part of unconsolidated sediments 
that subsequently became entrained in the gla-
cial ice. Float copper masses were deposited from 
melting of glacial ice and from glaciofluvial pro-
cesses (Bornhorst & Lankton 2009) and are part of 
the current unconsolidated sediment cover on the 
bedrock.
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5.3.1	 Spatial Setting 

The float copper masses vary in size just as in the 
bedrock native copper deposits. The size of masses 
may seem biased towards the larger masses, but 
no one has systematically looked for sand size or 
finer float copper masses. The float copper masses 
are found directly on the surface or covered by 
up to a few meters of unconsolidated sediments. 
Indigenous peoples and European explorers and 
settlers likely discovered most of those exposed 
to the surface. Excavations in unconsolidated gla-
cial gravel deposits have yielded discovery of float 
copper masses. In modern times, metal detec-
tors facilitate the discovery of float copper masses 
thinly covered by unconsolidated sediments and soil 
(Bornhorst & Lankton 2009).

Most float copper masses were deposited about 
10 ka upon retreat of continental glaciers from 
the Lake Superior region. It is uncommon to find 
unconsolidated glacial deposits older than the 
most recent episode of glaciation in the Keweenaw 
Peninsula. Thus, it seems likely that the latest 
glacial episode incorporated pre-existing uncon-
solidated glacial sediments also containing float 
copper masses into the glacial ice. If the Paleozoic 
bedrock on top of the Precambrian of the Keweenaw 
Peninsula were removed before the latest glacial 
advance, the float copper masses could have been 
subjected to more than one glacial event. 

The float copper masses occur along with rock 
of various sizes. These rocks round each other as 

well as the float copper masses during glacial and 
glaciofluvial transport. The abrasion during glacial 
transport would result in exposed surfaces of the 
float coppers both lacking in alteration and asso-
ciated secondary minerals. When the float copper 
masses are covered with hydrothermal miner-
als, such as cuprite and tenorite, these minerals 
may have protected the surface from alteration. 
Indentations or fractures within the float native 
copper masses could have copper alteration prod-
ucts far older than smooth rounded surfaces. Thus, 
establishing the context of the copper alteration 
products is critical for accurate interpretation.

5.3.2	 Glacial Event Uncertainty

As noted above, only the last period of glaciation 
is well represented in the glacial formations of the 
Keweenaw Peninsula. The last glacial episode would 
have eroded previous unconsolidated deposits gla-
cial episodes so float copper masses could have been 
through more than one glacial event (Bornhorst & 
Lankton 2009). In addition, the masses of native 
copper could have been separated from bedrock 
during Precambrian weathering and strewn about 
on the Precambrian weathering surface on which 
the Paleozoic was deposited. Upon removal of the 
Paleozoic rocks during glaciation these masses 
could have been incorporated into Pleistocene gla-
cial ice. General level description of events is com-
piled in Table 5.

5.4 Lake copper

Lake copper is an informal term used by Bornhorst 
and Barron (2017) and the A. E. Seaman Mineral 
Museum of Michigan Tech to refer to native copper 
masses found on the bottomlands of Lake Superior 
nearby the Keweenaw Peninsula, especially Great 
Sand Bay. The lake copper was formed by the same 
hydrothermal ore-forming fluids and processes 
as the PLV bedrock native copper but at slightly 
lower temperatures (Bodden 2019, Bodden et al. 
2022). Lake copper masses are subdivided by spe-
cific locality and by process of formation (see the 
following sections).

5.4.1 Lake copper formations

Great Sand Bay lake copper masses are massive tabu-
lar native copper deposits in subvertical veins that 

crosscut bedrock. They are either connected to bed-
rock native copper veins or their context indicates 
they were not significantly moved. The large 19-ton 
block of lake copper on exhibit at the A. E. Seaman 
Mineral Museum belongs to this type as it was con-
nected to the bedrock prior to removal (Bornhorst & 
Barron 2017). The smoothing and glacial grooving 
of the top surface by glacial ice resulted in exposed 
smoothed surfaces of lake copper to be pure copper 
and lacking alteration products prior to retreat of 
the glacier.

Great Sand Bay lake copper nuggets are included 
in the term lake copper as used by Bornhorst and 
Barron (2017) although their origin differs from 
the Great Sand Bay lake copper. The native copper 
nuggets range up to large boulder-sized masses 
(up to about 50 kg) not connected to veins in the 
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bedrock. Native copper nuggets often have smooth 
abraded and sculpted surfaces on all sides that are 
consistent with abrasion by water. Smaller masses 
from tens of g to 500 g are often found in crevasses 
within the bedrock. The high density of native cop-
per results in its concentration in cracks and cre-
vasses by water sorting. Since Great Sand Bay has 
been underwater below the wave base since glacial 
retreat about 10 ka ago, it is likely that the water 
abrasion and deposition occurred by subglacial 
streams. Their connection to the Great Sand Bay 
bedrock veins is not proven but it is likely that they 
are derived by this nearby deposit. The smoothing 
and rounding during transport resulted in exposed 
surfaces of float copper to be pure copper and lack-
ing alteration products when the glaciers retreated 
about 10 ka ago. Surface alteration products were 
formed subsequently.

Great Sand Bay laker pocket is an in-place bedrock 
vein of crystalline native copper exposed on the 
bottomlands of Lake Superior in Great Sand Bay. 
The tabular Laker pocket vein is about 1 m thick and 
cross cuts the host rocks. It consists of finely crys-
tallized native copper forming a very porous mass 
of interconnected crystals along with low tempera-
ture alteration minerals. Today, crystals of native 
copper are not encased in hydrothermal miner-
als but are surrounded by Lake Superior waters. 
No surface abrasion is seen on the small native 
copper crystals but the surfaces could have been 
surrounded by hydrothermal alteration products 
to a variable extent that were softened by soak-
ing with water and removed by moving water. The 
copper alteration products on the crystal surfaces 
are the result of the cumulative exposure to cor-
rosion events since formation in the Precambrian 
with the latest being submerged under glacial to 
modern Lake Superior waters. The laker pocket is 
described by Rosemeyer (2009).

Gull Rock native copper is an in-situ bedrock 
vein of entirely crystallized masses of native cop-

per encased in hydrothermal calcite at Grand 
Marais, Eagle Harbor area, Keweenaw County. The 
encasement of this native copper limits exposure 
to past corrosion events since formation in the 
Precambrian.

5.4.2	 Spatial Setting

Great Sand Bay laker copper masses are connected 
or nearly connected to subvertical veins. They have 
been subjected to glacial abrasion, which stripped 
away copper alteration products from their sur-
faces prior to the latest glacial retreat. They are 
exposed on the bottomlands of Lake Superior and 
submerged under Lake Superior waters.

Granule- to boulder-sized Great Sand Bay laker 
copper nuggets are found on the bottomlands of 
Lake Superior in cracks and crevasses and scattered 
on the surface. The smoothed surfaces of the nug-
gets would have been stripped of copper alteration 
products prior to the latest glacial retreat.

Great Sand Bay laker pocket, a tabular vein of 
continuous interwoven network of small native 
copper crystals is exposed on the bottomlands of 
Lake Superior and submerged under Lake Superior 
waters. Typical size of copper crystals is about 5 
mm across. These crystals have not been exposed to 
abrasion by glacial or glaciofluvial processes. Their 
copper alteration products represent the cumulative 
effect of exposure since the Precambrian which was 
likely uninhibited since the Precambrian.

Gull Rock native copper tabular vein of contin-
uous interwoven network of native herringbone 
copper crystals encased in hydrothermal calcite 
is exposed on the bottomlands of Lake Superior 
and submerged under Lake Superior waters. These 
crystals have not been exposed to or abraded by 
glacial or glaciofluvial processes and their copper 
alteration products but since they are encased in 
hydrothermal calcite and thus, the exposure to past 
copper corrosion events is limited.

5.5 Chisel chips of native copper

Long dormant historic mines, especially those 
more than 125 years old (Cliff and Central mines), 
are known for having produced chisel chips. Since 
native copper is malleable, very large underground 
masses of native copper in these old mines were 
divided into smaller masses by chisels as pow-
der explosives do not work on ductile materials 
as native copper. This resulted in chips of native 

copper typically with length of <30 cm and width 
of about 2.5 cm with a chisel rippled surface. Some 
of these chisel chips were discarded as waste and 
thus, are found today in the poor rock piles. The 
surface of the chisel chips, immediately after they 
were formed, were highly likely to have been unal-
tered native copper except when other hydrother-
mal minerals are present. Any copper alteration 
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products present today are a result of downward 
percolating precipitation waters in the rock pile.

5.5.1	 Spatial Setting 

Chisel chips are found within poor rock piles typi-
cally coated with fine-grained mining muck. The 

mining muck consists of fine sand to clay sized 
particles and the coating is usually much less than 
5 mm thick. The muck is readily washed off with 
tap water and a soft brush. Chisel chips are more 
common in older mines that were focused on veins 
in which the native copper more often occurred as 
larger masses, readily up to tons.

5.6 Mining and post-mining processes

The mining and post-mining sample processing 
could have a dramatic effect on the observable cor-
rosion of native copper and formation of alteration 
products. The explosive chemicals and by-products 
that contact surfaces of masses of native copper 
can result in chemical reactions leading to copper 
alteration products. Mining introduces oxygen into 

the mine openings, which interacts with resident 
waters and the surfaces of minerals. Mine open-
ings result in seepage of water into the mine This 
water interacts with minerals in combination with 
oxygen and can result in copper alteration products. 
These are just some examples of mining and post-
mining processes.

5.7 Generalized sequence of events

Native copper deposits formed at 5 to 10 km below 
the surface between 1.07 and 1.04 Ga accompanied 
and followed by compressional uplift that ended 
~950 Ma. From ca. 950 Ma to 540 Ma the Keweenaw 
Peninsula underwent erosion. The vertical extent 
of erosion is unknown. 

There were probably four or five global ice 
ages between ca. 751 to 550 Ma that could have 
affected erosion of the bedrock of the Keweenaw 
Peninsula (e.g., Hoffman et al. 1998, Pu et al. 2016, 
MacLennan et al. 2020). Neoproterozoic Cryogenian 
(720−635 Ma) and the Gaskiers glaciations (579 
Ma) (e.g., Hoffman et al. 1998, Pu et al. 2016) may 
have resulted in glacial erosion. However, during 
these global ice ages, Laurentia was located near 
an equatorial position (Swanson-Hysell 2021). It is 
uncertain if there were significant ice sheets over 
the Keweenaw Peninsula and thus, large amounts 
of oxic glacial meltwater. The thickness of ice in the 
tropical regions was probably only tens of meters 
during a completely ice-covered “Snowball-Earth” 
(e.g., McKay 2000).

Regardless of the glacial impact on erosion rates, 
it seems likely that 5 to 10 km of bedrock could 
have been eroded in the Phanerozoic eon (541 Ma 
to present day) and the native copper deposits were 
exposed at the surface (Bornhorst & Robinson 2004; 
Table 5).

There was likely infiltration of fresh water 
below the surface from soon after the native cop-
per deposits were formed at 1.07−1.04 Ga to ca. 
540 Ma. Given the position of Laurentia during this 

time interval, environmental conditions could have 
been arid with the water table being considerably 
below the surface. In this case, the infiltration of 
water in the zone of aeration could have resulted in 
supergene alteration of the native copper deposits 
in affected depths and with favorable paleohydro-
logic conditions. Deep supergene copper oxida-
tion products are found in at least two mines at 
Keweenaw Peninsula (Bornhorst & Robinson 2004). 
Oxic conditions could have existed at the surface 
of the shallow parts of native copper deposits for 
a long period of time during the Neoproterozoic. 
However, the shallow parts of deposits would also 
be more likely to have been eroded away.

The region was submerged under marine condi-
tions from ca. 540 Ma to 299 Ma. Sedimentation 
during this time interval began with Cambrian 
sandstone followed by Paleozoic limestone, dolo-
mite, and shale. This long period of submersion 
beneath seawater could have readily resulted in 
penetration of these seawater brines deep into the 
bedrock replacing pre-existing waters. The brines 
found in the mines have a Phanerozoic stable iso-
tope signature (Kelly et al. 1986).

The rock record from the end of the Pennsylvanian 
to the Pliocene (right before the beginning of 
Pleistocene glaciations) is lacking in Michigan. This 
time interval is called the “Lost Interval” (Velbel 
2009). There is evidence that hundreds of meters 
of sedimentary rocks were deposited in the Lower 
Peninsula of Michigan during this time interval 
but by the middle Jurassic these same sedimen-
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tary rocks were eroded away. During the mid-
dle Jurassic ca. 170 Ma continental redbed sands, 
muds, limestone and evaporites were deposited in 
erosion valleys on top of Pennsylvanian sedimen-
tary rocks (Velbel 2009). The Upper Peninsula of 
Michigan was likely under continental conditions. 
The geologic evidence is lacking to propose erosion 
or deposition of sedimentary rocks during the time 
interval of 300 Ma to 2.5 Ma.

The Keweenaw Peninsula was impacted by all the 
episodes of Quaternary continental glaciation. The 
continental glaciers eroded away the Paleozoic and 
perhaps Mesozoic sedimentary rocks that covered 
the Mesoproterozoic to Neoproterozoic bedrock. 
The native copper deposits were uncovered and 
exposed at the surface by Quaternary glacial ero-
sion. If the hypothesis by Bornhorst and Robinson 
(2004) of Neoproterozoic supergene alteration is 
correct, then the Quaternary continental glaciers 
did not erode much of the PLV, or else evidence 
of supergene alteration would have been eroded 
away. During the Quaternary, there is the possibil-
ity of infiltration of oxic glacial melt water into the 
bedrock. However, this infiltration must not have 

been deep, otherwise brines found in the mines 
would have been displaced by glacial and freshwater 
infiltration.

Bedrock native copper would have been exposed 
to waters associated with all the events described 
above depending on the degree of encasement in 
associated hydrothermal minerals, the paleohydro-
logic accessibility of waters to the surfaces of native 
copper, and the degree to which waters penetrated 
the subsurface. Bedrock native copper corrosion is 
the cumulative result of these alteration processes 
over about a billion years. Native copper abraded by 
Quaternary glacial and/or glaciofluvial processes, or 
by Neoproterozoic erosion. These natural processes 
remove previous alteration products and thereby 
reset copper corrosion to zero and restart the cor-
rosion “clock.” Human activities can also reset the 
copper corrosion “clock” as in the case of chisel 
chips.

The consolidated sequence of events for all the 
analogues are presented in Table 5. The strati-
graphic context of the Keweenaw Peninsula is pre-
sented in Figure 6.
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Table 5. Sequence of events for all analogues. The geological timeline is based on the International 
Chronostratigraphical Chart (Cohen et al. 2020).

Ma EON ERA PERIOD EPOCH EVENTS
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Cenozoic Quaternary Holocene 18. Minewaters, especially at depth, were often brines 

and likely related to deep penetration of seawater during 
deposition of Paleozoic Michigan basin sediments (see 10., 
this table). The brines are also present in unconsolidated 
glacial sediments today and seep to the surface in springs. 
These brines can be extremely saline.
17. Currently accessible mines above the water table offer 
possibility to study in situ native copper currently located 
in the zone of aeration. Shallow mine openings located in 
topographically higher areas may have been above of the 
water table prior to mining.
16. Profitable modern native copper mining begun in 1845 
at the Cliff mine. Early techniques used chiseling to cut large 
amounts of native copper from veins. Native copper in poor 
rock pile started weathering. The degree of weathering is 
dependent on starting time on pile and the surrounding 
pulverized mine rock.
15. Native peoples collected float copper from the surface 
and mined native copper from shallow surface pits beginning 
about 7000 years ago. The items they made from native 
copper were widely traded throughout what is today the 
eastern US.

0,0117 Pleistocene 14. Glaciers exposed native copper in the bedrock on the 
bottomlands of Lake Superior and predecessor glacial lakes 
and glacially abraded surfaces started weathering. This “lake 
copper” is submerged today in Lake Superior water.
13. Native copper was transported during the last glacial 
episode and deposited upon glacial retreat ca. 10 ka ago. 
Glacial and glaciofluvial processes smoothed masses of 
copper and stripped away pre-existing copper alteration 
products from the surfaces. The native copper masses 
deposited with unconsolidated glacial sediments began 
weathering in the surface environment. These masses are 
informally termed “float copper.”
12. Pleistocene glaciation took place from about 2.5 Ma to 
10 ka. Glacial erosion stripped away most of the Michigan 
Basin strata but did not remove a significant amount of 
Precambrian bedrock. At 10 ka, the Precambrian bedrock and 
parts of the native copper deposits were exposed at or very 
near to the surface, There was selective replacement of brines 
near the bedrock surface with fresh water.

2,58 Neogene Pliocene 11. There is a Mesozoic to Cenozoic gap from about 170 
Ma to 2.5 Ma. Partial erosion of the Michigan basin strata 
is possible. (Likely scenario: Paleozoic remains on the top 
shield Precambrian bedrock from downward percolating 
groundwater).

5,333 Miocene

23,03 Paleogene Oligocene

33,9 Eocene

56 Paleocene

66 Mesozoic Cretaceous  

145 Jurassic   10. Deposition from about 500 Ma to 170 Ma of marine 
sedimentary rocks of the Michigan Basin buried the 
Precambrian bedrock under multiple kms of strata. There was 
a deep penetration of seawater into the bedrock including all 
native copper occurrences of the Keweenaw Peninsula and 
the chalcocite and native copper at the White Pine mine.

201,3 Triassic  

251,902 Paleozoic Permian  

298,9 Carboniferous  

358,9 Devonian  

419,2 Silurian  

443,8 Ordovician  

485,4 Cambrian  
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Neo- 
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  9. Precambrian gap from 950 Ma to 540 Ma likely re-
sulted in erosion to approximately the current bedrock 
surface and exposure of the native copper deposits at 
the surface. There has been possible impact of global 
periods of glaciation (Cryogenian 720−635 Ma, Gaski-
ers 579 Ma) on rate of erosion and infiltration of water. 
Hypothesized supergene alteration of native copper by 
downward percolating groundwater is recognized/pre-
served only in Algomah and Allouez mines.

1000 Meso- 
proterozoic

  8. Late-stage district wide hydrothermal event was 
resulting in superposition of late-stage copper sulfides 
that crosscut Keweenaw Peninsula native copper but 
age is uncertain. The late-stage event could be as 
young as 950 Ma. 
7. Regional compression and synchronous main-stage 
regional hydrothermal event at ~1.06 Ga related to the 
Grenville continental collision which took place some 
400 km east of the Keweenaw Peninsula. Hydrothermal 
and compressional event resulted in precipitation of 
native copper multiple kms below the surface in the 
Keweenaw Peninsula and scattered throughout Mid-
continent rift rocks of the Lake Superior region. Native 
copper precipitated in cross cutting thrust faults at the 
White Pine mine. 
6. Continued deposition of rift-filling clastic sedimen-
tary rock of the Freda Formation until about 1.06 Ga 
5. Lithification of the Nonesuch Formation.
4. Upward moving ore-forming diagenetic fluids 
resulted in sedimentary rock-hosted stratiform copper 
deposits at the White Pine mine and Copperwood in 
the Nonesuch Formation (predominantly chalcocite 
with less native copper). 
3. Deposition of the Nonesuch Formation interfingering 
with top of the Copper Harbor Formation (switch from 
oxidizing depositional environment of underlying Cop-
per Harbor to reducing environment of Nonesuch).
2. Deposition of the Copper Harbor Formation with 
abundant sandstone close to top until ~1.08 Ma.
1. Deposition of Keweenawan PLV (native copper host 
rock formation) until ~1.092 Ga.

1600 Paleo- 
proterozoic

  Basement bedrock in the Upper Peninsula of Michigan 
consists of metamorphosed igneous and sedimentary 
rocks.2500

A
rc

ha
ea

n Neoarchaean  
2800 Mesoarchaean  
3200 Paleoarchaean  
3600 Eoarchaean  
4000 Hadean  
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Table 5. Sequence of events for all analogues. The geological timeline is based on the International 
Chronostratigraphical Chart (Cohen et al. 2020).

Ma EON ERA PERIOD EPOCH EVENTS
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at the Cliff mine. Early techniques used chiseling to cut large 
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and mined native copper from shallow surface pits beginning 
about 7000 years ago. The items they made from native 
copper were widely traded throughout what is today the 
eastern US.

0,0117 Pleistocene 14. Glaciers exposed native copper in the bedrock on the 
bottomlands of Lake Superior and predecessor glacial lakes 
and glacially abraded surfaces started weathering. This “lake 
copper” is submerged today in Lake Superior water.
13. Native copper was transported during the last glacial 
episode and deposited upon glacial retreat ca. 10 ka ago. 
Glacial and glaciofluvial processes smoothed masses of 
copper and stripped away pre-existing copper alteration 
products from the surfaces. The native copper masses 
deposited with unconsolidated glacial sediments began 
weathering in the surface environment. These masses are 
informally termed “float copper.”
12. Pleistocene glaciation took place from about 2.5 Ma to 
10 ka. Glacial erosion stripped away most of the Michigan 
Basin strata but did not remove a significant amount of 
Precambrian bedrock. At 10 ka, the Precambrian bedrock and 
parts of the native copper deposits were exposed at or very 
near to the surface, There was selective replacement of brines 
near the bedrock surface with fresh water.

2,58 Neogene Pliocene 11. There is a Mesozoic to Cenozoic gap from about 170 
Ma to 2.5 Ma. Partial erosion of the Michigan basin strata 
is possible. (Likely scenario: Paleozoic remains on the top 
shield Precambrian bedrock from downward percolating 
groundwater).

5,333 Miocene

23,03 Paleogene Oligocene

33,9 Eocene

56 Paleocene

66 Mesozoic Cretaceous  

145 Jurassic   10. Deposition from about 500 Ma to 170 Ma of marine 
sedimentary rocks of the Michigan Basin buried the 
Precambrian bedrock under multiple kms of strata. There was 
a deep penetration of seawater into the bedrock including all 
native copper occurrences of the Keweenaw Peninsula and 
the chalcocite and native copper at the White Pine mine.

201,3 Triassic  

251,902 Paleozoic Permian  

298,9 Carboniferous  

358,9 Devonian  
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  9. Precambrian gap from 950 Ma to 540 Ma likely re-
sulted in erosion to approximately the current bedrock 
surface and exposure of the native copper deposits at 
the surface. There has been possible impact of global 
periods of glaciation (Cryogenian 720−635 Ma, Gaski-
ers 579 Ma) on rate of erosion and infiltration of water. 
Hypothesized supergene alteration of native copper by 
downward percolating groundwater is recognized/pre-
served only in Algomah and Allouez mines.

1000 Meso- 
proterozoic

  8. Late-stage district wide hydrothermal event was 
resulting in superposition of late-stage copper sulfides 
that crosscut Keweenaw Peninsula native copper but 
age is uncertain. The late-stage event could be as 
young as 950 Ma. 
7. Regional compression and synchronous main-stage 
regional hydrothermal event at ~1.06 Ga related to the 
Grenville continental collision which took place some 
400 km east of the Keweenaw Peninsula. Hydrothermal 
and compressional event resulted in precipitation of 
native copper multiple kms below the surface in the 
Keweenaw Peninsula and scattered throughout Mid-
continent rift rocks of the Lake Superior region. Native 
copper precipitated in cross cutting thrust faults at the 
White Pine mine. 
6. Continued deposition of rift-filling clastic sedimen-
tary rock of the Freda Formation until about 1.06 Ga 
5. Lithification of the Nonesuch Formation.
4. Upward moving ore-forming diagenetic fluids 
resulted in sedimentary rock-hosted stratiform copper 
deposits at the White Pine mine and Copperwood in 
the Nonesuch Formation (predominantly chalcocite 
with less native copper). 
3. Deposition of the Nonesuch Formation interfingering 
with top of the Copper Harbor Formation (switch from 
oxidizing depositional environment of underlying Cop-
per Harbor to reducing environment of Nonesuch).
2. Deposition of the Copper Harbor Formation with 
abundant sandstone close to top until ~1.08 Ma.
1. Deposition of Keweenawan PLV (native copper host 
rock formation) until ~1.092 Ga.

1600 Paleo- 
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  Basement bedrock in the Upper Peninsula of Michigan 
consists of metamorphosed igneous and sedimentary 
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Fig. 6. Stratigraphic context of the Keweenaw peninsula.
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6 POTENTIAL NATURAL ANALOGUES AND 
AVAILABILITY OF RESEARCH MATERIALS

This chapter presents the 13 types of native cop-
per occurrences potentially suitable for natural 
analogue studies. They are distinguished from one 
another by their geologic history and their environ-

ments regarding the exposure to water (see Table 6 
and Appendix 1). Description of the available sam-
ples and references are given in Appendix 1 for all 
analogue types except Type M.

Table 6. Potential occurrence types for analogue studies.

A Long and Varied History of Keweenaw Peninsula Bedrock Native Copper in the Subsurface. 

B Keweenaw Peninsula Deep Bedrock Native Copper – Long and Varied Native Copper History, Likely Less 
Exposed to Oxic Conditions.

C White Pine Mine Bedrock Native Copper – Long and Varied Native Copper History, Likely Less Exposed to Oxic 
Conditions.

D Keweenaw Peninsula Shallow Bedrock Native Copper - Long and Varied Native Copper History, Likely More 
Exposed to Oxic Conditions.

E Lake Superior Shallow Bedrock Native Copper

F Keweenaw Peninsula Bedrock Native Copper Exposed to Supergene Weathering

G Keweenaw Peninsula Bedrock Native Copper Exposed to Hydrothermal Sulfur

H White Pine Mine – Bedrock Native Copper in Contact with Sulfide Minerals

I Lake Superior Shallow Native Copper with Glaciated Surface (Great Sand Bay Lake Copper)

J Lake Superior Native Copper Gravel (Great Sand Bay Lake Copper Nuggets)

K Glacial Native Copper (“Float Copper”)

L Native Copper Chisel Chips

M Native Copper in Clay

Analogue Type A encompasses all bedrock 
native copper in the subsurface of the Keweenaw 
Peninsula in which the cumulative environment of 
native copper corrosion over the past 1 billion years 
is generally known except the depth of extraction of 
the particular specimen of bedrock native copper. 
Analogue Type B and Type C are in essence subtypes 
of Type A in which the depth of extraction of the 
bedrock native copper is known to be deep and Type 

D and E are known to be shallow. Analogue Types 
F, G, H, and I are special environmental considera-
tions of bedrock native copper. These “subtypes” 
are distinguished to make assumptions on corro-
sion history simpler. Cumulative corrosion can be 
compared to native copper completely encased in 
other minerals. See Appendix 1 for sample avail-
ability and references.

6.1 Analogue Type A. Long and Varied History of Keweenaw 
Peninsula Bedrock Native Copper in the Subsurface

Analogue Type A represents cumulative corrosion 
of surface exposed native copper over about one 
billion years in the subsurface regardless of depth 
of extraction of the native copper from the bedrock 
or special environmental considerations excluding 
mining related or exposure to modern surficial con-
ditions. The degree to which the surface of masses 
of bedrock native copper are exposed to water and/
or air may be difficult to determine. Euhedral native 
copper crystals occurring within or protruding into 

open cavities are examples where the surface of the 
native copper crystals could have been exposed to 
waters since ~1 Ga. It is reasonable  that the cavities 
had open fracture interconnections with other cavi-
ties. We assume that corrosion of bedrock native 
copper completely encased in a mineral other than 
native copper is limited to negligible. Copper com-
pletely encased in another mineral, such as native 
copper inclusions in transparent calcite from the 
Quincy Mine, indicate little to no corrosion over the 
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past ~1 Ga as their surfaces are visually shiny native 
copper lacking typical surficial copper alteration 
minerals.

Since precipitation of Analogue Type A native 
copper, the surfaces of bedrock native copper not 
completely encased in another mineral have been 
exposed to potential corrosion events. In general, 

the longest exposure has been to anoxic brines. 
Exposure to oxic low salinity meteoric water likely 
occurred in shallow settings. The general study of 
natural corrosion native copper will contribute to 
our understanding of native copper corrosion over 
long geologic time regardless of the details of cor-
rosion history.

6.2 Analogue Type B. Keweenaw Peninsula Deep Bedrock Native Copper – Long and  
Varied Native Copper History, likely less exposed to oxic conditions

Analogue Type B is the same as Type A but with a 
known extraction depth. Analogue Type B encom-
passes all bedrock native copper in the subsurface 
of the Keweenaw Peninsula in which the cumula-
tive environment of native copper corrosion over 
the past ~1 Ga is generally known and the deeper 
depth of extraction makes long-term oxic condi-
tions unlikely. At great depths groundwater is gen-
erally reducing rather than oxic. For some native 
copper extraction localities, there is abundant evi-
dence of that the bedrock is saturated with anoxic 

brines. The presence of anoxic brines strongly sup-
ports limited exposure of the native copper to oxic 
conditions. See Table 2 in Appendix 1 for sample 
availability and references.

Since precipitation of Analogue Type B bed-
rock native copper, the surfaces of masses of deep 
bedrock native copper not completely encased in 
another mineral have been exposed to dominantly 
anoxic corrosion. Exposure time of the deep bedrock 
native copper to oxic conditions since formation 
is significantly less than Analogue Types D and E.

6.3 Analogue Type C. White Pine Mine Bedrock Native Copper – Long and 
Varied Native Copper History, likely less exposed to oxic conditions

Analogue Type C is similar to Type B in that the 
depth of extraction of the particular specimen is 
known to be relatively deep and the bedrock native 
copper was surrounded by anoxic brines. Analogue 
Type C encompasses only bedrock native copper 
in the subsurface of the White Pine Mine in which 
bedrock native copper veins (sheets) occur along 
thrust faults and related structures. The evolution 
affecting this native copper corrosion over the past 
~1 Ga is generally known and the depth of extrac-
tion makes extended exposure to oxic conditions 
less likely. The presence of anoxic brines strongly 
supports limited exposure of the native copper to 

oxic conditions. See Table 3 in Appendix 1 for sam-
ple availability and references. 

Since precipitation of Analogue Type C native 
copper, the non-encased native copper surfaces 
have been exposed to anoxic brines. Anoxic brines 
seeped from fractures adjacent to native copper 
veins during mining. The bedrock native copper 
veins crosscut disseminated chalcocite minerali-
zation. The chalcocite has been exposed to lim-
ited oxidation since formation about ~1 Ga ago 
(Bornhorst, personal communication), hence this 
type of bedrock native copper was also only exposed 
to little or no oxic conditions.

6.4 Analogue Type D. Keweenaw Peninsula Shallow Bedrock Native Copper – Long and  
Varied Native Copper History, likely more exposed to oxic conditions

Analogue Type D is the same as Type A and B except 
the extraction of the particular specimen is shal-
low. Analogue Type D encompasses all bedrock 
native copper in the subsurface of the Keweenaw 
Peninsula in which the cumulative environment 
of native copper corrosion over the past ~1 Ga is 
generally known and the shallowness of extraction 
makes an extended exposure of the native copper 
to oxic conditions more likely. In all mines, there 

is documented evidence of oxic water at shallow 
depths of native copper extraction, which is con-
sistent with current shallow depth of the bedrock 
native copper. Meteoric water infiltrates into mine 
openings along fractures/faults and interconnected 
pore space ultimately contributing to flooding of 
the mines. Mine sites allow careful description 
of the surrounding structural geology (potential 
groundwater flow paths). These shallow depths 

32



Geological Survey of Finland, Open File Research Report 22/2023 
Michigan International Copper Analogue (MICA) project – Phase I

of bedrock native copper may have first occurred 
between ~1 Ga–500 Ma ago caused by Precambrian 
erosion. Hence, those masses of bedrock native 
copper extracted from shallow depths may have 
been exposed to oxic waters over a significant 
amount of time prior to present exposure since 
removal of bedrock by erosion during Pleistocene 
glaciation. Type D has very likely been significantly 
more exposed to oxic waters than Types B and C. 
See Table 4 in Appendix 1 for sample availability 
and references.

Since precipitation of Analogue Type D bedrock 
native copper, the surfaces of shallow bedrock 
native copper not completely encased in another 
mineral have been exposed to anoxic brines fol-
lowed by oxic waters. Exposure time of the shal-
low bedrock native copper to oxic conditions since 
formation is significantly longer than Analogue 
Type B or C. 

6.5 Analogue Type E. Lake Superior Shallow Bedrock Native Copper

Analogue Type E is a subtype of Type D in which 
bedrock native copper is at the surface of the bot-
tomlands of Lake Superior. Analogue Type E is 
otherwise the same as Analogue Type D shallow 
bedrock native copper except that the native copper 
has been submerged under fresh lake water since 
about 10 ka. Type E native copper has been exposed 
to the surface by the most recent glacial erosion, 
which ended about 10 ka ago and then subsequently 

submerged under Lake Superior. Type E consists of 
Great Sand Bay laker pocket and Gull Rock native copper 
(see Section 5.4). Analogue Type E bedrock native copper 
is subject to potential corrosion as described above. Great 
Sand Bay laker pocket consists of cavity filling native cop-
per crystals and represents an ideal target for the study 
of cumulative copper corrosion. See Table 5 in Appendix 
1 for sample availability and references.

6.6 Analogue Type F. Keweenaw Peninsula Bedrock Native 
Copper Exposed to Supergene Weathering

Analogue Type F is proposed to be extreme oxic 
alteration of bedrock native copper by downward 
percolating oxic waters in the zone of aeration dur-
ing the Precambrian. After precipitation of native 
copper at depth within the bedrock from main-
stage hydrothermal fluids about 1.05 Ga ago, the 
region was exposed to a very long period of erosion 
from ~1.05 Ga to 500 Ma ago. This period of ero-
sion is proposed to have resulted in the bedrock 
native copper, which formed at depth to end up 
near the Earth’s surface. During this time inter-
val, downward percolating oxic (meteoric) water 
within the zone of aeration would have led to 
supergene weathering of the native copper. The 
percolating water may have been slightly acidic. 
This oxic supergene weathering resulted in partial 
to near complete dissolution of native copper and 
precipitation of copper oxides, carbonates, and sili-
cates. Only a few of the native copper deposits of 
the Keweenaw Peninsula clearly show supergene-
style weathering. After the supergene weathering 
the rocks were submerged in anoxic brine for 100s 

of million years followed by a variable interval of 
exposure to oxic-anoxic meteoric groundwater. See 
Table 6 in Appendix 1 for sample availability and 
references.

Since supergene weathering is restricted to 
few locations, it is possible that hydrologic con-
ditions did not favor supergene weathering else-
where. Alternatively, supergene weathering could 
have occurred at many deposits but subsequently 
eroded by the extended late Precambrian erosion 
episode prior to deposition of Paleozoic rocks. 
Paleozoic rocks covering the Keweenaw Peninsula 
made supergene weathering unlikely until all of the 
Paleozoic rocks were eroded, likely by Pleistocene 
glaciation. The water table after glacial retreat 
was near the surface making supergene alteration 
during the Pleistocene unlikely. It is possible that 
some of the Paleozoic rocks were removed during 
the Mesozoic to Cenozoic although there is no evi-
dence to support this hypothesis. Removal during 
the Mesozoic to Cenozoic could have facilitated a 
second interval of supergene weathering.
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6.7 Analogue Type G. Keweenaw Peninsula Bedrock Native Copper Exposed to Hydrothermal Sulfur

Analogue Type G can encompass all Keweenaw 
Peninsula bedrock native copper, where native 
copper mineralization is crosscut by late-stage 
hydrothermal veins and veinlets containing cop-
per sulfide minerals. The contact between bed-
rock native copper and these late-stage veins or 
veins with demonstrated connection to late-stage 
hydrothermal fluids provides an opportunity for 
hydrothermal sulfur-related native copper corro-
sion. The late-stage hydrothermal fluids occurred 
throughout the district and thus, it is possible that 

all native copper analogues of Types A, B, D, and E 
have been exposed to sulfur-bearing low tempera-
ture late-stage hydrothermal fluids. This late-stage 
hydrothermal event may have resulted in secondary 
hydrothermal fluid inclusions. After the late-stage 
hydrothermal event, the environment history fol-
lows the description of Types A, B, D, and E with 
significant exposure to anoxic brines for at least 
100s of millions of years. See Table 7 in Appendix 
1 for sample availability and references. 

6.8 Analogue Type H. White Pine Mine – Bedrock Native Copper in contact with sulfide minerals

Analogue Type H represents bedrock native copper 
at the White Pine Mine that occurs along thrust-
related faults and fractures (sheets) and is in physi-
cal contact with chalcocite (copper sulfide mineral) 
for ~1 Ga. Type H is a special subset of Analogue 
Type C in which the native copper is in physical 
contact with earlier precipitated disseminated, dia-
genetic chalcocite. This analogue only occurs at the 

White Pine Mine in the southwest part of the mine. 
The physical contact between bedrock native copper 
and chalcocite would be a place for the native cop-
per to undergo sulfur-bearing chemical reactions. 
The environmental history of Type H is otherwise 
identical to Type C. See Table 8 in Appendix 1 for 
sample availability and references.

6.9 Analogue Type I. Lake Superior Shallow Native Copper with 
Glaciated Surface (Great Sand Bay lake copper)

Analogue Type I is shallow bedrock native cop-
per (Type D) on the bottomlands of Lake Superior, 
which has been glaciated during the last advance 
of continental glaciers about 10 ka ago. Type I is 
shallow native copper either observed or has been 
demonstrated to be connected to in place bedrock 
native copper Type I has not been carried in the 
glacial ice (see Great Sand Bay lake copper in Section 
5.4). Type I is  Type E having a glaciated smoothed 
surface by abrasion during Pleistocene glaciation. 
The smoothed surface had pre-existing minerals 

and copper alteration products stripped away from 
the surface. Thus, the current alteration products 
on these smoothed surfaces were formed in the last 
10 ka after glacial retreat. Type I was submerged 
under Lake Superior and predecessor glacial lake 
waters for the last 10 ka. The corrosion of Type I 
native copper is a result of oxidative chemical reac-
tions between infiltrating ground waters and native 
copper over the last 10 ka. See Table 9 in Appendix 
1 for sample availability and references.

6.10 Analogue Type J. Lake Superior Native Copper Gravel (Great Sand Bay lake copper nuggets)

Analogue Type J is native copper gravel on the bot-
tomlands of Lake Superior in Great Sand Bay (see 
Great Sand Bay lake copper nuggets in Section 5.4). 
Fragments of native copper were released from the 
bedrock by erosion. Glaciofluvial processes moved 
and smoothed the fragments and deposited many 
of them in bedrock cracks and crevasses. These 
fragments were likely carried over a very short dis-
tance but sufficient to smooth and round the frag-

ments which often removed previous native copper 
corrosion products resetting the copper corrosion 
clock to zero. Some fragments still have remnants 
of associated minerals on the surface of the native 
copper. The native copper corrosion products on 
smoothed and rounded surfaces are the result of 
chemical reaction with lake waters over the last 
10 ka. See Table 10 in Appendix 1 for sample avail-
ability and references.
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6.11 Analogue Type K. Glacial Native Copper (“Float Copper”)

Analogue Type K is native copper recovered from 
unconsolidated sediments such as glacial debris and 
surface soil. Native copper masses were plucked 
from the bedrock, deformed and abraded within a 
glacier, and transported by glaciers. These frag-
ments are here called “float copper” as they were 
transported by “flotation” in glacial ice. Glacial 
transportation process partially led to com-
pletely smoothed and rounded the fragments. The 
smoothed and rounded surfaces were cleaned of 
other minerals and pre-existing native copper cor-
rosion products resetting the copper corrosion clock 
to zero. These masses were deposited with glacial 
sediments on or very near the surface during the 

retreat of the glaciers 10 ka ago. It may be difficult 
in all cases to be certain that the surface corrosion 
clock has been fully reset to zero and minerals. In 
pockets within glaciated float native copper masses 
or on irregular surfaces it is likely that previous 
copper corrosion products have not been cleaned 
off of the native copper and thus, represent an 
unknown time of exposure in different environ-
ments. Hence, these particular samples should be 
avoided for study due to uncertain geologic context. 
Native copper masses range in size from pebbles to 
many tons. See Table 11 in Appendix 1 for sample 
availability and references.

6.12 Analogue Type L. Native Copper Chisel Chips

Analogue Type L is native copper chiseled under-
ground from large masses of native copper for eas-
ier transport to the surface. Chiseling resulted in 
chips with fresh native copper at their corrugated 
surface. The corrosion clock was reset to zero on 
these surfaces. Hand chiseling was common dur-
ing the late 1800s and some of the chisel chips 

were discarded with poor rock into surface rock 
piles. The corrugated native copper surfaces were 
corroded over the past 125 to 150 years by oxic pre-
cipitation in the zone of aeration within the poor 
rock piles. See Table 12 in Appendix 1 for sample 
availability and references.

6.13 Native copper in clay (Type M)

Analogue Type M was identified during the MICA 
Phase I field excursion to Keweenaw Peninsula. 
Observations of clay filled fault and fracture sys-
tems were made at the Adventure and Quincy mines. 
Based on observations in the field it seems possi-
ble that native copper can be found within or near 
clays related to faults and fractures. These clays 
may have formed by the same hydrothermal pro-
cesses that formed the native copper and the clays 

would have inhibited fluid access to the native cop-
per since soon after its precipitation. Careful sam-
pling would be required from undisturbed zones, 
e.g., overcoring or block removal. Type D analogue 
with both copper and clay, or Type M, could poten-
tially be analogues for the copper within engineered 
bentonite-based barriers. Analogue Type M sample 
availability is not discussed in Appendix 1

6.14 Other Analogues related to human activity

Other analogues related to human activity in the 
Keweenaw Peninsula could be recognized. These 
analogues include native copper used by indigenous 
peoples to make items such as spear and arrow 
points, fishhooks, and beads. For most of these, 
the copper corrosion clock was reset to by human 
activity such as manual abrasion and deformation. 
The cumulative corrosion of these items depends 

on several factors such as physical location, water 
composition, and exposure times since indigenous 
peoples first occupied the Keweenaw Peninsula 
about 7 000 years ago after glacial retreat. We have 
chosen to not study these samples since we cannot 
be certain of the corrosion exposure times. Thus, 
these samples are avoided to study here.
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 7 ANALYTICAL METHODS UNDER CONSIDERATION FOR PHASE II 

Representative key samples will be selected for full 
characterization from a combination of the Types 
described above. A potential Phase II of MICA will 
first focus on collecting a suite of samples with 
well described geologic setting and context. The 
samples to be studied in detail will be prioritized 
based on contributing to our understanding of 
natural corrosion of native copper under a variety 
of environmental settings. The prioritized samples 
will be systematically and progressively studied 
using analytical methods described and assessed 

in Appendices 2 and 3. The analytical methods to 
be used may include others not listed since the list 
only includes state-of-the-art methods available 
at GTK.

Appendices 2 and 3 describe the analytical meth-
ods and provide preliminary analytical data to dem-
onstrate the feasibility of using these techniques as 
part of Phase II. No conclusions regarding copper 
corrosion can be drawn from these data. They are 
provided to demonstrate GTK analytical capabilities 
to carry out MICA Phase II research. 

7.1 Metallurgical properties

Native copper has precipitated in bedrock where 
physical conditions, fluid flow rate, temperature 
and pressure likely affected the growth of copper 
grains. For example, slow cooling allows copper 
crystals to grow coarser. Crystal structure is not 
readily seen on metal surfaces without etching, but 
zoning has been observed on some cross sections 
of Type K float copper (detailed study beyond scope 
of Phase I MICA).

Structural characteristics of native copper sam-
ples can be used to:

a.	 compare the native copper with canister 
metal to assess their textural similarities and 
differences;

b.	 assess if there is an effect on corrosion; and
c.	 assess there is an effect on mechanical integ-

rity of copper.
Physical metallurgy studies crystallography, 

material characterization, mechanical metallurgy, 
and phase transformations require special expertise 
and methods, which GTK does not have, but are 
available in universities.

7.2 Supporting geological investigations related to copper samples

Native copper samples are the focus of MICA. The 
collection of research material is extensive, and it 
provides an excellent possibility to launch many 
kinds of studies. Depending on the scope of Phase 
II, supporting investigations may be needed, espe-
cially in case in situ samples can be accessed. These 
may include:
	• Detailed study of the geological context 
	• Assessing the hydrogeological context (relevant 

to all sample types)
	• Groundwater/surface water chemistry (relevant 

to all sample types)

	• Assessing regional low temperature hydrother-
mal fluids after native copper precipitation

	• Geochemical profiling surrounding the samples, 
(e.g., second-hand information from Type K 
float copper prospectors indicates that the float 
copper masses are surrounded by a greenish halo 
in the soil (Ken Flood, pers. comm.))

	• Fracture mineral studies (in case of drill core 
samples)
GTK has extensive experience in investigating 

the geological and environmental context of geo-
logical samples. 
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8 DISCUSSION AND RECOMMENDATIONS

Overall, based on the recent safety cases, native 
copper is stable in anoxic conditions but sulfida-
tion can result in significant corrosion of copper in 
some future scenarios (e.g., Posiva 2021a). Copper 
is not stable in oxic conditions but oxic alteration 
is expected to take place only during short a period 
of time during the storage and emplacement of the 
copper canisters. Analogues discussed above dem-
onstrate that despite oxic conditions, native copper 
alteration is limited by surface alteration products 
themselves (passivation).

The salinity range of interest in safety cases 
can cover all conditions from fresh water to brine 
depending on the site. The existing known ana-
logues described in detail so far (see Section 2.2) 
are from sites with fresh groundwater composi-
tions (Finnish sites) or where the chemistry of the 
system has not been very clearly defined (Littleham 
cove). The salinity range of interest can be cov-
ered from the various types of Keweenaw Peninsula 
analogues. So far, the statements of copper sta-
bility in safety case assessments based on using 
a Keweenaw Peninsula analogue have been quite 
general, such as copper is stable in an environment 
that exhibited a moderate, near-neutral pH, low 
level of dissolved solids and low redox potential 
(as low as -0.25 VSHE) (Crisman & Jacobs 1982).

Recently, King (2021) published a thorough 
review on the copper analogues and their use in 
the safety case focused on the NWMO concept (see 
Section 3.2.3). King’s recommendations are incor-
porated into this report. However, in addition to 
direct safety case use for NWMO, the main aspect 
to be considered in MICA is related to producing 
data to describe the native copper occurrences and 
related corrosion rates (or conditions for no cor-
rosion). The copper corrosion rates are needed for 
overall process understanding that complements 
mass balance approaches taken in safety cases. 
Analogues are often considered for safety cases as 
an alternative line of evidence. In addition, topics 
of interest for new studies may arise from other 
concepts or designs (e.g., potential topics related 
to mechanical integrity of copper as well as defor-
mation). It is possible to estimate corrosion rates 
for various settings (see Chapter 6). In addition to 
corrosion, passivation of native copper corrosion 
by corrosion minerals themselves can be exam-
ined. In safety cases, passivation due to corrosion 

is considered as a negative feature as it may lead to 
enhanced pitting corrosion (see King et al. 2012 and 
Section 2.2). This phenomenon has not yet been 
described via natural analogues, but overall oxic 
alteration minerals are known to passivate native 
copper from extensive alteration.

One of the biggest design differences in the 
repository concepts considered in this project is 
the overall thickness of the copper in the waste 
packaging. While NWMO’s concept has 3 mm layer 
of copper, SKB KBS-3 design relies of 5 cm of cop-
per in the canister design. Keweenaw Peninsula 
native copper occurrences provide samples that are 
relevant for both thicknesses.

MICA Phase I has identified and described the 
environmental conditions of a set of natural ana-
logues applicable to copper corrosion of canisters 
used to isolate high-level nuclear waste from the 
environment. Phase I has also demonstrated that 
samples are available that can be used to study cop-
per corrosion. Carefully selected and representa-
tive samples subjected to the various environmental 
conditions will be obtained at the outset of MICA 
Phase II. 

The corrosion of native copper will be described 
and analyzed during Phase II. The results of these 
studies will help to better understand the processes, 
the environmental conditions, and the rates of 
copper corrosion. The inventory of analogues and 
available samples (Chapter 6 and Appendix 1 dem-
onstrates the potential for useful Phase II results. 

This report is supplemented with preliminary 
analytical work reported in Appendix 2 and 3. No 
conclusions regarding copper corrosion can be 
drawn from these data. These data are provided to 
demonstrate GTK analytical capabilities to carry out 
MICA Phase II research. 

The proposal for the Phase II will focus on ana-
logue investigations utilizing the samples that
	• have good potential to increase our understand-

ing of the big picture and therefore provide a bet-
ter set of natural analogue data for an alternative 
line of evidence supplementing the quantitative 
safety case;

	• cover the most obvious gaps in safety case 
knowledge; and

	• are relevant to the safety case and repository 
design (and design optimization).
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In this report, no Phase II budgetary restric-
tions have been considered. This is to be done in 
separately after defining the final objectives and 

tasks of Phase II. In Table 7 preliminary scoring 
of the potential analogues for the Phase II studies 
is presented. 

Table 7. Preliminary scoring of the potential analogue types for Phase II studies. 

Type Description Scoring 
(1-3)*

*1=RECOMMENDED FOR PHASE II, 2=POTENTIALLY RELEVANT, 3=NOT SAFETY CASE RELEVANT

A Long and Varied History of Keweenaw Peninsula Bedrock Native Copper in the Subsurface 1
B Keweenaw Peninsula Deep Bedrock Native Copper – Long and Varied Native Copper 

History, Likely Less Exposed to Oxic Conditions.
1

C White Pine Mine Bedrock Native Copper – Long and Varied Native Copper History, Likely 
Less Exposed to Oxic Conditions.

2

D Keweenaw Peninsula Shallow Bedrock Native Copper - Long and Varied Native Copper 
History, Likely More Exposed to Oxic Conditions.

1

E Lake Superior Shallow Bedrock Native Copper 1
F Keweenaw Peninsula Bedrock Native Copper Exposed to Supergene Weathering 3
G Keweenaw Peninsula Bedrock Native Copper Exposed to Hydrothermal Sulfur 1
H White Pine Mine – Bedrock Native Copper in Contact with Sulfide minerals 2
I Lake Superior Shallow Native Copper with Glaciated Surface (Great Sand Bay Lake Copper) 3
J Lake Superior Native Copper Gravel (Great Sand Bay Lake Copper Nuggets) 1
K Glacial Native Copper (“Float Copper”) 1
L Native Copper Chisel Chips 2
M Native Copper in Clay 1

9 CONCLUSIONS 

This report has reviewed the relevant literature 
regarding the background for the project includ-
ing detailed description of the geological history 
of the potential analogues providing a context for 
future work.

Thirteen types of analogues have been identified 
and described. For each analogue, the availability 
of samples for copper corrosion research has been 
assessed. Samples are available from all the ana-
logues. There is a wealth of established geological 
context useful for Phase II.

From safety case perspective, the potential ana-
logues identified allow corrosion studies (with rate 
estimates) on sites where conditions are repository 
relevant (expected evolution of the repository), but 

also for settings that have more extreme condi-
tions (relevant to disturbance scenarios). In addi-
tion, there are several process topics of interest 
that may provide specific input for the safety case 
(e.g., deformation of native copper being studied 
by NWMO).

This report provides a starting point for the MICA 
Phase II.

The preliminary analysis of samples (Appendix 
3) shows good capability regarding physical, min-
eralogical, geochemical, and isotopic analyses for 
the future investigation phases. Additional methods 
may be considered.
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APPENDIX 1. 

AVAILABILITY OF SAMPLES

Written by Theodore J. Bornhorst

Table 1. Analogue Type A – Long and Varied History of Keweenaw 
Peninsula Bedrock Native Copper History in the Subsurface.

Copper Crystals from Various Mines

Sample status

Copper crystal clusters grew into open spaces. They 
have better potential of fluid accessibility to their 
surfaces after they were precipitated. Copper crystal 
clusters are available from the A. E. Seaman Mineral 
Museum collection, but destructive research oppor-
tunity is limited. Specimens for study can be pur-
chased from the collector marketplace and crystal 
clusters from the Laker Pocket have been acquired 
and saved for future MICA study. 

Sample issues

While the copper crystals originally grew in open 
spaces, the degree of post precipitation contact with 

brines or meteoric water may not be determinable 
and has to be assumed. Post-mining physical and/
or chemical treatment is usually (but not always) 
determinable. 

References

Chapter 5 and Bornhorst Geologic Context inter-
nal document; copper crystal clusters from various 
mines which are described by Butler and Burbank 
(1929); Michigan Copper Country issue of the 
Mineralogical Record, v. 23, number 2, March-April 
1992 describes and has photographs of many copper 
crystal clusters.

Open Space Pockets (“vug fillings”) from Various Mines

Sample status

Samples from various mines have cavities into 
which native copper has grown during precipita-
tion. Potential fluids have relatively easier access 
into these cavities and therefore to the native cop-
per surfaces. There are many readily obtainable and 
collectable specimens of native copper extending 
into open spaces, which likely were subject to cor-
rosion since their formation. These native copper 
specimens represent cumulative corrosion. Native 
copper encased in associated minerals has relatively 
limited access of fluids to native copper surfaces. 
Samples of native copper encased and not encased 
in different minerals can be found throughout 
the Keweenaw Peninsula and provide opportunity 
to compare surface corrosion lesser opportunity 
for corrosion with much higher opportunity for 
corrosion.

Sample issues

While the degree of encasement of native copper 
in minerals is determinable from sample observa-
tions, the degree of accessibility of native copper 
to contact with fluids may not be determinable and 
has to be assumed. 

References

Chapter 5 and Bornhorst Geologic Context internal 
document for cumulative exposure history; nature 
of ore described in several publications and observ-
able in samples and underground that provide an 
indication of permeability and porosity data rel-
evant to accessibility of fluids for corrosion; publi-
cations include Butler and Burbank (1929), Stoiber 
and Davidson (1959) and others.
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Table 2. Analogue Type B – Keweenaw Peninsula Deep Bedrock Native Copper – Long 
and Varied Native Copper History, likely less exposed to oxic conditions. 

 Documented samples from deep within specific native copper mines

Sample status

Samples are available from the A. E. Seaman Mineral 
Museum research collection, but the number of well 
documented deep samples is quite limited. It is not 
realistic to get new samples as mines are flooded. 

Sample issues

The number of documented deep samples is quite 
limited. The impact of cleaning and post-extraction 
atmospheric corrosion is uncertain. The degree of 
accessibility to post-precipitation fluids may be 

uncertain unless copper appears to be in a cavity 
or copper occurs as well-formed crystals. 

References

Chapter 5 and Bornhorst Geologic Context internal 
document; Butler and Burbank (1929) has sections 
about many mines; Stoiber and Davidson (1959) 
has very good underground description of flow top 
deposits; Limited other publications exist regarding 
specific mines to be added for specific samples as 
needed/available. 

Drill core from Keweenaw Peninsula with known location, depth, and angle of hole.

Sample status

Historic diamond drill cores, held by the Keweenaw 
National Historical Park, a unit of the U.S National 
Park Service, from known locations are still avail-
able as of 2022 and likely accessible for sampling. 
Finding cavities with native copper in the drill core 
is uncertain. Although future status is uncertain, it 
is expected to be available for at least a few years.

Sample issues

To find deep bedrock native copper in drill core it 
will be necessary to read historic drill logs, find a 
specific core section, and then check to see if the 
box/core is present. The historic core will require 

significant labor to move. Most higher-grade core 
sections have already been used for previous analy-
ses. Degree of accessibility of fluids is uncertain 
unless native copper occurs in an open space or 
copper occurs as well-formed crystals.

References

Chapter 5 and Bornhorst Geologic Context internal 
document; Butler and Burbank (1929) wrote about 
many mines; Stoiber and Davidson (1959) included 
very good underground description of flow top 
deposits; Limited other publications exist regard-
ing specific mines to be added for specific samples 
as needed/available. 

Native copper mine rock piles

Sample status

There are remaining rock piles that are still avail-
able for sampling. Mining depth of the samples 
can be roughly estimated. Many samples of native 
copper are readily available. 

Sample issues

The mining depth, when a specimen comes from 
a rock pile, is, at best, a rough estimate subject to 
considerable error. Degree of accessibility to fluids 

is uncertain unless native copper or copper occurs 
as well-formed crystals.

References

Chapter 5 and Bornhorst Geologic Context internal 
document; Butler and Burbank (1929) has sections 
about many mines; Stoiber and Davidson (1959) 
has very good underground description of flow top 
deposits; Limited other publications exist regarding 
specific mines to be added as needed.
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Table 3. Analogue Type C – White Pine Mine Bedrock Native Copper – Long and 
Varied Native Copper History, likely less exposed to oxic conditions.

White Pine Mine

Sample status

Samples of sheet copper from underground that 
have not been cleaned using acid exist. Direct 
reporting from Richard Whiteman is that the 
surfaces of sheet copper samples usually looked 
like unaltered native copper as mining proceeded. 
Occasionally samples would have surface alteration 
minerals but Richard postulated these derived from 
one certain part of the mine, likely at shallow levels 
where oxidation potentially could have happened. 
Brines are notably present in the underground of 
the White Pine Mine.

Sample issues

Since samples were not taken in situ, exact infor-
mation like location or water chemistry are missing. 

References

Chapter 5 and Bornhorst Geologic Context internal 
document; Ensign et al. (1968), Mauk et al. (1992) 
and references therein describe native copper at the 
White Pine mine

Table 4. Analogue Type D – Keweenaw Peninsula Shallow Bedrock Native Copper – Long 
and Varied Native Copper History, more likely exposed to oxic conditions.

Adventure Mine
Sample status

Native copper from near surface shallow levels is 
readily available. Most of the underground mine 
workings are flooded by meteoric waters. Additional 
levels could be dewatered for and by this project. It 
is possible to do underground experiments as part 
of MICA project. Native copper samples are readily 
available in situ.

Sample issues

Accessible levels are very shallow. These shallow 
levels were submerged in meteoric water since at 

least the end of Pleistocene glaciation. Exposure 
to brines prior to exhumation by glacial erosion is 
likely as long as postulated thickness of Paleozoic 
rocks was sufficient. Possibility of Paleozoic rock 
removed during Mesozoic and Cenozoic, could have 
significantly increased the length of exposure to 
oxic meteoric groundwater.

References

Chapter 5 and Bornhorst Geologic Context internal 
document; Butler and Burbank (1929) very limited 
specific information on the Adventure mine. 

Delaware Mine

Sample status

Only first level of underground workings is above 
the water table. Samples can be collected from this 
level. 

Sample issues

The accessible first level is at a very shallow depth 
of accessible levels. This shallow level was likely 

submerged in meteoric water since at least the end 
of Pleistocene glaciation or in the zone of aeration. 
Exposure to brines prior to exhumation by glacial 
erosion is likely as long as postulated thickness of 
Paleozoic rocks was sufficient. The possibility of 
Paleozoic rock removed during the Mesozoic and 
Cenozoic, could have significantly increased the 
length of exposure to oxic meteoric groundwater.
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References

Chapter 5 and Bornhorst Geologic Context internal 
document; Schleiss (1986 MS thesis at Michigan 

Tech on Delaware Mine), Very limited description 
of Delaware Mine in Butler and Burbank (1929).

Quincy Mine

Sample status

Underground sampling of native copper is possible, 
especially where the horizontal adit intersects the 
main workings of the Quincy deposit. Obtaining 
additional samples at some distance from the inter-
section of the horizontal adit and the main shaft is 
possible. Underground workings below the hori-
zontal adit level are flooded.

Sample issues

The accessible levels are at some depth below 
the land surface but are relatively shallow. It is 
likely that these shallow levels were submerged in 
meteoric water since at least the end of Pleistocene 
glaciation. Exposure to brines prior to the latest 
exhumation by glacial erosion is extremely likely 
as brines are well documented at deep levels of 
the Quincy Mine as long as postulated thickness 

of Paleozoic rocks was sufficient. The possibility 
of Paleozoic rock removed during the Mesozoic and 
Cenozoic, could have significantly increased the 
length of exposure to oxic meteoric groundwater.
A careful literature review may clarify the depth 
brines were encountered during mining since brine 
data exists from the Quincy Mine.

References

Chapter 5 and Bornhorst Geologic Context internal 
document; Butler and Burbank (1929), Bumgarner 
MS thesis at Michigan Tech describes adit geol-
ogy as do field guides by Bornhorst et al. (1986), 
Bornhorst and McDowell (1992), Mining history of 
the Quincy Mine has been addressed by Lankton 
and Hyde’s book Old Reliable (1982 published by 
the Quincy Mine Association).

Caledonia Mine

Sample status

Access to shallow levels of underground workings 
above the water table is uncertain because of trans-
fer of mine ownership to a different person roughly 
a decade ago. If access is granted, sample collection 
is readily available. Bornhorst has mapped under-
ground and has a suite of samples that could be 
used in lieu of new samples. 

Sample issues

Accessible levels are at a very shallow depth. These 
shallow levels were submerged under the meteoric 
water table since at least the end of Pleistocene 

glaciation. Exposure to brines prior to exhumation 
by glacial erosion is likely as long as postulated 
thickness of Paleozoic rocks was sufficient. Nearly 
springs currently expel brines on to the surface. 
The possibility of Paleozoic rock removed during 
the Mesozoic and Cenozoic could have significantly 
increased the duration of exposure to oxic meteoric 
groundwater.

References

Chapter 5 and Bornhorst Geologic Context internal 
document; Field guides by Bornhorst and Whiteman 
(1992) and Bornhorst and Whiteman et al. (2013).

Valley View Quarry, Portage Township

Sample status

Multiple samples of native copper veins in the active 
Valley View crushed rock quarry could be readily 

provided by owner. Access to study and sample the 
near surface native copper veins in the quarry walls 
is possible. Location of samples with respect to the 
surface is obtainable for in situ samples.

47



Geological Survey of Finland, Open File Research Report 22/2023
Ismo Aaltonen, Theodore J. Bornhorst, Xuan Liu, Heini Reijonen and Timo Ruskeeniemi

Sample issues

The accessible native copper is nearly at the surface. 
At this shallow level, the native copper was likely 
in the zone of aeration or less likely submerged in 
meteoric water since at least the end of Pleistocene 
glaciation. Exposure to brines prior to exhumation 
by glacial erosion is likely as long as postulated 
thickness of Paleozoic rocks was sufficient. The 
possibility of Paleozoic rock removed during the 
Mesozoic and Cenozoic could have significantly 

increased the length of exposure to oxic meteoric 
groundwater.

This is a surface prospect exposed to surficial 
style weathering since Pleistocene glaciation. 

References

Chapter 5 and Bornhorst Geologic Context internal 
document; relatively new quarry lacking any geo-
logic description.

Point Prospect

Sample status

Multiple samples from the Point Prospect are avail-
able and saved back by Bornhorst for the MICA 
project. More samples are possibly available from 
the actual surface prospect, but it is hard to access 
and there is a lack of even tentative permission to 
sample.

Sample issues

For existing samples, the surrounding minerals 
may have been removed from the native copper 
and it is uncertain if acid was used. Specimens 
with cuprite, malachite, or azurite on the surface 
would be dissolved in acid. Degree of encasement in 
rock/minerals is determinable for some specimens. 

Exploration trench zones are close to the surface 
and were likely in the zone of aeration or less likely 
submerged by meteoric water since at least the end 
of Pleistocene glaciation. Exposure to brines prior 
to exhumation by glacial erosion is likely as long 
as postulated thickness of Paleozoic rocks was suf-
ficient. The possibility of Paleozoic rock removed 
during the Mesozoic and Cenozoic could have sig-
nificantly increased the length of exposure to oxic 
meteoric groundwater.

References

Chapter 5 and Bornhorst Geologic Context internal 
document; Rosemeyer and Carlson (2000 Rocks and 
Minerals)

Table 5. Analogue Type E – Lake Superior Shallow Bedrock Native Copper.

Great Sand Bay in place veins

Sample status

Only some samples are identifiable as in situ veins 
from bottomlands of Lake Superior in Great Sand 
Bay or near in place. The largest in situ sample is on 
exhibit in the copper pavilion of the A. E. Seaman 
Mineral Museum. The sample’s surface shows gla-
cial abrasion while the bottom is rough with dif-
ferent minerals being attached. The non-glaciated 
surface shows the cumulative alteration equivalent 
to shallow bedrock copper (Type D). Type E is only 
the non-glaciated surface whereas the glaciated 
surface is Type I.

Sample issues

Identification of already collected samples that 
derived directly from an underwater vein is dif-
ficult. It is also difficult to identify surfaces that 
have been cleaned by glacial erosion or not cleaned 
by glacial-related processes. 

References

Chapter 5 and Bornhorst Geologic Context inter-
nal document; Bornhorst (2017, A. E. Seaman 
Mineral Museum open access publication, although 
Bornhorst mixes Lake copper gravel with Great 
Sand Bay in situ veins.
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Great Sand Bay Laker Pocket

Sample status

There are hundreds of small branching native cop-
per crystal specimens that came from this pocket 
with interior open space available. Individual cop-
per crystals are mm to cm in size. Clusters of copper 
crystals are up to 10s of cm across. Bornhorst has 
set aside a wide variety of these specimens for the 
MICA project.

Sample issues

Specimens have been cleaned with water. Post gla-
cial (< 10 ka) corrosion has occurred while sub-

merged under glacial and recent waters of Lake 
Superior. This corrosion over the last 10 Ka years  
adds to previous corrosion events over the past 1 Ga. 
Specimens have been exposed to lake water for at 
least the last 10 ka.

References 

Chapter 5 and Bornhorst Geologic Context internal 
document; Rosemeyer (2009, Rocks and Minerals)   

Gull rock (Grand Marais vein)

Sample status

Branching native copper crystals encased in cal-
cite are available through generous donation from 
Bob Barron and held back by Bornhorst. Acquisition 
of new samples by MICA team is possible by boat 
rental and diver.

Sample issues

Native copper is encased in calcite which limits 
access of water to the native copper surfaces. Need 

to find fractures within calcite where water can 
readily penetrate to the native copper surface and 
has evidence of penetration by water. Postglacial 
corrosion adds to previous corrosion events over the 
past 1 Ga. Must avoid specimens cleaned with acid.

References

Chapter 5 and Bornhorst Geologic Context internal 
document; Rosemeyer (2002, Rocks and Minerals)
 

Table 6. Analogue Type F – Keweenaw Peninsula Bedrock Native Copper Exposed to Supergene Weathering.

Allouez Mine

Sample status

Only samples from surface rock piles are available 
for MICA study. The best rock pile at Bumbletown 
and will likely be entirely crushed for economic 
reasons (decorative crushed stone) before Phase 
II of the MICA project. Some samples have been 
obtained by Bornhorst for study. 

Sample issues

While it is geologically reasonable that the super-
gene weathering is a result of Precambrian 

weathering, it is possible that unusual condi-
tions facilitated supergene weathering during the 
Mesozoic to Cenozoic or Pleistocene.

References

Chapter 5 and Bornhorst Geologic Context internal 
document; Very limited published information in 
Butler and Burbank (1929). 
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Algoma Mine

Sample status

Only samples from surface rock piles are available 
for MICA study. Access to surface rock pile likely 
but not confirmed. 

Sample issues

While it is geologically reasonable that the super-
gene weathering is a result of Precambrian weather-

ing, it is possible that unusual conditions facilitated 
supergene weathering during the Mesozoic to 
Cenozoic or Pleistocene.

References

Chapter 5 and Bornhorst Geologic Context internal 
document; Very limited published information in 
Butler and Burbank (1929). 

Table 7. Analogue Type G – Keweenaw Peninsula Bedrock Native Copper Exposed to  
Hydrothermal Sulfur.

Appropriate samples may not be available or col-
lectable. It may be difficult to definitely determine 
if the surface of a mass of native copper is suffi-
ciently exposed to sulfur-bearing late-stage hydro-

thermal fluids. It may be difficult to distinguish 
between corrosion related to late-stage hydrother-
mal fluids or to later corrosion related to anoxic 
brines or anoxic/oxic meteoric water.

Quincy Mine

Sample status

Kelly (2020) described a transition within a few 
calcite crystals from main-stage native copper 
to late-stage hydrothermally precipitated copper 
sulfides. Native copper in calcite at the contact 
between these two stages of growth of calcite have 
very likely been exposed to sulfur bearing late-
stage hydrothermal fluid 

Sample issues

Native copper in contact with sulphide-bearing 
calcite or in contact with chalcocite (exposed to 

late-stage sulfur bearing fluids) has yet to be docu-
mented. These native copper surfaces are encased 
in calcite. Encasement decreases the effect of corro-
sion during post late-stage fluid events and hence, 
native copper corrosion may be almost entirely a 
result of sulfur-bearing fluids. The study of fluid 
inclusions may help unravel fluid history.

References

Chapter 5 and Bornhorst Geologic Context internal 
document; Kelly (2020) Michigan Tech MS thesis 
research observed native copper inclusions in cal-
cite followed by chalcocite previously not described.

Delaware Mine

Sample status

Full access is only to first level of underground work-
ings to collect samples including the Stoutenberg 
vein and adjacent wall rock. The last filling of the 
Stoutenberg vein is sulfide mineral-bearing.

Sample issues

It is uncertain if suitable samples of the sulfide-
bearing Stoutenberg vein and adjacent native cop-

per can be obtained for which there is confidence 
that sulfur-bearing hydrothermal fluids were in 
contact with the native copper. It is uncertain if 
samples of native copper can be identified as not 
exposed to late-stage sulfur-bearing hydrothermal 
that can be used as background comparison to help 
distinguish between the effect of hydrothermal sul-
fur and other corrosion events.
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References

Chapter 5 and Bornhorst Geologic Context internal 
document; Schleiss (1986 MS thesis at Michigan 

Tech on Delaware Mine), Very limited description 
of Delaware in Butler and Burbank (1929).

Baltic Mines

Sample status

In publications, Baltic Mines are known for having 
chalcocite-bearing veins that crosscut the native 
copper deposit. The MICA project has access to rock 
piles of the Baltic deposit at Champion and likely 
at the Baltic cheese factory to search for appropri-
ate samples. There are also samples in the A. E. 
Seaman Mineral Museum research collection and at 
Keweenaw Gem and Gift to which the MICA project 
has access. 

Sample issues

Suitable samples where native copper is in contact 
with late-stage sulfur-bearing hydrothermal min-

erals may not be found. Distinguishing between 
corrosion resulting from sulfur-bearing late-stage 
hydrothermal fluids and other corrosion events may 
not be possible. 

References

Chapter 5 and Bornhorst Geologic Context inter-
nal document; Butler and Burbank (1929) provides 
limited specific information on the Baltic mines.

Centennial Mine

Sample status

Native copper bearing samples with crosscutting 
sulfide-bearing veinlets are mentioned by Butler 
and Burbank as more common in the Centennial 
mines at the north end of the C & H conglomer-
ate deposit. Centennial mine was dewatered in the 
1980s and there may be available samples. As of 
2022 Centennial sample availability has not been 
investigated. 

Sample issues

Suitable samples may not be found.

References

Chapter 5 and Bornhorst Geologic Context internal 
document; Butler and Burbank (1929), Weege and 
Pollack (1971).

Tamarack Mines

Sample status

Native copper bearing samples with crosscutting 
sulfide-bearing veinlets are mentioned by Butler 
and Burbank as more common in the northern 
mines of the C & H deposit. Tamarack Junior mine 
is one of the few C & H rock piles and on the north-
ern end of the deposit. Access to the rock pile has 
been investigated but is uncertain as of 2022.

Sample issues

Suitable samples may not be found.

References

Chapter 5 and Bornhorst Geologic Context internal 
document; Butler and Burbank (1929).
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Table 8. Analogue Type H – White Pine Mine – Bedrock Native Copper in contact with sulfide minerals.

White Pine Mine

Sample status

Multiple samples of native copper crosscutting 
White Pine chalcocite ore are available for MICA 
study. Two larger samples and several smaller 
samples are available from Bornhorst for the MICA 
project.

Sample issues

It is uncertain whether a physical contact between 
native copper and chalcocite can be found or a con-
tact close enough to assure that chemical reaction 
between native copper and chalcocite could have 
readily happened. Reaction during hydrothermal 

deposition of native copper in the chalcocite ore is 
also possible as long as native copper precipitating 
fluids had access to the surface of chalcocite grains. 
A dry contact is not expected to have significant 
amount of corrosion. The access of fluids to the 
physical contact surface is uncertain.

References

Chapter 5 and Bornhorst Geologic Context internal 
document, Ensign et al. (1968), Mauk et al. (1992) 
and references therein describe native copper at the 
White Pine mine; Mauk and Hancock (1998) provide 
trace element geochemistry of native copper from 
White Pine. 

Table 9. Analogue Type I – Lake Superior Shallow Native Copper 
with Glaciated Surface (Great Sand Bay lake copper). 

Great Sand Bay in place veins

Sample status

Only some samples are identifiable as in situ veins 
from bottomlands of Lake Superior in Great Sand 
Bay or near in place. The largest in situ sample 
is on exhibit in the copper pavilion of the A. E. 
Seaman Mineral Museum. The surface and there-
fore potential secondary minerals were abraded by 
glacier(s), exposing the fresh native copper surface 
to glacial lake water; the corrosion clock on the gla-
ciated surface was partially or fully reset. Most vein 
samples are not smoothed. This lack of a glaciated 
surface indicates that the corrosion clock has not 
been reset so postglacial corrosion adds to previous 
corrosion events over the past one billion years. 
Only the glaciated surfaces are Type I.

Sample issues

Identification of already collected samples that were 
directly from an underwater vein and with a glaci-

ated surface is difficult. Only the Lake Copper on 
display at the A. E. Seaman Mineral Museum has 
documented provenance and a glaciated surface. It 
is also difficult to identify surfaces that have been 
abraded by glacial erosion to ensure that the corro-
sion clock was fully reset to zero. It may be desir-
able to avoid this analogue type and instead work 
with analogue Type J. 

References

Chapter 5 and Bornhorst Geologic Context inter-
nal document; Bornhorst (2017, A. E. Seaman 
Mineral Museum open access publication, although 
Bornhorst mixes Lake copper gravel with Great 
Sand Bay in place veins.
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Table 10. Analogue Type J - Lake Superior Native Copper Gravel (Great Sand Bay lake copper nuggets).

Great Sand Bay Lake Copper Gravel 

Sample status

A wide variety of Lake Copper gravel samples from 
the bottomlands of Lake Superior in Great Sand Bay 
are available from Bornhorst for the MICA project. 
Acquiring new samples from the extensively sam-
pled lake ground by a diver is difficult.

Sample issues

Resetting of the corrosion clock is uncertain in 
some specimens. The native copper pebbles have 

been cleaned by a pressure washer. Some samples 
were treated with acids but are generally easy to 
identify and avoid.

References

Chapter 5 and Bornhorst Geologic Context internal 
document; Bornhorst (2017, A. E. Seaman Mineral 
Museum open access publication) although mixes 
Lake copper gravel with Great Sand Bay underwater 
vein.

Table 11. Analogue Type K – Glacial Native Copper (“Float” copper).

Unknown specific localities from western Upper Peninsula 

Sample status

Many samples of float copper are readily avail-
able on the marketplace from slices to complete 
samples.

Sample issues

Certainty about a resetting of the corrosion clock 
is uncertain in some specimens. Many masses of 
native copper have been cleaned by a pressure 
washer. There are many slices of float copper for 
observation and analysis, but the evolutionary 
context is missing, as the sample is fragmentary. 

Cutting solid masses of native copper requires spe-
cial consideration since ductile copper inhibits cut-
ting. Ken Flood at Keweenaw Gem and Gift is a local 
expert on cutting float copper. The geologic context 
of these samples is unknown. Pockets or fractures 
with copper corrosion products should be avoided 
as these lack geologic context.

References

Chapter 5 and Bornhorst Geologic Context internal 
document; Bornhorst (2017, A. E. Seaman Mineral 
Museum open access publication).

Specific locality of in place float copper from western Upper Peninsula 

Sample status

No in situ float copper samples are available at this 
time. It is likely to be able to get locality informa-
tion for in situ float copper from float copper hunt-
ers with financial incentive.

Sample issues

It may be difficult to be certain that the corrosion 
clock has been reset to zero. Pockets or fractures 

with copper corrosion products should be avoided 
as these lack geological context.

References

Chapter 5 and Bornhorst Geologic Context internal 
document; Bornhorst (2017, A. E. Seaman Mineral 
Museum open access publication).
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Superior Sand and Gravel float copper

Sample status

Many float copper samples are recovered from near 
the surface soil and/or unconsolidated glacial sedi-
ment. Some are recovered from multiple meters 
below the surface surrounded by unconsolidated 
glacial sediment, but such information is usually 
unavailable. These particular float copper samples 
come from a sand and gravel pit. Since they are 
not from the surface, they are not surrounded by 
organic surface soil although downward percolat-
ing water could introduce surface organic products. 
Native copper in this setting was exposed to oxic 
groundwater, most likely in the zone of aeration, 
for the last 10 ka. Bornhorst has a few samples from 
this local sand and gravel pit available for study by 
MICA. More samples can readily be acquired but it 
is highly unlikely to get in situ samples. 

Sample issues

Resetting of the corrosion clock is uncertain in 
some specimens. The detailed context of in situ 
samples is mostly unknown although general set-
ting is better known than for most float copper 
samples. Not likely to get an in situ sample. Pockets 
or fractures with copper corrosion products should 
be avoided as these lack geologic context.

References

Chapter 5 and Bornhorst Geologic Context internal 
document; Bornhorst (2017, A. E. Seaman Mineral 
Museum open access publication).

Table 12. Analogue Type L – Native copper chisel chips.

Central and Cliff Mines

Sample status

Samples from the Central and Cliff Mines are avail-
able from Bornhorst for MICA project. Additional 
samples from specific locations are obtainable and 
perhaps collectable. 

Sample issues

Samples have been cleaned with water and perhaps 
by a pressure washer, which could have removed 

some corrosion products from specimens not spe-
cifically collected for the MICA project. Sampling 
of chisel chips is difficult. Corrosion time during 
storage in a rock pile can only be estimated.

References

Chapter 5 and Bornhorst Geologic Context inter-
nal document; No specific reference identified for 
chisel chips.
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APPENDIX 2. 

 
ANALYTICAL METHODS TESTED FOR PHASE II OF MICA

Written by Timo Ruskeeniemi and Xuan Liu 

This appendix provides a concise overview of 
analytical methods that can be applied in ana-
logue studies. It is not meant to be exhaustive but 

focused on the most relevant and most widely-used 
methods.

1 MORPHOLOGICAL, TEXTURAL AND MINERALOGICAL ANALYSIS

1.1 X-ray computed tomography

Copper corrosion layers can be thin and mineralogi-
cally complex. To select the most effective analyti-
cal methods, it is important to know and assess 
possible complications. Detailed 2D and 3D imaging 
can provide valuable information about geometries 
of corrosion zones and the contact relation with 
surrounding minerals. X-ray computed tomogra-
phy (XCT) is a useful tool to initiate the studies 
(see Appendix 3).

XCT produces 3D models of the sample based 
on composition and density contrasts of differ-
ent components (See examples in Section 5.1 of 
Appendix 3). The high density of copper limits the 
penetration depth of X-rays, preventing internal 
scanning deeper than a couple of centimeters, but it 
may reveal some internal textures close to the sur-
face. The method is particularly useful for studying 
features such as surface topography of the copper, 
mineral layering, and porosity of the alteration 
crust at a micron-resolution. For detailed studies, 
the resolution can be extended to nano-scale. Also 
other methods are available for higher resolution.

Because the technique is non-destructive, it 
guides sample selection and preparation in gen-
eral and allows studies on delicate samples that 
would be prone to be deformed during traditional 
cutting methods.

The main aims of the XCT scans are:
a)	 Scanning of the alteration crust to observe its 

thickness, internal layering and other tex-
tures generated by mineral growth. The data 
allows to measure different parameters, such 
as singular volumes and orientation of the 
phases. Mineralogical and analytical tools 
can then be used to characterize and date the 
minerals. In the best case, the method helps 
to answer if the textures in the alteration 
crust are indicative of one or several events.

b)	 The surface of the copper under the altera-
tion crust tells something about the life 
cycle of the sample. For example, scratches 
on the surface indicate mechanical wear-
ing and potential glacial transport. Further, 
the surface morphology may reveal how the 
alteration/corrosion has advanced, i.e., pit-
ting, intergranular or some other type.

c)	 Sample selection and guidance for prepara-
tion is required for detailed investigations. 
It is important and cost-efficient to start 
these studies with a method that does not 
need sample preparation. XCT helps to select 
samples for more cleverly devised metallur-
gical methods and other studies.
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1.2 Petrography

Conventional thin and polished thick sections are 
still the method of choice for petrographic analy-
sis. If the samples are coated with thin alteration  
 

crusts, polished slabs are favored. Oil should be 
used in sample preparation and alcohol for polish-
ing (See Appendix 3).

1.3 Micro X-ray diffraction

Micro X-ray diffraction (XRD) provides defi-
nite recognition of the crystalline minerals but 
requires subsampling of the phases of interest 
(See Sections 4.4 and 5.2 of the Appendix 3 for 
examples). Although the required amount can be a 
single crystal, the need for subsampling can limit 
its applicability in very detailed studies. However, 
it works well for most of the mineralogical needs of 
this project. If sampling limitations occur, micro-
XRD is applied. It uses a very narrow X-ray beam 
and collects information from an area of few tens of 

µm. Crystallinity index (CI) is a measure of crystal-
linity. It can be defined from XRD and some other 
spectra and is widely used for clay mineralogy. 
Higher CI values indicates higher ordering in the 
mineral lattice and higher formation temperature 
of the mineral.

Low-temperature supergene alteration can 
include phases that are poorly crystalline. In this 
case, the mineral identification is based solely 
on chemical information and as such remains 
semiqualitative.

2 CHEMICAL CHARACTERISTICS

The chemical composition of native copper has sev-
eral important aspects relevant for the goals of the 
MICA project, including at least:

a)	 Unravelling the chemical similarities/dif-
ferences between MICA native copper and 
canister-building copper;

b)	 Understanding potential influences of the 
chemical differences on corrosion resistance;

c)	 Understanding how the chemical compo-
sition of native copper varies within the 
selected locations and within individual 
samples.

The mineralogy, isotopic signatures and fluid 
inclusions can provide information about the pres-

sure and temperature conditions during formation. 
In addition to native copper, information on 

mineral chemistry is required:
a)	 to identify and obtain chemical composition 

of the Cu phases involved in the alteration/
corrosion crust;

b)	 to find mineral species which contain suffi-
cient element contents for age determination 
(e.g., U-Pb, Rb-Sr, etc.);

c)	 to find chemical signatures which may 
give insight to the water-rock interac-
tion processes (surface or groundwater). 

2.1 X-ray spectroscopies

X-ray spectroscopy (XRF) is the emission of char-
acteristic secondary X-rays (or fluorescent) from a 
material that is irradiated with high-energy X-rays. 
Characteristic X-rays are produced by removing 
electrons in the inner shell of atoms, leaving a 
vacancy that promotes electronic transition from a 
higher-shell electron. The transition yields photon 
energy in the form of an X-ray characteristic for 
the element’s energy gap. With this method, most 
elements can be detected and quantified except for 

light elements (atomic weight less than 16 amu). 
Data is typically acquired at µm scale.

Electron probe microanalysis (EPMA) is a non-
destructive technique to determine the chemical 
composition of small amounts of solid materials, 
operating with a similar mechanism as XRF except 
the incident electron beam. The electron micro-
probe uses wavelength dispersive spectroscopy 
(WDS) for precise quantitation. For precise analysis, 
suitable standards of known composition should 
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be analyzed along with the sample’s measurement 
conditions. The activation volume excited by the 
beam is typically on the order of 2µm, even though 
the beam itself is less than 1 µm.

Energy dispersive spectroscopy (EDS), operat-
ing with similar working principle, uses a focused 

beam of high-energy electrons to generate several 
signals, including characteristic X-rays, at the sur-
face of solid specimens. The X-rays can be used for 
qualitative and semi-quantitative analysis.

2.2 Atomic spectroscopy and spectrometry

Atomic absorption spectroscopy (AAS) is a spectro-
scopic technique for the quantitative determination 
of chemical elements using the absorption of optical 
radiation (light) by free atoms in the gaseous state. 
This technique is based on absorption of light by 
free metallic ions. Test results provide concentra-
tions of trace to major compositional elements.

Inductively-coupled plasma optical emission 
spectroscopy (ICP-OES) is a type of emission spec-
troscopy that uses inductively coupled plasma to 
produce excited atoms and ions that emit electro-
magnetic radiation at wavelengths characteristic of 
a particular element. The intensity of the emissions 
from various wavelengths of light are proportional 
to the concentrations of the elements within the 
sample. Most elements can be measured down to 
ppb level.

Apart from AAS and ICP-OES, several techniques 
are available for analyzing element compositions 
down to ppt levels. The most used one is a com-
bination of mass spectrometry and ICP (ICP-MS). 
It uses ICP as the source of ions, where samples 
aerosols are converted to positively-charged ions 

that are separated and detected based on mass-to-
charge ratios. It can be operated in solution mode 
and laser ablation (LA) mode. The former can offer 
much lower detection limits with higher precision 
and accuracy, but it requires labor-intensive and 
time-consuming sample preparation. In contrast, 
LA can offer rapid and high throughput measure-
ment with minimal sample preparation.

Alternatively, laser induced breakdown spec-
troscopy (LIBS) has also been widely used for trace 
element analysis of metals. It is a type of atomic 
emission spectroscopy, which uses a highly ener-
getic laser pulse as the excitation source. The laser 
forms a plasma, which atomizes and excites sam-
ples. The formation of the plasma begins when the 
focused laser achieves a certain threshold for optical 
breakdown, which generally depends on the envi-
ronment and the target material.

Please refer to Appendix 3 for preliminary 
analyses utilizing SEM-EDS, micro-XCT, micro-
XRF, XRD and laser ablation-inductively coupled 
plasma-mass spectrometry (LA-ICP-MS).

3 ISOTOPE GEOCHEMISTRY

3.1 Native copper

ICP-MS with single collector (SC) and multiple col-
lectors (MC) are the most effective way to measure 
isotope compositions. SC-ICP-MS is widely used 
for determining U-Pb ages, while MC-ICP-MS 
is the best choice for isotope ratio measurement. 
MC-ICP-MS works similarly to a SC-ICP-MS 
except that it detects ion beams of different masses 
simultaneously, so analyses generally have a high 
precision and accuracy. Both instruments can be 
operated with aspirated solutions and solids sam-
pled by laser ablation.

Native copper cannot be dated directly due to a 
lack of radionuclides such as K, Rb, Sm, U and Th. 
Most dating work done with respect to formation 

age of native copper has used gangue minerals that 
are intergrown with copper (e.g., Rb-Sr dating for 
Keweenaw Peninsula copper, Bornhorst et al. 1988). 
However, it might be possible to obtain common Pb 
model ages based on common lead growth models 
(Stacey & Kramers 1975).

However, stable isotopes could be very useful 
complimentary targets. The most widely studied 
and used one is the Cu isotope systematic (e.g., 
Larson et al. 2003, Mathur & Wang 2019). The 
method is often used in archaeology together with 
Pb isotopes for provenancing of Cu artefacts (e.g., 
Klein et al. 2009), and the same method could be 
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used in provenancing e.g., the float type samples. 
The prominent merit of Cu isotopes lies in the fact 
that Cu is a multi-valent element. Its valence state 
varies from 0 in reducing condition to +1 and +2 in 
oxidizing conditions. During redox reactions, Cu 
isotopes (63Cu and 65Cu) tend to fractionate with 
63Cu preferentially entering into reduced phases 

and 65Cu into oxidized phases (Markl et al. 2006). 
The magnitude of fractionation, thus, provides a 
proxy for studying redox processes. In addition, 
Cu isotopes can also fractionate in several other 
processes involving liquid-vapor phase separation, 
multi-step equilibrium processes, and organism-
related processes (Markl et al. 2006).

3.2 Other minerals

Constraining the timing of copper corrosion events 
is important for MICA. 

Isotope geochemistry is an important continua-
tion of the other mineralogical investigations. Many 
common minerals contain elements (H, O, C, Sr, 
U etc.), which have stable or radioactive isotopes. 

Environmental isotopes are widely used as trac-
ers for formation conditions, identification of source 
areas or mineralogical processes. Isotope signatures 
(e.g., 87Sr/86Sr ratio) can be directly used for clas-
sification of the analyzed minerals or for source 
area identification. Isotopes tend to fractionate in 
geological processes due to the small differences 
in their mass. The heavy isotope of oxygen (18O) 
incorporates preferentially to the solid phase during 
mineral precipitation, while the light isotope (16O) is 
enriched in the residual fluid. Temperature driven 
fractionations occur also in water at phase changes 
(water-vapor-water). Light isotopes are preferably 
added to the vapor phase, and the signature of the 
water is getting heavier. 

When the controls and rates of fractionation are 
known, isotope data can be used to assess hydro-
geological conditions. If isotope information of the 
fluid phase is available or can be inferred from other 
sources, it is possible to calculate the fractionation/
formation temperature for the mineral. This is a 
widely used application for carbonates, especially 
for calcite, which is one of the most common min-
erals in the geological record.

Radioactive isotopes are extensively used for dat-
ing purposes. At best, they give an ‘exact’ date for 
the mineral. Depending on the decay rate, differ-
ent radiometric systems can be used for a range of 
age determination. For radiocarbon (14C) the upper 
limit is 60 ka, while U-Pb dating is applicable for 
several hundred thousand years to billions of years 
(See Section 5.4 of the Appendix 3 for examples). 
Uranium series elements provide numerous dat-
ing options from days upwards (e.g., 234U-230Th 
can date samples up to 450 ka). Use of any radio-
metric method requires consideration if the system 
has been closed or open. An open system allows 
import and export of elements, which may result 
in depletion of mobile daughter isotopes and incor-
rect dates.

The selection of a dating method depends on the 
available minerals. At the moment it is not clear 
how far the mineralogical investigations and iso-
tope geochemistry can be used to study the second-
ary mineral species. However, there is a potential 
for valuable information and the described meth-
odology will be tested. Oxygen and C isotopes on 
copper carbonate (malachite) crust for example 
may reveal if this type of alteration has taken place 
in a single or multiple events, temperature levels 
and water species involved. Proposed mineralogi-
cal studies will show if there are other options for 
this approach. 

4 FLUID INCLUSIONS STUDIES

Studies on primary fluid inclusions provide infor-
mation about the fluid composition of the parent 
fluid. The method is particularly useful for high-
temperature environments. In the Keweenaw 
Peninsula calcites which have crystallized simul-
taneously with the native copper are available for 
these studies. Fluid inclusions (FI) are commonly 

trapped in crystal defects and fractures, and thus 
less likely to occur in minerals that formed at low 
and slow crystallization.

The study of FIs is a special technique in min-
eralogy. Although FIs are not solid, they have a 
direct link to the formation of minerals. Primary 
FIs are samples of the parent fluid from which the 
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mineral has formed. Additionally, depending on 
the formation conditions, they may contain gas 
bubbles and mineral crystals. Fluid inclusions are 
relatively common in minerals. Most inclusions are 
smaller than 20 µm. Geothermometric analysis of 
fluid inclusion can yield data under the microscope 

by heating and freezing to yield homogenization 
precipitation temperature, trapping pressure, and 
density Geochemical data on fluid composition can 
be obtained from FIs by Laser Raman Spectrometry 
or by LA-ICP-MS
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APPENDIX 3.

 METHODOLOGY ASSESSMENT OF KEWEENAWAN 
NATIVE COPPER AND CORROSION MINERALS

Written by Xuan Liu

1 INTRODUCTION

The Phase I of the project has obtained an inven-
tory of a few samples for preliminary analysis pre-
sented in this Appendix. The objectives of this test 
study were to 1) evaluate the limits of analytical 
capability and 2) to assess methodological feasi-
bility. A methodology framework has been devel-
oped to streamline the required knowledge and 
analytical capacity for achieving these objectives. 
The framework consists of three constituent blocks 
termed as Objectives, Knowledge, and Technologies 
(Fig. 1). The “Objectives” block shows the overall 
objectives and is connected to and supported by 

the “Knowledge” block that requires knowledge 
of mineralogical, geochemical, geochronologi-
cal, and structural properties of the samples. The 
“Technology” block shows analytical techniques 
and instruments required for the knowledge. The 
Knowledge block is linked to three analytical tech-
nologies that could benefit the planning of the next 
phases of the project, i.e., electron microprobe, 
laser ablation ICP mass spectrometry, and micro-
X-ray tomography.

Fig. 1. A schematic diagram showing the technical methodology of this test study. SEM: scanning electron micros-
copy, (S)EM: (scanning) electron microprobe, LA-(MC)-ICP-MS: laser ablation (multi-collector) inductively-
coupled plasma spectrometry (LA-ICP-MS), µ-XCT: micro- X-ray tomography.
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2 SAMPLES

A total of 10 samples were selected from an existing 
sample inventory (Table 1). This selection is not 
exhaustive but represents different types of sam-
ples and hence various types of analytical chal-
lenges. It should be clarified that no efforts have 
been made to link these samples to the sample 
types defined in the Chapter 6 of the main report 
since that context information of these samples are 
subject to uncertainty.

Petrographic descriptions of the selected hand 
specimens along with other available information 
are given in Table 1. It should be noted that the 
table was prepared before mineralogical studies, 
and consequently, mineral phases were primarily 
described based on optical properties.

Some modifications were made to the original 
analytical plan during the work. Table 2 summa-
rizes the type and number of analyses, compared 
with the original plan. All modifications made are 
justified and further described below.

Overall, the planned work was fully accom-
plished, with 85% of the intended analyses com-
pleted and extra work of µ-XRF and XRD being 

added. Specifically, six types of analyses were fully 
done, including microscopy, SEM, XCT, lasering-
situ trace element, lasering-situ U-Pb dating, and 
in-situ Cu isotopes. Thirteen solution trace ele-
ment analyses have not been undertaken, but two 
additional samples were analyzed for trace ele-
ment composition by laser ablation. Copper isotope 
analyses were predominantly conducted by laser 
ablation (additional 7 samples) instead of solution 
method (2 of planned 13). The reasons why solution 
work was largely omitted are threefold. The laser 
ablation has a higher throughput (5-10 samples per 
day vs. 5-10 samples per week), spatial resolution 
(down to 40 µm vs several cm), and in-situ capa-
bilities compared to solution method. These advan-
tages are prominent when very localized analyses 
are needed, for instance, to test study elemental 
and isotopic variation adjacent to a corrosion layer 
and thin films of corrosions.

To complement the deficiency of intended analy-
ses, µ-XRF and XRD were utilized for 3 samples. 
These additional analyses proved useful in distin-
guishing Cu oxides and malachite.

Table 1. Petrographic descriptions and general introduction of the selected samples.

Sample No. Petrography Image

MICA1 Float copper with uneven surface covered by at least two types 
of alteration minerals. The bottom alteration layer is a mixture of 
metallic gray and reddish minerals, overlain by greenish malachite.

MICA2 A float copper with rock fragments. The Cu is largely uncorroded, 
but some areas show metallic gray and reddish alterations. 

MICA3 A float sample with generally thin alteration edges. This sample 
also contains well-developed “cob-web” alterations, which 
comprise several layers, starting from metallic gray, transitioning 
to reddish layer, and a malachite layers. It also contains carbonate 
inclusions.

MICA4 A sample consisting of native copper and quartz. The quartz is 
fractured and filled/cemented with Cu veinlets. On the edge of 
Cu, there are small pinch-outs. These textures might indicate 
Cu forming later than the quartz. Sample was assigned as float 
(found as one) but represents bedrock copper.
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Sample No. Petrography Image

MICA5 A float copper, largely covered by malachite, which is in turn 
covered by consolidated dirt. The malachite surface shows 
“sponge”-like texture.

MICA6 A chisel chip Cu, assumed to be chopped off in 1860-1880, and 
collected in 2013 from a rock pile. It is native Cu, coated by layered 
alteration of metallic gray minerals and malachite.

MICA7 A conglomerate, consisting of at least two types of clasts. It has a 
reddish appearance with apachite cementations.

MICA8 A sample with large, euhedral calcite crystals, growing on native 
Cu. The large calcite contains Cu and malachite inclusions. Native 
copper is covered by reddish alteration or malachite.

MICA9 A dendritic lake copper consisting of small, euhedral crystals 
of native copper. The surface of crystals is largely tanned with 
reddish color, locally covered by yellowish materials.

MICA10 A native copper vein crosscutting disseminated Cu sulfides. 
The voluminous sulfides in the host rock may provide potential 
environment for sulfidation of the copper vein.

Table 2. A summary of the intended analyses, and the actually performed analyses.

Sample Object
Intended analysis Added 

analysisMicro-
scopy

SEM 
(2D) XCT (3D)

Trace element (U)-Pb Cu Isotopes
LA Sol. LA Sol. LA XRF XRD

MICA1
corr.

x √ x √ x √
√√ x x √√ x x √√

Cu x x x x

MICA2 Cu x √ x √ x x x √ √√

MICA3
corr.

x √ x √ x √
x √ x x x √ x x x √ √√ √√

Cu x √ x x x √ √√ √√ √√

MICA4 Cu x √ x √ x √ x √ x x x x √√

MICA5 corr. x √ x √ √√ x x √√ x x √√ √√

MICA6
corr. x √ x √ √ x x x x √√

Cu x √ x x x x x x x x x √

MICA7 corr. x √ x √ x √ √√ x x √√ x x √√

MICA8 both x √ x √ x x x x

MICA9 both x √ x √ x x x x

MICA10 both x √ x √ x x x √√ x x x x x x √

corr.: corrosion products
“x” denotes intended analysis; “x” denotes undone analysis.
“√” denotes finished analysis.
“√√” denotes added analysis.

Table 1. Cont.
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3 SAMPLE PREPARATION

Depending on the analysis type, samples were 
cut, crushed, and polished. Sample contamina-
tion (mainly oxidation) were fully considered and 
avoided as much as possible during sample prepa-
ration (see Section 3.2). The presence of surface 
oxidation is exemplified by Figure 2, comparing 

the sample MICA3 before and after polishing with 
mineral separates extracted from the same sample 
(considered as fresh). The surface oxidation was 
likely induced due to exposure to air and moisture 
during storage and transport.

Fig. 2. Comparison of colors for MICA3 before and after polishing treatment (upper panel) with mineral separates 
(lower panel). It is evident that the surface color after polishing is notably different from that before polishing, 
and polishing reveals true colors and thus reflects true mineralogy of the sample. The images in the lower panel 
show mineral separates corresponding to observations from polished sample, from left to right, cuprite (mixed 
color of metallic gray and red), cuprite (red), nano Cu silicate (earthy brown), and malachite (green) (analyzed 
by XRD in Section 5.2).

Cutting the sample to a suitable size for loading 
in SEM and laser ablation cell is essential. The con-
ventional method of using a diamond blade to saw 
involves cooling by water. However, water could 
be a source of oxidation that may affect mineral 
stability, for instance conversion of cuprite (Cu2O) 
to tenorite (CuO). Hence, sample cutting was per-
formed in two ways to avoid the use of water as 
coolant: hand-sawing and oil-cooled cutting with 
a diamond blade. Both methods have negligible 
effect on the samples since no significant amounts 
of oxidants and little heat are introduced. The lat-
ter one is much faster whereas the former one has 
the advantage of preserving powders derived from 
cutting, which can be used for subsequent chemical 
analyses upon handpicking. Surface polishing was 

done by using alcohol-based polishing material.
Copper isotope measurements were made on 

native coppers of the MICA2 and MICA3 using frac-
tions micro-drilling. The drilling work was per-
formed with a conventional rotary drill mounted 
with a 1 mm diameter HSS steel drill bit (WÜRTH 
Spiralbohrer).

Part of the MICA3 sample containing corrosion 
minerals was crushed and hand-picked. Crushing 
was done with an iron crusher, which later turned 
out to scrape off iron splinters from the crusher. 
The scratching is probably related to the existence 
of silicate minerals (mainly quartz and feldspar as 
shown by XRD). A more proper crusher would have 
been agate mortar to avoid additional washing of 
the samples due to potential iron contamination.

63



Geological Survey of Finland, Open File Research Report 22/2023
Ismo Aaltonen, Theodore J. Bornhorst, Xuan Liu, Heini Reijonen and Timo Ruskeeniemi

4 METHODS

4.1 Optical microscopy

The prepared sample slabs were first examined and 
imaged with a binocular microscope and petro-
graphic microscope with reflected light at the Espoo 
Research Lab of GTK. The microscopic images were 

then used as a guide for subsequent imaging and 
analyses. Samples after polishing and laser ablation 
were imaged again with microscopes.

4.2 µ-XCT imaging

Micro-X-ray computed tomography (µ-XCT) imag-
ing was conducted with a GE phoenix v|tome|x s 
at the Espoo Research Lab of GTK prior to other 
analyses. The samples were scanned using the 240 
kV microfocus tube. At each angle, the detector 
waited for a single exposure time and then took 

an average over three exposures. No ring artifact 
reduction was used in reconstruction, except for 
sample MICA5. The settings are listed in Table 3. 
The Thermo Fisher Pergeos 2020.2 software was 
used to process and visualize the images.

Table 3. Scan settings used for the samples. ACC = accelerating voltage, CUR = tube current, POW = tube power, 
FILT = beam filter (copper), RES = image resolution, EXP = single exposure time, #PRO = number of projections, 
TOT = total scan time, BHC = beam hardening correction (range 0-10).

Sample MICA1 MICA3 MICA4 MICA5 MICA6 MICA7 MICA8 MICA9

ACC / kV 220 220 220 220 150 220 200 200

CUR / µA 900 510 182 100 50 900 175 120

POW / W 198 112.2 40.04 22 7.5 198 35 24

FILT / mm 1.5 2.0 2.0 1.0 1.0 2.0 0.5 0.5

RES / µm 100.04 71.88 33.55 20 7.39 100 30.3 23

EXP / ms 131 333 1000 1000 2000 200 500 500

#PRO 1500 2500 2500 2500 2300 2000 2500 2200

TOT / min 13 56 167 167 307 27 83 73

BHC 8 8 6 6 6 6 6 0

4.3 µ-XRF mapping

The X-ray fluorescence (µ-XRF) imaging was per-
formed on MICA3 to test study elemental patterns 
of major to minor elements in the native copper 
and the corrosion layers. The used instrument was 
a Bruker M4 Tornado plus housed at the Espoo 
Research Lab of GTK. The system has an Rh X-ray 
30-Watt anode target, two simul taneously operat-
ing 30mm2 XFlash® silicon drift detectors (SDD) 
with an energy resolution of <145 eV at 275 kcps 
(measured on MnKα) via beryllium windows and 
poly-capillary optics that can focus a beam spot 
size down to 20 µm. Scanning and sample navi-
gation is carried out via a motorized stage which 
moves the sample beneath the static X-ray beam.

All data acquisition was then performed in sepa-
rate runs using an accelerating voltage of 50 kV 

with a beam current of around 200 µA. The X-ray 
beam was focused on a 20 µm spot of the sample 
surface, which was sitting under 2 mbar vacuum 
within sample chamber. The pixel dwell time was 
3 ms/pixel to maximize the signal (which was 275 
kcps maximum).

The qualitative background-subtracted maps 
were generated using the Bruker M4 software. The 
elemental mapping produces 2-dimensional com-
positional maps by collecting an entire X-ray spec-
trum for each pixel in a grid. For a given element 
displayed on a map, the pixel intensity is propor-
tional to the intensity of the X-ray spectrum in the 
selected region of interest. By default, an element’s 
region of interest is centered on the elemental peak 
with the highest intensity at Kα line.
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4.4 SEM imaging and EDS mineral chemistry

Scanning electron microscope (SEM) was used for 
backscattered electrons imaging (BSE) and to ana-
lyze mineral chemistry by energy-dispersive spec-
trometer (EDS). The instrument is a Hitachi SU3900 
SEM equipped with an Oxford Instruments EDS-
spectrometer X-Max 20 mm2 (SDD) housed at the 
Espoo Research Lab of GTK. The instrument nor-
mally runs at a 20 kV acceleration voltage that pro-
duces 1 nA electron beam current with a dimension 
of around 1-3 µm. Low vacuum mode was used.

INCA software was used to determine the chemi-
cal composition of the samples. The quality of the 
EDS analyses is quantitated by normalization to 
100%. It should be noted that the results are semi-
quantitative. The phase identification is based on 
the numerical elemental composition. Exact iden-
tification of phases is not always possible based 
on the EDS data. Especially phases/minerals which 
contain C, OH- or H2O-groups, Be or lighter ele-
ments are difficult to reliably identify.

4.5 XRD crystallography

X-ray diffraction (XRD) analyses were performed 
with a Bruker D8 Discover (A25) powder diffrac-
tometer, equipped with LYNXEYE XE-T detector 
(semiconductor silicon strip in 1-D mode) at the 
Espoo Research Lab of GTK. X-ray tube (line focus) 
anode material is copper, and the utilized wave-
lengths are Cu Kα1 = 1.5406 Å, Cu Kα2 = 1.5444 Å, 
(Cu Kα average = 1.5418 Å), Cu Kβ contamination 
= 1.3922 Å.

The samples were handpicked mineral particles 
less than 1 mm in diameter. For XRD phase iden-
tification measurements, a few particles of each 
sample, less than 0.5 mg in total, were placed on 
sample preparation glass and crushed directly on 
the glass in ethanol suspension using a small agate 
pestle, and dried.

The X-ray powder diffractograms were meas-
ured for 0.5 hours from the 2θ range from 4 to 110° 
2Ө (CuKα) in continuous measurement mode 0.06° 
2Θ/s angular velocity, which divided into 6914 steps 
corresponds to 0.015 °2θ-steps with the measure-
ment time of 0.25 s/step. Primary optical path 
automatic diverges slits of 15 mm sample length 
and 2.5° soller slit. Secondary optical path contains 
a 2.5° soller slit and no filters.

Goniometer radius is 280 mm, motorized beam 
knife lifts from the sample surface during the 
measurement to prevent beam scattering by air at 
low 2Ө angles and to prevent beam shadowing by 
the knife at high 2Ө angles. The sample spinner 
was on, and the generator settings were 40 kV/ 
40 mA.

The relative humidity of the instrument cabin 
was recorded at the beginning of the measure-
ments, being 34% for all samples. The humidity 
of the sample somewhat affects the diffraction peak 

positions of hydrous phases like swelling clays. The 
room temperature was 22 °C.

The phase identification (qualitative analysis) 
was done using Bruker EVA 6.0 software and ICDD 
(International Centre for Diffraction Data, Powder 
Diffraction File) PDF-4 Minerals 2021 database that 
contains only naturally occurring inorganic crys-
talline phases (minerals). The diffraction data was 
treated using 1) background fitting and 2) slit sim-
ulation to fixed slits to compensate the enhanced 
peak intensities towards higher 2 Θ angles by the 
automatic slit measurement.

Diffractograms provide information on the crys-
tal structure of the sample material phases but not 
directly about their chemical composition. Because 
of this, substances with similar chemical composi-
tion but different structures can be distinguished, 
such as cuprite and tenorite. Furthermore, samples 
containing light elements such as carbon that are 
undetectable by electron microprobes can be iden-
tified robustly.

Diffraction peak broadening can be caused by 
very fine particle size (nm-scale, crystallite size), 
poor crystalline order (too fast or difficult crystal 
growth or metamict substance), or varying chemical 
composition (solid solution series, isomorphism) 
due to non-equilibrium conditions of crystalliza-
tion. Amorphous components cannot be identified, 
but their presence is visible in an increased back-
ground noise typically in d-spacing range 6-2.4 Å 
(maximum at ~4Å). In these samples, the amount 
of powdered material was very low, the amorphous 
background “hump” of the underlying preparation 
glass is very distinct. It does not prevent the phase 
identification of the diffraction peaks that appear 
on top of the high amorphous background.
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4.6 LA-ICP-MS trace elements

Trace element analyses of native copper, cuprite, 
nano Cu silicate, and malachite were performed 
using laser ablation inductively-coupled mass 
spectrometry (LA-ICP-MS). The instrument is a 
sector field single collector ICP-MS (AttoM, Nu 
Instruments Ltd., Wrexham, UK) coupled with 
an Excite 193nm ArF excimer laser-ablation sys-
tem (Photon Machines, San Diego, USA) housed 
at the Espoo Research Lab of GTK. Samples were 
ablated in He gas (gas flows = 0.4 and 0.1 l/min) 
within a HelEx two-volume ablation cell. The He 
aerosol was mixed with Ar (gas flow= 0.85-0.95 l/
min) prior entering the ICP. The gas mixture was 
optimized daily for maximum sensitivity. Copper 
metal and corrosion phases (oxides, Cu silicate, 
and malachite) react distinctively with laser beam. 
Consequently, different analytical conditions and 
calibration strategies were used to maximize the 
signal for optimal precision and accuracy.

For copper metals, a series of experiments were 
done to select optimal laser parameters. In those 
experiments, a standard material ERM-EB75B (a 
manufactured electrolytic copper doped with known 
contents of trace elements) were used for calibrat-
ing the unknowns. In total, 60 spot analyses were 
conducted with different laser fluence (from 2.17 J/
cm2 to 5.79 J/cm2), repetition rate (5 Hz, 10 Hz, 15 
Hz), and number of shots (200 shots, 400 shots, and 
600 shots). The data has been presented in the 2022 
Nordic Geological Winter Meeting (Liu et al. 2022). 
The laser conditions were tested against ablation pit 
morphology, ablation yield, lowest detection limit, 
analytical precision, and analytical accuracy. The 
general conclusion was that the higher fluence and 
repetition rate the better the results. The ablation at 
fluence lower than 4.35 J/cm2 turned out to be quite 
poor, which were consistent with previous studies 
(e.g., Bogaerts et al. 2003). Even though 5.79 J/cm2 
produced the best results, the laser gas degraded 
much faster with this high fluence, which precluded 
automated analyses with long sequences. Instead, 
4.35 J/cm2 offered a good compromise between data 

quality and laser gas lifetime. Therefore, the MICA 
native copper samples were measured with the fol-
lowing parameters: the laser energy was set to 60% 
of total 5 mJ and was focused on a 40 µm- circular 
spot, yielding a fluence of 4.35 J/cm2. The laser was 
run at a pulse frequency of 10 Hz for 400 shots, 
which gave a 40 s signal which was preceded with 
baseline measurement for 20 s. Standard material 
ERM-EB75B was used to tune the instrument. With 
the laser conditions described above, 208Pb gener-
ated about 2500 cps at 4.8 ppm Pb. During each 
analytical run, standard-sample-standard (SSB) 
technique was employed. ERM-EB75 was used for 
external calibration and also quality check. Data 
reduction was done with GLITTER 4.4.4 software, 
and 65Cu was used as the Internal Standard, assum-
ing 99.99 wt.%. The analytical precision (standard 
error) was 1-5% for transition metals, 10-30% for 
non-metals; analytical accuracy was 10-15% for 
transition metals, and 50-80% for non-metals.

For trace element measurements in cuprite, Cu 
silicates, and malachite, lower laser energy was 
used, 30% of total 5 mJ and a fluence of 2.17 J/
cm2. The laser was run at a pulse frequency of 5 
Hz for 200 shots. Each measurement was initi-
ated with a 20 second baseline measurement fol-
lowed by switching on the laser for 40 seconds for 
signal acquisition. Analyses were made using time 
resolved analysis (TRA) with continuous acqui-
sition of data for each point (generally following 
the scheme of primary standard, quality control 
standards, 10-20 unknowns). Data reduction was 
performed with GLITTER 4.4.4 software. NIST-
610 was used as primary reference material, and 
NIST-612 were used as quality control. The 65Cu 
isotope was used as the internal standard assum-
ing a stoichiometric value for cuprite, apachite, and 
malachite. For nano Cu silicate, 29Si was used as 
the internal standard, and values were measured 
by SEM-EDS. The analytical precision and accuracy 
were better than 10%.

4.7 LA-ICP-MS U-Pb dating

Determination of U-Pb and common Pb ages of 
cuprite, Cu silicate, and malachite were attempted 
to be analyzed by laser ablation inductively-coupled 
mass spectrometry (LA-ICP-MS). The same ana-
lytical setup at the Espoo Research Lab of GTK was 

used. The laser was operated with 30% of 5 mJ, a 
beam diameter of 25 μm, a pulse frequency of 5 Hz, 
and a beam energy density of 2.17 J/cm2 was used. 
Each measurement included a short pre-ablation, 
20 s of He flushing, 10 s of on-mass background 
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measurement, followed by 40 s of ablation with 
a stationary beam. The 235U isotope was calcu-
lated from the signal at mass 238 using a natural 
238U/235U=137.88. Mass number 204 was used as 
a monitor for common 204Pb. The contribution of 
204Hg from the plasma was eliminated by on-mass 
background measurement prior to each analysis. In 
an ICP-MS analysis, 204Hg mainly originates from 
the He supply. The observed background counting-
rate on mass 204 was 200-300 cps and has been 
stable at that level over the last years.

Calibration standard GJ-1 (609 ± 1 Ma; Belousova 
et al. 2006), in-house reference samples A382 (1877 
± 2 Ma, Huhma et al. 2012), and A1772 (2712 ± 2 
Ma, Huhma et al. 2012) were run at the beginning 
and end of each analytical session, and at regu-
lar intervals during sessions. Raw data were cor-
rected for the machine background, laser induced 

elemental fractionation, mass discrimination and 
drift in ion counter gains and reduced to U-Pb iso-
tope ratios by calibration to concordant reference 
zircons, using the GLITTER 4.4.4 software (Van 
Achterbergh et al. 2001). Further data reduction 
including common Pb lead correction and error 
propagation was performed using in-house Excel 
spreadsheets. Errors include measured within-run 
errors (SD) and quadratic addition of reproducibility 
of standard (SE). Estimated errors in the calibra-
tion standard GJ1 were: 0.2% for 207Pb/206Pb, and 
2% for both 206Pb/238U and 207Pb/235U. To minimize 
the effects of laser-induced down-hole elemental 
fractionation, the depth-to-diameter ratio of the 
ablation pit was kept low, and isotopically homo-
geneous segments of the time-resolved traces were 
calibrated against the corresponding time interval 
for each mass in the reference zircon.

4.8 MC-ICP-MS Cu isotopes by solution and laser ablation

Cu isotopes in copper metal in the samples MICA2 
and MICA3 were measured by multi-collector (MC)-
ICP-MS with both solution mode and/or laser abla-
tion mode. The cuprite, Cu silicate, and malachite 
were measured by MC- ICP-MS with laser ablation.

For solution analysis, about 1-10 mg drilled-out 
copper metal per sample was weighed (~0.4−12 mg) 
to 3 ml Teflon beaker. Samples were cleaned with 
pure alcohol (~0.7 ml) in ultrasonic bath for 15 min. 
After cleaning, alcohol was evaporated to dryness 
on hotplate at 120 °C. Sample was then dissolved 
in ultra clean HCl:HNO3 3:1 mixture (1 ml). Cap was 
closed and sample was dissolved on a hotplate at 
120 °C for 1−2 hours. Sample was evaporated at 
120 °C to dryness and dissolved in ultra clean 2% 
HNO3 (2 ml). Before the MC-ICP analyzation, sam-
ples were further diluted with ultra clean 2% HNO3 
to have Cu at 1 ppm. the first 2 ml solution were 
diluted 200−3000 times. All vessels and pipettes 
were acid cleaned.

Cu isotope analyses were performed at low reso-
lution and in static mode using a Nu Plasma HR 
MC-ICP-MS at the Espoo Research Lab of GTK. The 
standard solution NIST SRM 976 (65Cu/63Cu=0.4746) 
was used as the calibration standard and was 
reported using δ notion against this stand-
ard solution; ERM-AE647 (65Cu/63Cu=0.4456; 
δ65CuNIST976=0.2‰) was used as a quality control; 
standard nickel isotope solution NIST SRM 986 was 
aspired into the ICP simultaneously as an inter-
nal standard. Under these conditions, after a 90 s 

baseline, 240 s of sample acquisition the internal 
precision is 65Cu/63Cu ≤ ± 0.02‰ (1 SE).

For laser ablation analysis, Cu isotopes were 
measured using the same MC-ICP-MS coupled 
with a Photon Machine Analyte G2 laser micro-
probe. Samples were ablated in He gas (gas flows 
= 0.4 and 0.1 l/min) within a HelEx ablation cell 
(Müller et al. 2009). Cu isotopes were analyzed at 
low resolution. During the ablation, the data were 
collected in static mode (63Cu, 65Cu). Again, different 
laser parameters were used for copper metal and 
other minerals.

For copper metal, the optimal laser conditions 
were selected based on optimization experiments 
described in Section 4.5. The measurements were 
done manually, so no compromise was needed for 
automation. The laser was run with line mode 
at 90% of 5 mJ and 25-micron spot size, 6.5 J/
cm2 fluence, and 10 Hz repetition rate. ERM-EB75 
(the 65Cu/63Cu ratio is determined by solution 
MC-ICP-MS to be δ65CuNIST976=-0.1 ± 0.1‰, unpub-
lished data) was used as an external standard; 
ERM-EB74 (the 65Cu/63Cu ratio is determined by 
solution MC-ICP-MS to be δ65CuNIST976=-0.2 ± 0.1‰, 
unpublished data) was used as a quality control; 
standard nickel solution NIST SRM 986 was aspired 
into the ICP simultaneously as an internal standard. 
Results are reported as δ value compared to the 
NIST SRM 976 value.

For Cu oxide, silicate and malachite, a lower laser 
energy was used to achieve best ablation. The laser 
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was run at 20% of 5 mJ, a fluence of 1.45 J/cm2 
and 25 µm. The total Cu signal obtained for stand-
ards and samples was typically 1.0−1.5V. The CPY1 
standard was used for external standard bracketing 
and CPY2 for quality control (Lazarov & Horn 2015). 
Standard nickel solution NIST SRM 986 was aspired 
into the ICP simultaneously as an internal stand-

ard. Under these conditions, after a 20 s baseline, 
60−80 seconds of ablation was needed to obtain an 
internal precision of 65Cu/63Cu ≤ ± 0.00002 (1 SE). 
For the quality control standard CPY2 our meas-
ured δ65CuNIST976(‰) value is +0.25 ± 0.2 (n=18, 2σ) 
against the average value of +0.17 ± 0.02 (‰) from 
Lazarov and Horn (2015).

5 MAIN FINDINGS AND LIMITATIONS

5.1 2D and 3D geometry of corrosion

Knowledge of how corrosion phases and native 
copper are spatially related is useful for plan-
ning sample preparation, analytical locations as 
well as for understanding corrosion processes. 
In this test study, the geometry of the corrosions 
was investigated in two- and three- dimensions. 
2D observations were made primarily by reflected 
light microscope; 3D observations were made using 
µ-XCT.

The sample MICA3 (Fig. 3), which is a cut slab 
of a float copper piece (cut in a random direc-
tion) and has a peculiar corrosion pattern that is 
much more pervasive than on the other edges of 

the float sample, was investigated for the corro-
sion minerals in detail. Reflected light microscopy 
(note that the surface in this sample is unpolished) 
revealed complex geometry and internal structure 
of the corrosion zones. Viewed from 2D plan, the 
corrosion products formed two types of apparent 
geometries. Since the original float copper is not 
available, little conclusion can be made of the 3D 
geometry of the original strongly corroded area. 
Both emanating from the sample edge, the upper 
part of corrosion products is interconnected to form 
a “cob-web” geometry, with irregular “islands” of 
copper metal, whereas the lower part ones occur 

Fig. 3. Corrosion geometry viewed by reflected light microscope for one cross-section (as received in the sample).
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as discrete elongated channels and display less 
interconnectivity (Fig. 3a). Internally, these cor-
rosion zones display layer structures, transitioning 
from metallic blue cuprite next to copper metal, 
to reddish cuprite. These Cu oxide zones are best 
preserved in the channel structures (Fig. 3b) and 
are commonly disrupted by brownish nano-scale 
mixture of cuprite and clinochlorite in the “cob-
web” structure. Detailed mineralogy is described 
in the Section 5.2.

The observed structure is likely formed during 
a complex process of fluids interacting with native 
copper (likely prior to the float formation since the 
other surfaces of the sample show no pervasive 
alteration). However, the analysis shows that in 
2D we can distinguish minerals and relevant pat-
terns for further assessment of the corrosion pro-
cesses. The sample MICA3 is an important sample 
for recording the 3D setting of the sub-samples in 
any future sampling. However, MICA3 has a thick-
ness of about 1 cm, providing opportunity to look at 
corrosion geometry in a 3-D space, even if limited, 
comparing to the original float copper (Fig. 4). XCT 
3D imaging revealed a generally similar pattern as 
seen on the sample surface, but noticeable differ-
ences have been observed at different depths (along 
the y-axis) as exemplified by the yellow boxes in 
Figure 4. 

The main objective of the examination was to 
see what type of structures can be observed via XCT 
and if mineral phases are distinguishable. Similar 
imaging has been done for the other 7 samples as 
shown in the Figure 5 and Figure 6. Key observa-
tions for each sample are outlined below.

For MICA1 (Fig. 5a.1), silver grains are clearly 
distinguished from cuprite on the 3D surface (Fig. 
5a.3) and from copper host on the 2D section (Fig. 
5a.2) by their higher brightness. Similarly, thin 
layers of cuprite (<1 mm in thickness) coating on 
native copper are recognizable in the 2D section). 
Unfortunately, malachite, although optically seen 
in Figure 5a, did not show up properly in the XCT 
images due to the presence of beam hardening arte-
fact and high background.

For MICA4, a primary copper pinch-out struc-
ture (Fig. 5b.1) is vividly revealed in the 3D image 
(Fig. 5b.2). Copper metal is clearly distinguished 

from surrounding quartz fragments in the 2D sec-
tion (Fig. 5b, right). Some fake responses exist in 
the center of the copper block. Irregular boundary 
between copper and quartz is very clear.

For MICA5 (Fig. 5c.1), 3D imaging shows the 
topography of the sample, with a small degree 
of artefact (Fig. 5c.2). Similar to MICA1, cuprite 
is clearly distinguished from copper host, but its 
boundary with malachite is ambiguous due to fake 
responses and background.

For MICA6 (Fig. 6a.1), 3D imaging shows the 
topography of the sample, clearly revealing the dis-
tinction between the corrosion crust and underly-
ing native copper (Fig. 6a.2). The 2D section also 
shows low-density features (grains or voids) in the 
sample and provides a good tool for observing their 
orientation in the sample.

For MICA7 (Fig. 6b.1), 3D imaging shows the 
topography of the sample, clearly revealing the 
distinction between the green apachite and sur-
rounding red sedimentary clasts (Fig. 6b.2). The 2D 
section clearly shows apachite filling the interstitial 
space of the conglomerate (Fig. 6b.3). It also seems 
to indicate the presence of other phases (brightness 
higher than the host but lower than apachite), but 
this observation needs further confirmation due to 
presence of fake responses.

For MICA8 (Fig. 6c.1), 3D imaging shows the 
topography of the sample, and the distinction 
between malachite and copper, but it is not possi-
ble to clearly tell calcite apart from malachite (Fig. 
6c.2). However, the 2D section clearly shows calcite 
and surrounding copper can be distinguished, but 
malachite not (Fig. 6c.3).

For MICA9 (Fig. 6d.1), 3D imaging shows the 
topography of the sample, with some amounts of 
noises (Fig. 6d.3).

Clearly, the combination of 2D microscopic and 
3D XCT techniques are a useful tool for describ-
ing the geometry of copper corrosion minerals. 
Nonetheless, the peculiar nature of corrosion sam-
ples in terms of varieties of mineral phases, and 
very thin corrosion layers can be a challenge using 
XCT. This is especially true for low-density miner-
als like malachite. However, as a non-destructive 
method, XCT is seen useful to be used prior to 
applying destructive sub-sampling.
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Fig. 4. XCT 3D imaging (b, c) compared to an optical image (a) of the MICA3 sample. In the XCT 3D image (b), 
topography of native copper is clearly visible, and the areas with corrosion minerals are shown as “pits” and 
“holes”; the large batch of dark in the copper host is a result of beam hardening artefact and does not represent 
real density contrast. The XCT section (c) is a cross-section plan as denoted by the blue square in the 3D image. 
In this image, the corrosion minerals are represented by lower brightness than the copper host. Cuprite (gray) 
and Cu silicate (black) are also clearly distinguished.

Fig.  5. A compilation of photographs for the samples MICA1 (a. 1-3), MICA 4 (b. 1-3) and MICA 5 (c. 1-3) imaged 
by XCT. The images include an optical image, a 3D, and 2D cross section from XCT. Some detailed descriptions 
are provided in the main body of text. APc: apachite; Cc: calcite; Cu: native copper; Cup: cuprite; Mal: malachite; 
Qz: quartz; op: optical; XCT: X-ray computed tomography.

70



Geological Survey of Finland, Open File Research Report 22/2023 
Michigan International Copper Analogue (MICA) project – Phase I

Fig. 6. A compilation of photographs for the samples MICA 6 (a), MICA 7 (b), MICA 8 (c) and MICA 9 (d) imaged 
by XCT. The images include an optical image, a 3D, and 2D cross section from XCT. Some detailed descriptions 
are provided in the main body of text. APc: apachite; Cc: calcite; Cu: native copper; Cup: cuprite; Mal: malachite; 
Qz: quartz; op: optical; XCT: X-ray computed tomography.
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5.2 Mineralogy

In this test study, mineral phases related to native 
copper corrosion were first studied based on 
reflected light microscopy and SEM-EDS. This inte-
grated technique is effective for obtaining a rough 
idea about mineral species including native copper, 
native silver, copper oxides, and copper carbon-
ate, but appears insufficient to distinguish between 
different species of copper oxides and sometimes 
telling apart carbonates from silicates. This insuf-
ficiency stems from limitations of the instrument 
used. For instance, EDS spectroscopy is relatively 
insensitive to elements lighter than Na, including 
carbon and oxygen that are the major constituents 
of oxides and carbonates. Consequently, XRD was 
utilized as a complementary tool. The XRD results 

for malachite are later confirmed by LA-ICP-MS 
analyses.

Following the format from previous section, 
MICA3 is used as an example. As described in the 
Section 5.1, corrosion in the MICA3 exhibit four 
colors under reflected light. Metallic gray and red-
dish colored grains occur in the corrosion chan-
nels/volumes and “cob-webs” sitting in the native 
copper host (Fig. 7). Within these, brownish cor-
rosion minerals are observed, which show inter-
nal banding of dark and bright brown. The contact 
between metallic gray-reddish zone and brownish 
zone is transitional with respect to color and band-
ing (Fig. 7c). Both zones have also bright green 
corrosion products that appear younger than the 

Fig. 7. Microphotographs of the MICA3, showing structure, texture, optical properties of corrosion minerals. (a) A 
close-up view of hand specimen; (b) A close-up image showing mineralogical transition from Cu oxides (reddish 
and metallic gray) to banded Cu oxides (red) and banded brown corrosion; (c) A close-up view showing similar 
phenomenon to with (b) less brown corrosions); (d) A close-up view showing malachite invading the older two 
corrosions. It should be noted that Figure 8a was taken before polishing, the blueish color was tenorite formed 
via surface oxidation of cuprite. After polishing, the blueish color disappeared and turned into mixed metallic 
gray and green (also see elaborations in Section 3.1). Cu: native copper; Cup: cuprite; Mal: malachite; Na. sili: 
nano-mixture of cuprite and clinochlore.
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others two generations aforementioned (Fig. 7d). 
Based on these optical properties, these minerals 
were initially identified as cuprite (reddish), ten-
orite (metallic gray), and malachite (brownish and 
green).

The aforementioned mineralogical interpretation 
was tested with SEM-EDS for a semi-quantitation 
of chemical composition for the minerals of inter-
est. In total, 149 spot analyses were made within 
the two areas shown in Figures 7c, 7d, and Table 4 
(14 for copper, 27 for cuprite, 66 for nano Cu sili-
cate, 42 for malachite). EDS analyses suggest that 

the copper was nearly pure Cu, with no other ele-
ments being detected in the spectra. Even though 
no reliable information about the limit of detection 
(LOD) is available, it is safe to conclude no other 
elements were at content higher than 1 wt.%. It is 
worth mentioning that C and O was always present 
in the EDS spectra due to presence of small amount 
of air in the sample chamber. To reliably exclude 
these two elements, copper standard ERM-EB75b, 
which contains no C and O, was analyzed at the 
same time, which gave quite similar peak areas 
(150−200 for C) as copper in MICA3.

Table 4. Examples of major elements (in wt.%) in native copper in MICA3 and EB75 copper standard analyzed 
by SEM-EDS.

Sample Spectrum C O Cu Total

MICA3
Figure 7a 1 6.15 3.43 90 100

Figure 7c 1 3.03 0.720 96 100

ERM-EB75B

1 6.86 b.d.l. 93 100

2 10.4 1.43 88 100

3 8.24 b.d.l. 92 100

b.d.l.: below detection limit. Note that the data selected here are for illustrative purpose.

Under BSE imagery, cuprite shows lower bright-
ness than copper (Fig. 8a,c,d,e). After excluding 
C signal, EDS spot analyses of cuprite yielded an 
average of 84 ± 6 wt.% (1sd; n=27) of Cu and 16 
± 7 wt.% (1sd; n=27) of O. This chemical com-
position only slightly deviated from stoichiomet-
ric values (89 wt.% for Cu; 11 wt.% for O) but is 
apparently higher than tenorite (80 wt.% for Cu; 
20 wt.% for O). These chemical analyses support 
the possibility of using EDS to identify cuprite, but 
it is recommended that other features (mineral 
color, XRD spectrum) should be combined to be 
fully conclusive..

Under BSE imagery, the unzoned reddish phases 
exhibit slightly lower brightness than cuprite (Fig. 
8a). EDS analyses show an average of 60 ± 10 wt.% 
(1sd; n=24) of Cu and 29 ± 8 wt.% (1sd; n=24) of 
O, with about 5 wt.% Si, 3 wt.% Fe, 1 wt.% Al, and 
minor amounts of Mg, K, Ti. Chemical analyses 
alone cannot identify this mineral species.

Under BSE imagery, the banded brownish phases 
(Fig. 7a,c) appeared as dark (Fig. 8a,b,e,f). EDS 
analyses indicate that they contain an average of 
12 ± 8 wt.% (1sd; n=39) of Cu, 14 ± 3 wt.% (1sd; 
n=39) of Si, 12 ± 9 wt.% (1sd; n=39) of Fe, 4 ± 1 
wt.% (1sd; n=39) of Al, 1.3 ± 0.7 wt.% (1sd; n=39) 
of K, 1.2 ± 0.9 wt.% (1sd; n=39) of Mg, and minor 
amounts of Ti. Within these phases, there exist 
heterogeneous bands differing in BSE brightness 
(Fig. 8f). Both phases show similar Cu content 
(about 12 wt.%) but differ in Fe-Mg and Si-Al-K 
contents. The brighter zone contains higher Fe (26 
wt.% vs. 18 wt.%) and Mg (1.3 wt.% vs. 1.0 wt.%), 
but lower Si (11 wt.% vs. 16 wt.%), Al (2.8 wt.% vs. 
3.8 wt.%), and K (0.7 wt.% vs. 1.7 wt.%). Similar to 
the reddish phase, it was not possible to assign this 
chemical composition to any known mineral spe-
cies. However, XRD showed that this phase is not 
a single mineral but rather a nano-scale mixture 
of cuprite and clinochlore.
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Fig. 8. BSE images of the MICA3. Areas of imaging are shown in Figure 8. The circled crosses represent loca-
tions of EDS spot analysis; the numbering beside can be found in the annexed original data file. Analyses on 
native copper (a.1 and c.1) are specifically shown in the Table 4. The holes in the images are laser ablation pits 
for trace element and U-Pb dating. Details about BSE feature, mineral species discussion and EDS chemical 
results are described in the relevant texts. Please note that the size of the circled crosses is much larger than the 
electron beam size (1−3 µm). Cu: native copper; Cup: cuprite; Mal: malachite; Na. sili: nano-mixture of cuprite 
and clinochlore.
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The greenish minerals (Figs. 7d, 8d) are charac-
terized by increased signal of carbon compared to 
other mineral phases. Considering the low sensitiv-
ity of EDS on C, elemental quantification is not used 
for further discussion. In the EDS spectrum, Cu was 
detected as a major component subordinated by Si, 
C, and O. XRD analyses detected malachite as the 
only possible candidate for this mineral.

These chemical patterns observed in EDS point 
analysis were further confirmed by µ-XRF element 

mapping (Fig. 9). Furthermore, µ-XRF scanning 
suggested that these local patterns consistently 
showed up in a larger scale. This means that EDS 
and µ-XRF are complementary with the respect 
of capability of spatial coverage. µ-XRF should be 
considered as a tool for an initial quick screening 
of samples.

Fig. 9. µ-XRF imaging of the MICA3. The image in the upper left corner was taken with reflected light, and the 
remaining ones are elemental maps based on sample’s fluorescence response to X-ray radiation. In general, 
the elemental patterns are consistent with what have been revealed by EDS analyses, but µ-XRF is capable of 
scanning larger areas in a much shorter time.

Mineral phases in the MICA3 were further 
invested by XRD, especially the reddish and brown 
phases whose chemical compositions do not point 
to any known mineral species. About 100 grams of 
fragment were cut from the sample, followed by 
crushing and hand-picking. The hand-picking was 
done in an exhaustive way to recover all types of 
minerals based on their optical properties such as 

color, luster, transparency, and crystalline habit. 
In total, four types of minerals were recovered as 
shown in the Figures 2 and 10.

The results suggest that both the metallic gray 
and reddish phases are cuprite, with a small amount 
of malachite present in the metallic gray grains 
(Fig. 10a). No tenorite peaks have been identified, 
and thus they may not be present in the samples. 
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The reddish phases containing 50−60 wt.% Cu do 
not represent unknown minerals, but rather rep-
resent mixtures of cuprite and another phase. The 
presence of Si, Fe, and Al suggests that this phase 
is most likely a cuprite-clinochlore nano-mixture.

Regarding the brown phases, XRD analyses sug-
gest that they do not represent unknown mineral, 
either. Instead, the peaks in the XRD spectrum (Fig. 

10a) correspond to a mixture of cuprite and clino-
chlore. Since the analyzed grains were powdered 
down to µm-size, it is sensible to infer that the 
mixtures were at nm-scale. This interpretation can 
explain the chemical compositions revealed by EDS 
and µ-XRF.

Lastly, the green phases are confirmed by XRD 
to be malachite.

Fig. 10. XRD spectra for mineral separates from the MICA3 sample. (a) Three spectra obtained on metallic gray, red, 
and brown phases; (b) One spectrum obtained on green phase. Peaks of the spectrum gives the crystallographic 
information pointing to specific mineral. In (a), the metallic gray particle produced peaks that are indicative of 
cuprite, native copper, and malachite; the red phase produced peaks of cuprite; the brown phase produce peaks 
that are designated to cuprite and clinochlore. In (b), the green phase produced various peaks that correspond to 
malachite, quartz, sanidine, and cuprite. The inset images are the four types of minerals hand-picked from the 
sample. They are believed to represent the whole mineral species presented in the sample. More details about 
the sample petrography and elaborations of the XRD results are described in the main text.
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Another five samples were studied with the same 
methodology. The main findings are described 
below.

In MICA11, 50 spot SEM-EDS analyses have been 
made. The chemical results have revealed three 
types of minerals, including native silver, cuprite, 
and malachite. These minerals are identifiable with 
hand specimen and microscope (Fig. 11a,b). Under 

BSE, native silvers showed the highest brightness 
(Fig. 11c), and EDS analyses indicate that they con-
tain around 94 ± 2 wt.% Ag (1sd; n=15) with 6 ± 
2 wt.% Cu. Cuprite showed lower brightness (Fig. 
11d) and contained 81 ± 4 wt.% Cu (1sd; n=28). 
Malachite showed up dark in BSE images (Fig. 11d), 
and EDS picked up deviated Cu contents (45−60 
wt.%) due to inefficiency in analyzing carbon.

Fig. 11. Images of MICA11 taken with optical camera (a), a reflected microscope (b) and SEM (c-d). Malachite is 
seen overlying cuprite, and silver pinches out from the sample surface. These minerals are confirmed by EDS 
analyses.

The MICA5 was fully covered by a greenish crust 
(Fig. 12a). Optical observation on polished surface 
implied that there existed another layer of cuprite 
in contact to native copper (Fig. 12b,c). The green-
ish crust was tested with XRD, showing spectra 
corresponding to malachite (Fig. 12d).

In MICA6, 84 spot SEM-EDS analyses have been 
made. The green minerals on the surface showed 
intermediate brightness under BSE (Fig. 13b,c), 

and EDS analysis revealed chemical compositions 
close to malachite, with 40−50 wt.% Cu, 10−20 
wt.% C, and 30−50 wt.% O. The reddish miner-
als underneath malachite showed high brightness 
under BSE (Fig. 13b,c), and EDS analyses yielded 
chemical composition similar to cuprite (90 wt.% 
Cu; 10 wt.% O). Apart from these, quartz has been 
identified as well, showing a dark BSE (Fig. 13c).
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Fig. 12. Images of MICA5 taken with optical camera (a), reflected light microscopes (b, c), and XRD (d).

Fig. 13. Images of MICA6 taken with reflected light microscope (a) and SEM-BSE (b-c). Malachite is seen over-
lying cuprite, and silver pinches out from the sample surface through the alteration layer. These minerals are 
confirmed by EDS analyses. Quartz is identified.

In MICA7, a blue mineral grows in the intersti-
tial space between conglomerate clasts (Fig. 14a,b). 
SEM-EDS analyses revealed highly consistent Cu, Si 
and slightly variable Al. Sixteen analyses revealed 
31 ± 2 wt.% (1sd) Cu, 21 ± 0.4 wt.% (1sd) Si, 47 ± 
3 wt.% (1sd) O, and variable Al (0−0.6 wt.%). The 

composition is most close to that of apachite (37.8 
wt.% Cu; 18.5 wt.% Si; 42.2 wt.% O; 1.5 wt.% H). 
Chrysocolla (33.9 wt.% Cu; 17.1 wt.% Si; 45.1 wt.% 
O; 2.1 wt.% Al; 1.9 wt.% H) is less likely since Al in 
the sample is too low.

Fig. 14. Images of MICA7 taken with optical camera (a), reflected light microscope (b) and SEM-BSE (c). Apachite 
is suggested by SEM-EDS analyses.
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MICA10 is a special sample with native copper 
veinlets crosscutting stratabound chalcocite (Cu2S) 
hosted by black shale (Fig. 14a). It is expected that 
this type of sample might contain copper corrosion 

involving sulfidation. Under reflected light micro-
scope, most native copper remains optically unal-
tered (Fig. 15b) except in several smaller veinlets 
Cu oxides can be seen (Fig. 15c).

Fig. 15. Images of MICA10 taken with optical camera (a, d), reflected light microscope (b-c), and SEM-BSE (e). 
Optically, the sample contained Cu oxides hosted in chalcocite stratabounds (c); EDS analyses revealed sulfur in 
the copper, but the sulfur state is unknown.

Eighteen SEM-BSE-EDS analyses on native 
copper suggest the presence of sulfur. Under BSE, 
the copper displayed patchy texture (Fig. 15e). 
Compared to bright part that is nearly pure cop-
per, EDS analyses revealed that the darker patches 
(Fig. 15e) may contain 5−20 wt.% sulfur in addition 
to Cu (80−90 wt.%) and O (5−10 wt.%) (Table 5). 
The O signal intensity (peak areas) were similar to 

copper standard (ERM-EB75b); therefore, it is quite 
likely that O does not exist in significant amount 
in the analyzed sample. However, the composi-
tion is far from any type of Cu sulfide and sulfur 
bearing patches are disseminated throughout the 
native copper. Currently it is not possible to know 
the state of sulfur in this analyzed sample.

Table 5. Major elements (in wt.%) in native copper in MICA10 analyzed by SEM-EDS.

Spectrum O Al Si S Cu Total

1 Figure 15e 1 7.67 b.d.l. 1.40 9.33 82 100

2 Figure 15e 2 6.57 b.d.l. 1.39 b.d.l. 92 100

3 Figure 15e 3 7.20 1.26 1.17 18.23 72 100

4 Figure 15e 4 8.77 b.d.l. 2.63 4.36 84 100

b.d.l.: below detection limit.
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As to analytical methods, it can be concluded that 
a combination of microscopy, SEM-BSE-EDS, and 
XRD is effective in revealing corrosion mineralogy 
to the greatest extent. Nevertheless, there are still 
limitations, such as in X-ray spectroscopy (EDS, 
µ-XRF, EMPA) due to the inefficiency of detect-
ing light elements such as C, O, H, etc., which are 

common in corrosion minerals. Power XRD (this 
test study) can bypass the problem by probing into 
crystal structure, but meaningful studies could be 
affected by sampling bias. Inasmuch, other methods 
should be taken into consideration, such as LIBS, 
in-situ XRD, Raman, and infrared spectroscopy.

5.3 Trace element geochemistry

Understanding the trace elemental features in the 
native copper and various corrosion minerals are 
beneficial in several aspects. It provides a base-
line for comparing copper host and its corrosion 
minerals. A good knowledge of element mobility 
and partitioning behavior can be helpful in study-
ing corrosion conditions and processes. Insights 
into elemental patterns (content, zonation, etc.) 
is also essential information to adequately char-
acterize the starting material and can potentially 
help decipher corrosion mechanisms, for instance, 
corrosion along element zonings. In addition, a 
good understanding of the trace elements in the 
corrosion mineral (and potentially copper host) 
can provide valuable information for subsequent 
isotope studies.

The following sections are devoted to describ-
ing trace element patterns within the minerals 
observed in this test study including native cop-
per, cuprite, Cu silicate (nano-silicate and apachite 
included), and malachite.

5.3.1 Native copper

Overall, 80 measurements have been made on 5 
samples, including MICA2, MICA3, MICA4, MICA5, 
and MICA10 (Fig. 16, Table 6). In general, these 
native copper samples contain detectable amounts 
of Si, Ti, Fe, Ni, Zn, As, Se, Ag and Pb. The con-
tents typically vary between samples in a signifi-
cant manner.

Silver is a relatively less variable element that 
constantly occurs at a significant level. Therefore, 

it is used as a reference element in bivariate plots.
The analyzed copper samples are characterized 

by significant amounts of silver, which is in accord-
ance with previous studies (see Section 4.4 in the 
main report). MICA2 copper has the lowest aver-
aged Ag content (18.5 ± 24.1 ppm). MICA3 (109 ± 
34 ppm), MICA4 (208 ± 24 ppm), and MICA10 (82 ± 
8 ppm) have similar Ag contents, while MICA5 has 
the highest Ag (273 ± 41 ppm). All samples con-
tain Ti (1−9 ppm), Fe (6−18 ppm), Ni (2−10 ppm), 
Zn (2−8 ppm), As (4−13 ppm), Se (1−9 ppm), and 
Pb (0−3 ppm) (Fig. 16b-h), which is not typically 
detected in Keweenaw Peninsula native copper (see 
Section 4.4 in the main report). It is worth noting 
that MICA10 contains exceptionally high As (4738 ± 
2601 ppm); MICA3 contains higher Pb (10.6 ± 15.2 
ppm) as generally observed in Keweenaw Peninsula 
native coppers, with large variations in concentra-
tions (see Section 4.4 in the main report). On the 
Si-Ag and Pb-Ag plots (as an example) (Fig. 17a,b), 
different samples can clearly be distinguished. 

An analytical traverse in MICA3 revealed vari-
ations in Ag and Pb (Fig. 18). The laser measure-
ments are located along a traverse with increasing 
distance to the boundary of a corrosion rim and 
copper host (from #16 to #29). Results show a 
variation in Ag content with an increasing start, 
decreasing middle and a flat-out end (Fig. 18). A 
similar pattern is also seen in Pb. On a bivariate 
plot, there is a correlation between Pg and Ag with 
two outliers (Fig. 17).
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Fig. 16. Images of native copper samples analyzed for trace elements by LA-ICP-MS.

Table 6. Trace element  contents (ppm) in the native copper analyzed by LA-ICP-MS.

Sample Spot Be Si S Ti Cr Mn Fe Co Ni Zn As Se Ag Cd Pb

MICA2 1 b.d.l. 28.6 53.0 6.59 5.26 b.d.l. 12.5 b.d.l. b.d.l. 5.44 23.6 19.4 0.680 11.1

2 0.750 0.84 b.d.l. 1.87 1.25 b.d.l. 17.1 b.d.l. b.d.l. 1.05 8.66 b.d.l. 23.8 b.d.l. 0.137

3 0.740 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 10.4 1.75 0.330 3.49 b.d.l. b.d.l. 15.6 0.256 0.0370

4 1.75 2.84 21.0 b.d.l. b.d.l. 1.18 4.6 b.d.l. b.d.l. 2.98 16.7 b.d.l. 22.9 b.d.l. 0.0860

5 1.88 b.d.l. 29.6 4.99 2.09 0.9 10.9 b.d.l. 0.760 b.d.l. b.d.l. b.d.l. 15.3 0.440 b.d.l.

6 1.02 0.62 39.4 7.65 b.d.l. b.d.l. 5.02 b.d.l. b.d.l. 4.79 b.d.l. b.d.l. 13.7 0.670 b.d.l.

7 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 9.40 b.d.l. 0.240 b.d.l. b.d.l. b.d.l. 13.5 b.d.l. 0.155

8 b.d.l. 1.00 38.6 b.d.l. b.d.l. 0.42 6.04 b.d.l. b.d.l. 2.81 11.5 5.76 16.8 b.d.l. 0.0400

9 2.06 1.52 22.2 b.d.l. b.d.l. b.d.l. 13.9 0.910 3.96 3.98 b.d.l. b.d.l. 12.0 b.d.l. b.d.l.

10 0.94 b.d.l. 28.2 b.d.l. b.d.l. b.d.l. 6.41 b.d.l. 1.10 2.45 b.d.l. 2.94 10.3 b.d.l. b.d.l.

11 0.610 b.d.l. 24.3 b.d.l. 0.260 b.d.l. 8.32 b.d.l. 2.39 1.53 b.d.l. b.d.l. 11.2 b.d.l. b.d.l.

12 0.870 b.d.l. 26.2 b.d.l. 1.23 2.51 5.38 2.86 b.d.l. 5.17 16.8 b.d.l. 14.2 0.560 0.0430

13 0.970 3.15 35.3 b.d.l. 1.6 b.d.l. b.d.l. 2.80 0.0500 b.d.l. b.d.l. b.d.l. 18.8 b.d.l. b.d.l.

14 0.590 2.64 51.5 2.69 0.790 b.d.l. 6.96 b.d.l. 2.95 1.50 4.00 3.73 14.1 b.d.l. 0.0520

15 0.770 3.08 41.4 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 3.87 6.17 1.03 12.0 b.d.l. 0.124

16 b.d.l. b.d.l. 32.3 4.72 0.970 1.77 7.16 2.61 2.99 5.42 4.09 4.77 10.7 0.265 0.222

17 0.650 b.d.l. b.d.l. b.d.l. 1.09 1.8 4.28 50.9 0.680 b.d.l. b.d.l. b.d.l. 14.9 b.d.l. b.d.l.

18 b.d.l. 2.8 37.4 b.d.l. b.d.l. b.d.l. 9.86 b.d.l. b.d.l. b.d.l. b.d.l. 3.51 11.7 0.530 0.0390

19 1.28 b.d.l. 28.3 b.d.l. 1.59 b.d.l. 4.89 119 b.d.l. 6.66 20.1 b.d.l. 16.3 0.350 0.197

20 0.420 3.89 43.9 b.d.l. 0.380 2.11 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 13.8 b.d.l. b.d.l.

21 0.730 2.88 23.6 b.d.l. b.d.l. b.d.l. 7.01 2.20 4.45 b.d.l. b.d.l. b.d.l. 14.7 b.d.l. 0.0940

22 0.990 b.d.l. 3.61 b.d.l. b.d.l. b.d.l. 12.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 15.0 b.d.l. 0.0620

23 b.d.l. b.d.l. 6.23 b.d.l. b.d.l. b.d.l. 5.32 b.d.l. 2.86 2.58 b.d.l. b.d.l. 14.0 b.d.l. 0.444

24 0.440 1.07 16.9 5.35 0.690 0.55 6.89 4.03 3.13 1.24 9.77 3.76 12.5 b.d.l. 0.108
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Sample Spot Be Si S Ti Cr Mn Fe Co Ni Zn As Se Ag Cd Pb

25 b.d.l. 2.66 b.d.l. b.d.l. 0.370 b.d.l. 10.3 b.d.l. b.d.l. b.d.l. b.d.l. 1.04 14.1 0.720 0.144

26 b.d.l. 4.28 b.d.l. 3.05 b.d.l. b.d.l. 5.97 2.38 5.45 b.d.l. b.d.l. 1.56 11.0 b.d.l. b.d.l.

27 0.810 b.d.l. 22.8 b.d.l. b.d.l. 3.06 3.33 b.d.l. b.d.l. 2.97 b.d.l. 4.33 10.6 b.d.l. 0.0800

28 b.d.l. b.d.l. b.d.l. 3.74 0.810 b.d.l. 8.45 b.d.l. 4.75 b.d.l. b.d.l. b.d.l. 12.6 b.d.l. b.d.l.

29 0.340 b.d.l. b.d.l. 4.49 b.d.l. b.d.l. 16.4 1.23 3.35 b.d.l. b.d.l. b.d.l. 13.7 b.d.l. b.d.l.

30 b.d.l. b.d.l. 25.1 b.d.l. b.d.l. b.d.l. 6.72 2.47 4.48 b.d.l. b.d.l. b.d.l. 14.6 b.d.l. b.d.l.

31 0.350 b.d.l. 13.1 b.d.l. b.d.l. 1.66 1.70 b.d.l. 2.20 0.590 b.d.l. 1.71 10.9 0.145 0.0340

MICA3 1 b.d.l. 1.72 27.5 b.d.l. b.d.l. 0.31 9.27 1.54 b.d.l. 4.50 5.52 3.46 105 b.d.l. 16.2

2 1.26 16.4 39.0 3.36 0.540 4.13 5.7 b.d.l. b.d.l. 5.38 23.3 3.53 121 b.d.l. 4.72

3 b.d.l. 17.7 8.91 4.5 0.680 3.21 11.3 b.d.l. 0.50 2.00 b.d.l. b.d.l. 140 b.d.l. 4.20

4 b.d.l. 17.5 28.9 6.97 b.d.l. 5.52 6.21 2.90 b.d.l. 4.14 26.8 0.420 85.5 b.d.l. 42.1

5 b.d.l. 12.7 40.9 10.8 b.d.l. 0.57 10.1 2.60 b.d.l. 3.43 12.9 0.870 93.5 0.0890 5.79

6 b.d.l. 22.2 11.4 4.04 b.d.l. 3.62 2.09 b.d.l. 1.19 1.03 4.83 b.d.l. 115 0.238 73.7

7 b.d.l. 9.53 35.5 b.d.l. b.d.l. 3.27 4.26 3.22 0.940 3.10 b.d.l. b.d.l. 110 0.168 4.61

8 b.d.l. 4.04 6.95 5.77 b.d.l. 2.13 10.4 0.770 b.d.l. 5.99 b.d.l. 2.41 105 b.d.l. 8.02

9 1.16 13.5 24.8 b.d.l. b.d.l. 2.21 9.91 b.d.l. b.d.l. 0.980 b.d.l. 1.40 134 b.d.l. 6.24

10 b.d.l. 7.98 36.1 4.22 b.d.l. 1.31 5.27 b.d.l. 3.66 3.80 b.d.l. 6.83 107 0.165 2.03

11 b.d.l. 9.22 47.6 b.d.l. 1.06 1.3 1.83 1.49 b.d.l. 2.49 9.97 1.04 101 b.d.l. 2.04

12 1.49 5.47 37.9 6.88 2.30 2.99 8.74 b.d.l. b.d.l. 3.91 12.5 b.d.l. 121 0.290 2.72

13 b.d.l. 8.51 23.2 b.d.l. b.d.l. 1.95 b.d.l. 1.59 0.570 b.d.l. b.d.l. 0.88 64.7 0.108 0.820

14 b.d.l. 75.0 b.d.l. b.d.l. b.d.l. 1.58 12.9 0.730 2.74 1.45 b.d.l. 1.32 57.1 0.111 5.29

15 0.620 12.8 26.6 3.63 0.540 3.52 4.08 2.35 0.870 8.95 b.d.l. 10.2 109 0.650 2.91

16 0.840 33.8 7.82 6.71 b.d.l. 1.66 3.86 3.06 b.d.l. 1.40 28.2 b.d.l. 228 b.d.l. 3.68

17 0.230 67.7 19.6 b.d.l. 1.06 0.59 2.66 0.990 b.d.l. 5.05 6.14 b.d.l. 89.2 b.d.l. 12.7

18 b.d.l. 19.4 46.4 3.83 0.680 3.26 2.51 b.d.l. 1.87 4.21 3.65 3.01 97.5 b.d.l. 15.6

19 b.d.l. 37.6 10.5 1.44 0.510 2.59 6.27 1.70 b.d.l. 13.8 6.46 0.610 102 0.164 3.27

20 b.d.l. 20.0 b.d.l. b.d.l. 1.92 1.96 30.6 8.39 2.94 b.d.l. 18.1 4.26 159 0.340 26.4

21 b.d.l. 25.2 17.5 7.80 b.d.l. 1.77 12.6 b.d.l. b.d.l. 4.42 18.7 5.45 152 0.510 15.7

22 b.d.l. 21.3 7.7 b.d.l. b.d.l. b.d.l. 4.00 b.d.l. 0.340 3.95 26.6 7.81 55.9 b.d.l. 3.02

23 b.d.l. 27.2 42.5 b.d.l. b.d.l. b.d.l. 5.06 b.d.l. b.d.l. b.d.l. 7.11 b.d.l. 72.4 b.d.l. 8.16

24 b.d.l. 32.7 131 3.25 b.d.l. b.d.l. 19.6 b.d.l. 8.37 9.12 23.6 b.d.l. 77.5 0.910 2.54

25 b.d.l. 25.8 b.d.l. 2.21 2.43 3.63 14.3 b.d.l. 2.08 2.68 b.d.l. b.d.l. 118 b.d.l. 2.30

26 b.d.l. 15.8 b.d.l. b.d.l. 2.19 b.d.l. 6.86 b.d.l. b.d.l. 2.03 b.d.l. b.d.l. 102 0.193 11.69

1-1 b.d.l. 14.4 39.6 b.d.l. 1.02 2.94 5.29 b.d.l. 4.39 2.27 30.5 b.d.l. 121 b.d.l. 0.0510

2-1 b.d.l. 13.3 b.d.l. 6.80 b.d.l. 1.47 2.41 0.94 3.40 b.d.l. 5.91 b.d.l. 121 b.d.l. b.d.l.

MICA4 6 b.d.l. b.d.l. b.d.l. 0.210 b.d.l. b.d.l. 8.72 0.800 2.53 3.06 b.d.l. b.d.l. 449 0.360 0.0540

7 1.28 2.01 66.8 8.88 16.7 1.49 7.87 b.d.l. 1.93 1.58 b.d.l. 2.56 133 b.d.l. 0.0750

8 b.d.l. b.d.l. 0.410 b.d.l. 110.98 0.71 4.04 b.d.l. b.d.l. 1.46 b.d.l. b.d.l. 127 b.d.l. 0.127

9 0.860 b.d.l. 4.43 b.d.l. b.d.l. 1.67 11.3 b.d.l. 4.24 1.72 b.d.l. 0.670 178 b.d.l. 0.0950

10 b.d.l. 3.39 31.0 25.9 243 0.05 9.41 b.d.l. 7.62 3.02 13.7 b.d.l. 234 b.d.l. 0.134

11 0.480 b.d.l. b.d.l. b.d.l. 85.6 b.d.l. 12.3 b.d.l. 30.7 3.39 b.d.l. b.d.l. 172 b.d.l. 0.0630

Table 6. Cont.
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12 b.d.l. b.d.l. b.d.l. b.d.l. 32.5 0.83 11.3 0.790 b.d.l. 2.79 b.d.l. 0.180 201 b.d.l. 0.0430

13 b.d.l. 1.55 36.6 6.61 12.0 b.d.l. 13.6 b.d.l. b.d.l. 0.380 0.210 b.d.l. 168 b.d.l. 0.0720

14 b.d.l. b.d.l. b.d.l. 5.73 b.d.l. b.d.l. 10.7 b.d.l. 5.02 3.55 b.d.l. b.d.l. 181 b.d.l. b.d.l.

15 b.d.l. 6.72 37.5 b.d.l. b.d.l. 1.19 3.06 b.d.l. 4.68 3.44 b.d.l. 3.21 246 b.d.l. b.d.l.

MICA5 16 b.d.l. 0.92 18.7 b.d.l. b.d.l. 1.47 29.3 b.d.l. b.d.l. 3.05 b.d.l. b.d.l. 263 b.d.l. b.d.l.

17 b.d.l. 1.81 b.d.l. b.d.l. b.d.l. 0.93 18.7 b.d.l. 11.7 2.86 b.d.l. 0.480 249 b.d.l. b.d.l.

18 0.780 b.d.l. 8.99 2.05 b.d.l. b.d.l. 18.7 1.80 b.d.l. 1.89 b.d.l. 0.620 211 b.d.l. 0.0630

21 b.d.l. 19.1 141 b.d.l. 21.7 2.02 51.5 12.9 b.d.l. 1.33 1.02 3.42 269 b.d.l. b.d.l.

MICA10 1 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 22.1 30.1 6.56 25.9 2226 13.3 76.9 b.d.l. 2.66

2 b.d.l. b.d.l. b.d.l. b.d.l. 5.78 b.d.l. 5.59 b.d.l. 0.970 b.d.l. 3257 b.d.l. 71.9 0.259 b.d.l.

3 b.d.l. b.d.l. 21.7 1.46 b.d.l. b.d.l. 4.09 b.d.l. 3.10 3.42 4433 b.d.l. 79.9 0.208 0.157

4 b.d.l. b.d.l. 40.9 b.d.l. b.d.l. b.d.l. 13.8 8.62 3.39 10.9 9036 b.d.l. 95.9 0.117 0.490

5 1.05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 3.84 0.370 2.00 1.66 b.d.l. 11.0 84.2 b.d.l. 0.079

b.d.l.: below detection limit. Note that Cu was used as an Internal Standard for calibration. The value was assumed to be 99.98% according 
to EDS analyses.

Fig. 17. Si and Pb versus Ag plots of native copper samples.

Table 6. Cont.

Fig. 18. A traverse of Ag and Pb in the MICA3, immediately next to a corrosion zone. See the text for description 
and discussion.
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5.3.2 Cuprite

Overall, twenty-three spot analyses were made for 
three samples (Fig. 19, Table 7). With the phase 
change from copper metal (99.98% Cu) to cuprite, 
Cu decreases by about 10%, while O increases by 
10%. Apart from these two elements, many other 
elements were detected in cuprites. Alkaline (Na, 
K), earth alkali (Mg), semi-metals (Al, Pb), transi-
tion metals (Ti, V, Cr, Fe, Zn), non-metals (Si, P, S, 
As), and actinides (Th, U) are in particularly high 
amounts (Fig. 20).

The most remarkable difference between cuprite 
and copper metal is that the former one is more 
enriched in all the trace elements to some extent, 

particularly alkaline and alkaline earth metals 
Figure. This is probably due to the change of crys-
tal structure from metal to oxide, increasing the 
capacity for elemental substitution. On a bivari-
ate plot against Si, it is apparent that alkaline and 
alkaline earth metals are roughly correlated to Si 
(Fig. 20a,b,c,d), whereas other elements are not. 
This likely indicates the reaction of copper with a 
hydrothermal fluid enriched in these elements pos-
sibly originating from the surrounding wall rocks.

By contrast, Ag seems to be stable during cor-
rosion. Silver contents in cuprite are comparable 
to those of copper host. This observation indicates 
a higher resistance of Ag to fluids present during 
the corrosion.

Fig. 19. Images of the samples analyzed for trace elements in cuprite by utilizing LA-ICP-MS. Laser ablation 
pits are also visible from the images. Cu: copper host; Cup: cuprite; Nano-Cu sili: Nano-scale mixture of cuprite 
and clinochlore; Mal: malachite.

Fig. 20. Bivariate plots of elements versus Si in cuprite.
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Table 7. Major and trace element contents (ppm) in the cuprite analyzed by LA-ICP-MS.

Sample Spot Li Be Na Mg Al Si P S K Ti V Cr Fe Mn Co Ni

MICA11 1 b.d.l. b.d.l. 208 11.2 525 7018 331 b.d.l. 96.7 b.d.l. 7.35 b.d.l. 3449 b.d.l. b.d.l. b.d.l.

3 b.d.l. b.d.l. 48.1 4.76 175 947.1 85.5 b.d.l. 85.0 b.d.l. 1.52 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

4 b.d.l. b.d.l. 77.2 10.1 212 655.3 130 b.d.l. 75.4 b.d.l. 1.30 b.d.l. 2019 b.d.l. b.d.l. b.d.l.

5 b.d.l. b.d.l. 45.7 16 84.9 2965 89.8 b.d.l. b.d.l. b.d.l. 1.84 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

MICA3 1 b.d.l. 0.710 76.1 9.79 311 2918 46.8 208 61.6 b.d.l. 7.45 b.d.l. 226 2.66 0.9 7.69

2 2.07 1.64 136 15.7 544 6397 46.5 248 388 12.1 0.527 b.d.l. 269 0.770 0.81 50.4

3 1.43 b.d.l. 70.6 24.1 898 11420 74.4 506 192 b.d.l. 0.850 10.4 113 2.64 0.18 39

5 0.947 0.900 b.d.l. 29.7 1104 12612 144 436 9.84 32 12.0 b.d.l. 972 1.53 0.59 b.d.l.

6 3.75 2.56 73.7 1113 4631 20698 220 261 1630 1966 55.1 22.2 13126 118 2.52 19.9

12 b.d.l. b.d.l. 426 3505 7292 23150 b.d.l. b.d.l. 2468 2202 54.0 b.d.l. 7068 183 b.d.l. b.d.l.

13 b.d.l. b.d.l. 405 128 485 4045 299 b.d.l. 186 125 72.0 b.d.l. 925 b.d.l. b.d.l. b.d.l.

14 b.d.l. b.d.l. 710 32.1 230 4812 234 b.d.l. 65.1 b.d.l. 134 59.0 b.d.l. b.d.l. b.d.l. b.d.l.

15 b.d.l. b.d.l. 135 30.8 88 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 12.2 b.d.l. b.d.l. b.d.l. b.d.l.

16 b.d.l. b.d.l. b.d.l. b.d.l. 35.9 2296 208 b.d.l. b.d.l. b.d.l. 30.9 67.7 711 b.d.l. b.d.l. b.d.l.

18 b.d.l. b.d.l. 4631 822 3888 21519 162 b.d.l. 862 59.7 4.76 b.d.l. 855 39.2 b.d.l. b.d.l.

27 b.d.l. b.d.l. 402 5.86 51.6 1587 398 b.d.l. 130 b.d.l. 4.03 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

27 b.d.l. b.d.l. 227 1055 3463 11910 324 b.d.l. 2328 556 75.0 b.d.l. b.d.l. 37.2 b.d.l. b.d.l.

27 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 128 b.d.l. 70.1 b.d.l. 13.9 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

27 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 2130 247 b.d.l. 136 b.d.l. 6.87 51.9 3508 b.d.l. b.d.l. b.d.l.

MICA5 16 b.d.l. b.d.l. 7.96 b.d.l. 386 136.2 26.5 b.d.l. b.d.l. b.d.l. 8.35 2.39 b.d.l. b.d.l. b.d.l. b.d.l.

18 b.d.l. b.d.l. 6.92 3.56 2233 2185 42.3 b.d.l. 55.8 b.d.l. 39.6 8.81 715 b.d.l. b.d.l. b.d.l.

19 b.d.l. b.d.l. 5.08 1.15 1384 439.4 29.1 b.d.l. 23.3 b.d.l. 30.1 5.46 b.d.l. b.d.l. b.d.l. b.d.l.

20 b.d.l. b.d.l. b.d.l. 2.32 6336 3075 82.4 b.d.l. b.d.l. 16.1 149 10.9 b.d.l. b.d.l. b.d.l. b.d.l.

Table 7. Cont.

Zn Ga Ge As Se Rb Sr Ag Sb Te Cs Ba La Ce Sm Pb Th U

b.d.l. b.d.l. 7105 b.d.l. b.d.l. 1.01 959 4.14 b.d.l. b.d.l. b.d.l. 0.370 1.02 b.d.l. b.d.l. b.d.l. b.d.l.

30.1 b.d.l. b.d.l. 1179 b.d.l. b.d.l. b.d.l. 754 0.740 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

32.8 b.d.l. b.d.l. 1715 b.d.l. b.d.l. 0.590 594 0.560 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

30.3 b.d.l. b.d.l. 1515 b.d.l. b.d.l. 0.510 218 0.760 b.d.l. b.d.l. 4.62 0.267 0.320 b.d.l. b.d.l. b.d.l. b.d.l.

14.4 0.658 b.d.l. 1.48 6.23 0.144 0.154 190 b.d.l. 0.325 0.0819 0.735 0.502 0.249 0.537 0.804 0.0259 0.0462

19 b.d.l. b.d.l. 1.76 b.d.l. b.d.l. b.d.l. 244 0.161 b.d.l. 0.213 b.d.l. 0.308 0.556 0.712 0.908 b.d.l. 0.0153

14.8 0.704 b.d.l. 1.14 0.910 0.324 0.252 270 0.284 b.d.l. 0.130 b.d.l. 0.842 1.00 0.408 0.172 0.0224 0.0252

b.d.l. 0.145 b.d.l. 1.87 1.27 0.148 0.124 300 b.d.l. b.d.l. b.d.l. 0.143 1.15 1.55 0.643 0.0284 0.0434 0.175

14.8 4.87 1.32 5.84 0.920 5.93 4.08 39.9 0.358 0.352 1.34 23.5 10.5 18.3 1.20 8.54 3.93 0.886

b.d.l. 7.65 b.d.l. b.d.l. b.d.l. 9.14 5.31 30.0 b.d.l. b.d.l. 1.82 33.4 11.7 20.1 9.20 3.89 1.00

b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 44.0 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.800

b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 234 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 551 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 469 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

263 9.60 b.d.l. 119 b.d.l. 1.54 4.25 80.3 39.7 b.d.l. 0.30 71.3 0.560 1.65 b.d.l. 35.07 b.d.l. 0.165
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Zn Ga Ge As Se Rb Sr Ag Sb Te Cs Ba La Ce Sm Pb Th U

b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 82.7 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

b.d.l. 4.92 b.d.l. b.d.l. b.d.l. 7.18 3.60 48.0 b.d.l. b.d.l. 1.20 24.8 3.36 5.64 b.d.l. 3.40 1.53 0.88

b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 89.0 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 335 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

16.0 0.350 b.d.l. 2.36 b.d.l. b.d.l. b.d.l. 9.91 b.d.l. b.d.l. b.d.l. 0.340 0.104 0.36 b.d.l. b.d.l. 0.051 0.217

27.4 0.970 b.d.l. 12.3 b.d.l. b.d.l. 0.240 96.4 b.d.l. b.d.l. b.d.l. 1.25 0.450 1.08 0.51 0.24 0.39 1.77

13.7 0.600 0.81 11.2 b.d.l. b.d.l. 0.191 61.6 b.d.l. b.d.l. b.d.l. 0.770 0.638 1.86 0.51 0.088 0.205 0.817

8.97 1.45 23.7 b.d.l. b.d.l. 0.350 26.9 b.d.l. b.d.l. b.d.l. 2.32 1.60 3.02 0.64 0.24 0.345 1.18

b.d.l.: below detection limit. Note that Cu was used as an Internal Standard for calibration. The values were measured by SEM-EDS.

5.3.3 Nano- Cu silicate

The nano-mixture of cuprite and clinochlore is 
quite unique. It appears to form by mechanical 

mixing of clinochlore and cuprite (partly evidenced 
by the fact that there is no correlation between Cu 
and Si).

Fig. 21. Images of nano-Cu silicates in MICA3 with laser spots. Cu: copper host; Cup: cuprite; Nano-Cu sili: 
Nano-scale mixture of cuprite and clinochlore; unzoned red: unzoned reddish phase; Mal: malachite.

A total of fourteen measurements of trace ele-
ments were done for this mineral phase for MICA3 
(Fig. 21, Table 8). The results show that they are 
enriched in trace elements (Fig. 22). Generally, they 
contain an average of 11 ± 2 wt.% Cu, 7 ± 3 wt.% 
Al, 5 ± 4 wt.% Fe, 3 ± 2 wt.% Mg, 1 ± 0.6 wt.% Ti; 
1184 ± 649 ppm Na; 863 ± 290 ppm Mn, 519 ± 155 
ppm S, 158 ± 79 ppm Zn 156 ± 53 ppm Cr, 135 ± 
88 ppm V, 104 ± 74 ppm Ni; 74 ± 24 ppm Ce, 72 ± 
33 ppm Rb, 50 ± 19 ppm Ga, 48 ± 26 ppm Li, 40 ± 
14 ppm La, 32 ± 18 ppm Co, 27 ± 14 ppm Pb, 26 ± 
9.8 ppm Sr, 13 ± 4.7 ppm Th; 8 ± 2.9 ppm As, 5 ± 
1.5 ppm Sm, 3 ± 1.2 ppm Ge, 3 ± 0.9 ppm U, 0.9 ± 
0.6 ppm Ag. Compared with cuprite, the lithophile 
elements (alkaline, alkaline earth, lanthanides, 
and actinides) are significantly elevated and, most 
notably, Ag is mostly diminished. Several isotopic 
systematics are identified for potential dating (Rb-
Sr, U-Th-Pb) and source tracing (S, Ce).

Compared to nano-Cu silicate, the reddish phase 
(not zoned) (Fig. 22c; see the Section 5.2 for min-
eral texture description) shows nearly identical 
trace element patterns except for Ag (14 ± 7.8 ppm).

5.3.4 Malachite

Seven measurements on malachite of MICA3 and 
MICA5 were also made. The results are not valid 
due to two major issues. Firstly, malachite in MICA3 
was not easy to target as it was difficult to distin-
guish it from the other mineral phases using the 
visual system on the laser device. Secondly, laser 
spots shifted unexpectedly in the MICA5 so that the 
spots did not correspond to malachite.

Several results not being affected by the afore-
mentioned issues, yielded high contents of U, and 
thus, dating was attempted with U-Pb later.

Table 7. Cont.
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Fig. 22. Trace and minor element plots versus Al for nano-Cu silicate and unzoned reddish phase.
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Table 8. Major and trace element contents (ppm) in the nano-silicate and apachite analyzed by LA-ICP-MS.

Sample Spot Li Na Mg Al S Ti V Cr Fe Mn Co Ni

MICA3 7 9.43 135 8876 21193 319 11309 222 134 88952 711 9.34

8 12.9 78.7 8716 21914 367 12198 426 172 174532 787 11.5 11.0

9 9.33 225 6862 26571 319 5330 65.1 48.6 31531 247 6.53 7.51

10 7.31 564 4645 33122 456 12438 140 78.1 72351 439 5.40 10.7

3 38.7 1993 26775 92086 613 24571 135 146 34125 989 31.1 34.1

4 79.0 1318 55293 96837 703 4234 88.9 185 28147 1280 60.7 212

5 64.5 1987 47756 98713 486 6022 108 194 31234 1086 49.5 106

6 77.3 1552 50900 89395 465 4534 89.7 211 29570 1262 59.0 235

7 45.7 1277 23106 98768 467 14409 77.5 198 19301 556 21.5 64.9

8 56.5 1644 39141 102776 579 5685 94.6 236 27791 1118 46.9 146

21 64.9 1932 32468 69217 411 19921 122 185 32559 875 35.7 117

22 70.4 1222 33727 73819 519 6683 99.1 83.1 25516 813 34.3 91.1

23 73.2 1325 38892 82220 661 8666 119 182 34903 1041 40.0 138

24 56.0 1330 34911 79138 900 8086 99.4 124 29788 881 35.3 177

9 46.8 1742 29174 86156 716 22165 107 273 30549 976 34.2 126

10 58.4 2132 36819 91126 709 46784 244 634 59443 1726 41.4 24.9

19 45.7 1239 31720 82690 1012 10098 106 61 24130 705 31.6 30.6

20 43.9 2063 29913 87813 714 7279 106 80 17170 688 37.6 377

25 49.6 1748 31439 87467 1734 5130 108 178 24723 593 27.0 102

26 53.9 1811 30992 80553 275 10199 172 103 29543 788 30.9 115

MICA7 6 b.d.l. 20.3 1281 6193 b.d.l. 52.2 281 10.7 b.d.l. 18.0 b.d.l. b.d.l.

7 b.d.l. 20.0 1266 5771 b.d.l. 39.3 197 b.d.l. b.d.l. 21.5 b.d.l. b.d.l.

8 b.d.l. 28.7 1231 5735 b.d.l. 47.2 292 15.29 678 19.9 b.d.l. b.d.l.

9 b.d.l. 51.3 1362 5120 b.d.l. 25.6 358 8.99 222 23.8 b.d.l. b.d.l.

10 b.d.l. 77.8 1378 5334 b.d.l. 27.8 381 7.68 b.d.l. 26.2 b.d.l. b.d.l.

11 b.d.l. 50.6 1485 5396 b.d.l. 28.8 373 6.61 600 25.1 b.d.l. b.d.l.

12 b.d.l. 30.4 1558 5312 b.d.l. 29.9 372 8.87 2721 23.2 b.d.l. b.d.l.

13 b.d.l. 34.0 1544 5332 b.d.l. 24.5 373 7.05 795 25.7 b.d.l. b.d.l.

14 b.d.l. 24.5 1578 5340 b.d.l. 28.5 396 6.82 304 24.2 b.d.l. b.d.l.

15 b.d.l. 30.2 1792 7730 b.d.l. 29.0 301 6.28 b.d.l. 21.9 b.d.l. b.d.l.

b.d.l.: below detection limit. Note that Cu was used as an Internal Standard for calibration. The values were measured by SEM-EDS.
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Zn Ga Ge As Rb Sr Ag Ba La Ce Sm Pb Th U

55.8 17.5 1.59 6.59 14.7 18.8 1.57 84.0 47.2 79.4 5.03 39.8 17.3 2.47

56.9 20.1 2.39 7.74 14.7 22.2 1.47 96.8 61.7 102 5.29 62.8 20.7 3.35

33.9 24.2 1.56 3.17 32.9 17.6 0.500 172 29.9 47.7 3.20 12.7 8.81 1.34

24.8 44.2 2.69 7.39 54.9 41.1 0.625 395 66.2 108 7.55 30.1 19.4 3.04

172 49.8 5.67 12.7 66.1 25.5 0.605 201 39.6 83.5 7.49 48.5 15.5 3.35

231 50.4 3.08 2.96 68.2 9.42 0.324 162 18.3 37.5 3.42 14.9 5.44 1.24

190 50.8 3.97 6.71 69.5 19.2 0.455 192 32.3 68.4 4.38 21.9 9.65 1.84

266 47.5 3.90 6.98 68.1 12.9 0.341 172 24.3 50.0 3.13 16.3 7.07 1.50

134 52.8 3.56 6.71 90.6 24.4 0.484 230 31.1 62.6 4.26 15.4 9.39 2.18

245 58.4 3.39 9.06 82.3 24.6 0.605 226 25.5 49.3 3.21 23.5 9.48 1.93

187 70.9 3.88 12.3 106 37.3 0.779 389 50.3 97.4 6.75 24.3 16.0 4.15

207 68.6 2.45 9.23 114 25.7 1.55 314 40.2 67.1 4.71 18.0 10.1 2.40

188 76.2 4.83 10.3 115 42.8 0.496 396 56.3 110 6.51 23.2 16.6 3.45

220 73.2 4.63 11.6 114 35.0 2.21 384 42.0 70.7 5.13 23.2 15.1 2.76

214 64.7 2.24 9.48 88.1 28.8 2.27 315 35.9 67.7 4.54 35.8 12.0 2.59

345 62.1 7.28 21.0 71.9 42.1 12.8 229 68.6 144 11.1 80.7 24.5 5.21

226 50.2 3.15 13.3 88.8 19.2 6.04 153 38.4 64.3 3.98 20.2 12.7 2.6

312 49.4 2.19 12.6 89.2 b.d.l. 13.7 115 25.7 46.8 1.52 11.6 9.42 1.77

259 48.8 10.3 15.2 101 15.5 23.9 114 32.4 63.5 3.46 12.6 10.5 1.71

225 65.6 2.63 16.7 124 14.9 22.1 237 59.3 117 8.42 33.2 19.7 3.67

11.2 52.7 b.d.l. 3.85 0.270 19.6 b.d.l. b.d.l. 0.704 17.5 0.940 0.299 0.14 174

b.d.l. 56.1 b.d.l. b.d.l. b.d.l. 22.6 b.d.l. b.d.l. 2.32 20.7 b.d.l. 0.450 0.400 171

14.8 55.2 b.d.l. 3.67 0.26 18.7 b.d.l. b.d.l. 0.707 18.3 0.880 0.308 0.14 177

19.5 92.0 b.d.l. 4.02 b.d.l. 20.0 b.d.l. b.d.l. 0.562 31.8 0.860 0.431 b.d.l. 132

170 91.3 b.d.l. 4.46 0.31 17.5 b.d.l. 0.800 0.656 32.9 0.940 0.328 b.d.l. 142

17.3 82.7 b.d.l. b.d.l. 0.32 18.7 b.d.l. b.d.l. 0.593 31.4 b.d.l. 0.499 b.d.l. 129

14.3 84.8 b.d.l. 4.56 b.d.l. 19.8 b.d.l. b.d.l. 0.600 32.0 0.830 0.307 b.d.l. 130

20.7 90.9 b.d.l. b.d.l. 0.25 20.0 b.d.l. b.d.l. 0.660 34.0 0.980 0.325 b.d.l. 141

14.1 80.5 b.d.l. b.d.l. b.d.l. 18.6 b.d.l. b.d.l. 0.609 32.4 0.980 0.250 b.d.l. 141

b.d.l. 37.2 b.d.l. b.d.l. b.d.l. 17.1 b.d.l. b.d.l. 0.539 18.2 0.760 0.250 b.d.l. 190

b.d.l.: below detection limit. Note that Cu was used as an Internal Standard for calibration. The values were measured by SEM-EDS.

Table 8. Cont.
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Table 9. Major and trace element contents (ppm) in the malachite analyzed by LA-ICP-MS.

Sample Spot Na Mg Al Si P S K Ti V Cr Fe Mn Co Ni

MICA3 1 13125 1518 17532 205206 168 674 2246 1675 14.6 31.4 2116 49.2 3.42 10.2

2 3022 1123 18491 205206 166 587 1476 1860 9.93 28.8 860 58.6 3.80 4.67

MICA5 21 9.37 4.19 3553 7055 68.7 b.d.l. 33.5 16.9 94.0 10.9 16880 b.d.l. b.d.l. b.d.l.

22 b.d.l. b.d.l. 509 b.d.l. b.d.l. b.d.l. 167 b.d.l. 25.7 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

23 b.d.l. 2280 1268364 599063 53989 b.d.l. b.d.l. b.d.l. 65322 b.d.l. 2E+07 b.d.l. b.d.l. b.d.l.

24 5.32 1.76 1265 867 45.3 b.d.l. 21.0 b.d.l. 46.8 7.22 5634 b.d.l. b.d.l. b.d.l.

25 b.d.l. b.d.l. 5425171 2610062 158713 b.d.l. 294631 b.d.l. 118932 26585 2E+07 b.d.l. b.d.l. b.d.l.

Table 9. Cont.

Zn Ga Ge As Rb Sr Ag Ba La Ce Sm Th U

58.2 5.4 0.764 6.10 3.48 1.81 4.04 26.4 15.4 28.7 2.31 0.412 0.255

27.1 4.16 2.62 3.48 1.36 6.57 3.53 20.3 16.0 30.9 3.07 0.346 0.374

15.0 1.42 b.d.l. 27.0 b.d.l. b.d.l. 21.0 1.29 0.520 1.42 b.d.l. 0.277 2.89

b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 4.93 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 1.20

30048 1199 b.d.l. 15862 b.d.l. b.d.l. 87254 1443 614 1502 b.d.l. 180 1982

7.87 0.360 b.d.l. 16.2 b.d.l. b.d.l. 96.5 0.80 0.444 1.56 0.410 0.160 0.960

75681 2496 b.d.l. 38009 b.d.l. b.d.l. 356362 b.d.l. 1697 4584 b.d.l. 458 2891

b.d.l.: below detection limit. Note that Cu was used as an Internal Standard for calibration. The values were measured by SEM-EDS.

5.3.5 Apachite

Ten measurements of trace elements have been 
made on apachite in the MICA7 (Fig. 23, Table 8). 
Results suggest that they contain an average of 1448 
± 167 ppm Mg, 5726 ± 731 ppm Al; 887 ± 845 ppm 
Fe, 153 ± 22 ppm U; 72 ± 19 ppm Ga, 37 ± 17 ppm 
Na, 35 ± 51 ppm Zn, 33 ± 9 ppm Ti, 27 ± 6.8 ppm 
Ce, 23 ± 2.5 ppm Mn, 19 ± 1.5 ppm Sr; 9 ± 2.7 ppm 
Cr, 4 ± 0.3 ppm As, 0.8 ppm Ba, 1 ± 0.5 ppm La, 
0.9 ± 0. ppm Sm, 0.3± 0.03 ppm Rb, 0.3 ± 0.1 ppm  

Pb, 0.2 ± 0.1 ppm Th. Silver is below detection limit 
(0.2−0.5 ppm).

From textural evidence, it is apparent that nano-
Cu silicate might have formed via reaction of a fluid 
with surrounding cuprite. Apachite is so far the 
only copper silicate observed, so the same fluid 
source between apachite and nano Cu-silicate is 
expected. Textual evidence clearly indicates that 
apachite were precipitated directly in the interstices 
of the conglomerate from a parent fluid with no 
fluid-rock interaction.
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Fig. 23. A Ce/Sm versus La/Ce plot, showing potential relation between cuprite, nano-Cu silicate, and apachite. 
Individual spots are shown with solid circles, averaged values are shown in open square (cuprite), diamond 
(nano Cu silicate), and triangle (apachite).

Since rare earth elements have been widely 
used as geochemical tracer thanks to a resem-
blance in geochemical properties, Ce/Sm ratio is 
plotted against La/Ce ratio to see potential relation 
amongst cuprite, nano- Cu silicate and apachite. In 
the Figure 23, it is apparent that the La/Ce ratio of 
nano Cu silicates are close that of cuprite, which 
probably indicates cuprite as a source for REE and 
other materials. It is also noted that the nano-
Cu silicates have slightly lower average La/Ce but 

higher Ce/Sm ratios, which requires an extra source 
if La, Ce, Sm did not fractionate during the fluid/
rock interaction process. This extra source could 
be the parental fluids of apachite. Apachite data 
plots in the top left suggesting apachite may be the 
end-member of the precipitation process. However, 
detailed modeling would be needed in order to con-
firm the relation. In addition, a similar age for both 
nano-Cu silicate and apachite should be obtained 
before it is possible to make a definitive conclusion.

5.4 U-Pb and common Pb geochronology

5.4.1 Cuprite

Due to the low content of U, common lead method 
was used to provide a preliminary age of the cuprite. 
In total, eighteen measurements have been made 
for MICA11 (eight spots) and MICA3 (ten spots). 
Laser spots are seen in the Figure 19. Results sug-
gest that Pb signals (in counts per second, cps) 
are much lower than 1000, which cannot generate 
precise isotope ratios, and thus are discarded.

Five out of ten measurements for MICA1 pro-
duced relatively high cps (1000−2000 cps for 206Pb, 
207Pb, and 208Pb), but 204Pb signals are abnormal due 
to the presence of Hg. Therefore, common lead ages 
are obtained from only 207Pb/206Pb ratios based on 
Stacy and Kramers (1974) model. The selected spots 
yielded an averaged 207Pb/206Pb ratios of 0.89926 ± 
0.07133 (1σ, n=5) that correspond to a model age of 

882 Ma. It should be noted that this age has a fairly 
large uncertainty due to the low cps even though 
an error estimation has not been attempted. At this 
time, these results are deemed not reliable.

5.4.2 Nano- Cu silicate

A total of twenty-six measurements of U-Pb iso-
topes have been made to the nano-Cu silicates of 
MICA3. The ablation spots are shown in the Figure 
21. In general, Pb (about 10−40 ppm, see the Section 
5.3.3) yielded 1500 cps on 204Pb, 28000 cps on 206Pb, 
24000 cps on 207Pb, 61000 cps on 208Pb; Th (5−15 
ppm, see Section 5.3.3) yielded 28000 cps on 232Th; U 
(about 2−3 ppm, see Section 5.3.3) yielded 8000 cps 
on 238U. The low counts on 238U means low precision.

The presence of 204Pb clearly indicates the pres-
ence of common lead in the sample, which means 
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there are non-radiogenic 206Pb, 207Pb, 208Pb inherited 
from previous Pb source. The presence of com-
mon lead poses challenge for U-Pb geochronology, 
which essentially uses time-dependent radioactive 
decay of U and Th to 206Pb, 207Pb, 208Pb. Common 
lead correction is crucial yet quite challenging for 
these samples. Currently, no reliable ages can be 
obtained unfortunately. These results are deemed 
not reliable. 

Based on trace element observation in Section 
5.3.5 (Fig. 23), it is assumed that common lead in 
the nano-Cu silicate was mainly from the cuprite 
and the fluid itself that precipitated apachite. This 
assumption is not built on solid ground since the age 
of apachite is unknown (even though we also tried 
to date apachite, but no definitive answers have 
been derived so far). The Pb isotopic composition of 
cuprite was measured (shown in Section 5.4.1), and 
that of apachite was taken from Stacy and Kramer’s 
common lead model (1974). Mixing between these 
two sources with different proportion is considered. 
Calculation employing Tera-Wasserburg technique 
(Vermeesch 2021) yielded 206Pb/238U intercept ages 
between 180 Ma to 5 Ga, which is unreasonable. 
Another method attempted in this test study was 
to use Th-Pb technique. Using the same common 
lead correction method described above, obtained 
208Pb/232Th ages are highly scattered, even though 
some of them (about 40 Ma at a mixing proportion 
of 0.5) appear reasonable.

While U-Th-Pb dating of the nano-Cu silicate 
seems possible at this time results are deemed not 
reliable.

5.4.3 Apachite

A total of ten measurements have been made for 
apachite in MICA7. Laser ablation spots are shown 

in Figure 14. In general, Pb (about 0.3 ppm, see the 
Section 5.3.5) yielded 100 cps on 204Pb, 600 cps on 
206Pb, 300 cps on 207Pb, 1000 cps on 208Pb; Th (0.2 
ppm, see the Section 5.3.5) yielded 100 cps on 232Th; 
U (about 150 ppm, see the Section 5.3.5) yielded 
1,000,000 cps on 238U. 206Pb/238U and 207Pb/235U 
ages are discordant. 206Pb/238U ages show that the 
apachites are younger than 4 ± 0.3 Ma (1σ), whereas 
207Pb/235U show ages older at 45 ± 5.3 Ma (1σ). The 
two apparent ages are considered unreliable. One 
issue is the low cps on Pb, which can severely affect 
analytical precision and accuracy. The other is the 
low Th/U ratio of the apachite, which might indi-
cate existence of U-230Th disequilibrium. This phe-
nomenon can cause underestimation of 206Pb/238U 
ages. Associated with this is that little is known 
about isotopic closure temperature for U-Pb sys-
tematics. To solve these issues, a higher sensitivity 
instrument or method (e.g., maybe larger laser spot 
or higher laser fluence) should be used. Likewise, 
correction for potential U-Th disequilibrium should 
be applied, which is currently not possible as the U/
Th ratio of the original fluid is not known.

5.4.4 Malachite

A total of ten measurements have been made for 
malachite in MICA5. Laser ablation spots are shown 
in the Figure 20. In general, Pb yielded 1700 cps on 
204Pb, 700 cps on 206Pb, 550 cps on 207Pb, 1400 cps on 
208Pb; Th yielded 3000 cps on 232Th; U yielded 12000 
cps on 238U. 206Pb/238U and 207Pb/235U ages are also 
discordant. 206Pb/238U ages are younger at 3 ± 1.1 Ma 
(1σ), whereas 207Pb/235U ages are older at 52 ± 18 Ma 
(1σ). Similar to apachite, these are not reliable ages 
for malachite.

5.5 Cu isotope geochemistry

Copper isotopes in different Cu mineral phases 
have been measured. For native copper, solution 
method was used to characterize the Cu isotopic 
compositions of two copper standards (ERM-EB75 
and ERM-EB74, please refer to the Sections 4.5 
and 4.7 for details) and two MICA copper samples 
(MICA2 and MICA3). For cuprite, nano-Cu silicate, 
and malachite, only laser ablation mode was used 
because of availability of external standards (please 
refer to the Section 4.7 for details).

5.5.1 Solution work

Forty-two sub-samples of native copper were 
sampled from EB75 and EB74 (n=7 each), MICA2 
(n=17), and from MICA3 (n=11) for Cu isotopic anal-
ysis by drilling. 23Isotopic homogeneity was tested 
by spreading out the drill holes across the entire 
sample (Fig. 24).

Results show that the EB standards and MICA 
samples are homogeneous within the ana-
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lytical uncertainty (0.05−0.1‰). EB75 yielded 
δ65CuNIST976=-0.1 ± 0.1‰ (1σ, n=7); EB75 yielded 
δ65CuNIST976=-0.2 ± 0.1‰ (1σ, n=7); MICA2 yielded 

δ65CuNIST976=-0.4 ± 0.1‰ (1σ, n=17); MICA3 yielded 
δ65CuNIST976=+0.5 ± 0.1‰ (1σ, n=11).

Fig. 24. Plots of δ65CuNIST976 values for EB75, EB74, MICA2, and MICA3 with images showing drilling locations.

5.5.2 Laser ablation work

In total, 68 measurements have been made for 6 copper samples by laser ablation method (Table 7). 
Laser ablation spots are shown in Figure 25.

Fig. 25. Laser ablation spots of MICA samples. The upper panel shows native copper; the lower panel shows 
cuprite, apachite and malachite.
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MICA2 yielded δ65CuNIST976=-0.2 ± 0.02‰ (1σ, 
n=17); MICA3 yielded δ65CuNIST976=0 ± 0.02‰ (1σ, 
n=18); MICA4 yielded δ65CuNIST976=-0.1 ± 0.01‰ (1σ, 
n=10); MICA5 yielded δ65CuNIST976=-0.1 ± 0.01‰ (1σ, 
n=8); MICA6 yielded δ65CuNIST976=-0.1 ± 0.02‰ (1σ, 
n=4); MICA10 yielded δ65CuNIST976=-0.1 ± 0.02‰ (1σ, 
n=10).

Compared to values obtained by solution method, 
laser ablation overestimated the δ65Cu of MICA2 by 
0.2‰, whereas it underestimated MICA3 by 0.5‰. 
However, it should be noted that this method pro-

duced the right values for EB74 (Fig. 26). This 
apparent deviation might be related to “matrix 
effects” in relation to contrast in texture (artificial 
vs. natural) and composition as EB is quite pure, 
but MICA contains more impurities (about 300 ppm 
impurities in MICA vs 20−50 ppm in EB). Currently, 
we have not figured out potential causes for this 
unknown matrix effect. So, it is concluded that 
laser ablation method adds 0.7‰ uncertainty in 
addition to the analytical errors.

Fig. 26. A plot of δ65CuNIST976 value vs measured 65Cu/63Cu value for EB74, MICA2, and MICA3.

In total, 29 measurements have been made for 
cuprite in 3 samples (Fig. 27). Results show that 
MICA1 yielded δ65CuNIST976=1.3 ± 0.3‰ (1σ, n=5); 
MICA5 yielded an averaged δ65CuNIST976=1.3 ± 0.6‰ 
(1σ, n=19); MICA6 yielded δ65CuNIST976=3.0 ± 0.5‰ 
(1σ, n=5). 

In total, 5 measurements have been made for 
apachite in MICA7, producing δ65CuNIST976=-1.6 ± 
0‰ (1σ, n=5).

In total, 21 measurements have been made for 
malachite in 3 samples. Results suggest that MICA1 
yielded δ65CuNIST976=0.01 ± 0.3‰ (1σ, n=5); MICA5 

yielded δ65CuNIST976=0.22 ± 0.23‰ (1σ, n=11); MICA6 
yielded δ65CuNIST976=-0.5 ± 0.6‰ (1σ, n=5).

Comparing the different mineral phases, it 
is apparent that cuprite is relatively enriched in 
65Cu whereas malachite can be either enriched or 
depleted compared to their native copper host. 
This is most obvious in the MICA6, where copper 
host has 65Cu of around -0.1‰, but after oxidation 
cuprite has 65Cu of up to 4‰ which decreases to 
-0.5‰ in malachite after carbonation. In total, Cu 
isotopic fractionation between cuprite and native 
copper is up to 4‰.
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Fig. 27. δ65CuNIST976 values in different mineral phases in the MICA samples. Native copper (in red), cuprite 
(in black), Cu silicate (in blue), apachite (in green), and malachite (in purple). Different samples are denoted 
with shapes in MICA1 (rectangle), MICA2 (diamond), MICA3 (triangle), MICA5 (circle), MICA6 (dash), MICA7 
(star), and MICA10 (cross).

It should be pointed out that a non-matrix match 
standard (Cp1, a chalcopyrite) was used for calibrat-
ing mass bias in cuprite, nano-Cu silicate, apachite, 
and malachite, and thus there might exist unknown 

matrix effects. Nevertheless, the distinct Cu isotope 
signatures in copper host and corrosion phases pro-
vide a potentially viable proxy for redox conditions 
and related processes.

6 FEASIBILITY AND USABILITY ASSESSMENT FOR PHASE II

The proposed methodology is aimed at pinpointing 
corrosion mechanism and if possible constraining 
the time for native copper samples to be collected 
from the Keweenaw Peninsula. The method for 
achieving these goals is the ability to systematically 
study minerals (mineralogy, texture, structure) to 
elements (trace elements and isotopes). 

Overall, based on the work presented herein:
	– Mineralogy and sequencing of corrosion 
products are readily determined by opti-
cal, XRD, and SEM methods. 

	– Corrosion geometry in 2D and 3D space 
can be described by XCT.

	– Attempts at geochronology using U-Pb 
and common Pb has failed to produce 
reliable ages and may not be possible for 
Phase II.  

	– Some trace elements in the native copper 
and other minerals can be determined by 
LA-ICP-MS. Due to low abundance and/or 
analytical constraints some trace elements 
cannot be determined by this method.

	– Copper isotopes can be readily 
determined.
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A much more reliable evaluation can be made 
regarding the usefulness of the analytical methods 
proposed and used in this test study.

First of all, SEM-EDS has proven most effec-
tive in identifying silicate minerals (e.g., apachite). 
However, it has two drawbacks linked to instru-
mental limitation. First is its inefficiency in 
detecting and thus quantifying light elements, 
particularly C and O, which are common elements 
in Cu corrosion minerals. Second are the relatively 
small areas that can be mapped in a limited time 
frame, which generally means the instrument is not 
quite cost-effective for large scale elemental map-
ping. These two drawbacks can be complemented 
by XRD and µ-XRF. XRD is a technique looking into 
mineral structure instead of chemistry, so it can 
easily differentiate carbonates and oxides. µ-XRF is 
a good technique for visualizing elemental distribu-
tion in a large sample within a fairly short amount 
of time. But for other atomic scale investigations, 
Atom Probe Tomography might be a good option.

Second, LA-ICP-MS has proven to be a very 
powerful tool to study analogue samples with thin 
layers of corrosion products. It can provide quite 
precise and accurate trace element and isotopic data 
at high spatial resolution and low sample consump-
tion. Similarly, there might be three limitations to 
this technique. First is sample preparation: while 
LA-ICP-MS requires minimum sample preparation 
compared to other chemical methods, a relatively 

flat and big enough (>100 µm) surface is required 
for good precision and accuracy. Second is the 
availability of external standards: LA-ICP-MS is a 
technique that suffers severe matrix effect, which 
means data quality relies on using matrix match 
standards. Currently, standards are available for 
trace elements. Third, laser ablation can cause large 
isotopic fractionation, especially for native copper 
with nano-second pulse width laser. It is preferable 
to use femto-second laser for this purpose.

Micro-XCT has proven to be an effective and 
efficient technique for studying 3D geometry of 
corrosion zones. One minor limitation would be 
related to resolution. To obtain higher resolu-
tion, small samples needed to be prepared, which 
generally means scarifying representativeness. 
If sample representativeness is compensated by 
large sample volumes, analytical costs would be 
another constraint. XCT work in this test study has 
revealed deformation features in MICA6 (Fig. 7). 
Regardless of the origin of the deformation event, it 
may provide an opportunity for studying corrosion 
responses to deformation. If this research direc-
tion is to be performed, detailed sampling work 
of representative samples with clear background 
information are needed prior to comprehensive 
analyses. A preferable addition would be Atom 
Probe Tomography for structural study at atom 
scale and femto-second laser for Cu isotope study.

7 CONCLUSIONS

The first objective of determining instrumental 
limits is relatively straightforward and has been 
fully achieved by the time of drafting this report. 
The proposed technologies (instrument and ana-
lytical techniques at GTK) are sufficient to acquire 
the required data, even though, some instrumen-
tal limitations have emerged when distinguishing 
copper silicate from malachite and cuprite from 
tenorite. The issues have been solved by adding 
powder XRD in the workflow. In addition, new 
methods for precise and accurate measurement of 
trace elements and Pb-Cu isotopes in copper metal 
by LA-ICP-MS have been vigorously explored and 
successfully established. Instrumental sensitivity 
might be a limiting factor for precise measurement 
of Pb isotopes in Cu metal and Cu oxides, which 
usually contain low contents of Pb. Even though 

laser parameters such as fluence may compensate 
low sensitivity, instruments with higher sensitivity 
than the one GTK houses should be sought. µ-XCT 
has proven to be an effective tool for elucidating 
spatial distribution of corrosion layers in three 
dimensions. Nonetheless, depiction of finer fea-
tures such as Cu/corrosion product contact requires 
further tests. Limited penetration of X-ray in thick 
copper slabs may impede visualization of crystal-
line structures. APT may provide such information.

The preliminary interpretation has confirmed 
the presence of corrosion minerals including 
cuprite, tenorite, and a nano-mixture of chlorite 
and cuprite, malachite and discovered a new altera-
tion mineral, apachite. The elemental and isotopic 
shifts of corrosion minerals from their copper 
hosts seem to be related to physical and chemical  
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conditions prevailed during the reactions. Radio­
metric dating with common lead in cuprite and 
U-Pb in apachite and malachite have not yet proven 

to be feasible due to significant complications 
regarding data reproducibility, U-Th disequilib­
rium, and common Pb correction.
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