
Constraining the Hydrology
at Minas da Panasqueira

W-Sn-Cu Deposit, Portugal

Kumulative Dissertation
zur Erlangung des akademischen Grades

”doctor rerum naturalium”
(Dr. rer. nat.)

in der Wissenschaftsdisziplin Geochemie

eingereicht an der
Mathematisch-Naturwissenschaftlichen Fakultät der

Universität Potsdam

vorgelegt von
Marta Sofia Ferreira Codeço

geb. in Arcos de Valdevez, Portugal
Potsdam, im Juni 2019

Datum der Disputation: 18.04.2019



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Marta Sofia Ferreira Codeço: Constraining the Hydrology at Minas da Panasqueira W-
Sn-Cu deposit, Portugal 
 
Erster Betreuer: Priv. Doz. Dr. Philipp Weis 
Zweiter Betreuer: Prof. Dr. Jörg Erzinger 
 
Gutachter: 
 
Priv. Doz. Dr. Philipp Weis 
Deutsches GeoForschungsZentrum Potsdam GFZ, Potsdam Deutschland 
Universität Potsdam, Institut für Erd- und Umweltwissenschaften, Potsdam, 
Deutschland 
 
apl. Prof. Dr. Uwe Altenberger, 
Universität Potsdam, Institut für Erd- und Umweltwissenschaften, Potsdam, 
Deutschland 
 
Prof. Dr. Axel K. Schmitt, 
Institut für Geowissenschaften, Ruprecht-Karls-Universität Heidelberg, Deutschland 
 
Published online at the 
Institutional Repository of the University of Potsdam: 
https://doi.org/10.25932/publishup-42975 
https://nbn-resolving.org/urn:nbn:de:kobv:517-opus4-429752 



Constraining the Hydrology at
Minas da Panasqueira W-Sn-Cu

Deposit, Portugal

Cumulative dissertation
for the academic degree
”Doctor of Philosophy”

in the scientific discipline of Geochemistry

submitted to the
Faculty of Science of the
University of Potsdam

by
Marta Sofia Ferreira Codeço

born in Arcos de Valdevez, Portugal
Potsdam, June 2019

Defense date: 18.04.2019



Marta Sofia Ferreira Codeço: Constraining the Hydrology at Minas da Panasqueira W-
Sn-Cu deposit, Portugal

First supervisor: Priv. Doz. Dr. Philipp Weis
Second supervisor: Prof. Dr. Jörg Erzinger

Referees:

Priv. Doz. Dr. Philipp Weis,
German Research Center for Geosciences Potsdam GFZ, Potsdam, Germany
Institute of Earth and Environmental Science, University Potsdam, Germany

apl. Prof. Dr. Uwe Altenberger,
Institute of Earth and Environmental Science, University Potsdam, Germany

Prof. Dr. Axel K. Schmitt,
Institute of Earth Sciences, Ruprecht-Karls-Universität Heidelberg, Germany



Ao meu marido e aos meus pais.
To my husband and my parents.





Declaration of Authorship

I hereby confirm, that I have authored this thesis entitled ”Constraining the Hydrol-
ogy at Minas da Panasqueira W-Sn-Cu deposit, Portugal” independently and without
use of others than the indicated sources. This work was accomplished during the PhD
candidature at the University of Potsdam. I am aware of the University’s regulations
concerning plagiarism, including those regulations concerning disciplinary actions that
may result from plagiarism. Any use of the works of any other author, in any form, is
properly acknowledged at their point of use. I further declare that I have not submitted
this thesis at any other institution in order to obtain a degree.

Signature:

M.Sc. Marta Sofia Ferreira Codeço

Date:





Abstract

This dissertation combines field and geochemical observations and analyses with nu-

merical modeling to understand the formation of vein-hosted Sn-W ore in the Panasqueira

deposit of Portugal, which is among the ten largest worldwide. The deposit is located

above a granite body that is altered by magmatic-hydrothermal fluids in its upper part

(greisen). These fluids are thought to be the source of metals, but that was still under

debate. The goal of this study is to determine the composition and temperature of hy-

drothermal fluids at Panasqueira, and with that information to construct a numerical

model of the hydrothermal system. The focus is on analysis of the minerals tourmaline

and white mica, which formed during mineralization and are widespread throughout the

deposit. Tourmaline occurs mainly in alteration zones around mineralized veins and is

less abundant in the vein margins. White mica is more widespread. It is abundant in vein

margins as well as alteration zones, and also occurs in the granite greisen. The laboratory

work involved in-situ microanalysis of major- and trace elements in tourmaline and white

mica, and boron-isotope analysis in both minerals by secondary ion mass spectrometry

(SIMS).

The boron-isotope composition of tourmaline and white mica suggests a magmatic

source. Comparison of hydrothermally-altered and unaltered rocks from drill cores shows

that the ore metals (W, Sn, Cu, and Zn) and As, F, Li, Rb, and Cs were introduced

during the alteration. Most of these elements are also enriched in tourmaline and mica,

which confirms their potential value as exploration guides to Sn-W ores elsewhere.

The thermal evolution of the hydrothermal system was estimated by B-isotope ex-

change thermometry and the Ti-in-quartz method. Both methods yielded similar tem-
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peratures for the early hydrothermal phase: 430° to 460°C for B-isotopes and 503° ± 24°C

for Ti-in-quartz. Mineral pairs from a late fault zone yield significantly lower median tem-

peratures of 250°C . The combined results of thermometry with variations in chemical

and B-isotope composition of tourmaline and mica suggest that a similar magmatic-

hydrothermal fluid was active at all stages of mineralization. Mineralization in the late

stage shows the same B-isotope composition as in the main stage despite a ca. 250°C

cooling, which supports a multiple injection model of magmatic-hydrothermal fluids.

Two-dimensional numerical simulations of convection in a multiphase NaCl hydrother-

mal system were conducted: (a) in order to test a new approach (lower dimensional el-

ements) for flow through fractures and faults and (b) in order to identify conditions for

horizontal fluid flow as observed in the flat-lying veins at Panasqueira. The results show

that fluid flow over an intrusion (heat and fluid source) develops a horizontal component

if there is sufficient fracture connectivity. Late, steep fault zones have been identified in

the deposit area, which locally contain low-temperature Zn-Pb mineralization. The model

results confirm that the presence of subvertical faults with enhanced permeability play a

crucial role in the ascent of magmatic fluids to the surface and the recharge of meteoric

waters. Finally, our model results suggest that recharge of meteoric fluids and mixing

processes may be important at later stages, while flow of magmatic fluids dominate the

early stages of the hydrothermal fluid circulation.
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Zusammenfassung

In dieser Dissertation werden Feldbeobachtungen und geochemische Analysen mit

numerischer Modellierung kombiniert, um die Bildung von Sn-W-Cu- Mineralisation in

der Erzlagerstätte Panasqueira in Portugal zu verstehen. Panasqueira gehört zu den 10

größten Sn-W Lagerstätten weltweit, sie befindet sich oberhalb eines Granitkörpers, der

im oberen Bereich durch magmatisch-hydrothermale Fluide alteriert ist (Greisenbildung).

Es wird postuliert, dass magmatisch Fluide die Quelle für Metalle sind, das wurde aber

bislang nicht eindeutig bestätigt. Das Ziel dieser Arbeiten ist es, die Zusammensetzung

und Temperatur der hydrothermalen Fluide in Panasqueira zu bestimmen und mit diesen

Informationen ein numerisches Modell des hydrothermalen Systems zu erstellen. Der

Schwerpunkt liegt auf der Untersuchung von Turmalin und Hellglimmer, welche bei der

Mineralisation gebildet wurden und in der gesamten Lagerstätte weit verbreitet sind. Tur-

malin kommt hauptsächlich in Alterationszonen um die vererzten Quarzgänge vor, sowie

weniger häufig im Randbereich der Gänge. Hellglimmer dagegen ist stärker verbreitet. Es

kommt sowohl in Quarzgangrändern und Alterationszonen vor als auch im Greisenkörper.

Die Laborarbeiten umfassten in-situ Mikroanalytik der Haupt- und Spurenelementgehalte

von Turmalin und Hellglimmer sowie die Analyse der Bor-isotopen in beiden Mineralen

mittels Sekundärionen-Massenspektrometrie (SIMS).

Die Bor-Isotopenzusammensetzung von Turmalin und Hellglimmer deuten auf eine

magmatische Quelle hin. Der Vergleich von hydrothermal-überprägten mit unveränderten

Gesteinsproben aus Bohrkernen zeigt, dass die Erzmetalle (W, Sn, Cu, Zn) sowie As, F, Li,

Rb und Cs während der Alteration hinzugefügt wurden. Die meisten dieser Elemente sind
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auch in Turmalin und Glimmer angereichert, womit ihre Nützlichkeit als Explorationshilfe

für Sn-W-Erze in anderen Gebieten bestätigt wird.

Die thermische Entwicklung des Hydrothermalsystems wurde durch B-Isotopenaustausch-

Thermometrie sowie durch die Ti-in-Quarz- Methode bestimmt. Beide Methoden ergaben

für die frühe Hydrothermalphase ähnliche Temperaturen: 430° – 460°C für B-Isotope und

503° ± 24 °C für Ti-in-Quarz. Mineral Paare aus einer späten Verwerfungszone ergaben

deutlich niedrigere B-Isotopentemperaturen von durchschnittlich 250°C. Die Kombination

der Thermometrie mit den chemischen und B-Isotopenvariationen in Turmalin und Glim-

mer deutet darauf hin, dass ein ähnliches magmatisch-hydrothermales Fluid in allen Min-

eralisierungsstufen beteiligt war. Die Mineralisierung im späten Stadium zeigt dieselbe

B-Isotopenzusammensetzung wie die Hauptphase trotz der Abkühlung um ca. 250°C, was

ein Mehrfachinjektionsmodell des magmatisch-hydrothermalen Fluids unterstützt.

Zwei-dimensionale numerische Simulationen der Konvektion in einem mehrphasen

NaCl System wurden durchgeführt um: a) eine neue Methode (lower dimensional ele-

ments) für hydrothermales Fließen durch Brüche und Störungszonen zu testen und b)

die Voraussetzungen für die in Panasqueira dominierende horizontale Fluidbewegung

in den flach liegenden Gängen zu identifizieren. Die Ergebnisse zeigen, dass Fluid-

strömungen immer dann eine starke horizontale Komponente haben wenn ausreichende

Bruchverbindungen im Gestein vorhanden sind. Späte, steile Bruchzonen sind in der

Umgebung der Lagerstätte identifiziert worden, welche lokal niedrig-temperierte Zn-Pb

Mineralisierungen führen. Die Modellergebnisse bestätigen, dass das Vorhandensein sub-

vertikaler Störungszonen mit höherer Permeabilität eine entscheidende Rolle für den Auf-

stieg magmatischer Fluide zur Oberfläche und das Eindringen von meteorischen Fluiden

spielen. Schließlich schlagen unsere Simulationsergebnisse vor, dass das Eindringen mete-

orischer Fluide und Mischungsprozesse in späteren Phasen der hydrothermalen Zirkulation

wichtig sind, während magmatische Fluide in frühen Phasen dominieren.
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Resumo

O estudo apresentado na presente dissertação combina análises e observações campo e

geoquímica (e.g. multi-elementar, mineral, isotópica) com modelação numérica por forma

a compreender a evolução do sistema hidrotermal da Panasqueira e a formação dos filões

sub-horizontais. O jazigo filoniano da Panasqueira, localizado em Portugal, encontra-se

entre os dez maiores depósitos do tipo a nível mundial e é o maior produtor de W na

União Europeia. O depósito desenvolveu-se a topo de um granito Varisco do tipo S,

cuja cúpula se encontra greisenizada devido a circulação de fluidos de carácter magmato-

hidrotermal. Pensa-se que estes fluidos sejam a fonte dos metais para a génese do jazigo,

contudo esta questão tem constituído matéria de grande debate. Por forma, a compreen-

der a evolução hidrotermal e construir um modelo numérico capaz de simular a hidrologia

do sistema hidrotermal da Panasqueira, este trabalho envolveu a determinação da com-

posição e temperatura dos fluidos hidrotermais. Para o efeito, este estudo concentrou-se

na caracterização geoquímica e isotópica de turmalina e mica branca, as quais se formaram

durante os processos iniciais de alteração hidrotermal e/ou mineralização, ocorrendo em

diversos contextos. A turmalina ocorre essencialmente nos halos de alteração hidrotermal

que encerram os veios mineralizados e está predominantemente associada aos estádios

pré-mineralização. Em contraste, a mica branca ocorre em diversos contextos: greisen,

filões (salbandas), e halos de alteração hidrotermal, estando associada quer aos estádios

precoces, quer aos estádios principais de mineralização. O trabalho laboratorial envolveu

análises in-situ de elementos maiores e traço em turmalina e mica, e análises isotópicas

(isótopos de boro) em ambas as fases minerais através de espectrometria de massa por
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iões secundários (SIMS).

As composições isotópicas da turmalina e mica branca sugerem uma fonte magmática

para os fluidos hidrotermais. A comparação dos dados de litogeoquímica dos metassedi-

mentos alterados e não alterados mostra que os metais (W, Sn, Cu e Zn), assim como em

As, F, Li, Rb e Cs foram introduzidos durante o processo de alteração hidrotermal. Parte

substancial destes elementos encontram-se também enriquecidos na mica e turmalina, o

que confirma o seu potencial valor como vectores de prospecção mineral para os depósitos

de W-Sn.

A evolução térmica do sistema hidrotermal da Panasqueira foi estimada utilizando

geotermómetros minerais. O geotermómetro do quartzo (Ti-in-quartz) indica temperat-

uras de 503° ± 24°C para a alteração precoce das rochas encaixantes, o que é consis-

tente com as temperaturas médias de 430° a 460°C obtidas através da geotermometria

isotópica de boro em turmalina e mica branca nas salbandas micáceas. As zonas de falha

estudadas através da utilização de pares-minerais indicam temperaturas médias substan-

cialmente mais baixas (250°C). A combinação dos estudos de geotermometria mineral

com as variações químicas e isotópicas obtidas para a turmalina e mica sugerem que um

fluido magmático-hidrotermal relativamente homogéneo esteve activo durante todos os

estádios de mineralização. Durante estádios tardios, a os fluidos mineralizantes possuem

as mesmas composições isotópicas obtidas para os estádios principais, embora que regis-

tando um arrefecimento de ca. 250°C, o que suporta um modelo dinâmico com múltiplas

injecções de fluidos magmático-hidrotermais.

Simulações numéricas bidimensionais da convecção num sistema hidrotermal multi-

fásico salino foram conduzidas: (i) para testar uma nova metodologia (“lower dimen-

sional elements”) capaz de traduzir o fluxo de fluidos através de fracturas e falhas e, (ii)

para identificar as condições do fluxo horizontal observado nos filões sub-horizontais da

Panasqueira. Os resultados mostram que o escoamento dos fluidos em associação com

uma intrusão (fonte de calor e fluidos) desenvolve uma componente horizontal, desde que

haja conectividade suficiente. Falhas tardias inclinadas identificadas na área contem lo-
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calmente mineralização de Zn e Pb de baixa temperatura. Os resultados dos modelos

numéricos confirmam que a presença de falhas sub-verticais de permeabilidade acrescida

tem um papel crucial na ascensão de fluidos magmáticos até a superfície e na infiltração

de águas meteóricas. Por fim, os resultados das simulações sugerem que a infiltração de

águas meteóricas e processos de mistura de fluidos possam ser importantes durantes os

estádios tardios, enquanto os fluidos de carácter magmático dominam os estádios iniciais

da circulação hidrotermal dos fluidos.
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”Wisdom must be intuitive reason combined

with scientific knowledge.

–Aristotle, Nicomachean Ethics, VI.7

1
Introduction

1.1 Preamble

Minerals are fundamental for economic advancement, for the functioning of society

and for sustaining the XXI century human lifestyle, and it is the necessity or desire for a

given product that generates demand for a particular mineral or minerals. Metallic ore

deposits constitute the most significant geochemical anomalies within Earth’s crust. The

study of the geochemistry of ore deposits is essential for (i) understanding the ore forma-

tion, (ii) mineral deposit classification, (iii) extractive metallurgy or mineral processing

and (iv) geoenvironmental studies (Carranza, 2012). The combination of high-resolution

geochemistry (mineral chemistry and stable isotopes), whole-rock chemistry, and numer-

ical simulations constitute powerful tools to constrain the origin and flow paths of the

hydrothermal fluids that generate mineral deposits. This thesis focuses on the study of

the geochemistry of gangue minerals associated with the formation of tin and tungsten
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Chapter 1. Introduction

ores from the Panasqueira deposit (Portugal). The following sections present a summary

of the economical relevance of W and Sn and a short overview of W-Sn deposits and

numerical modeling of hydrothermal systems.

1.2 Economic importance of the W and Sn commodities

The abundance of metals in the crust varies greatly and affects the costs involved in

locating, mining and preparing the metals for use (Graedel et al., 2013). The ability of

mineral deposits to satisfy future demand has been widely debated, with several authors

having concluded that metal scarcity and, ultimately depletion may occur over a relatively

short timescale of a few decades and are unpreventable (Cohen, 2007; Ragnarsdóttir,

2008). These predictions are grounded on the estimation of resources and/or reserves

divided by present or expected demand and consequently fail to recognize that reserves

are both poorly-known and adjustable (Cohen, 2007; Gilbert, 2009; Graedel et al., 2013;

Sverdrup and Robert, 2009). Furthermore, reserves strongly depend on scientific advances

and the price of metals or minerals. The scientific knowledge has a significant influence on

the definition of reserves, which are continuously replenished through new discoveries, by

developments in mining and processing technology or by improved access to the deposits

(Graedel et al., 2013). Hence, market mechanisms are a central control in overcoming

supply shortages. Rising metal prices result in the inclusion of low-grade ore in the

reserves but also motivates increased substitution, recycling, and resource efficiency, and

consequently improved supply security (Graedel et al., 2013).

Metals are critical for our modern society, and without continued technological devel-

opment for mineral exploration, processing, and manufacturing, we could not benefit from

a panoply of products, such as airplanes, computers, mobile phones, and other trending

portable personal electronic devices. Nonetheless, the concept of metal criticality is com-

plex and depends on its physical and chemical properties, as well as on several factors

influencing its supply and demand (Graedel et al., 2013). An important step to define

metal criticality in Europe was initiated by the European Commission (EC) in 2009 (Eu-

ropean Commission, 2013). The ad-hoc working group defined metal criticality based on

the supply risk and the potential economic impact of supply disruption in the European

2



1.2. Economic importance of the W and Sn commodities

industry (Figure 1.1). The supply risk includes the political stability of the producing

countries, the potential to substitute the metal and the extent to which metals can be

recycled (European Commission, 2013; Graedel et al., 2013). A total of twenty critical

raw materials (thirteen metals and seven non-metals) were identified as critical from a list

of fifty-four candidates (European Commission, 2013, 2014). In 2017 the European Union

(EU) reevaluated a new list of sixty-one materials and produced the third list of critical

raw materials. The new list includes nine more materials than the 2014 list: barite, bis-

muth, hafnium, helium, natural rubber, phosphorus, scandium, tantalum, and vanadium

(Figure 1.2) (European Commission, 2017).
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Figure 1.1: Criticality metals matrix of the European Commission (2014). The horizontal
axis reflects the economic impact of supply restriction on a broad group of European indus-
tries and the vertical axis the supply risk. The metals falling within the top-right cluster are
regarded as critical to the European Union (modified from European Commission, 2014). Agg:
Aggregate, Brt: Baryte, Bx: Bauxite, Bn: Bentonite, Bo: Borate, Cls: Clays, c: Coking coal,
Di: Diatomite, Fsp: Feldspar, Fl: Fluorspar, Gp: Gypsum, Kc: Kaolin clay, Ls: Limestone,
Mgs: Magnesite, NC: Natural cork, Gr: Natural graphite, Nr: Natural rubber, Nt: Natural
teak wood.

Tungsten is part of the critical raw materials list as defined by the EC, and it is one

of the metals with the most significant economic importance to the European industry. W

is used in a wide range of industrial applications: (1) manufacturing of cemented carbides

(58%) for the metal-working, mining and petroleum industries; (2) production of special

steel and other alloys (23%), such as high-speed, heat-resistant and tool steels, widely used
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Figure 1.2: Criticality metals matrix of the European Commission (2017). The horizontal
axis reflects the economic impact of supply restriction on a broad group of European indus-
tries and the vertical axis the supply risk. The metals falling within the top-right cluster are
regarded as critical to the European Union (modified from European Commission, 2017). Agg:
Aggregate, Brt: Baryte, Bx: Bauxite, Bn: Bentonite, Bo: Borate, Cls: Clays, c: Coking coal,
Di: Diatomite, Fsp: Feldspar, Fl: Fluorspar, Gp: Gypsum, Kc: Kaolin clay, Ls: Limestone,
Mgs: Magnesite, NC: Natural cork, Gr: Natural graphite, Nr: Natural rubber, Nt: Natural
teak wood.

in metal cutting and specialized engineering applications where hardness and strength

are required; and, (3) “mill products”, i.e. tungsten wire, sheets or rods for electrical

and electronic applications (8%). Tungsten can also be used as a catalyst, pigment, or

reagent for chemical analyses (9%) (Wolf Minerals, 2012 in Brown and Pitfield, 2013).

Demand for tungsten has increased by an annual average of 5.8% since 2003, driven by

high economic growth in Asia, the Commonwealth of Independent States (CIS) and other

emerging markets (Marten & Co, 2016). According to Roskill Information Services, in

2013 the world demand for tungsten was 93,000 t (tons), rising to over 105,000 t by 2018

(Figure 1.3). Similarly, although a little more conservative, Argus Media forecasts global

demand for tungsten growing up to approximately 99,000 t by 2020 (Marten & Co, 2016).

China represents the world’s largest consumer of W with approximately half of total world

consumption, followed by Europe (ca. 20%), North America (ca. 17%) and Japan (ca.

5%) (Figure 1.3). On top of that, China represents the dominant player on the production

side, accounting for over 80% of world production in 2013 (Figure 1.4). Other significant
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1.2. Economic importance of the W and Sn commodities

producers are Russia, Austria, Bolivia, Portugal, and Vietnam. However, W production

in Europe remains minor and is not sufficient to supply the European industry, whose

annual W importation increases every year (Figure 1.4).
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Figure 1.3: Actual and forecast tungsten consumption (t). Source: Roskill Information Ser-
vices (adapted from Marten & Co, 2016). ROW – rest of world.

Secondary supply from recycling is believed by market analysts to have reached a

ceiling of about 50% (Marten & Co, 2016), which is, however, far from being able to

sustain the European demand. In this scenario, it is critical for Europe to discover new

deposits as well as to invest in the re-evaluation of former deposits. Except for Mittersill

(Austria) and Panasqueira (Portugal), tungsten production practically ceased in Europe

for more than 25 years. Recently, new exploration projects were started in Spain (Los

Santos, Valtreixal, Morille, La Parilla and Barruecopardo), Portugal (Covas, Borralha,

Bejanca, Vale das Gatas, Regua and Tarouca), France (Loc Envel, Couflens, Merlac)

and England (Redmoor, Drakelands), showing that Europe is investing once again in the

mining industry.

Contrary to tungsten, tin has a lower economic importance and critical supply risk

for Europe,but it is still part of the critical list of the EU (Figure 1.1 and 1.2). Tin

is a fairly resistant metal to corrosion, durable and malleable. It is for example used
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Figure 1.4: Tungsten mine production: historical, actual-estimated (e) and forecast (f).
Source: Roskill Information Services (adapted from Marten & Co, 2016). ROW – rest of
world.

to coat harder metals (e.g., iron and steel) to prevent corrosion (e.g., tin cans) and as

an alloy with other metals (e.g., tin-copper alloys to produce bronze, soft solder, pewter,

phosphor bronze). Tin is an indispensable ingredient in a variety of industrial sectors (e.g.,

consumer goods, packaging, construction, vehicles). Therefore, the main uses include
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Figure 1.5: (a) World mine tin production (in 2015) and (b) reserves [in t (tons)]. Source:
US Geological Survey (2017).
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1.3. Tin-tungsten ore deposits

solder (47%), chemicals (18%), tinplate (14%), lead acid batteries (8%), and copper alloys

(5%). Other applications (8%) include tin and bronze powders, wine capsules, pewter,

tin coatings, and float glass (ITA, 2018). The demand for tin runs at roughly 340,000

t per year, with China as a major consumer (147,000 t), followed by the USA (30,000

t) and Japan (25,500 t) (DonkeyStock, 2017). According to reports from the United

States Geological Survey (USGS), China is the world’s leading tin producer (2015) with

38%. Indonesia and Burma emerge as second (18%) and third (12%), respectively (Figure

1.5a). South American countries account together for 23% of the tin produced in the world

(US Geological Survey, 2017). There is hardly any tin production in the EU, except for

limited quantities in Portugal (69 t, 2016) (Wheeler, 2016), but there is great potential for

future mining [e.g., Gottesburg (112,407 t), Hammerlein-Tellerhäuser (101,660 t), Oropesa

(69,100 t) (ITRI, 2016)]. China has the largest Sn reserves as well, followed by Indonesia

and Brazil (Figure 1.5b).

Tin is recycled back to pure tin ingots, and in the form of tin-based alloys, however,

no firm data exists on the quantities of tin recycled per year worldwide. According to

USGS, the recycling rate in the USA was 30%, i.e., about 12,000 t of tin recovered both

from new and old scrap (US Geological Survey, 2017).

1.3 Tin-tungsten ore deposits

Tungsten and tin deposits usually occur within, or near to, orogenic belts and re-

sult from subduction-related plate tectonics. All major deposit types are associated with

granitic intrusions (Figure 1.6) or with medium-to high-grade metamorphic rocks (Romer

and Kroner, 2016, and references therein). Granite emplacement typically has an orogenic

to post-orogenic timing, in some cases localized along deep fault systems that can coincide

with major metamorphic and tectonic boundaries (Hart, 2007). Also, different types of

W-Sn primary deposits depend on the evolution of the associated magma, depth of the

intrusion, country rocks, structural control, and nature and evolution of the hydrother-

mal fluids (e.g., Audétat et al., 2000; Heinrich, 1990; Jackson et al., 2000; Linnen, 1998;

Sanderson et al., 2008). Tin and/or tungsten are generally related to highly fractionated

I-type or S-type granites with distinctive trace element signatures commonly showing pro-
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Chapter 1. Introduction

nounced enrichments in Sn, W, Be, Cs, F, B, Li, Rb, Ta, and U and a marked depletion in

Fe, Ti, Mg, Ca, Sr, Eu, Ba, and Zr (e.g., Bouchot et al., 2005; Breiter et al., 2005; Förster

et al., 1999; Lehmann, 1990b; Stussi, 1989). These geochemical signatures are mainly

favored by high-temperature and high-degree of melting that will mobilize the rare met-

als into the melt. In contrast, extreme fractional crystallization will enrich the melts

in those elements (Romer and Kroner, 2016, and references therein). High-temperature

melting of W-Sn enriched-source rocks may be favored not only by the mobilization of

rare metals but also the inheritance of geochemical fingerprints from these source rocks

(e.g., Lehmann, 1987; Romer and Kroner, 2016). Thus, melting a Sn-W-enriched source

increases the potential for W and/or Sn deposits to form, where the enriched source con-

trols the spatial distribution, and the magmatic processes control whether the deposit

eventually forms (Romer and Kroner, 2016). Consequently, the formation of such type of

deposits results from a sequence of processes, including: (i) source enrichment, (ii) source

accumulation and (iii) metal extraction from the source rocks, followed by metal concen-

tration via fractional crystallization and late-stage fluid-controlled processes (Romer and

Kroner, 2016, 2015).

During the crystallization of a granitic magma, water saturation increases, resulting

in the exsolution of a distinct aqueous fluid, that rises and concentrates at the roof or

shell of the magma chamber (Figure 1.7A) (e.g., Robb, 2005). At shallow levels, when
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Figure 1.6: Main W-Sn deposit types (adapted from Hosking 1969 in Taylor 1979).

8



1.3. Tin-tungsten ore deposits

vapor pressure equals the load pressure on the magmatic system, vapor saturation can

occur due to pressure drop. The volume change accompanying the water fluid production

reaches up to 30% (at P = 1 kbar), resulting in the overpressure of the chamber interior

and causing brittle failure of the sounding rocks (hydrofracturing) (Figure 1.7B) and

providing excellent ground preparation for the efficient circulation of ore-bearing fluids

(Robb, 2005). In reduced S-type granites, most lithophile elements (e.g., W, Sn, Rb,

Ta, Li, B, F, Be) behave as incompatible and as a consequence are concentrated in the

residual melt by fractional crystallization and are exsolved during later stages (e.g., Robb,

2005). In many cases, the percolation of such hot fluids through fractured media leads to

the formation of potentially mineralized quartz-veins (Figure 1.7B), which are filled by

successive pulses of magmatic-hydrothermal fluids.
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Figure 1.7: Section through a high-level granitic intrusion (A) undergoing progressive crys-
tallization and showing the hypothetical H2O-saturated granite solidus line (S) and the zone
of aqueous fluid saturation (in light grey) and (B) showing the nature of hydrofracturing and
breccia pipe formation that can form around the apical portion of the granite body (after
Burnham, 1997; Lehmann, 1990a)

The style of mineralization in these deposits varies from disseminated ores in highly

fractioned granites to pegmatites, swarms of veins/lodes and stockworks within the gran-

ites, greisen and/or country rocks (Figure 1.6) (e.g., Štemprok, 1980; Romer and Kroner,

2016; Sinclair, 1996). Classically, lode-type deposits include wolframite and cassiterite, as

well as scheelite, molybdenite, bismuthinite, chalcopyrite, sphalerite, galena, tetrahedrite,

pyrite, arsenopyrite, and native bismuth in variable amounts. These can also include U-
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Chapter 1. Introduction

Pb-REE oxides and phosphates. Gangue minerals encompass fluorite, muscovite, biotite,

feldspar, beryl, tourmaline, topaz, apatite and chlorite (e.g., Cox and Bagby, 1986; Hosk-

ing, 1969; Kelly and Rye, 1979). Greisen-type deposits primarily consist of cassiterite (dis-

seminated, veinlets, stockwork, lenses, breccia and/or pipes) precipitated together with

minerals resulting from the greisenization process (e.g., quartz, mica, fluorite, and topaz).

Arsenopyrite constitutes an important accessory phase (e.g., Cox and Bagby, 1986). As a

general rule for these deposits, the oxides correspond to the high-temperature paragenesis

phase, followed by a lower-temperature sulfide stage. The alteration processes usually

affect the host rocks and include greisenization, albitization and/or tourmalinization. Mi-

nor argillic, potassic and propylitic alteration, silicification and hematitization can also

be found (e.g., Cox and Bagby, 1986).

In Western Europe, W and Sn metallogenic provinces are bound to the European

Variscan Belt, particularly, the Iberian Massif, French Massif Central, Armorican Massif,

Cornwall, and Bohemian Massif (Derré, 1982). The metallogenic province contains many

quartz-cassiterite and quartz-wolframite ores associated with highly evolved Variscan S-

type granites and to a lesser extent, I-type granites, which consist of granite/greisen-

hosted or metasedimentary-hosted mineralization in close association with granitic cupo-

las. Breccia pipe-type (e.g., Breiter et al., 1999; Gonçalves et al., 2018a; Harlaux et al.,

2015), and skarn deposits are also recognized (e.g., Cheilletz et al., 2005; Gomes, 2016;

Lefebvre et al., 2019; Ramos et al., 2017; Spruzeniece et al., 2018).

1.4 Numerical modeling of magmatic-hydrothermal deposits

The formation of magmatic-hydrothermal and hydrothermal deposits results from the

interaction of several structural, hydrological, thermal and geochemical processes (e.g.,

Hobbs et al., 2000; Oliver and Bons, 2001; Zhang et al., 2008). Spatial and temporal scales

exceed those that are experimentally accessible and PTX conditions are challenging to

deal with (e.g., Emmanuel and Berkowitz, 2006; Menand et al., 2003). Thus, numerical

simulations can play an essential role in clarifying the dynamic controls and behavior

of magmatic-hydrothermal systems by testing different hypothesis and scenarios in such

complex systems. Nonetheless, those numerical simulations deal with several assumptions
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1.5. Aim and significance of the thesis

and have many limitations. Thus, extensive knowledge of the system of interest is crucial.

There are numerous existing multiphase simulators, with TOUGH2 and FEHM being

widely used and adapted to a variety of applications and HYDROTHERM remaining as a

hydrothermal modeling research tool (see reviews by Ingebritsen et al., 2010). Other mod-

els, such as PFC2D, PANDAS, FLAC2D, and FLAC3D were also employed to simulate

fault systems, geothermal systems and ore-forming processes (e.g., Liu et al., 2015; Zhang

et al., 2011, 2008). Nonetheless, archiving full coupling of all four processes in numerical

models remains a computational challenge. On the other hand, most simulators are still

of limited applicability to magmatic-hydrothermal systems, either because they are re-

stricted to fluid properties of pure water, or temperatures below 350 °C (see Ingebritsen

et al., 2010; Weis et al., 2014). Efforts have been instigated to overcome such limitations.

Two more recently developed codes, Complex Systems Modeling Platform (CSMP++)

and Fully Implicit Seafloor Hydrothermal Event Simulator (FISHES), can simulate high-

temperature multiphase flow of NaCl-H2O fluids and mass and heat transport in porous

media (e.g., Coumou et al., 2008a,b; Geiger et al., 2006a,b; Lewis and Lowell, 2009a,b;

Matthäi et al., 2007; Weis et al., 2014). In the last decade, several studies attempted to

model the physical hydrology (e.g., Fekete et al., 2018; Schardt et al., 2005; Schardt and

Large, 2009; Weis, 2015; Weis et al., 2014, 2012) and structural processes (Li et al., 2015;

Liu et al., 2014; Zhang et al., 2011) of fossil ore deposits.

1.5 Aim and significance of the thesis

Panasqueira is a W-Sn-Cu lode-type deposit located in the Central Iberian Zone of Por-

tugal, where several mines have been producing during the 20th century (e.g., Borralha,

Carris, Murçós, Segura). Nowadays, Panasqueira is the only active tungsten mine in Por-

tugal, the main tungsten producer in Europe and the 9th worldwide (Wheeler, 2016). The

deposit has been the subject of many geological, mineralogical, geochemical and structural

studies for more than half a century. Nonetheless, many questions remain open. Those

questions include not only the genetic link between the mineralization and the opening of

the horizontal swarm of veins but also the origin and source of metals and the temporal

evolution of the hydrothermal system. Furthermore, the physical flow processes that lead
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to the enrichment of metals such as W, Sn, Cu, Zn and Pb at Panasqueira are poorly

understood. The understanding of the interplay between the hydrothermal circulation of

metal-rich solutions and rock mechanics is of critical importance to comprehend the pro-

cesses operating in ore deposits. The permeability of the rock largely determines the flow

regime of hydrothermal fluids; the configuration and large number of veins and pathways

in hydrothermal ore deposits, show that hot fluids flow through fractures, fissures and

faults, and seal them by precipitation of ore and gangue minerals. Numerical simulations

allow quantifying the physical and chemical processes involved in ore deposition.

This doctoral thesis aims to understand and constrain the hydrology of the Panasqueira

W-Sn-Cu deposit in Portugal. In this study, high-resolution geochemical analyses of trace

elements and isotopic signatures, and numerical process modeling were used to constrain

the origin and flow paths of the hydrothermal fluids. To address this problematic, the

following main scientific objectives were formulated:

(a) The first objective is to investigate the chemical and B-isotope variations of coex-

isting tourmaline and white mica from Panasqueira in order to better understand

the source and evolution of the hydrothermal fluids, as well as the fluid-rock in-

teraction processes involved. The alteration halos in the metasediments that host

Panasqueira deposit contain large amounts of tourmaline (up to 70 vol.%), whereas

mica is an accessory mineral. This alteration is interpreted to be the result of hy-

drothermal alteration dominantly predating the ore-forming event (Foxford et al.,

2000, 1991; Marignac, 1982). Mica and tourmaline further coexist in the selvages at

the vein contacts with the wall rocks. Mica is abundant in the greisenized granite,

while tourmaline is absent. Consequently, the former is a direct link to the tardi-

to post-magmatic processes operating in the Panasqueira granite. Previous mica

and tourmaline chemical data are limited to a regional study of the Variscan Sn-W

deposits by Neiva (1987b) and Neiva et al. (2007), respectively; the boron isotopic

compositions were never evaluated before.

(b) The second objective is to better constrain the temperature of the hydrothermal

fluids. It is well established that the main ore stages from Panasqueira formed

under relatively low- to moderate-temperature conditions (<360°C) (e.g., Bussink,
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1984; Jaques and Pascal, 2017; Kelly and Rye, 1979; Lecumberri-Sanchez et al.,

2017). However, the deposit seems to be genetically linked to an S-type granite

(e.g., Bloot and de Wolf, 1953; Clark, 1964; Kelly and Rye, 1979; Neiva, 1987b),

which raises several fundamental questions. If the fluids are magmatically-derived,

why do we record a maximum of 360 °C in fluid inclusions (in quartz)? How did

this hydrothermal system cool down? Several authors suggest that a non-magmatic

fluid of meteoric origin interacted to variable degrees with the rocks they were flow-

ing through (Burnard and Polya, 2004; Kelly and Rye, 1979; Noronha et al., 1992;

Polya, 1989, 1988b). However, what would be the temperature of the early fluids

that flowed through the alteration zones? To answer this question, we applied min-

eral geothermometers to mineral assemblages coexisting in the alteration halos, in

particular, the Ti-in-quartz and boron-isotope muscovite-tourmaline geothermome-

ters.

(c) The third objective is to compare the chemical compositions of tourmaline and white

mica (major, minor and trace elements) with the composition of the host rocks,

greisen, granite, and regional metasediments to investigate potential enrichments or

depletion in some elements and to constrain the source of the metals. Whether the

metals originate from the granite or the country rocks is not clear. Also, tourmaline

is often regarded as a monitor for fluid composition and evolution in hydrothermal

systems (van Hinsberg, 2011; van Hinsberg et al., 2017). Despite its great potential,

white mica is barely used in such a way. Thus, coupling whole-rock chemistry and

tourmaline and mica chemistry allows us to investigate the potential of those phases

as fluid source and evolution monitors and pathfinder minerals.

(d) The fourth objective is the application of a numerical model that is capable of

describing the evolution of the Panasqueira hydrological system. The model is able

to simulate multi-phase flow of compressible high-temperature fluids, coupled with

a dynamic permeability model, describing hydraulic fracturing and the transition

from brittle to ductile rock behavior (e.g., Weis et al., 2012, 2014; Weis, 2015).

The unusual subhorizontal orientation of the ore veins crosscutting the subvertical

bedding and the tectonic foliations, as well as the processes involved in the opening
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of the veins, have been the focus of several studies (Derré, 1982; Foxford et al., 1991,

2000; Jacques et al., 2018; Kelly and Rye, 1979; Marignac, 1973; Noronha et al., 1992;

Ribeiro and Pereira, 1982). According to Kelly and Rye (1979), the joint opening

is related to the decrease of lithostatic pressure due to erosion and the jointing is

syn- to post-granitic. Other authors suggest that the vein-network is controlled by

preexisting jointing developed during the Variscan Orogeny (Derré, 1982; Jacques

et al., 2018; Noronha et al., 1992; Ribeiro and Pereira, 1982) and by the local

stress field as a consequence of the granitic emplacement (Derré, 1982; Noronha

et al., 1992; Ribeiro and Pereira, 1982). Foxford et al. (2000); Kelly and Rye (1979)

further suggest horizontal compression and fault valving as main mechanisms for

the vein formation. Building on previous simulation results (Weis et al., 2014;

Weis, 2015), we investigate the effect of permeability and salinity in the fluid flow

pattern in multiple connected fractures and faults and discuss its applicability to

the Panasqueira vein-type ore deposit.

We used a multidisciplinary approach combining fieldwork, petrography, detailed min-

eralogy, mineral and isotope geochemistry, whole rock geochemistry of granite, greisen,

altered and unaltered metasediments from the deposit and surface drill-cores and finally,

numerical modeling to reach these objectives. Details concerning the sampling strategy

are described in the Appendix A. The final goal of this project is to propose a numeri-

cal simulation of the evolution of the Panasqueira hydrothermal system and expand its

applicability to other deposits in the same geologic context.

1.6 Structure of this thesis

This doctoral thesis is organized in seven chapters, starting with the general introduc-

tion presented here. The various chapters contain separate introduction and conclusion

sections and should, therefore, stand alone. They are published, submitted or planned to

be published as independent peer-reviewed articles.

This introduction (Chapter 1) provides a general overview of the economic impor-

tance of tungsten and tin, W-Sn deposits, numerical modeling, and identifies the overall

aims and significance of this study.
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Chapter 2 is dedicated to the Variscan, regional geology of the Panasqueira deposit,

state of the art, and the historical background of the mine. This chapter is not intended

to be a complete review of the geology of the Central Iberian Zone, but to give important

background information for the following chapters. For more detailed descriptions, the

interested readers are referred to the literature.

The main results of this doctoral thesis are presented in Chapters 3, 4, 5 and

6. Chapter 3 focus on the chemical and B-isotopic compositions of tourmaline and

presents a detailed in-situ study by microprobe and ion probe (SIMS). Tourmaline has

significant chemical and boron-isotope variations at the sample scale, but are homogeneous

on the deposit scale. The variations in chemical and boron isotopes of tourmaline were

further combined with estimates from Ti-in-quartz thermometry. The results suggest

that the hydrothermal alteration is associated with fluid cooling and extensive fluid-rock

interaction in an evolving, dynamic system characterized by the injection of multiple fluid

pulses. This chapter has been published in Chemical Geology.

Chapter 4 presents the first extensive case study of B-isotopes in coexisting muscovite

and tourmaline by SIMS. The study combines the tourmaline data documented in chapter

3 and with new chemical and boron isotopic compositions of white mica. Both chemical

and B-isotopic compositions of white mica show variations from more rock-dominated

to fluid-dominated compositions. The median temperatures obtained with muscovite-

tourmaline geothermometer record fluid cooling from ca. 500° to 250 °C. The results also

confirm that Panasqueira is a dynamic hydrothermal system with recurrent fluid pulses

with an uniform composition and magmatic-hydrothermal origin.This chapter has been

published in Economic Geology.

Chapter 5 is dedicated to the major, minor and trace element compositions of white

mica and tourmaline, and whole-rock chemistry of altered and unaltered rocks. The results

show an enrichment in the ore metals (W, Sn, Cu, and Zn), as well as As, F, Li, Rb, and

Cs in the alteration halos around the quartz-veins, relatively to the unaltered metasedi-

ments. Most of these trace elements and ore metals are preferentially incorporated into

white mica over tourmaline, which makes mica a better tracer for fluid compositions at

Panasqueira. Chapter 5 is written as a manuscript and has been submitted to Geochim-

ica et Cosmochimica Acta in early March 2019. The readers must be aware of potential
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differences between the future publication and the current version. The research dataset

used in this manuscript has been published in the Data Repository of GFZ Data Services.

Chapter 6 is devoted to the numerical simulation of fluid flow patterns in fractured

media and its application to the Panasqueira hydrothermal system. The chapter presents

the first results of the application of the numerical simulations. The main focus of this

chapter is to test different methodologies to describe fluid flow through fractures. The

first step was to implement a simple setup with a single fracture and compare two different

approaches of fracture discretization and from there build a model that couples the magma

chamber with fractures and faults in order to describe the flow processes at Panasqueira.

Chapter 7 presents the overall conclusions and final remarks of this study and future

directions of work.

The Appendixes A, B and C include the description of the sampling strategy, a

brief description of the normalization of microprobe mica data and finally, supplementary

tables and figures to Chapter 5.

All geochemical data acquired during the course of this project were published as sup-

plementary material to the articles (Chapters 3 and 4) or as a data publication (Chapter

5). Links for download are available at the end of each chapter. For the printed version

all data are provided in the enclosed CD-ROM.
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”The greatest challenge to any thinker is stating

the problem in a way that will allow a solution.”

–Bertrand Russell

2
Background

2.1 Geological and Metallogenic Setting

2.1.1 The Variscan Orogeny and the European Variscides

The most important occurrences Sn and/or W mineralization in Central and Western

Europe are associated with the Acadian-Variscan-Appalachian orogen (Romer and Kro-

ner, 2016). The Variscan orogeny was a major event in the tectonic evolution of Western

Europe resulting from the South Baltica–Gondwana collision through the late Devonian

and most of the Carboniferous (Kroner et al., 2007; Martínez Catalán et al., 2009; Ribeiro,

1990). The diachronous final closure of the Rheic Ocean (Devonian-Carboniferous) in Eu-

rope involved oblique, north-directed subduction of the Gondwanan continental crust, fol-

lowed by SE-directed exhumation, regional dextral transpression and voluminous granitic

magmatism (e.g., Kroner et al., 2007). Arenas et al. (2014) suggested two-stage successive

collisional events separated by the generation of an ephemeral oceanic basin. The first

occurred in the Devonian (i.e., before ca. 400-390 Ma), whereas the second is likely to

17



Chapter 2. Background

have occurred at ca. 370 Ma.

The configuration of the European Variscan Belt results from the continental con-

vergence and collision of Gondwana and Gondwana-derived microplates with Laurussia

(Laurentia + Baltica) (Figure 2.1). The European Variscides are typically described as

a fan-like geometry orogen divided by sutures presenting opposite vergence nappes and

migration of the recumbent folds towards external, Carboniferous basins (Matte, 1991).

The eastern/northern limit of the orogen (Great Britain to Bohemian Massif) is marked

by north to northwest vergence, whereas the southern flank is characterized by southerly

vergences (Matte, 1991) (see Figure 2.1). The agreement that the opposed vergences on

each side of an oceanic suture are linked to continental collisional settings. However,

long-standing discussions debate their precise boundaries, the timing of separation or

even their proper existence (see discussions by Fortey and Cocks, 2003; Landing, 2005;

Matte, 1991; Robardet, 2003). The correlations between the different domains of the

Variscan belt are difficult (see Figure 2.1) because: (i) the Cantabrian arc (late Variscan

suture) is cut along its northern branch by a transcurrent fault with a long history (left

lateral displacement – Permian; oceanic spreading of Biscay Gulf – Cretaceous; short-

ening during Pyrenean orogeny) and (ii) the sections in the Armorican Massif and in

the Ardenne-Vosges-Schwarzwald have few things in common (e.g. presence vs. lack of

a domain with undeformed or slightly deformed Proterozoic basement) (Ballèvre et al.,

2009). This is especially noteworthy in the Iberian Massif (IM), where some authors con-

sider that the IM possesses a single suture located between the South Portuguese Zone

(SPZ) and Ossa-Morena Zone (OMZ) (e.g., Quesada, 1991; Quesada et al., 1994; Ribeiro,

1990). Other authors suggest a Galicia-Southern Britany suture running through the

Coimbra-Cordoba Shear Zone and separating the Armorica microplate into North and

South Armorica (Matte, 1991).

Despite these uncertainties, it is broadly accepted that the separation of peri-Gondwanan

terranes has favored the rifting of the Rheic Ocean. Evidence of continental rifting that

resulted in the opening of Rheic are found in OMZ and SPZ, where massive igneous activ-

ity, evolving locally to peralkaline felsic volcanics is linked to this event (Díez Fernández

et al., 2016, 2015, 2012; Montero et al., 2009; Sánchez-García et al., 2010). The conti-

nental collision is evidenced by widespread (Variscan) plutonism, strike-slip tectonics as
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Figure 2.1: Configuration of the Variscan Belt. Different colors are used to overcome high-
light potential correlations within the Variscan belt; inferred positions of the Rheic ocean
suture and other second-order sutures are also shown (modified from Ballèvre et al., 2009).
Abbreviations: AM – Armorican Massif, BM – Bohemian Massif, BRM – Brabant Massif,
CZ – Cantabrian Zone, CIZ – Central Iberian Zone, FMC – French Massif Central, GTOMZ
– Galicia-Trás-os-Montes Zone, MZ – Moldanubian Zone, OMZ – Ossa-Morena Zone, RM –
Rhenish Massif, SMZ – Moravo-Silesian Zone, SPZ – South Portuguese Zone, STZ – Saxo-
Thuringian Zone, WALZ – West Asturian-Leonese Zone.

well as by the exhumation of Gondwana high-pressure rocks (e.g., Kroner et al., 2007;

Nance et al., 2012; Rubio Pascual et al., 2013). In fact, a large number of granitoid in-

trusions are recognized throughout Variscan Belt of Western Europe, emplaced syn- to

post-kinematically relatively to the Variscan orogeny. The Variscan magmatism repre-

sents the recycling of thickened peri-Gondwanan crust, with subordinate contribution of

juvenile material (e.g., Kroner and Romer, 2013, and references therein).
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2.1.2 The Iberian Massif

The Iberian Massif (IM), one of the belts forming the pre-Mesozoic basement of the

European Variscides, comprises six tectonostratigraphic units which include, from North

to South: (i) the Cantabrian Zone (CZ), (ii) the West Asturian-Leonese Zone (WALZ),

(iii) the Galicia-Trás-os-Montes Zone (GTOMZ); (iv) the Central Iberian Zone (CIZ), (v)

the Ossa-Morena Zone (OMZ) and (vi) the South Portuguese Zone (SPZ) (e.g., Martínez

Catalán, 2012, and references therein). In addition, Arenas et al. (2016) proposed a new

geotectonic zone – the Galicia-Ossa-Morena Zone – based on the correlation between

allochthonous complexes. The CZ and SPZ are considered external, while the remnants

are regarded as internal zones of the IM. These units are usually continuous in the Iberian

Peninsula, with roughly parallel boundaries and separated by low- or high-angle crustal-

scale shear zones (e.g., Martínez Catalán et al., 2007; Ribeiro et al., 1990; Simancas

et al., 2009). In general, the aforementioned zones consist of Neoproterozoic to Paleozoic

sequences lying above a more or less reworked Cadomian basement, which formed part of

the Gondwanan continental crust (e.g., Martínez Catalán, 2012; Martínez Catalán et al.,

2004). The CZ, WALZ, and CIZ represent continental fragments of the Iberian autochthon

(Neoproterozoic Gondwanan), where the differences in their tectonic-thermal evolution

can be related to their respective positions during the Variscan orogeny (López-Plaza

et al., 2007). Contrarily, the GTOMZ is not continuous, only cropping out in the northern

part of the Iberian Peninsula as a giant klippe1 of allochthonous and parautochthonous

terranes (Martínez Catalán, 2012).

2.1.3 Central Iberian Zone

The Central Iberian Zone is characterized by an extensive exposure of granitic rocks of

Variscan age and an allochthonous, thick (up to 11,000 m) and monotonous Neoproterozoic-

Cambrian siliciclastic succession (Figure 2.2). This succession consists of a turbiditic

sequence comprising mostly pelitic and psammitic beds unconformably overlain by the

Armorican Quartzite (e.g., Ribeiro et al., 1990; Villaseca et al., 2014). The generation and

emplacement of the granitic melts took place mostly between 320-290 Ma and sustained
1Remnant portion of a nappe after the erosion of the connecting parts of the original nappe.
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several ore-forming systems with metallogenetic significance (Derré et al., 1986; Mateus

and Noronha, 2010; Noronha et al., 2000).
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Figure 2.2: Geological sketch map of the Central Iberian Zone (CIZ) showing the Variscan
granitoid intrusions and the metasediments distribution (modified from Pesquera et al.,
2013; Villaseca et al., 2014). Also, the subdivision of CIZ from Villaseca et al. (2014) and
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The classical subdivision of the CIZ by Lötze (1945) has been recently revisited by

Villaseca et al. (2014) (see Figure 2.2) on the basis of geochemical signatures, both of these

authors agree that the CIZ is divided into two main domains, both they suggest different

boundaries (see Figure 2.2). According to Villaseca et al. (2014), the southern domain of

the CIZ (S-CIZ) comprises low-grade metasedimentary rocks (Schist Greywacke Complex,

SGC) and the northern domain (N-CIZ) consists of higher grade metasedimentary rocks

with more mature metapelitic protoliths with marked isotopic differences. The SGC

was deposited in horst-graben structured basins and consists of shales and quartzites

with minor meta-conglomerates, meta-carbonates and scarce meta-volcanoclastic layers

of calc-alkaline affinity (Rodríguez-Alonso et al., 2004). The meta-carbonate beds are

predominantly meta-dolostones, locally preserving remains of an Ediacaran fauna with

ages ranging from 635 to 542 Ma (Herrero et al., 2011). The SCG is unconformably

overlain by Ordovician to Silurian metasediments. The N-CIZ sector is dominated by

paragneisses and migmatites (originally pelites) with minor amphibolite, calc-silicate,

marble or psammitic interlayers. The carbonates are scarce and mainly consist of calcitic

marble, with occasional dolomitic bands (Villaseca et al., 2014, and references therein).

The juvenile magmatic signature of the metasediments from the S-CIZ suggests that

these formed in the proximity to a magmatic arc (Late Neoproterozoic), whereas the N-

CIZ metasediments, which may derive from older and crustal-like sources, formed in a

foreland-type scenario. Villaseca et al. (2014) proposed a geodynamic setting comprising

(from S to N) a magmatic arc, a back-arc basin and a much older foreland at the end of

the Ediacaran (Figure 2.3). This setting evolved from mainly compressive towards exten-

sional tectonics at the end of the Early Ordovician. The evolution of a passive margin

with sporadic basic magmatism of rifting affinity (e.g., tholeiitic or alkaline) occurred

later than previously estimated (ca. 477 Ma: Gutiérrez-Alonso et al. 2007), which repre-

sents the minimum age of deposition of the Armorican Quartzite (Villaseca et al., 2016).

The sedimentation of the Armorican Quartzite marks the transition from a progressively

exhumed orogenic area to a passive margin setting linked to the opening of the Rheic

Ocean (e.g., Ballèvre et al., 2012; Murphy and Nance, 2008).

In the CIZ, three main phases of ductile deformation (D1, D2, and D3) have been

recognized (e.g., Dias et al., 1998; Noronha et al., 1979; Ribeiro, 1990, 1974). The early
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Figure 2.3: Schematic section (not at scale) for the geological setting of the CIZ during
Early Ordovician time. The figure shows the variations in the metamorphic facies from SW
to NE and the relative position of the tectonosedimentary units (S-CIZ and N-CIZ) (adapted
from Villaseca et al., 2014). Main tectonic elements (arc and back-arc, Rubio-Ordóñez et al.
(after 2012); magmatism at the back-arc setting after models from Martínez Catalán et al.
(2007) and Wernicke et al. (1987). Crustal older basement (ensialic system) has been short-
ened in the vertical for simplicity, whereas the thickness of the N-CIZ and S-CIZ are vertically
exaggerated. Metabasites in the N-CIZ described by Barbero and Villaseca (2000) and Vil-
laseca et al. (2015).

phases D1 and D2 are thought to be continuous and span from 365-345 Ma (upper De-

vonian to early Carboniferous) to 345-320 Ma (early to mid-Carboniferous), respectively,

corresponding to the collisional stage of the Variscan orogeny (e.g., Dallmeyer et al., 1997;

Martínez Catalán et al., 2004; Rubio Pascual et al., 2013). The generation of subvertical

D1 folds with a steep slaty cleavage and, particularly in the allochthonous terrains of the

Galicia Trás-os-Montes Zone, D2 recumbent folds with axial plane crenulation cleavage

or schistosity associated to large thrust units or sub-horizontal extensional shear zones

are characteristic of the ductile phases within the CIZ. The resultant crustal thickening

is related to partial melting and limited production of granitoids of peraluminous affinity

(e.g., Dias et al., 1998; Valle Aguado et al., 2005). Nonetheless, most of the CIZ grani-

toids post-date the syn-collisional stage of the Variscan orogeny and were emplaced under

extensional conditions (D3). Late stage D3 ductile deformation (ca. 320-300 Ma: e.g.

Pereira et al. 2012) is related to transpressional tectonics with associated wrenching and

strong uplift and it is responsible for oroclinal bending of the Ibero-Armorican arc (e.g.,
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Pastor-Galán et al., 2015; Shaw et al., 2012). This stage produced vertical folds with sub-

horizontal axes and subvertical strike-slip shear zones, both right and left lateral (e.g.,

Martínez Catalán et al., 2014). The D3 ductile phase is followed by a fragile deformation

phase (D4) during the Permian, giving rise to NE-SW, NNE-SSW and NW-SE fracture

systems (Pereira et al., 1993).

2.1.4 Variscan Magmatism

The Iberian Massif contains one of the largest and best outcropping domains of

the granites in the European Variscides, comprising ca. 70% of granitic intrusions and

migmatitic complexes (Figure 2.2). The compositional range is wide and most granitic

rocks are S-type peraluminous bodies, sometimes with abundant Al-rich minerals. Granitic

rocks with transitional features between S- and I-type, I-type and hybrid granites, in-

cluding rare metaluminous varieties, are also found (Pereira et al., 2017, and references

therein).

The granitic suite emplacement occurred about 30-50 Ma after the Variscan collision

phase (ca. 335-306 Ma; Bea et al. 2003; Dias et al. 1998; Ferreira et al. 1987; Neiva

et al. 2009; Orejana et al. 2012; Pereira et al. 2017; Teixeira et al. 2011). The Permo-

Carboniferous granitic rocks of calk-alkaline affinity (ca. 306-287 Ma Dias et al. 1998;

Neiva et al. 2012; Orejana et al. 2012; Pereira et al. 2017; Villaseca et al. 2012) crosscut

Variscan sutures, being therefore unrelated to the continental collision (Pereira et al.,

2015).

The Variscan granites of the CIZ have variable and complex spatial and temporal

relationships between them (Julivert et al., 1974) and with Variscan structures (Ferreira

et al., 1987; Noronha et al., 1979; Oen, 1970). Many authors (Capdevila et al., 1973;

Corretgé et al., 1977; Ferreira et al., 1987; López-Plaza and Martínez Catalán, 1987;

Noronha et al., 1979; Oen, 1970) attempted to classify the Iberian granites distinguishing

several groups or families combining compositional, mineralogical, geochronological and

tectonic criteria. However, these classifications are still controversial and different clas-

sifications can be found on both sides of the Portuguese-Spanish border, mainly due to

the lack of applicability and generalization of the classification from the Spanish to the

Portuguese sector. The first attempts to classify the Variscan granites were done by (i)
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Capdevila et al. (1973) and Capdevila and Floor (1970), and (ii) Oen (1970), Oen (1958),

and Schermerhorn (1956) based on petrological-mineralogical and tectonic-metamorphic

criteria, respectively. This initial subdivision was later refined by other authors (e.g.,

Ferreira et al., 1987; López-Plaza and Martínez Catalán, 1987; Noronha et al., 1981) who

distinguished three to four groups of intrusion: pre-D3, syn-D3, tardi-D3, and post-D3

granitoids. Granitic intrusions of Upper Proterozoic to Lower Paleozoic age are referred

to as Pre-Variscan. Pre-D3 and syn-D3 granitoids have similar characteristics. However,

the abundance of the Pre-D3 is reduced in Portugal when compared with Spain. Syn-

D3 granitoids are typically extensive batholiths of two-mica, peraluminous granites and

leucogranites. The late-post-D3 granitoids frequently form zoned complexes, within meta-

morphic aureoles and are predominantly undeformed, weekly to moderately peraluminous

granodiorites and biotite granites (Azevedo and Valle Aguado, 2013).

Different types of sources have been widely discussed for the Variscan granitoids.

These include crustal recycling of (i) metasedimentary and meta-igneous upper crustal

sources, (ii) metasedimentary mid-crustal sources, (iii) meta-igneous lower crustal sources

or (iv) mantle sources that interacted with distinct crustal melts (e.g., Bea et al., 1999;

Costa et al., 2014; Martins et al., 2013, 2014; Neiva and Gomes, 2001; Teixeira et al.,

2011; Villaseca et al., 2012).

A large number of CIZ granitic bodies are highly evolved and can be the host of

several occurences of Sn-W-Li-F-Nb-Ta-P-U mineralization (e.g., Chicharro et al., 2016;

López-Moro et al., 2017; Neiva et al., 2012; Noronha et al., 2013; Roda-Robles et al., 2016,

2012).

2.1.5 Metallogeny

The Western European Variscan belt is widely known for hosting numerous Sn-W

ore deposits, especially important in Portugal (e.g., Kelly and Rye, 1979; Moura et al.,

2014; Neiva, 2008; Noronha, 1983), Spain (e.g., Chicharro et al., 2016; Llorens and Moro,

2012a,b; Llorens González et al., 2017; Mangas and Arribas, 1988; Tornos et al., 2008),

France (e.g., Cuney et al., 2002; Marignac and Cuney, 1999; Vallance et al., 2001), SW

England (e.g., Jackson et al., 1989), Germany and the Czech Republic (e.g., Štemprok,

1980; Štemprok and Steltmann, 1994). These consist of veins, stocks, skarns, breccia
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pipes and greisen type-deposits that belong to a metallogenic province, related to post-

collision tectonics and magmatism (Štemprok, 1980). According to Derré (1982), the

W-Sn mineralization in the Western Variscan European belt shows a spatial distribution

with Sn<W and W>Sn bands that define W-E trend in the Iberian Massif (Figure 2.4).
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Figure 2.4: Sketch map of Sn-W metallogenic province of the Western European Variscan
Belt showing the Sn and W dominant bands in the different Variscan massifs (adapted after
Derré, 1982).

The Iberian Massif has been one of the leading tin-tungsten producers in Europe.

The deposits extend from Galicia, through the N of Portugal to the SW of Spain (see

Figure 2.5). These deposits are typically related to syn- to late-Variscan granites and

developed in high-level apical portions of the granitic intrusions and/or are hosted by

the surrounding metasedimentary rocks. In general, the W-Sn deposits are linked to

outcropping granites or pegmatites, nonetheless, the associated granite may be a hidden

intrusive body (e.g. Panasqueira: Kelly and Rye, 1979). Moreover, given the presence

of some carbonate layers within the host metasedimentary units, some skarns may also

appear (e.g., Tabuaço: Gomes, 2016; Ramos et al., 2017; Spruzeniece et al., 2018; Los

Santos: Tornos et al., 2008).
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The Panasqueira W-Sn-Cu ore deposit consists of an extensive swarm of subhorizontal

veins peripheral to a late-Variscan granite. The veins consist of a quartz-mica-wolframite-

cassiterite-chalcopyrite assemblage with an accessory content of many other oxides, sul-

fides, phosphates, silicates, and so forth. The state of the art, mining history, geology,

mineralogy, and geochemistry will be further discussed in Section 2.2 and Chapters 3, 4

and 5. The local geology of the Panasqueira W-Sn-Cu ore deposit will be discussed in

detail exclusively in Chapters 3, 4, 5 and 6.

2.2 Minas da Panasqueira

The Panasqueira ore deposit is located in the Castelo Branco district (Beira Baixa) in

central Portugal (see Figure 2.6). The name “Panasqueira” is derived from an herbaceous

plant belonging to the Gramineae family, a frequent plant in the region where the mine

is located. In the following subsections, a short historical background is provided as well

as state of the art.
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Figure 2.6: Location of the Panasqueira W-Sn-Cu deposit. Adapted from ESRI; WGS 1984
World Mercator projected coordinates.
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2.2.1 Historical Background

Wolframite ore at Panasqueira was first discovered at the end of the XIX century by

a woodchopper. The first exploration permit was granted in 1886 and the first mining

concession in 1896 to the “Sociedade de Minas de Wolfram em Portugal-Lisboa”. The

mine concession for the “Couto Mineiro da Panasqueira” had an extension of ca. 21 km2,

with the main exploration area centered at Barroca Grande village (Figure 2.7). During

its long mining history, Panasqueira had many owners and was closed twice in 1944 and

1994 (Figure 2.8). Wolfram Mining and Smelting bought the concession in 1911 and

changed the name first to Beralt Tin & Wolfram (BTW) in 1928 after reorganization and

inclusion of new shareholders and then to Beralt Tin & Tungsten Portugal S.A. in 1973

after the involvement of the Banco Nacional Ultramarino (BNU), who obtained 20% of

the shares. Due to high fluctuations in tungsten prices (Figure 2.9), the remaining 80%

of the shares were first sold from Charter Consolidated to Minorco S.A. in 1980, then to

AVOCET in 1994/1995 after the mine’s closure in 1994 (Corrêa de Sá et al., 1999), and

finally to Primary Metals in 2003. Sojitz Corporation bought 100% of the shares in 2007

and eventually sold them to Almonty Industries in 2016 (Wheeler, 2016).

Figure 2.7: Entrance of the Barroca Grande Gallery (source: Pinto et al., 2014).
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The evolution of the Panasqueira mine is intimately linked with historical and eco-

nomic events (Figure 2.8). The opening of the mine followed the first industrial ap-

plications of tungsten to harden steel, which revolutionized engineering during the XX

century (Lassner and Schubert, 2005). Market demands strongly control the fluctuations

in tungsten prices and their peaks can be linked to major conflicts during the XX century

(Figure 2.8). The two world wars were periods of strong increase in mining operations

at Panasqueira in terms of machinery/mechanization, increase of workers and production

rates (Figures 2.8) (Corrêa de Sá et al., 1999; Wheeler, 2016). Tungsten prices during

the second world war were not as extreme as compared to first world war, probably due

to overall higher supply rates (Figure 2.9). World production of tungsten concentrate

increased from about 11,600 t in 1928 (Hess, 1933) to 61,000 t in 1943 (Davis, 1946).

Between 1936 and 1945, China produced 25% of the world’s tungsten ore, while Portu-

gal was the leading producer in Europe with about 38,000 t of tungsten (WO3) (Davis,
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1946). Because tungsten prices decreased between the world wars (Figure 2.9), the com-

pany started to improve the recovery of tin ores. When tungsten prices increased again

from 1936 to 1943 (Figure 2.9), mine production reached its peak and the number of

miners increased from 750 in 1933 to 5,790 in 1943 and an additional 4,780 self-employed

workers at the surface workings (Corrêa de Sá et al., 1999; Wheeler, 2016). From 1944

to 1946, the Portuguese government closed all operating tungsten mines (Corrêa de Sá

et al., 1999).
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Figure 2.9: Historical tungsten price per metric ton in USD (left y-axis) and production of
tungsten concentrate at Panasqueira (right y-axis). Tungsten prices retrieved from https:
//www.metalary.com/tungsten-price/ on May 28, 2019.

After reopening, tungsten prices increased again in 1950 during the Korean War (Fig-

ure 2.9), but the mine operations focused more on tin recovery (Figure 2.8). From the late

’50s to early ’90s, tungsten prices fluctuated but stayed relatively low, which ultimately

led to the second closure of the mine in 1993 (Figures 2.8 and 2.9) (Corrêa de Sá et al.,

1999; Wheeler, 2016). During this period, production peaks coincide with events of im-

proved mechanization and openings of new deeper levels (Figure 2.8). Since reopening in
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Chapter 2. Background

1995, tungsten prices have continued to fluctuate with peaks in 2006 (1,342 t produced)

and 2012 (1,303 t produced) (Figure 2.9). Production started to increase slightly in 2016

(Figure 2.8) under the new owner Almonty Industries, who expects to further increase

the concentrate output by 10% by improving recovery rates from the tailings (Almonty

Industries, 2018).

The Panasqueira deposit has already produced 130,000 t of WO3 within the last 82

years and still has proven reserves of 775,000 t (1,694 t of WO3), probable reserves of

1,176,000 t (3,928 t of WO3) and total resources (incl. reserves) of 10,027,000 t (23,127 t

of WO3) (Almonty Industries, 2016) which may mean at least another 20 years of mining

activity at the current production rate for tungsten.

2.2.2 State of the Art

The unique nature of Panasqueira mineralization attracted many researchers over the

years. The studies are extensive and diverse covering several fields that accompanied the

scientific and technological evolution. These include general and local geology, tectonics,

whole rock geochemistry of metasediments and granitoids, mineralogy and paragenesis,

fluid inclusions and stable isotopic studies, geochronology of the mineralization and related

granites. In this section, the most relevant studies will be referred and synthesized,

following roughly a chronological order.

The first work at Panasqueira focused on the crystallographic study of cassiterite and

was undertaken by Cadel Vila in 1926 (in Thadeu, 1951a). This work was followed by

studies giving particular emphasis to the geology and genesis of the W-Sn-Cu mineral-

ized veins (Barbosa, 1944; Fonseca, 1943). Thadeu (1951a) is accountable for the first

detailed work that describes the local and regional geology, as well as the occurrence of

spotted schists and non-spotted schists and established the first paragenetic sequence for

the mineralization. Some considerations concerning the granitic cupola and its genetic

relation with the mineralization as well as the possible zonation within the deposit are

also made. During the same year, the same author presented a synthesis of the Pb-Zn

mineralization of Beira Baixa region (Thadeu, 1951b), including the mineralization asso-

ciated with faults belonging to “Couto Mineiro da Panasqueira” (e.g., Cebola, West and

Main faults). Two years later a study (Bloot and de Wolf, 1953) based on petrographic
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2.2. Minas da Panasqueira

observations establishes the relationship between the Panasqueira granite, the W-Sn-(Cu)

mineralization and the hydrothermal alteration at the contact between the mineralized

veins and the host rocks. In 1967, D’Orey presented a detailed work comparing the vein

mineralogy and paragenesis at Barroca Grande, Panasqueira and Vale da Ermida, sug-

gesting that the latter is an independent mineralized mass. He also identified stannite

for the first time and pointed out two generations of cassiterite (primary and secondary)

resulting from stannite alteration at Barroca Grande sector.

Conde et al. (1971) contributed a general description of the deposit, including geo-

logical and structural features, deuteric alteration and, most importantly, describes three

different zones for the distribution of the mineralization around the cupola. The most

distal zone presents cassiterite, which is probably corresponding to a second generation.

Marignac (1982, 1973) proposed an alternative model based on the relationships between

deformation, magmatic intrusion, and mineralization. According to this author, the ther-

mal metamorphic aureole at Panasqueira is not related to the known cupola, but instead

reflects the presence of a large granitic mass beneath or nearby the deposit. Based on

geologic, geomorphologic and photogeologic criteria, Carvalho (1974) defined the link be-

tween the tectonic alignments and the hypogene deposits, in particular, the “Sn-W Góis

alignment” [Panasqueira (W-Sn-Cu) – Argemela (Sn) – Ceife (Pb)]. By the end of the

’70s, Kelly and Rye (1979) presented an extensive work including a synthesis of the re-

gional geology and history of the deposit, as well as a model to explain the morphology

and genesis of the mineralized veins. These authors established a four-stage paragenetic

sequence for the mineralization. The study also includes a fluid inclusion study (quartz,

apatite, siderite, fluorite, calcite, topaz and cassiterite) to obtain pressure and tempera-

ture conditions of the mineralizing fluids. Also, stable isotopes (carbon, oxygen, hydrogen,

and sulfur) allowed the authors to make remarks regarding the origin of mineralizing flu-

ids. At last, they establish a model for the genesis of the mineralization and its relation

with the non-outcropping cupola. In the same year, Thadeu published another synthe-

sis study about both regional geology and the mineralization and its connection to the

granitic cupola.

Ribeiro and Pereira (1982) studied the paleogeographic, petrological and structural

controls on hypogene deposits genesis and proposed a model for the stress field related
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to the emplacement of a post-tectonic granitic cupola at Panasqueira. Oosterom et al.

(1984) performed the first litogeochemical study of the metasediments and studied the

distribution of F, Li, Rb, Sn, W, Cu, and P. Two years later, Bussink studied the “special-

ized granites” and metasediments in the Beira Baixa region. At Panasqueira, he focused

on the composition of gases from fluid inclusions and stable isotopes (oxygen, hydrogen,

and nitrogen), and presented a model for the genesis of the deposit and its relation to

the cupola (Bussink, 1984). Based on wolframite solubility in hydrothermal fluids from

the granite at Panasqueira, Polya (1987) studied the physic-chemical conditions of the

fluids and established a new genetic model. One year later, he presented two further

studies, one about the compositional variation of wolframites at Barroca Grande sector

in order to understand the variation in Nb, mainly in the vicinity of N-S faults and an-

other one about the efficiency of ore formation at Panasqueira deposit (Polya, 1988a,b).

In 1989, he published a study about the source of mineralizing fluids, in particular for

W and Sn, using results obtained through fluid inclusions studies and thermodynamic

studies of the mineral assemblages (temperature, pressure, salinity, and concentration

of the volatiles). Neiva (1987b) studied the muscovite composition of the Panasqueira

granite, the metasomatized host rock, as well the muscovite within the mineralized veins.

Neiva (1987a) focused on the chemistry of greisenized granites and metasomatic schists

of W-Sn deposits of northern Portugal, taking in consideration the W-Sn-(Cu) deposit at

Panasqueira. Snee et al. (1988) applied thermochronological techniques to the deposit,

dating of the stages of mineralization using 40Ar/39Ar on muscovite. Noronha et al. (1992)

characterized the different types of fluids present in the barren quartz and mineralized

veins using microthermometry, Raman spectrometric data (volatiles) and ion analysis of

the fluid phases to distinguish between metamorphic and hydrothermal quartz.

Polya et al. (2000) studied the evolution and paragenetic context of anomalous low

δD hydrothermal fluids at Panasqueira, emphasizing the mixing of meteoric waters with

metasedimentary sources. Lourenço (2002) studied the mineral assemblages and pro-

posed a sequence of deposition distinguishing two different generations of cassiterite. In

addition, he studied fluid inclusions in mineral phases contemporaneous with mineral-

ization, determining the composition and pressure-temperature conditions at the time

of trapping. Foxford et al. (2000, 1991) combined structural and textural approaches
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to the mineralized veins in order to determine the tectonic controls during its genesis.

Burnard and Polya (2004) measured He and Ar isotopes in ore minerals at Panasqueira

deposit, providing important conclusions about the long-lived hydrothermal activity at

the Panasqueira and the timing of the hydrothermal activity, which mostly or completely

post-dates the granitic intrusion. They also concluded that mineralization resulted from

a later pulse or pulses of mantle-derived heat and volatiles. Neiva et al. (2007) realized

an extensive study focusing on the crystal chemistry of tourmaline from Variscan granites

(comparison between magmatic, hydrothermal and metasomatic tourmaline) including

the Panasqueira deposit. In 2008, Neiva characterized the geochemistry of cassiterite and

wolframite (mainly mineral chemistry) from Sn-W quartz veins in Portugal, including the

Panasqueira deposit.

Pinto et al. (2014) studied the distribution of Sn at Minas da Panasqueira and con-

cluded that there is no relationship between the Sn mineralization and the proximity to

the known cupola, considering that another granitic cupola is required to explain the dis-

tal enrichments in cassiterite. More recently, Lecumberri-Sanchez et al. (2017) presented

a fluid-rock interaction model to explain the wolframite precipitation at Panasqueira.

These authors demonstrated that magmatic fluids provided W in solution, whereas the

wall rocks contribute the iron required to precipitate wolframite. Jacques et al. (2018)

presents a new structural and tectonic model and postulate that Panasqueira formed un-

der low differential stress, exploiting the pre-existing cross-fold joint system. During the

same year, Jaques and Pascal (2017) contributed a new determination of the paleopres-

sure at Panasqueira, conducting an extensive fluid inclusion study in quartz to derive fluid

isochores and deducing P-T conditions based on arsenopyrite and sphalerite geothermom-

etry and geobarometry. Martins (2017) studied the Bi- and Ag-rich phases, defined a new

paragenetic sequence and identified two main zones in the western and eastern parts of

the deposit, which are enriched in Ba + F + Sn ± P and F ± P ± B, respectively. Based

on the textural analysis of growth band of hydrothermal tourmaline, Launay et al. (2018)

inferred the direction and velocity of fluid flow at Panasqueira. They also emphasize

the role of the greisen cupola in fluid focusing and the role of fluid overpressure during

vein opening. Based on tourmaline chemistry they argue that the magmatic fluids were

enriched in Na, K, Li, Sr, and Sn. Finally, a new approach using multifractal model-
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ing, singularity mapping and geochemical indices for targeting buried mineralization was

published by Gonçalves et al. (2018b).

Further works conducted at Panasqueira include Blaettler (1985) and Derré et al.

(1986) [tectonics]; Cotelo Neiva (1944), Saraiva (1971), Knutson et al. (1985), Mignardi

et al. (1995a,b,a) [mineralogy and paragenesis of mineralization]; Clark (1964), Campbell

et al. (1988, 1984), Lüders (1996), Noronha et al. (2000, 1999) [fluid inclusions studies and

stable isotopes and its connection to the granitic cupola]; Clark (1970), Kelly and Wagner

(1977) and Priem and den Tex (1984) [absolute dating of mineralization and associated

granites].
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Chapter 3. Chemical and δ11B compositions of tourmaline from Panasqueira

Abstract — Tourmaline is a locally abundant hydrothermal mineral in the wall rocks

surrounding the W-Sn-Cu mineralized veins in the Panasqueira deposit (Portugal) and a

minor phase within the veins themselves. Tourmaline chemical and boron-isotope com-

positions have been determined from three settings: (1) pervasive fine-grained tourma-

linization zones in wall rocks within 10 cm of the veins, (2) coarser tourmaline in wall

rock-hosted fault zones, and (3) needle-shaped tourmaline from late-stage vugs in the

quartz veins. All tourmalines from Panasqueira have ferromagnesian compositions with

significant octahedral aluminum contents and variable X-site vacancies. Tourmaline com-

positions show significant chemical variations at the grain and sample scale but are ho-

mogeneous on the deposit scale. Tourmaline is typically optically and chemically zoned,

showing significant increases in Fe and F and decrease in Mg, Ca and Al from core to rim.

Moreover, as a general trend, Al increases and Mg decreases with proximity to the vein

contact. The observed chemical variation seems to have been controlled mainly by the

vectors: FeMg−1; X�AlNa−1(R2+)−1; X�Al(OH)Na−1(R2+)F−1; (R2+)(OH,F)Al−1O−1

and X�Al2ONa−1(R2+)−2(OH,F)−1.

The total range in tourmaline δ11B values from the Panasqueira W-Sn-Cu deposit

is from –3.7 to –12.7 ‰, including tourmaline from the three settings. The calculated

B-isotope composition of the hydrothermal fluid based on the average tourmaline com-

position of –9 ‰ and an estimated alteration temperature in the wall rocks, based on

Ti-in-quartz thermometry, of 500°C is –7.1 ‰. This isotopic composition is permissive

of a boron source from local metasediments or an S-type granite, but the high boron

concentration in the wall rocks, with >50 vol% tourmaline, along with the typical ele-

ment association of Panasqueira (W, Sn, F, Nb, Ta, Rb) makes a granitic source more

likely. Late-stage tourmaline needles in vugs within the mineralized veins show the same

patterns and ranges in both chemical and boron isotope composition, suggesting that

exsolved magmatic fluids were injected in at least two pulses.

The variations in chemical and boron isotopic compositions of tourmaline combined

with estimates from Ti-in-quartz thermometry suggest that hydrothermal ore formation

is associated with fluid cooling and geochemical fluid-rock interactions.

Key-words: Tourmaline; Boron isotopes; SIMS; Ore deposits; Panasqueira; Magmatic-
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hydrothermal systems

3.1 Introduction

The Panasqueira W-Sn-Cu deposit in Central Portugal (Figure 3.1A) is Europe’s

largest tungsten deposit (the 9th largest worldwide), with over 110,000 tons of wolframite

concentrate produced since 1947 (Shedd, 2017). The deposit consists of a swarm of sub-

horizontal, hydrothermal quartz veins in proximity to the greisenized cupola (greisen) of a

Variscan S-type granite (Figure 3.1B). The veins crosscut the metasedimentary host rocks

and contain a variety of ore minerals, the most important economically being wolframite

[(Fe,Mn)WO4], cassiterite (SnO2) and chalcopyrite (CuFeS2). The Panasqueira granite

has been proposed to be the source of the metals (Bloot and de Wolf, 1953; Clark, 1970;

Neiva, 2008) and the cupola has been interpreted to play a critical role for channeling

magmatic-hydrothermal fluids (Kelly and Rye, 1979). However, underground exposures

show that mineralized veins crosscut the cupola, and the origin of the mineralizing fluids

is still debated, with some workers favoring non-magmatic fluids of meteoric origin, which

may have interacted to variable degrees with the rocks they were flowing through (Burnard

and Polya, 2004; Kelly and Rye, 1979; Noronha et al., 1992; Polya, 1989, 1988a).

The greenschist-facies pelitic to psammitic schists (Beiras Group in Figure 3.1B

and C; undifferentiated metasediments in Figure 3.1A) hosting the Panasqueira ore veins

contain large amounts of tourmaline (up to 70 vol%), which are interpreted as the result

of hydrothermal alteration dominantly predating the ore-forming event (Foxford et al.,

1991; Marignac, 1982; Polya et al., 2000). Tourmaline has further been described as a

minor or accessory mineral from pre-ore to post-ore stages at the deposit. The value of

tourmaline as a chemical and isotopic tracer of fluid-rock or fluid-melt interaction has

been demonstrated in many previous studies (see reviews in Marschall and Jiang, 2011;

Slack, 1996; Slack and Trumbull, 2011), including some from the Central Iberian Zone

which the deposit is associated with (Pesquera et al., 2013, 2005; Ribeiro da Costa et al.,

2014; Roda-Robles et al., 2011). However, the tourmaline at the Panasqueira deposit has

so far been largely unstudied, the exception being a few analyses in the regional study of

Variscan ore deposits in Portugal by Neiva et al. (2007).
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In this paper we explore the chemical and B-isotope variations in tourmaline from

the Panasqueira deposit based on a suite of new samples from both former and active

mining areas covering the spatial extent of the vein system currently exposed in the

underground mine, and the temporal range of tourmaline formation from early to late

stages in the paragenetic sequence (Figure 3.1C). The results suggest that hydrothermal

ore formation is associated with fluid cooling and geochemical fluid-rock interactions. We

find that the boron isotopic composition of tourmaline is remarkably homogeneous across

the deposit, with values consistent with crystallization from a magmatic-hydrothermal

fluid derived from an S-type granite. In contrast, the chemical composition of tourmaline

shows significant zoning that suggests several fluid pulses in a dynamic hydrothermal

system.

3.2 Geological background and previous work

The Panasqueira deposit is located in the Beira Baixa region (central Portugal),

about 34 km west of Fundão (Figure 3.1A).The deposit is hosted by the Beiras Group

(Grupo das Beiras) of Late Ediacaran to Early Cambrian age (Figure 3.1A), which was

regionally metamorphosed in greenschist facies during the early compressive stages of the

Variscan Orogeny (Romão et al., 2013). The Beiras Group consists of biotite-chlorite

schists, phyllites and dark, fine-grained quartzites whose protoliths were a sequence of

argillaceous to arenaceous shales, greywackes and fine-grained sandstones (Bloot and

de Wolf, 1953; Conde et al., 1971; Kelly and Rye, 1979; Thadeu, 1951a). The deposi-

tional environment has been described as a flysch-type setting in a continental basin,

possibly with some marine influence (Thadeu, 1951a).

The Panasqueira Granite is part of the Variscan granitic complex of northern Portu-

gal (Figure 3.1A). It is a peraluminous S-type, two-mica granite (muscovite < biotite) with

fine- to medium-grained porphyritic texture (Kelly and Rye, 1979). The emplacement of

the granite produced a contact metamorphic aureole of biotite-chlorite hornfels, with mi-

nor cordierite and chiastolite, the so-called spotted schist (Bussink, 1984; Conde et al.,

1971). The upper part of the granitic batholith includes a cupola of a greisenized granite

with a silica cap (Figure 3.1B) that is cut by some of the ore veins (Burnard and Polya,
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2004; Bussink, 1984; Kelly and Rye, 1979; Polya, 1989, 1988a; Thadeu, 1951a). Neiva

(1987a) described the mineralogical and chemical changes of the Panasqueira granite due

to greisenization and found that neither the granite nor greisen rocks contain tourma-

line. The deposit is cut by a number of subvertical faults with mostly NNW-SSE and

ENE-WSW trends (Figure 3.1C). Although some studies emphasize the greisen cupola as

the source of the magmatic-hydrothermal fluids, Polya (1989, 1988a) proposed that the

subvertical faults acted as major pathways for hydrothermal fluid flow during ore precip-

itation noting that the Nb content in wolframite from the quartz veins increases towards

these structures. However, the vertical faults crosscut the mineralized veins indicating

that faulting either postdates mineralization or that several mineralization episodes have

taken place.

Mineralization of wolframite, cassiterite, and chalcopyrite is predominantly hosted in

the veins, with minor stringers and lenses of sulfide minerals in the altered metasedimen-

tary wall rocks. The veins are mainly composed of gangue quartz, muscovite and minor

carbonates, apatite, topaz, fluorite, tourmaline, rutile, ilmenite, arsenopyrite, sphalerite,

pyrite, marcasite, stannite and pyrrhotite (e.g., D’Orey, 1967; Kelly and Rye, 1979; Neiva,

2008; Polya, 1989; Polya et al., 2000; Thadeu, 1951a; Wimmers, 1985). The paragenetic

sequence was subdivided by Kelly and Rye (1979) into four stages of mineralization: (1)

oxide-silicate stage, (2) main-sulfide stage, (3) pyrrhotite alteration stage and (4) late

carbonate stage, whereby (1) and (2) constitute the economically relevant ore stages for

oxides (wolframite, cassiterite) and sulfides (chalcopyrite), respectively. Further studies

proposed two preore stages with formation of a crack-seal quartz seam and muscovite sel-

vages (e.g., Polya et al., 2000). Tourmaline is reported to occur during all of these stages,

with a predominance in the early stages (e.g., Kelly and Rye, 1979; Polya et al., 2000).

Lourenço (2002) describes a second stage of Sn-Cu mineralization, which he proposed was

triggered by the emplacement of a second granite. This mineralization, with cassiterite

and chalcopyrite as ore minerals but lacking wolframite, occurs in fractures cross-cutting

the main veins. Associated minerals are tourmaline, apatite and siderite. There is a

strong variation in the mineralogy of the vein selvages in the deposit although a clear

spatial pattern in these variations is not apparent. Typically, the quartz fracture-filling

is rimmed by a muscovite selvage up to 4 cm thick and commonly intergrown with ar-
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senopyrite but in other parts of the deposit, especially in the southern part, the muscovite

selvage is absent and a variably thick topaz-rich selvage forms instead. Less frequent are

veins where both topaz and muscovite selvages are absent. Bussink (1984) distinguished

three main alteration zones in the host rocks at progressively greater distance from the

quartz veins: (1) an inner, tourmaline-rich zone 2 to 30 cm thick, (2) a muscovite-rich

zone consisting mainly of muscovite, quartz, altered cordierite and minor tourmaline or

topaz, whose extent depends strongly on the host rock composition and the presence of

joints, and (3) a chlorite-muscovite-rich zone farthest from the veins.

Stable isotope studies of H, O, C, S and N in gangue and ore minerals from Panasqueira

have been interpreted as evidence for interaction between fluids from more than one source

and the host rock (e.g., Bussink, 1984; Kelly and Rye, 1979; Noronha et al., 1992). The

role of magmatic fluids derived from the Panasqueira granite in the early stages of miner-

alization is unclear; some interpretations suggest an exclusive magmatic influence (Clark,

1970; Kelly and Rye, 1979) and others suggest an early role of meteoric fluids (Kelly and

Rye, 1979; Polya et al., 2000). Bussink (1984), Kelly and Rye (1979), Polya et al. (2000)

and Lecumberri-Sanchez et al. (2017) reported that fluids at Panasqueira are dominantly

low to moderate salinity fluids (5–10 wt% NaCl eq.) trapped at temperatures between 230

and 360 °C. Polya et al. (2000) attributed the progression from oxide-dominated to base-

metal sulfide paragenesis to an increasing importance of reduced (presumably meteoric)

fluids interacting with or derived from organic-rich metasediments.

Finally, helium isotopic data from wolframite and arsenopyrite were taken as evidence

for a mantle component in the ore fluids (Burnard and Polya, 2004). Foxford et al. (2000)

proposed a structural model for vein formation whereby sub-horizontal fractures that

initially formed in a compressional stress regime underwent episodic dilation and vein-

filling as lithostatically pressured (magmatic) fluids were injected into a hydrostatically

pressured fluid regime. They showed that the observed pressure range of 100 to 20 MPa

reported in fluid inclusion studies from the veins (Bussink, 1984; Kelly and Rye, 1979) is

consistent with the difference between lithostatic and hydrostatic fluid pressure at about

3 km paleodepth (Foxford et al., 2000).
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3.3 Tourmaline occurrence and sampling strategy

Tourmaline is ubiquitous in the altered metasedimentary wall rocks around miner-

alized veins. The current underground mine in Panasqueira extends about 2 km from

the cupola to the west and southwest (Figure 3.1C) and is worked at four depth levels

spaced 60 m (L0 to L2) and 90 m (L2 to L3) apart. Our sampling covers nearly the

full spatial extent of the deposit both horizontally and vertically. We also sampled the

different host rock lithologies involved (spotted schist and fine-grained schist) and, where

possible, divided the samples into sections at variable distance from the vein contact. In

addition, we collected tourmaline from the veins representing different stages in the tem-

poral evolution of the mineralization (main-stage tourmalinization and late-vug fillings).

The part of the greisen cupola exposed in the mine area contains no tourmaline and the

Panasqueira granite has been described as tourmaline-free (Neiva, 1987a).

3.3.1 Tourmaline in the wall rock alteration zones

Two types of metasediments are distinguished in this study: spotted schists (SS)

(Figure 3.2A) and fine-grained schists (FGS) (Figure 3.2B). The spotted schists were

affected by contact metamorphism (e.g., Bussink, 1984; Conde et al., 1971) and are coarser

grained with porphyroblastic textures. The slightly flattened spots are sub-parallel to

the main foliation. Far from the deposit, the spots contain a quartz-biotite-chlorite-

Figure 3.2 (facing page): (A) and (B) Hand specimens of tourmaline-rich rocks from the
contact with the mineralized veins: (A) corresponds to a spotted schist (SS) and (B ) to a
fine-grained schist (FGS). The stripes in the samples result from the saw cut. (C) and (D)
Photomicrographs illustrating some petrographic features of tourmaline-rich rocks: detail
(C) from a SS showing a quartz-rich spot surrounded by a tourmaline-rich matrix and (D)
from FGS showing the transition from a quartz-rich layer to a tourmaline-muscovite-rich layer
(plane-polarized light). (E) and (F) Back-scattered electron (BSE) images of: (E) oscillatory
zoning in tourmaline, the dots correspond to the location of EPMA analyses and the values
to the respective FeO (wt%) content and (F) prismatic subhedral tourmaline from metased-
iments showing oscillatory zoning and mineral inclusions. (G) and (H) Photomicrographs
illustrating special features of tourmaline: (G) coarser-grained tourmaline from a fault-related
setting and (H) contact between a SS and a muscovite selvage type vein; green-brownish tour-
maline occurs within the wall rock and tourmaline slivers within the first millimeters of the
vein (plane-polarized light). (I) Photograph of tourmaline needles associated with carbonates
and quartz. Tur – tourmaline, Ms – muscovite, Qtz –quartz, Cb – carbonates, Py – pyrite,
Mnz – monazite, Ap – apatite.
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(cordierite) assemblage but in the vein contact zones they consist of quartz and tourmaline

while the matrix is mainly comprised of tourmaline with accessory muscovite and quartz

(see Figure 3.2C). The fine-grained schists typically display an alternation of quartz-rich

and tourmaline-muscovite-rich layers (see Figure 3.2D), inheriting the layered pelitic-

psammitic texture of the Beiras Group phyllites.

Tourmaline forms very fine (<0.1 to 0.3 mm diameter), prismatic subhedral to eu-

hedral zoned crystals, with a pleochroism ranging from pale to deep green in the core to

beige and brown in the rims (Figure 3.2D). The color zoning is less evident in the FGS

than in the SS due to the smaller grains (<0.1 mm). Back-scatter electron (BSE) images

(Figure 3.2E) show simple, concentric zonations with consistently darker cores and lighter

rims for the majority of tourmaline crystals, while only few grains show fine-scale zona-

tions, which can be oscillatory or patchy zoning in the cores. Exceptionally, several grains

in sample PN30 show reverse zoning with darker rims in BSE images. Tourmaline in the

fine-grained schist sample PN22 is unzoned. A common feature of all tourmalines is the

presence of quartz, apatite and monazite inclusions, which are typically more abundant

in the cores than rims (Figure 3.2F). Where the metasediments are cut by faults, there

is a tendency to form assemblages of coarser grained tourmaline, muscovite, apatite, car-

bonates, chlorite, sulfides, and Fe-Ti oxides (Figure 3.2G). In the alteration zones of both

spotted schists and fine-grained schists, tourmaline occurs together with quartz, mus-

covite, Fe-Ti oxides (locally containing Sn), rutile, zircon, apatite and siderite. Sulfide

minerals, including arsenopyrite, pyrite, chalcopyrite and sphalerite, occur as dissemi-

nations and in thin quartz-sulfide-veinlets while wolframite is absent. The quartz-sulfide

veinlets crosscut the alteration zones and are clearly later. The textural relations between

tourmaline scale some samples show textural evidence for tourmaline recrystallization re-

lated to chalcopyrite and sphalerite precipitation and arsenopyrite is clearly coeval with

early tourmaline. However, at the deposit scale the relations between tourmalinization of

wall rocks and ore formation are not clear.

3.3.2 Tourmaline in the mineralized W-Sn-Cu veins

Tourmaline is rare in the veins themselves and, where present, typically develops

at the wall rock contact or in slivers of wall rock subparallel to the vein contact (Figure
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3.2H). The vein-hosted tourmaline is typically coarser (0.05–0.3 mm) than tourmaline

from the host rock (e.g. Figure 3.2H) but still <5 mm in maximum dimension. Aside

from a larger grain size and few mineral inclusions, tourmaline from the vein margins

displays the same features described for tourmalines from the host rock. The paragenetic

relation of vein-margin tourmaline and the ore minerals is typically hard to ascertain

because they are rarely in contact. Vein-margin tourmalines appear to be coeval with

wolframite, but the textural relationship with sulfides from the main sulfide stage is

unclear. An important feature of tourmaline at Panasqueira is the occurrence of euhedral,

radial clusters of tourmaline needles up to 1 cm long associated with euhedral apatite,

quartz and carbonate crystals in vugs or pockets near the vein contacts (Figure 3.2I).

Locally, the acicular tourmaline is overgrown by prismatic quartz crystals. The vugs are

commonly related to late fractures, which may correlate with the pyrrhotite alteration

stage proposed by Polya et al. (2000) and/or the late Sn-Cu mineralization recognized by

Lourenço (2002). This, and the association with carbonates that are otherwise known to

form late crosscutting veins, suggests that the acicular vug-filling tourmaline formed after

the main mineralization event.

3.4 Analytical methods

3.4.1 Electron microprobe

The chemical compositions of tourmaline were determined on polished thin sections

using a JEOL Superprobe JXA-8230 (EPMA) at GFZ Potsdam, equipped with a LaB6-

cathode and 5 wavelength-dispersive spectrometers. We applied an accelerating voltage of

15 kV, a beam current of 10 nA with a beam diameter of 5 µm. The following standards

were used: orthoclase (Si, Al, K), fluorite (F), rutile (Ti), diopside (Ca, Mg), tugtupite

(Cl), BaSi2O5 (Ba), albite (Na), hematite (Fe) and rhodonite (Mn). Counting time

on peaks were twice those on backgrounds, with 10 s for Si, K, and Na; 20 s for Al,

F, Ti, Ca, Cl, Mg, Fe and Mn and 30 s for Ba. X-ray intensities of Si, K, and Na

were acquired first and simultaneously. The structural formulae and site allocation of

tourmalines were calculated from EPMA data by normalizing the sum of T + Z + Y

cations to 15, assuming no vacancies (or deficiencies) in the T, Z, or Y sites as suggested
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by Henry et al. (2011) for Li-poor tourmaline. Estimates of the B2O3 and H2O contents

were obtained by stoichiometry, considering B= 3 apfu and OH +F =4 apfu. We obtained

a total of 650 spot analyses from 15 samples.

The Ti concentrations in quartz were determined on 3 polished thin sections using

a JEOL JXA-8500F Hyperprobe equipped with a field emission gun and five wavelength-

dispersive spectrometers at GFZ Potsdam. Detection limits of 5 ppm for Ti were obtained

with a 8 µm diameter beam at 20 kV and 100 nA in accordance to Donovan et al. (2011).

Counting times were 500 s on peak, with additional 250 s for background measurements

on both sides of the peak. Rutile was used to calibrate Ti. Si and O were calculated using

a fixed ratio. We obtained a total of 209 spot analyses from 3 spotted schists samples.

Analyses were discarded when a close association with Ti-phases was evident. In total,

174 analyses were considered for further calculations. All EPMA data are provided in

Supplement 1.

3.4.2 Secondary ion mass spectrometry

The boron isotope compositions of tourmaline from a subset of 13 samples were

determined by secondary ion mass spectrometry (SIMS) using the CAMECA 1280-HR

instrument at GFZ Potsdam. This study involved two separate sessions of several days

each in June and September 2016. The SIMS analyses employed a nominally 13 keV, 3

nA 16O− primary beam, focused to a ∼10 µm diameter spot on larger tourmaline grains

(June 2016 session) and 13 keV, 60 pA 16O− beam with a ∼5 µm diameter in the smaller

grains (Sept. 2016 session). A 3-min pre-sputter was conducted in order to remove the

gold coat and establish equilibrium sputtering conditions, prior to each analysis. The

mass spectrometer was operated in multi-collection mode (for 3 nA beam current) and

mono-collection (for 60 pA beam current), both using faraday cup detectors. The mass

resolution M/∆M ≈ 2000 was sufficient to separate the isobaric interferences of 10B1H+

on the 11B+ mass station and of 9Be1H+ and 30Si+3 on the 10B+ mass station. A 400 µm

diameter contrast aperture, a 4000 µm field aperture and a 50 V energy window were

used without any voltage offset. These conditions resulted in a count rate of ∼8 MHz for
11B (3 nA) and 160 KHz (60 pA), to which a 46 ns deadtime correction was applied to our

pulse counting system. A single analysis consisted of 20 integrations of the sequence 10B+
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(4 s) and 11B+ (2 s), resulting in a total time of about 5 min for each analysis including

pre-sputtering.

The instrumental mass fractionation (IMF) was determined using two tourmaline

reference materials (RM) whose compositions are close to those of the Panasqueira tour-

maline. The RMs used are dravite (Harvard mineral collection #108796) and schorl

(#112566) described by Dyar et al. (2001), each measured several times during a given

day of analyses. An overview of the daily RM results is given in Table 3.1. The within-run

uncertainty for an individual analysis (1 sdmean for 20 cycles) was typically ± 0.1-0.2 ‰

and the repeatability of IMF values on each RM varied from day to day (Table 1) but was

typically <1 ‰ (1sdmean). For each daily session, we used the mean IMF of all analyses

on both schorl and dravite RMs to correct the sample data from that day. The 1 sd/mean

value of the combined IMF data was typically less than ± 1.5‰, which is greater than

the separate RM repeatabilities. This probably reflects a minor compositional matrix

effect (see also Büttner et al., 2016) and is our best estimate for the overall the data were

converted to δ11B values relative to NIST SRM 951, using a 11B/10B ratio of 4.04362

(Catanzaro et al., 1970).

Wherever possible we measured rim and core compositions separately and placed

SIMS analyses near previously determined microprobe analyses. A correspondence of

SIMS and EPMA spot locations was achieved in 201 of 247 cases. However, the small

grain size and abundance of mineral inclusions often prevented multiple SIMS analyses.

The full dataset is reported in the Supplement 2.

3.5 Results

The sample coverage allows assessment of potential variations in the composition

of tourmaline from the Panasqueira deposit related to (1) mineral zoning: core vs. rim;

(2) location in alteration zones relative to the vein contact: proximal (<2 cm) vs. distal

(>6 cm); (3) host-rock lithology: fine-grained (FGS) vs. spotted schist (SS); and (4)

association with fault zones and late vugs.

The spread of sample locations within the Panasqueira mine (Figure 3.1C) also

allowed assessment of spatial patterns on the scale of 10s to 100s of meters, resolving
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Table 3.1: Summary of SIMS B-isotope analyses of reference tourmalines.

Date 11B/10B IMFamean Repeat. (‰)b n 11B (‰)c

Schorl (11B/11B = 3.9931 and δ11B = –12.5 ‰)
10/06/2016 3.825 0.9579 0.19 11 –11.7
13/06/2016 3.823 0.9575 0.26 12 –12.2
14/06/2016 3.931 0.9845 0.24 5 –11.7
08/09/2016 3.780 0.9468 0.80 10 –12.0
09/09/2016 3.793 0.9499 0.62 13 –11.9
12/09/2016 3.794 0.9502 0.67 14 –11.3
13/09/2016 3.794 0.9501 0.92 13 –11.9
14/09/2016 3.793 0.9498 1.10 13 –12.1
15/09/2016 3.793 0.9500 0.75 12 –11.9

Dravite (11B/11B = 4.0169 and δ11B = –6.6 ‰)
10/06/2016 3.845 0.9571 0.20 11 –6.7
13/06/2016 3.843 0.9567 0.23 21 –7.2
14/06/2016 3.947 0.9827 0.13 4 –7.6
08/09/2016 3.799 0.9456 0.52 8 –7.3
09/09/2016 3.812 0.9489 0.79 13 –7.1
12/09/2016 3.810 0.9485 0.71 15 –7.6
13/09/2016 3.811 0.9489 1.19 13 –7.2
14/09/2016 3.812 0.9491 1.32 14 –7.0
15/09/2016 3.811 0.9486 0.55 12 –7.4
a Instrumental Mass Fractionation (11B/11B measured / 11B/11B standard), mean of n analyses.
b Repeatability of IMF (standard deviation / mean) * 1000.
c Based on corrected 11B/11B ratios using the combined schorl-dravite IMF

different depth levels and variable horizontal distances from the cupola. However, the

chemical and boron isotopic compositions showed no systematic variations on the deposit

scale.

3.5.1 Chemical composition of tourmaline

3.5.1.1 General features of major element composition and classification.

Tourmaline variations and classifications depend on relative occupancies of major ele-

ments on crystallographic sites described by the general formula XY3Z6(T6O18)(BO3)3V3W

(e.g., Henry et al., 2011). Variations of greatest petrologic interest occur on the X-site

(e.g., Na+, K+, Ca2+, � = vacancy), the Y-site (e.g. Fe2+, Mg2+, Al3+, Li+) and the

W-site (e.g. OH−, O2−, F−, Cl−), while the Z-, T- and V-sites are usually fully occupied

by Al, Si, and (O, OH), respectively.

Panasqueira tourmalines show a wide range of major-element concentrations, in par-
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ticular for Fe (0.72–2.25 apfu), Mg (0.14–1.55 apfu) and Al (5.88–6.83 apfu). The minor

components Mn and Ti range from near 0 to 0.02 and 0 to 0.13 apfu, respectively. Based

on the X- and Y-site proportions, most tourmalines belong to the alkali group and plot

within the fields of tourmaline from Li-poor granitoids and metasedimentary rocks (Fig-

ure 3.3). The X-site from Panasqueira tourmaline has Na contents of 0.34 to 0.81 apfu

(Figure 3.4A-C ), and very low Ca (near 0 to 0.19 apfu), K (near 0 to 0.28 apfu) and Ba

(near 0 to 0.01 apfu) contents. Exceptional cases with X� values up to 0.64 pfu classify

in the vacancy group and plot in the foitite field (Figure 3.3 A-C; Figure 3.4 D-F). F

contents are highly variable (near 0 to 0.71 apfu) with many values between 0.50 and

0.71 apfu, indicative for fluor-variety tourmalines (Figure 3.4 A-C). Contents of Cl are

negligible (<0.04 apfu). The average values of tourmaline analyses from each group are

listed in Table 3.2.

The strongest variations relate to Fe/(Fe + Mg) ratios, which reflect the exchange

vector FeMg−1. Given the low contents of Mn and Li, values of ∑(Fe + Mg)<3 apfu

indicate the presence of Al in the Y-site (Figure 3.5 D-F), which is further confirmed

by Al contents in excess of the 6 apfu (atoms per formula unit) for ideal schorl-dravite

(Figure 3.3 D-F; Figure 3.4 D-F). The amount of Al in the octahedral sites (V IAl =
Y Al) varies from near zero to about 0.82 apfu (Figure 3.4 D-F and Figure 3.5 A-C).

Its positive correlation with X-site vacancies (X�) suggests substantial amounts of Al

being incorporated in the Y-site via the alkali-deficient exchange vector [X�AlNa−1(R2+
−1],

deprotonation [R2+(OH−,F−)Al−1O−1], where R2+=Mg + Fe + Mn (Figure 3.4 D-F) and

to a minor extent, the vector X�Al2ONa−1(R2+)−2(OH,F)−1.

Figure 3.3 (facing page): (A-C) Ca-X-site vacancy-Na(+K) ternary diagrams (after
Hawthorne and Henry, 1999) and (D-F) Al-Al50Fe50-Al50Mg50 ternary diagrams (after Henry
and Guidotti, 1985) showing the chemical variations of tourmaline. Crosses indicate analy-
ses from the wall rocks proximal to the vein (up to 2 cm distance) and squares indicate anal-
yses distal to the vein (within 6 to 8 cm distance). In plot D, numbers represent the rock
types as defined by Henry and Guidotti (1985): (1) Li-rich granitoid pegmatites and aplites;
(2) Li-poor granitoids and their associated pegmatites and aplites; (3) Fe3+-rich quartz-
tourmaline rocks; (4) Metapelites and metapsammites coexisting with an Al-saturating phase;
(5) Metapelites and metapsammites not coexisting with an Al-saturating phase; (6) Fe3+-rich
quartz-tourmaline rocks, calc-silicate rocks and metapelites; (7) Low-Ca meta-ultramafics and
Cr, V-rich metasediments and (8) Metacarbonates and meta-pyroxenites.
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Figure 3.4: (A-C) Compositional variation diagrams showing the atomic ratios of Fe/(Fe +
Mg) versus Na (in atoms per formula unit - apfu); and (D-F) octahedral Al (Y Al) versus X-
site vacancies X� expressed in terms of atoms per formula unit (apfu) in tourmaline from the
different host rocks. Crosses indicate analyses from the wall rocks proximal to the vein (up to
2 cm distance) and squares indicate analyses distal to the vein (within 6 to 8 cm distance).
Exchange vectors are indicated by arrows.
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3.5. Results

Removing the relative influence of the alkali-deficient exchange by projecting com-

positions onto an Al-R2+ compositional plane (Figure 3.6 A-C) after Medaris et al. (2003)

results in a negative correlation, which implies that most of the residual Al variation is due

to R2+(OH−,F−)Al−1O−1 and FeAl−1 exchanges. Plotting excess charge against R2++X�
provides a rough minimum estimate of the amount of Fe3+ (Figure 3.6 D-F) (Medaris et al.,

2003), indicating that most of the variations can be explained by the deprotonation vector

and that Fe3+ contents are negligible since all data have excess charge. The data deviate

from the ideal schorl-foitite/“oxy-foitite” line, suggesting that the incorporation of F is

further controlled by X�Al(OH)Na−1(R2+)−1F−1(fluor-schorl exchange vector), which in

combination with the deprotonation vector results in X�Al2ONa−1(R2+)−2(OH,F)−1.

In summary, the compositional variability of hydrothermal tourmaline from Panasqueira

seems to be controlled by a combination of (1) FeMg−1; (2) X�AlNa−1(R2+
−1; (3) X�Al(OH)Na−1

(R2+)−1F−1 (4) R2+(OH−,F−) Al−1O−1 and (5) X�Al2ONa−1(R2+)−2(OH,F)−1. The

FeAl−1 exchange vector has a small influence, implying that Fe3+-rich species are not

important.

3.5.1.2 Variations in tourmaline composition

The color zoning of tourmaline is reflected by systematic chemical variations (black

vs. red symbols in Figure 3.3 to Figure 3.6, where the rims are depleted in Mg and

enriched in Fe relative to the cores (Figure 3.5 D-F). Rims also generally show a relative

depletion in octahedral Al (Figure 3.4 D-F) and Ca (Figure 3.3 A-C) and an increase in

F (Figure 3.5 A-C) and Ti (not shown). However, these trends are less regular than the

Mg-Fe variations and some rim compositions with the highest octahedral Al correspond

with very low F (Figure 3.5 A-C). The FGS tourmaline displays a large overlap of core

and rim compositions (e.g., Figure 3.5D), which may reflect the oscillatory zoning and

local reverse zoning trends visible in BSE images from this sample (Figure 3.2E). The

unzoned tourmaline from sample PN22 more closely resembles the core compositions of

the other samples than their rims, especially with respect to Fe, Mg, and Ca (Figure 3.3A;

Figure 3.5D), which suggests that rim growth in this sample was insignificant.

Further systematic variations are related to the distance of samples from the vein

contact with wall rock tourmaline (FGS and SS), showing lower Mg values near the vein
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Figure 3.6: (A-C) Compositional variation diagrams showing (Al−X-site vacancies) ver-
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(proximal, crosses) than farther away (distal, squares) (Figure 3.5D, E). This variation

is most pronounced in rim compositions (red). Octahedral Al typically increases with

proximity to the veins (Figure 3.4D, E). In some samples X-site vacancies show a slight

tendency to increase from farther away towards the veins, especially in the cores (Figure

3.4D, E). F is highly variable, with no clear trend as a function of distance from the vein

(Figure 3.5A, B). The host-rock lithology (FGS vs. SS) appears to have no systematic

influence on tourmaline composition. The compositional range and variability trends of

tourmaline from FGS and SS also show no systematic differences. Samples of the FGS tend

to show more scatter in variation plots when compared with the SS samples, especially

in terms of mineral zoning, which may simply reflect the finer grain size and resolvability

of core and rim zones in the analyses. The compositional range of tourmalines from the

fault zones and late-stage vugs is the same as the one for the wall rocks, showing the

same sense of zoning (Figures 3.3-3.5). It is worth emphasis that the composition of late-

stage tourmaline needles in vugs (PN47) is not the same as the rim composition of zoned

tourmaline from the wall rock samples although they clearly formed later. Instead, the

tourmaline needles show the same increase in Fe/(Fe + Mg) ratio and F contents from

core to rim and the same decrease in Ca and Al (Figures 3.3-3.5), albeit generally within

a smaller range and with less scatter.

3.5.2 Boron isotopic compositions of tourmaline

All host rock types at Panasqueira show a strong similarity in their δ11B values, in

total ranging from –3.7 to –12.7 ‰ with over 90% of the data between –7 and –11 ‰

(Table 3.3, Supplement 2) and a data distribution close to an ideal normal curve (Figure

3.7A), which is slightly skewed to higher δ11B values (skewness =0.596). An important

feature of these results is that the B-isotope composition of tourmalines from the wall

rock samples varies considerably by more than the analytical uncertainty of 1.5 ‰ and

commonly twice that much (Figure 3.7B). Examination of the SIMS analyses that resulted

in extreme values on Figure 3.7 showed no irregularities and all data are therefore included

in the total range.

The within-sample variations are not related to the core-rim zoning displayed in the

chemical variations. The SIMS results show that even in strongly zoned grains that are
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3.5. Results

large enough for separate core and rim analyses, the within-grain variation in δ11B is <2

‰ and therefore not meaningfully larger than the SIMS uncertainty.

The ranges of B-isotope composition of distal and proximal samples from the same

locality are overlapping but not identical (Figure 3.7B). From the 5 sample pairs that

can be compared, 4 show consistent trends towards lower δ11B values in the proximal

(P) relative to the distal (D) samples, highlighted schematically by red arrows, and one

(PN26 AB and D) shows the opposite trend. The median B-isotope values in the sample

pairs differ by less than the 1.5 ‰ uncertainty (Table 3.3), but the range of values is

commonly offset by 2 or 3 ‰ and the consistency of the difference in 4 of 5 sample pairs

suggests that this could be a significant feature.

There is no systematic difference between the two wall rock types FGS and SS.

However, in contrast to the wide ranges of δ11B–values of the wall rocks, the samples

from the fault zone and the late-stage vugs only show a total range of about 2 ‰. The

late-stage acicular tourmaline in vugs has the same B-isotopic composition as the earlier-

formed and much more abundant tourmaline in wall-rock alteration zones. Comparing

the normal distributions of the different host rock types and taking into account the

respective distances from the vein contact, we see a large overlap of the distributions with

a tendency of greater variations and a transition to higher δ11B values with increasing

distance from the late vugs vein fillings and fault-related tourmaline to the proximal and

distal wall-rock samples (Figure 3.7C). However, all of these variations are close to the

uncertainty of the measurements and should be treated with care.

3.5.3 Ti-in-quartz geothermometry

Quartz is a ubiquitous phase in the tourmaline alteration zone and textures show

that quartz is co-genetic with tourmalinization and precipitated with micas as well as Ti

(-Fe) oxides. The latter typically occur as inclusions in quartz and in tourmaline cores.

The presence of quartz co-existing with Ti-bearing oxides allows application of the Ti-in-

quartz geothermometer to constrain the temperature of tourmaline alteration in the wall

rocks.
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Figure 3.7: Statistic overview of the boron isotope results: (A) Frequency percent histogram
of tourmalines from the fine-grained schists, spotted schist, fault zone and late vugs. (B) Box
and whiskers plots; the grey box marks the 25th and 75th percentiles, the line in the box indi-
cates the statistical median and the whiskers extend from the 10th to the 90th percentile; dots
beyond the whiskers are individual extreme values. Proximal and distal sample pairs are la-
beled P and D, for locations <2 cm from veins (P) and 6–8 cm (D). (C) Comparison of the in-
dividual normal curves (frequency percent) for tourmaline from the late vugs, fault zone, fine-
grained schists (FGS) and spotted schists (SS). The FGS and SS subgroups proximal prox.)
and distal (dist.), show a tendency to higher values in the latter (see text).
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Table 3.3: Boron isotope compositions of tourmaline.

Sample Host rock Location n δ11B mean SD δ11B median δ11B Total Range

PN36B FGS proximal L0 15 –9.5 0.9 –9.4 –11.3 –8.4
PN22B FGS proximal L1 28 –9.5 1.4 –9.4 –12.7 –5.4
PN22E FGS distal L1 19 –8.6 1.6 –8.9 –10.4 –3.7
PN26AB FGS proximal L1 28 –8.5 1.2 –8.3 –12.2 –6.9
PN26D FGS distal L1 9 –8.8 1.2 –9.2 –10.2 –6.4
PN30C FGS proximal L3 13 –10.0 0.7 –10.0 –11.6 –8.9
PN30D FGS distal L3 30 –9.2 0.7 –9.2 –10.5 –7.5
PN46B SS proximal L3 23 –9.1 0.5 –9.1 –10.5 –8.4
PN46E SS distal L3 10 –8.6 0.9 –8.5 –10.8 –7.5
PN33A SS proximal L3 15 –8.3 0.8 –8.3 –9.7 –7.0
PN33D SS distal L3 9 –7.3 0.6 –7.1 –6.5 –8.5
PN37-2 Fault-related L0 26 –9.6 0.5 –9.7 –10.6 –8.6
PN47 Late vugs L3 22 –9.7 0.4 –9.8 –10.4 –9.2

FGS: fine-grained schist; SS: spotted schist; L0: level 0; L1: level 1; L3: level 3.

The results from three selected samples were calculated based on the calibration

of Thomas et al. (2010) and Huang and Audétat (2012) (Table 3.4, Figure 3.8), which

both require an input pressure to obtain the Ti solution in quartz. Following Foxford

et al. (2000), we used the range from 100 MPa to 20 MPa. Depending on the pressure,

temperatures calculated from Thomas et al. (2010) and Huang and Audétat (2012) differ

by 60–100°C. The discrepancy between the two calibrations was evaluated by Thomas

et al. (2015) with a third set of experiments and the authors concluded that the Thomas

et al. (2010) calibration is more likely to represent equilibrium conditions. On that basis,

the most plausible temperature range for quartz formation in the tourmalinized wall

rocks at Panasqueira is 549–420°C assuming that alteration occurred at 100 MPa, and

530–404°C for 20 MPa.

Table 3.4: Temperature estimates (T, °C) from Ti-in-quartz geothermometry
(N=174) for pressures of 20, 50 and 100 MPa.

HA-100 HA-50 HA-20 T-100 T-50 T-20
T (°C) T (°C) T (°C) T (°C) T (°C) T (°C)

Mean 615 578 541 501 491 484
Standard deviation 30 29 27 24 24 23

Median 617 580 544 503 493 486
Minimum 514 481 449 420 410 404
Maximum 673 634 596 549 537 530

HA: Huang and Audétat (2012); T: Thomas et al. (2010)
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Figure 3.8: Box-whisker plots illustrating the distribution of temperature values for quartz
formation (Ti-in-quartz) calculated from Thomas et al. (2010) (T) and Huang and Audétat
(2012) (HA), for pressures of 20, 50 and 100 MPa, see text for details. The grey bands cover
the 25th to 75th percentiles, the red lines and black dots indicate the median and mean val-
ues, resp., and the whiskers extend from the 10th to the 90th percentile; extreme values are
shown as red dots.

3.6 Discussion

3.6.1 Tourmaline zoning and host rock vs. fluid controls on composition

This study documents considerable variations in tourmaline chemical compositions

and systematic core-rim zoning trends that have implications for the evolution of the

Panasqueira hydrothermal system. Variations in tourmaline composition can reflect sev-

eral processes including changing fluid composition, element partitioning with coexisting

minerals, variable wall-rock influence and temperature variations. To interpret the obser-

vations at Panasqueira we consider the following constraints on the host rock and fluid

compositions, and on the degree of cooling during tourmaline growth. (1) the host rock

is a chlorite-biotite schist with Al > Fe > Mg > K >> Ca (Table 3.5, columns 2 to 9);

(2) quartz, muscovite, topaz and apatite are the co-precipitating hydrothermal miner-

als; (3) the hydrothermal fluids responsible for vein mineralization are B-Na-F-rich and

Fe-Mg-Ca poor (Table 3.5, column 14); and (4) the likely range of temperatures for the

hydrothermal system is ca. 500°C for early alteration to ca. 300°C for the main quartz

vein formation.

The wall-rock schists likely contributed Ca, Fe, Mg and Al for the formation of tour-
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maline, in the main stage of hydrothermal alteration. The nearly complete depletion of

Ca in tourmaline rims relative to cores (Figure 3.4 A-C) can be explained by consumption

of all available Ca from the schist (0.06–0.4 wt% CaO, Table 3.5). A depletion of Mg and

octahedral Al from core to rim could be explained in the same way. The depletion in

octahedral Al in rims vs. cores can also reflect the co-precipitation of muscovite.

The behavior of Fe in the wall-rock alteration may have special significance for

understanding the ore formation at Panasqueira, because Lecumberri-Sanchez et al. (2017)

suggest that Fe from the wall rocks was necessary to allow precipitation of wolframite and

Fe-sulfides in the vein. One of the most consistent features of tourmaline zoning is an

increase in the Fe concentration and the Fe/(Fe + Mg) ratio from core to rim (Figure

3.4 A-C). Based on the work of Lecumberri-Sanchez et al. (2017), this increase in Fe in

tourmaline rims is unlikely to be derived from the hydrothermal fluid, which was shown

to be poor in Fe. A simple mass balance calculation based on the concentrations of Fe in

the wall rocks (5.5–7.5 wt% Fe2O3: Table 3.5) and the modal abundance of tourmaline in

alteration zones suggests that all Fe available in the unaltered schist could be used up in

the formation of tourmaline cores, so the Fe-enrichment in the rims as a net increase in

Fe concentrations in tourmaline rims would require some external addition. Iron could be

added from the wall rocks beyond the tourmaline zone. In support of this, Bussink (1984)

showed that the muscovite zone is depleted in Fe2O3 (and Na2O) compared with the distal

chlorite-muscovite zone, suggesting that Fe has been mobilized to the tourmaline zone.
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Fluorine contents increase strongly from core to rim and in the rims particularly, the

F contents are inversely correlated with octahedral Al and X-site vacancies (red symbols

on Figure 3.5 A-C). The background F concentrations in the host schists are low (Table

3.5), and the increase in tourmaline rims likely reflects a higher fluid-rock ratios during

rim growth. Henry et al. (2011) point out that F uptake in tourmaline can also be limited

by the crystal chemistry. Thus, a low charge on the X-site (< % vacancies) prevents

high F contents in the W-site regardless of the fluid concentration and a high charge

at the Y-site (>> charges per formula unit) can also limit F uptake. For the typical

compositions of Panasqueira tourmaline with < 50% X-site vacancies and 6.3 charges on

the Y-site, these limitations do not apply and the higher F contents in tourmaline rims

can be attributed to F concentration in the hydrothermal fluid.

Another factor that can contribute to compositional zoning is cooling of the hy-

drothermal system and this can be important for Panasqueira because of the difference

between the temperature of wall-rock alteration determined by Ti-in-quartz thermometry

(ca. 500°C) and the 230–360°C fluid inclusion temperatures in the mineralized quartz

veins (e.g., Kelly and Rye, 1979; Lecumberri-Sanchez et al., 2017). Experiments on syn-

thetic Mg tourmaline by von Goerne et al. (2001) showed that cooling from 700° to 500°C

at constant fluid composition increased Na contents in tourmaline by 0.1 to 0.3 apfu, the

exact amount being dependent on fluid salinity. These experiments are not strictly appli-

cable to the natural system, but we note that typical core-rim increases in the Panasqueira

tourmalines are 0.05 to 0.1 apfu (Table 3.2) and within the expected range of a cooling ef-

fect. Also, in their study of zoned tourmaline from the San Rafael Sn-Cu deposit in Peru,

Mlynarczyk and Williams-Jones (2006) suggested that cooling was the most important

factor for a core-to-rim increase in Fe/(Fe + Mg).

3.6.2 B-isotope constraints on the fluid source

The total range of δ11B values in the tourmaline from Panasqueira is considerable

(–4 to –13 ‰) but the important feature of this variation is a near-normal distribution

of values with a single, strong frequency maximum around –9 ‰ (Figure 3.7A). The two

samples where the fluid-rock ratio is expected to be highest (the fault-zone, PN37, and the

vug-hosted needles, PN47) are the most homogeneous isotopically and their compositions
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3.6. Discussion

coincide with the mean and median composition of all samples. Therefore, we use this

value in the following discussion of the hydrothermal fluid source. The composition of a

hydrous fluid in equilibrium with tourmaline having δ11B = –9 ‰ depends on tempera-

ture. From the Ti-in-quartz temperatures of 500°C as a likely value for the temperature

of early wall-rock alteration, application of fractionation factors from Meyer et al. (2008)

results in a fluid composition of about –7 ‰.

We can then test the hypothesis of a granitic fluid source by estimating what the

composition of a granitic melt would be that produces a fluid of –7 ‰. The fluid-melt

partitioning of B-isotopes depends on the proportion of trigonal to tetrahedral coordi-

nation sites of boron in the melt phase, which is a complex function of alkali-alumina

ratio and water content in natural silicate melts (e.g., Dingwell et al., 1996). Empirical

studies and spectroscopic measurements of natural melts show that boron is in mixed

trigonal-tetrahedral coordination and for lack of better information we assume a ratio of

50:50, following Kaliwoda et al. (2011) and Trumbull et al. (2013). For these conditions

and a temperature of 650°C as an estimate for the low-pressure solidus of hydrous, F-

rich granitic melt, the B-isotope fractionation factors calculated from molecular dynamics

(Kowalski et al., 2013) suggest an offset of about –5 ‰ between granitic melt and fluid.

Experimental fluid-melt partitioning studies by Hervig et al. (2002) would suggest –7.2

‰ but this is probably too high because it corresponds to 100% tetrahedral boron in the

melt phase (see discussion in Trumbull et al., 2013). We conclude that the Panasqueira

hydrothermal fluid could be derived from a granitic source with δ11B near –12 ‰, which

is a typical value for S-type granites worldwide (Trumbull and Slack, 2018).

The Panasqueira granite is not exposed in the mining district and drill-core inter-

sections are hydrothermally altered and contain no tourmaline that might preserve the

magmatic composition. However, B-isotope data from magmatic tourmaline in contempo-

rary S-type granites from nearby regions of the Central Iberian Zone are in the same range

as from Panasqueira (Figure 3.9, with references in the figure caption). The B-isotope

data do not rule out the regional schists as a source of boron for Panasqueira tourma-

line because the compositions are close to the crustal average and cannot distinguish a

granitic and metasedimentary source (Figure 3.9). However, it is questionable whether the

regional schists could supply the great volumes of tourmaline formed in the Panasqueira
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alteration zones given the low concentrations of B reported at Panasqueira (<200 ppm B,

see Table 3.5) and from equivalent metasediments in the Penamacor-Monsanto region in

Portugal (<280 ppm B2O3, Ribeiro da Costa et al. 2014). Considering the element associ-

ation typical for evolved granites (W, Sn, F, Nb, Ta and Rb), we consider a boron source

from the Panasqueira granite more likely. Finally, we note that the tourmaline from the

Panasqueira B-isotope composition agrees well with the ones from of other granite-related

W-Sn deposits (Figure 3.9) including Cligga Head W-Sn deposit (SW England) (Drivenes

et al., 2015; Smith and Yardley, 1996), Baotan (China) (Zhang et al., 2014) and Baiganhu

(China) (Zheng et al., 2016).

3.6.3 Chemical and B-isotope variations during fluid evolution

The shape of the B-isotope distribution curve (Figure 3.7A) suggests that a compo-

sition of –9 ‰ reflects the main hydrothermal fluid during formation of most Panasqueira

tourmaline. Considering the lack of spatial patterns, the presence of gradual isotope vari-

ations rather than gaps in composition, and the fact that late-stage tourmaline in vugs has

the same composition as early-formed tourmaline, suggests a uniform fluid composition

and gives no indications for mixing of fluids with contrasting composition. The chemical

variations from core to rim are not reflected in the B isotopes, because the within-grain

δ11B variations are within the uncertainty of the method. However, both the chemical

and boron-isotope data show considerable within-sample variations and point towards

systematic changes with distance to the vein contact. The interpretation of the chemical

variations as fluid cooling and extensive fluid-rock reactions is also consistent with the

δ11B variations.

Hydrothermal tourmaline is isotopically lighter than the fluid by a temperature-

dependent factor and thus, tourmaline crystallizing during a cooling event will show pro-

gressively lower δ11B values. The contrast between Ti-in-quartz thermometry from the

tourmaline alteration zone (ca. 500°C) and homogenization temperatures of fluid inclu-

sions in vein quartz (360° to 230°C) suggests a likely range for cooling in the hydrothermal

system by about 200°C. From the tourmaline-fluid fractionation factors of Meyer et al.

(2008), this would cause a shift of isotopic composition to lower values by about 2 ‰,

consistent with the lowest values of –11 to –13 ‰ given the uncertainty of the SIMS
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(2014), Zheng et al. (2016). Modified after van Hinsberg et al. (2011a).
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measurements.

In contrast to this fluid-dominated scenario which may be appropriate for fluid trans-

port in the open fractures (quartz veins), a rock-dominated scenario with a limited fluid

reservoir may apply to the distal alteration zones with limited porosity and quartz veining.

In this case, crystallization of abundant tourmaline can deplete the fluid in 10B, meaning

that boron in the fluid becomes isotopically heavier. Co-crystallization of muscovite will

enhance this effect because the enrichment of 10B in muscovite is stronger than in tour-

maline. The shift in fluid composition by tourmaline and/or muscovite crystallization

should be most effective farthest from the veins where the fluid-rock ratio is lowest, which

can explain the systematic trend to higher δ11B in tourmaline from the distal wall rock

samples compared to those closer to the vein contact (Figure 3.7B, C).

In summary, we conclude that the spread in compositional variations of tourmaline

can be caused by fractionation processes acting on a single hydrothermal fluid. The

proposed processes of cooling and fluid-rock interaction have opposing effects on the δ11B

values and will operate at the same time in nature, explaining the near-normal distribution

with a skew to higher values, which is also reflected by the larger spread and the shift of

the mode of the distribution curves for the distal wall-rock samples as compared to the

fault-related and late vugs tourmalines (Figure 3.7C).

3.6.4 Late-stage vug-filling needles and multiple fluid pulses

The similarity of chemical and B-isotopic compositions of the tourmaline needles from

the vugs and the other samples is challenging to interpret, since geological observations

show that they are separated in time and yet they record the same core-rim variations.

Unless tourmaline in the wall rocks continued to grow until the latest stages, so that

the shift from core to rim composition is coeval for wall-rock tourmaline and vug-filling

needles, we must conclude at least two episodes of tourmaline growth, each showing

the same starting composition and same evolution trend, and with the same B-isotope

composition.

The structural analyses of the vein system scenario suggest a dynamic system with

multiple fluid pulses caused by a repetition of the same processes and fluid compositions

(Foxford et al., 2000). Field observations of cross-cutting veins and two or more genera-
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tions of cassiterite mineralization and tourmaline alteration support the interpretation of

more than one pulse of fluid release, potentially even to new magmatic intrusion events

(Lourenço, 2002; Pinto, 2014; Pinto et al., 2015).

We have shown that both the chemical and boron isotope variations would be con-

sistent with the scenario of an initial hot, magmatic fluid that cooled during progressive

interaction with the wall rocks, resulting in tourmaline growth and zonation. Our data

provide no constraints on whether cooling occurred due to conductive heat loss to the

host rock or fluid mixing with cooler, convecting meteoric fluids as inferred for other

magmatic-hydrothermal deposits (Audétat et al., 1998; Fekete et al., 2016; Mlynarczyk

and Williams-Jones, 2006). Fine oscillatory zoning in some Panasqueira tourmaline is

consistent with fluid mixing (London and Manning, 1995) but it is not common in the

deposit.

Foxford et al. (2000) inferred that near-lithostatic fluid pressures prevailed during

vein formation until the late pyrrhotite stage (possibly equivalent to the vug-hosted acic-

ular tourmaline) but in a plausible scenario of multiple fluid pulses from a lithostatically

pressurized magma source, there could be episodic incursion of meteoric fluid between

pulses that would accelerate cooling and might be recorded in the tourmaline chemistry.

3.7 Conclusions

Tourmaline is a ubiquitous mineral in the alteration zone in wall rocks of the Panasqueira

W-Sn-Cu vein-type deposit and an accessory phase within the mineralizing veins. Two

stages of tourmaline growth are recognized: early tourmaline in the wall rocks and late

tourmaline growing in vugs, suggesting a multi-stage system, where the exsolved mag-

matic fluids were injected in more than one pulse, considering a single dominant B-source

and repetition of the processes in time. The fluid inclusions data indicates that the B-rich

fluids are enriched in incompatible elements, such as B, W, Li, Cs and Rb, which is consis-

tent with these components being derived from an evolved magma (Lecumberri-Sanchez

et al., 2017). The high B contents in the fluid inclusions and the low B concentrations

reported from Panasqueira metasediments (Bussink, 1984), support that a magmatic fluid

source from the adjacent S-type Panasqueira granite is more likely than a source from the
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adjacent metasediments. However, the adjacent metasediments provided a local source

of Al, Fe, Mg and Ca necessary to precipitate tourmaline from the boron-rich fluids. The

data also suggests that the dravitic cores formed under rock-dominated conditions, from

a hot magmatic fluid (500°C) during the early stages of vein opening, which is supported

by the results from Ti-in-quartz thermometry. The continuous fluid-rock interaction may

have contributed to the progressive cooling of the magmatic fluid and subsequent over-

growth of the cores by Fe-F-Na-rich rims.

We conclude that the chemical and B-isotopic ratios observed in the hydrother-

mal tourmaline from Panasqueira deposit are mainly controlled by the chemistry of the

Mg-Fe-Al-Ca-rich host rocks, the B-Na-F-rich mineralizing fluids, co-precipitating min-

erals (mica, topaz, and apatite) and the cooling of the fluids in an evolving, dynamic

hydrothermal system characterized by the injection of multiple fluid pulses.
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Chapter 4. Boron-isotope muscovite-tourmaline geothermometry

Abstract — Reconstructing the thermal evolution of hydrothermal ore deposits mainly

relies on their fluid inclusion record, which is limited by favorable trapping conditions,

calling for alternative temperature constraints. Muscovite and tourmaline coexist in many

hydrothermal ore deposits and in the granites or pegmatites related with them. Whereas

in-situ analyses of boron (B) isotopes in tourmaline are widely applied to constrain fluid

sources and evolution, muscovite has seldom been used in this way, and the potential for

isotope exchange thermometry with this mineral pair is unexplored. The different boron

coordination in muscovite and tourmaline causes a significant, temperature-dependent

isotopic fractionation between them, which has been determined experimentally. We used

this relation to study mineralization conditions and fluid evolution at the Panasqueira W-

Sn-Cu deposit in Portugal, where the source and evolution of the mineralizing fluids are

still debated. The difference in 11B/10B ratios of coexisting muscovite and tourmaline,

expressed as ∆11Bmica−tourmaline = δ11Bmica − δ11Btourmaline, yields median temperatures

for vein selvages from 400° to 460°C within a total range of 350° to 600°C, which agrees

with published Ti-in-quartz temperatures. Mineral pairs from a late fault zone yield a

lower median temperature of about 250°C (range 220° to 320°C), which fits with published

homogenization temperatures of quartz-hosted fluid inclusions from the veins. Taking

these temperatures into account, the calculated fluid composition of the early and late

muscovite generations is about δ11Bfluid=–6 ± 2 ‰, which indicates that the recurrent

fluid pulses had a uniform composition and a magmatic-hydrothermal origin.

4.1 Introduction

Magmatic-hydrothermal ore deposits are the prime sources for Cu, Mo, Sn, and W,

and major suppliers for precious and critical metals like Au, Ag, In, Ge and Ga. All

magmatic-hydrothermal deposits have in common that fluid flow leads to alteration of

the country rock and that mineralization occurs at temperatures that are typically lower

than the solidus of the intrusion by up to several hundred degrees (e.g., Hedenquist and

Lowenstern, 1994; Heinrich and Candela, 2014). However, the processes controlling the

thermal evolution and timing of ore precipitation remain debated (e.g., Fekete et al.,

2016; Li et al., 2018). Fluid inclusion assemblages in gangue and ore minerals provide
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the best direct evidence to constrain mineralization temperatures and fluid source (e.g.,

Bodnar et al., 2014; Roedder, 1986), inclusion record is generally incomplete, calling for

independent constraints. Stable isotopes of oxygen, hydrogen, and carbon in quartz,

micas and carbonate minerals have proven value both for thermometry and as fluid-

source indicators. Boron (B) isotopes, particularly in tourmaline, have also been widely

applied to constrain fluid sources, but their application for thermometry is underexplored

(Klemme et al., 2011). Muscovite and tourmaline are common hydrous gangue minerals

in a wide variety of hydrothermal ore deposits, and both minerals are important hosts for

boron. Although oxygen and hydrogen isotope ratios in muscovite are commonly used

to constrain fluid sources, very few studies included boron isotopes (Menold et al., 2016)

and those were done on bulk mineral separates, which ignores the possibility of zoning

and overgrowths.

Here, we present an extensive case study of B-isotopes in coexisting muscovite and

tourmaline using in-situ microanalysis by secondary ion mass spectrometry (SIMS). The

example chosen is from the world-class Panasqueira W-Sn-Cu deposit in Portugal and

builds on a previous study of the chemical and B-isotope composition of tourmaline, which

supported the prevailing magmatic-hydrothermal fluid model for this deposit (Codeço

et al., 2017). However, the greisen body at Panasqueira, which should give the best es-

timate of a magmatic-hydrothermal fluid, contains no tourmaline and was not included

in that study. Therefore, the goals of this study were (i) to test the validity of the

tourmaline-muscovite B-isotope geothermometer in samples where both minerals coexist,

and (ii) to further constrain the fluid source model for Panasqueira by analysis of mus-

covite from the greisen. The micas in all samples from this study are dioctahedral but

many fall outside of the end-member muscovite composition, so the terms white mica and

muscovite will be used interchangeably in this paper.

4.2 Boron isotopes systematics

Boron has two stable isotopes, 10B and 11B, with natural abundances of 19.9 atom%

and 80.1 atom%, respectively (Palmer and Swihart, 1996). The isotopic composition of

a natural sample with a measured ratio of Rsample = 11Bsample/
10Bsample is commonly
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expressed by the delta notation as:

δ11B = Rsample − RRM

RRM

(4.1)

where RM indicates the reference material such as boric acid NBS-SRM951 with BRM =

4.043627 (Catanzaro et al., 1970) as the most commonly used standard. Defined in this

way, the delta values are very small, so they are typically given in ‰. During equi-

librium fractionation, the isotopic compositions of two coexisting phases A and B can

be described by the isotope fractionation factor αA−B = RA/RB. In the boron system,

the fractionation factor depends on the temperature and the coordination environment

of boron in the phases in question (see reviews by Kowalski and Wunder, 2018). In the

context of our study, the relevant phases are tourmaline, muscovite and an aqueous fluid.

Boron is in trigonal coordination with oxygen in tourmaline and tetrahedral coordina-

tion in muscovite. Schmidt et al. (2005) used Raman spectroscopy to show that trigonal

B(OH)3 complexes are the predominant boron species in aqueous solution over a wide

range of crustal P-T conditions in neutral to acidic pH, whereas tetrahedral boron com-

plexes become important at pH ≥ 8 (see also Pokrovski et al., 1995). Kelly and Rye

(1979) and Polya (1989) proposed neutral to slightly acid conditions for the mineraliz-

ing fluids at Panasqueira based on the muscovite-K-feldspar-quartz buffer, with salinities

from fluid inclusion studies of 5-10 wt.% NaCl. For these conditions, the experimental

studies of tourmaline-fluid by Meyer et al. (2008) and mica-fluid (neutral-acid) by Wun-

der et al. (2005)are applicable, giving the following temperature-dependent fractionation

expressions:

∆11Btourmaline−fluid =
(

−4.2 × 1000
T (K)

)
+ 3.52, R2 = 0.77, SEE = 54°C, and

(4.2)

∆11Bmica−fluid =
(

−10.69 × 1000
T (K)

)
+ 3.88, R2 = 0.992, SEE = 67°C, (4.3)

where R2 describes the least-squared fit to the data, and SEE is the standard error of

the estimate. Combining equations 4.2 and 4.3 gives this expression for the fractionation
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between mica and tourmaline:

∆11Bmica−tourmaline =
(

−6.49 × 103

T (K)

)
+ 0.36, (4.4)

with ∆11BA−B = δ11BA −δ11BB, which is the basis for the mica-tourmaline thermometry.

4.3 The Panasqueira W-Sn-Cu deposit

The Panasqueira mine is the largest W deposit in Europe and the 9th largest world-

wide (Wheeler, 2016). The ore is hosted in sub-horizontal quartz veins within clastic

metasediments (Figure 4.1A) (Thadeu, 1951a), containing wolframite, cassiterite, and

chalcopyrite, with minor arsenopyrite, sphalerite, pyrite, pyrrhotite, galena and As-Sb-

sulfosalts (Kelly and Rye, 1979; Polya, 1989; Polya et al., 2000; Martins et al., 2017).

The deposit is crosscut by a number of subvertical faults and spatially associated with

the Panasqueira Granite (289 ± 4 Ma; Priem and den Tex 1984), which is strongly greis-

enized in its upper parts (Figure 4.1A). The paragenetic sequence consists of a (i) pre-ore

crack seal stage, (ii) pre- to syn-ore white mica selvage formation, (iii) oxide-silicate ore

stage (OSS), (iv) main sulfide ore stage (MSS), (v) pyrrhotite alteration stage (PAS),

and (vi) post-ore late carbonate stage (e.g., Lourenço, 2002; Martins et al., 2017; Polya

et al., 2000). An alteration halo over two meters wide is developed around the mineral-

ized veins, typically displaying zonation from a vein-proximal tourmaline zone, followed

by a muscovite zone and a distal chlorite-muscovite zone (Bussink, 1984). White mica is

one of the most abundant and ubiquitous phases at Panasqueira, occurring in the greisen

cupola, in all stages of the vein system from the pre-ore stage to the OSS, MSS, and PAS,

and in the wall-rock alteration zones.

Mineralization at Panasqueira is still debated in terms of (i) the source of the fluids

and metals (magmatic, meteoric, metamorphic or a mixture thereof), (ii) the fluid path-

ways involved [subhorizontal, emanating from the greisen cupola (Launay et al., 2018) or

subvertically along the transverse fault zones (Polya, 1989)], and (iii) how the thermal

state of the system evolved from magmatic temperatures of ca. 700°C (Neiva, 1987a) to

the rather low temperatures for vein mineralization of 360° to 230°C indicated by fluid in-

clusion studies (Bussink, 1984; Jaques and Pascal, 2017; Kelly and Rye, 1979; Lecumberri-
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Sanchez et al., 2017). Indeed, some workers (e.g., Kelly and Rye, 1979) expressed surprise

that W-Sn mineralization at Panasqueira took place at these low temperatures, pointing

out the contrast to other magmatic-hydrothermal Sn-W deposits. Cathelineau et al.

(2017) suggest that the low fluid inclusion temperatures might reflect decrepitation re-

lated to regional extension and exhumation. Codeço et al. (2017) obtained 503 ± 24°C

(1 SD) for early wall-rock alteration on Ti-in quartz thermometry, and Jaques and Pas-

cal (2017) also estimated high temperatures of 438 ± 44°C (1 SD) from arsenopyrite

thermometry of the early oxide-silicate stage of mineralization.
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Figure 4.1: (A) Schematic cross section of the Panasqueira W-Sn-Cu deposit in Portugal
modified (after Thadeu, 1951a). L0 = Level 0 at 680 m above sea level (a.s.l.); L1 = Level 1
at 620 m a.s.l., L2 = Level 2 at 560 m a.s.l., L530 = Level 530 (main water drainage level) at
530 m a.s.l.. and L3 = Level 3 at 470 m a.s.l. (B) Quartz-mica-wolframite vein with a mica-
rich selvage (MRS); (C) Quartz-chalcopyrite-wolframite vein with a mica-poor selvage (MPS);
the bright mineral at the contact is arsenopyrite; (D) Cassiterite-quartz vein with a topaz-rich
selvage (TRS).
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4.3.1 The composition of Panasqueira tourmaline

Tourmaline is a major mineral phase in the wall rock alteration zones, and it also

occurs in some vein selvages but is absent from the greisen body. The chemical and

B-isotopic compositions of tourmalines at Panasqueira have been described in detail by

Codeço et al. (2017) and are only briefly summarized here. Tourmaline compositions

classify as aluminum-rich intermediate schorl-dravite, with relatively high F contents (up

to 1.4 wt.%). The grains are typically zoned, with increasing Fe, F, and Na from core

to rim, and decreasing Mg, Ca, and Al. The total range in tourmaline δ11B values is

from –3.7 to –12.7 ‰, with no systematic differences between early formed tourmaline

and late-vugs tourmaline. Codeço et al. (2017) interpreted the variations in chemical and

boron isotopic compositions with a combination of (i) fluid cooling during mineralization

and (ii) the growth of tourmaline and mica in alteration zones which depleted the fluid

in 10B. They concluded that the tourmaline compositions are consistent with, but not

diagnostic of, a magmatic fluid source and record the injection of multiple fluid pulses in an

evolving dynamic system, as shown by the homogeneity between tourmaline generations.

Key evidence from the granite greisen body was missing in the earlier study because of

the lack of tourmaline in the greisen, and this was one motivation for the B-isotope study

of muscovite reported here.

4.4 Samples and Methods

4.4.1 Samples studied

Except for the greisen (sample PN6), all samples investigated here were previously

studied for tourmaline composition by Codeço et al. (2017). Those samples represent sel-

vages of the mineralized veins and the surrounding wall-rock alteration zones from several

localities throughout the deposit (see Supplement: Figure S1 for sample locations). The

vein-selvage samples are of three types. The most common are mica-rich selvages (MRS:

samples PN22B, PN46B and PN33A; Figure 4.1B, 4.2A), some veins have mica-poor

selvages (MPS: sample PN30C; Figure 4.1C, 4.2B), and the least-common type are topaz-

rich selvages (TRS: samples PN26AB; Figure 4.1D, 4.2C). In the investigated samples, the
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MRS vein assemblage includes wolframite, cassiterite, and chalcopyrite. One MRS sample

(PN22B) contains two generations of mica: an early, fine-grained mica at the vein contact

intergrown with quartz and tourmaline, and a late, coarser-grained mica intergrown with

wolframite. The veins flanked by MPS are dominated by chalcopyrite and sphalerite ore

minerals. Veins with TRS-type margins are rare, but the few observations suggest they

are more cassiterite-rich. In the TRS sample investigated here, white mica is a secondary

phase replacing topaz (sericite, Figure 4.2C), or forming flakes along micro-fractures in

quartz. White mica in the wall rocks enclosing mineralized veins forms subhedral flakes,

which are typically very fine-grained (< 1 mm diameter) and intergrown with tourmaline

and quartz (Figure 4.2D). Locally, subvertical faults cut the veins and alteration zones.

The fault zones show similar hydrothermal assemblages as the surrounding rocks but with

tendentially coarser grain sizes (Figure 4.2E, sample PN37). The greisenized granite is

mainly composed of fine- to medium-grained (up to 5 mm) quartz and white mica with

minor topaz, chlorite, K-feldspar, albite, pyrite, arsenopyrite, and zircon (Figure 4.2F).

4.4.2 Electron microprobe analyses

The chemical compositions of white mica were determined on polished thin sections

using a JEOL Superprobe JXA-8230 (EPMA) at GFZ Potsdam, equipped with a LaB6-

cathode and five wavelength-dispersive spectrometers. This study involved two separate

sessions, in April 2016 and in January 2018. The analyses were performed with an accel-

erating voltage of 15 kV, a beam current of 20 nA with a beam diameter of 5-µm for both

sessions. The instrument was calibrated using natural and synthetic minerals: orthoclase

(Si, Al, K), fluorite (F), rutile (Ti), diopside (Ca, Mg), tugtupite (Cl), BaSi2O5 (Ba),

albite (Na), hematite (Fe) rhodonite (Mn) and, in the 2018 session, synthetic RbAlSi3O8

(Rb). Counting time on peaks were twice those on backgrounds and differed in the two

sessions. The 2018 session used 10 s counting for Si, K, Al and Na and 20 s for F, Ti, Ca,

Cl, Mg, Fe, Ba, Rb, and Mn, while counting times of 10 s for Na, F, Si, K and Ca and 20s

for Mn, Fe, Ba, Al, Ti, Mg and Cl were applied during the 2016 session. X-ray intensities

of Si, K, and Na were acquired first and simultaneously in both campaigns to minimize

diffusion under the electron beam. The structural formulae and site allocations of mica

were calculated from EPMA data based on 22 positive charges (Rieder et al., 1998).
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Figure 4.2: (A) Photomicrograph of the contact between tourmalinized wall rocks (be-
low) and mica-rich vein selvage (MRS; plane-polarized light; sample PN33A); (B) Photomi-
crograph of the contact between the tourmalinized wall rocks and a mica-poor vein selvage
(MPS) with fine-grained mica (plane-polarized light; sample PN30C); (C) Back-scatter elec-
tron (BSE) image of a topaz-rich vein selvage (TRS) showing alteration of topaz by white
mica and apatite (sample PN26AB); (E) BSE image of white mica coexisting with tourmaline
in the wall rocks (WR; sample PN30C); (F) Photomicrograph of coarse-grained tourmaline
and white mica in a transverse fault zone (plane-polarized light; sample PN37-2);(D) Pho-
tomicrograph showing the main mineralogy and textural relationships in the greisen (plane-
polarized light; sample PN6-1); Ap: apatite, Ms: muscovite/white mica, Qtz: quartz, Sid:
siderite, Ti-Fe-Ox: Titanium-iron oxides, Ti-Ox: titanium oxides, Tpz: topaz, Tur: tourma-
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4.4.3 Solution inductively coupled plasma-mass spectrometry

International reference materials for boron isotopic analysis of micas have not been

established. The need of matrix-matched reference materials for SIMS analyses motivated

us to use muscovite #98973 and muscovite #112791 described by Dyar et al. (2001) and

McGuire et al. (1992) for this purpose. Their spatial homogeneity for use as microprobe

references was established by Dyar et al. (2001). Sample homogeneity for B-isotopes was

tested by SIMS analysis and found to be within 0.7 ‰ for #98973 (1 SD, n = 47) and 1.1

‰ for #112791 (1 SD, n = 24). The two muscovites were then analyzed for their boron

isotopic composition using the Thermo Element Neptune MC-ICP-MS at GFZ Potsdam.

Analytical procedures for chemical separation of boron follow those of Romer et al. (2014).

For analysis, the boron separated from the muscovite samples was taken up in a 2% HNO3

solution, and B concentrations were determined from 11B ion current intensities relative to

intensities obtained from a 50 ng/g B calibration solution. For determination of isotopic

compositions, B concentrations in sample solutions were adjusted to 50 ng/g B. Each

sample was measured six times in two independent sessions using a reference material –

sample – reference material bracketing procedure for accurate mass bias correction. The

results yielded δ11B values of –20.00 ± 0.36 ‰ (1 SD) for #98973 and δ11B = –9.85 ±

0.12 ‰ (1 SD) for #112791.

4.4.4 Secondary ion mass spectrometry

The boron isotope compositions and boron concentrations of white mica were deter-

mined by secondary ion mass spectrometry (SIMS) using the CAMECA 1280-HR instru-

ment at GFZ Potsdam. Prior to analyses, the samples were cleaned with ethanol in an

ultrasonic bath and subsequently coated with 35 nm of high-purity gold in vacuum. The

SIMS analyses employed a nominally 13 keV, ∼4 nA 16O− primary beam, focused to a

∼5-µm diameter spot on the sample surface. Each analysis was preceded by a 3-minute

pre-sputter using a 10- × 10-µm raster, which was needed to remove the gold coating

and any surface contamination and to establish equilibrium sputtering conditions. The

mass spectrometer was operated in multi-collection mode using electron multipliers (EMs)

set as follows: 39K4+ (L2 position), 10B+ (Center) and 11B+ (H2). A 400-µm diameter
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contrast aperture, 5000-µm field aperture and 50 V energy window were used, with no

voltage offset applied. The mass resolution for these conditions is M/∆M ≈ 1800 (at 10

% peak height), which is sufficient to separate 10B1H+ and 11B+ mass positions. These

conditions resulted in a count rate for 11B+ of about 1.5×105 counts per second (cps) for

reference muscovite #112791 (373 ppm boron) and 1.6×103 cps for muscovite #98973 (44

ppm boron), which brackets the 11B signal intensities from the Panasqueira micas (1.7 –

4.0×103 cps). A single analysis consisted of 80 integrations of 4 seconds each, resulting

in a total analysis time of ∼12 minutes, including pre-burn. Fixed values used for the

dead time correction were 65.6 ns (L2), 64.8 ns (C) and 64.4 ns (H2). The electron multi-

plier response was controlled by automatic HV voltage monitoring during the analytical

sessions, and no drift was detected. The <1 ‰ repeatability of reference materials (see

below) also indicates stable response of the EMs during this study.

Multiple daily analyses of reference muscovites #11271 and #98973 were used to

determine the instrumental mass fractionation (IMF; Supplement Table S1) and to mon-

itor analytical quality. Within-run uncertainty for an individual analysis of 80 cycles was

typically 0.5 – 0.8 ‰ (1 SD/mean). The repeatability of reference materials was typically

better that ±1 ‰ (1 SD/mean). The mean IMF values for the reference muscovites var-

ied somewhat from day to day (Table S1), so we used the daily IMF value to correct the

unknown values measured on that day. The overall 1 SD/mean value of combined IMF

data for both muscovite references over the entire study was less than ± 1.5 ‰, which we

suggest as a conservative estimate of total uncertainty. After correction for the IMF, the

SIMS data were converted to δ11B values relative to NIST SRM 951, using the 11B/10B

ratio of 4.043627 (Catanzaro et al., 1970). The boron concentrations in mica were calcu-

lated using the K concentrations measured by EPMA and the K/B ratios measured by

SIMS. The full dataset is reported in the Electronic Appendix (for the printed version of

this thesis it can the found in the enclosed CD-ROM).
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4.5 Results

4.5.1 Chemical compositions of white micas

The white micas from Panasqueira show a large range in compositions, in particular

for SiO2 (43.8 – 52.6 wt. %), Al2O3 (21.2 – 36.1 wt. %), MgO (0 – 5.4 wt. %), FeO

(0.8 – 7.69 wt. %), and F (0 – 7.2 wt. % (see Electronic Appendix; for the printed

version of this thesis it can the found in the enclosed CD-ROM). In terms of end-member

compositions, the micas plot between the muscovite-celadonite and muscovite-phengite-

Al-celadonite joins (Figure 4.3A, B). There are systematic variations in the Fe/Mg ratio

(Figure 4.3C) depending on the sample setting (i.e., MRS, MPS, TRS, wall rocks, greisen

or fault). Micas in the greisen have very high Fe/Mg ratios (>5), whereas the MRS micas

vary in Fe/Mg from 7 to 0.4. Micas from wall-rock alteration zones plot at the low end of

the Fe/Mg range, overlapping with most data from MPS mica and with the early-formed

MRS muscovite. In contrast, mica from TRS and the fault zone have distinctly higher

Si, Fe, and F contents (apart from Fe, which is as high in the greisen), and the lowest Al

contents (Figure 4.3D). The B concentrations of white micas determined by SIMS range

from 28 to 115 ppm (median = 66 ppm) and show no systematic variation according to

the setting (Table 4.1).

4.5.2 B-isotope compositions of white micas

The δ11B values of all samples range from –23.4 to –14.1 ‰ and are distributed

into two main groups according to sample setting: (1) greisen, MRS, MPS and wall-rock

alteration zones, and (2) TRS and fault zone (Figure 4.4, Table 4.1). Micas from the

first group have overlapping compositions in the range of –20.3 to –14.1 ‰. The greisen

and different types of vein selvage have equivalent median values (–17.3, –17.8 and –17.7

‰ for MRS vs. –18.2 ‰ for MPS and –17.0 ‰ for the greisen). Unfortunately, white

mica in the wall-rock alteration zones is very fine-grained, so only two SIMS analyses

could be obtained. Both are from sample PN33A and yield –17.3 and –15.8 ‰ which are

within the range of the vein selvage mica from the same sample (–19.7 to –15.2 ‰). For

this example, and for the other MRS and MPS samples, there is no systematic difference

in B-isotopic compositions of mica grains hosted in the vein vs. those at the wall-rock
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contact. Among the second group of samples (TRS and fault zone), the secondary mica

altering topaz in TRS yielded similar δ11B values to mica from group 1 (–18.1 to –17.7

‰), but coarser-grained mica along fractures in quartz and next to sulfides gave lower

values (–22.7 to –19.5 ‰). The δ11B values of mica from the fault zone are also distinctly
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lower than for group 1 (–23.4 to –17.3 ‰, median = –21.6 ‰). The variation in δ11B of

multiple mica grains within the same sample and/or setting is about 5 ‰ which exceeds

the analytical uncertainty of 1.5 ‰. Within-grain variations were tested in six cases

where grain size permitted, and three of them showed significant internal variation (1.7,

3.2 and 3.5 ‰ offset between the extreme values).

Table 4.1: Boron isotope compositions of white mica from different settings in the
Panasqueira deposit.

Sample Setting1 Location2 n δ11B mean δ11B median SD Range B mean
(‰) (‰) (‰) (‰) ppm

PN6 Greisen L1 19 –17.0 –17.0 1.1 –19.1 –15.5 73.5
PN22B MRS L1 16 –17.1 –17.3 1.5 –19.0 –14.1 59.3
PN46B MRS L3 24 –17.6 –17.8 1.4 –20.3 –14.4 76.1
PN33A MRS L3 26 –17.5 –17.7 1.2 –19.7 –15.2 60.2
PN30C MPS L3 15 –18.0 –18.8 1.6 –20.3 –14.1 –
PN26AB TRS L1 8 –19.9 –19.9 2.0 –22.7 –17.7 –
PN33A Wall rocks L3 2 –16.6 –16.6 –17.3 –15.8 50.1
PN37-2 Fault L0 31 –21.3 –21.6 1.4 –23.4 –17.4 68.7
1 Abbreviations: MRS (mica-rich selvages), MPS (mica-poor selvages), TRS (topaz-rich selvages).
2 Sample location on mine levels L0, L1, L3 (see Figure S1).
Dash indicates concentration not determined.

4.6 Discussion

4.6.1 Variations in mica compositions

We interpret the systematic variations in Fe/Mg ratios of the first group of samples

as a result of fluid-rock interactions, whereby the composition of wall-rock micas (lower

Fe/Mg) is controlled by the rock composition, while vein-selvage and greisen micas reflect

the compositions of the fluids. The chemical variations are not correlated with the B-

isotopic compositions, which are in the same range for all samples in this group. Micas

in the second group are distinctly different. The TRS micas are distinct in their chemical

(higher Fe/Mg ratios and F and lower Al) compositions compatible with the mineralogy

of these samples (e.g., topaz, apatite) and also lower δ11B values, specifically for the

coarse-grained mica. Similarly, the fault zone-hosted micas have higher Mg and F and

lower Al concentrations, as well as distinctly lower δ11B values compared to the greisen,

MRS, MPS and wall-rock samples. The settings of the micas from group 2 suggest a later
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stage of growth than those in group 1, and it is likely that their composition reflects a

later fluid pulse in the system.
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Figure 4.4: Frequency histograms showing δ11B values of white micas from different settings
in the Panasqueira deposit. The 1 SD uncertainty bar is 1.5‰ (see Table 1). MRS: mica-rich
selvages; MPS: mica-poor selvages; TRS: topaz-rich selvages.
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4.6.2 B-isotope geothermometry from tourmaline-mica pairs

Both white mica and tourmaline δ11B compositions from the Panasqueira deposit

show considerable variability (Figure 4.5). The variations in tourmaline were ascribed by

Codeço et al. (2017) to a combination of Rayleigh fractionation related to depletion of

the fluid in 10B by tourmaline formation in the alteration zones, and a temperature effect

on fluid-tourmaline isotope fractionation during cooling. The same processes will affect

the composition of white mica in the samples, whereby the temperature effect for mica is

expected to be stronger because of the larger fluid-mica fractionation factor. To estimate

mineralization temperature with boron-isotope exchange geothermometry (Figure 4.6),

we use the median values and the 25th–75th percentile ranges of all samples where both

minerals are in direct contact (MRS-vein selvages PN33A, PN46B, PN30C; and fault

zone PN37). In MRS sample PN22B, tourmaline does not occur in the vein selvage with

mica but is abundant in the neighboring wall-rock alteration zone. Using equation (4),

the three contact pairs in the MRS samples PN33A, PN46B and PN30C yielded median

temperatures of about 400°, 430° and 460°C, respectively, within an overall range of

350° to 600°C (Figure 4.6). The MRS sample PN22B yielded a slightly higher median

temperature (about 500°C), which may be unreliable because tourmaline and mica are

not in contact. The fault-zone sample PN37 gave considerably lower temperatures (range:

220°–320°C, median 250°C). The analytical uncertainties of SIMS B-isotope ratios for

tourmaline and mica in these samples are 0.6 ‰ and 1.5 ‰, respectively (1 SD), which

correspond to a temperature uncertainty of 50° to 140°C after error propagation for the

low- and high-temperature range, respectively. These errors are similar to, or larger than

the uncertainties in the tourmaline-fluid and mica-fluid fractionation equations (54° and

67°C SEE, see above).

Independent temperature estimates from the Panasqueira veins and wall rocks show

good agreement with the results from B-isotope thermometry. For example, the homoge-

nization temperatures of fluid inclusions in quartz from several studies are in the range of

230° to 360°C, with the majority below 300°C (Bussink, 1984; Jaques and Pascal, 2017;

Kelly and Rye, 1979; Lecumberri-Sanchez et al., 2017). It was noted that these tempera-

tures are relatively low for a magmatic-hydrothermal system, and other methods yielded
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higher temperatures (arsenopyrite: 438 ± 44°C; Ti-in-quartz: 503 ± 24°C, from Jaques

and Pascal (2017), Codeço et al. (2017), respectively). The higher temperature range

is in good agreement with the B-isotope temperatures for vein-selvage samples (median

about 430°C), consistent with early stages of the hydrothermal system, whereas the lower

B-isotope temperature of tourmaline-mica pairs in the cross-cutting fault sample PN37

(median 250°C) is similar to the low-temperature range found in vein-quartz fluid inclu-

sion microthermometry. Taken together, these geothermometry estimates are consistent

in showing a cooling by around 200°C from early to late-stages of hydrothermal activity

at Panasqueira. Note that cooling from 500° to 300°C increases the ∆11Btourmaline/fluid

by 2 ‰ (eq. 4.2), whereas the effect on mica-fluid fractionation is more than twice as

much (5 ‰ from eq. 4.3). The weaker sensitivity of tourmaline to temperature changes

explains why tourmaline δ11B values in vein selvages and the fault zone overlap (Figure

4.5).
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4.6.3 Fluid evolution at Panasqueira

The combined mica and tourmaline B-isotope data from Panasqueira provide infor-

mation on all stages of fluid evolution from early greisen formation through the stages of

mineralization and wall-rock alteration, and finally to late transverse faults and tourma-

line vugs (Figure 4.5). Calculating fluid composition from these data requires knowledge

of the respective formation temperatures. B-isotope thermometry from this study con-
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strains the temperature of early vein formation and wall-rock alteration at 350° to 600

°C, and 220° to 320°C for late-stage faults. The temperature of greisen formation is un-

known because only mica is present, but an estimate is possible from the 390° to 530°C

range from arsenopyrite and Ti-in-quartz geothermometry at Panasqueira (see Figure

4.6), which is similar to the upper range of greisen formation in the classic Zinnwald Sn

deposit in Germany (Korges et al., 2018). For the temperature of late vugs, which contain

tourmaline but no mica, we assume the same range of 230° to 360°C as indicated by fluid

inclusions in the quartz veins.

Figure 4.6 shows the calculated B-isotope compositions of the hydrothermal fluids

(dashed lines) based on these temperature ranges and the 25th–75th percentile of mica

and tourmaline B-isotope ratios. Mica and tourmaline compositions from vein selvages

and alteration zones yield a δ11B range of vein fluids from –7.5 to –5.8 ‰ (median values).

These values are compatible with a fluid source from an S-type granite (Trumbull and

Slack, 2018) as discussed by Codeço et al. (2017). The mica from the greisen (median

value = –17.0 ‰) gives a fluid composition between –7.6 and –4.8 ‰ for the assumed

temperatures of 530°C and 390°C respectively. This range is very similar to the range of

(magmatic) fluid compositions estimated from mica-tourmaline pairs in the vein selvage

(–7.5 to –5.8 ‰). The median fluid composition based on mica-tourmaline pairs in the

fault zone is -5.2 ‰ (sample PN37-2). The predicted fluid composition of late vugs based

on tourmaline δ11B (median = –9.8 ‰) and a temperature range of 360° to 230°C is –6.7

to –5.0 ‰. Therefore, for all stages of hydrothermal activity represented by this study,

the calculated B-isotopic compositions of the fluids are between about –4.8 and –7.6 ‰,

which supports the interpretation of multiple injections of magmatic-hydrothermal fluid

sourced from the Panasqueira granite (Bussink, 1984; Codeço et al., 2017; Kelly and Rye,

1979).

4.6.4 Applicability to other hydrothermal systems

White mica has some advantages over tourmaline, being (1) more widespread in hy-

drothermal ore deposits, and (2) having stronger temperature dependency on B-isotope

fractionation and thus being a better monitor of temperature changes. Used alone, each

mineral can help constrain fluid sources and where they occur together in isotopic equi-
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librium, the mica-tourmaline pair provides a useful geothermometer in cases where fluid

inclusion microthermometry is difficult to apply or needs confirmation. White mica is

among the most common hydrothermal minerals in all types of major hydrothermal ore

deposits (including porphyry Cu-Mo, orogenic Au, iron-oxide-copper-gold, volcanogenic

massive sulfide, and sediment-hosted Pb-Zn deposits), occurs over a large range of tem-

peratures, and often coexists with tourmaline. Studies of stable isotope compositions of

ore deposits should therefore also consider measuring B-isotopes in white mica to con-

strain the fluid source and thermal evolution of the hydrothermal system, especially in

systems with multiple generations of fluid inclusions.

4.7 Conclusions

The chemical and boron isotopic compositions of white mica from the Panasqueira

W-Sn-Cu deposit have been determined for samples representing the range of early to

late hydrothermal fluid evolution (greisen, vein selvages, wall-rock alteration zones, cross-

cutting fault zone). In most of these settings, mica coexists with tourmaline and one

motivation of this study was to test the validity of B-isotope exchange geothermometry

for tourmaline-muscovite pairs.

We distinguish two groups of samples by their setting. Group one (greisen, micaceous

vein selvages and wall-rock alteration zones) and group two (secondary mica in topaz-

bearing vein selvages and mica in the fault zone). Within group 1, micas from the greisen

and the vein selvages have higher Fe/Mg ratios than those in the wall-rock alteration

zones, which suggests a shift from fluid-dominated to rock-dominated conditions. The

B-isotopic composition of all samples in this group overlap in the range of δ11B= –20.3 to

–14.1 ‰. Micas of the second group are different. Those in the topaz-rich selvages (TRS)

have higher Si and F contents and low Al, compatible with the distinctive mineralogy of

the rocks (topaz, apatite). The TRS micas also range to low δ11B values (–22.7 to –19.5

‰ for coarse mica in fractures). The fault zone-hosted micas have lower Fe/Mg than

TRS mica but also high F, low Al and low δ11B values (–23.4 to –17.3 ‰, median =

–21.6 ‰). The distinct composition of group 2 micas, and their setting, are compatible

with later fluid pulses in the hydrothermal system.

94



4.7. Conclusions

The median temperatures obtained by B-isotope geothermometry of mica-tourmaline

pairs in vein selvages vs. the late fault zone record cooling of the hydrothermal fluid from

460° to 250°C. The higher temperature agrees with published Ti-in-quartz and arsenopy-

rite thermometry for early vein formation and mineralization, and the lower temperature

is compatible with the 230°to 360 °C indicated by fluid inclusions in quartz veins. The

B-isotope composition of hydrothermal fluids calculated for these temperatures and the

corresponding mica-tourmaline δ11B values are –7.5 to –5.2 ‰, which is compatible with

an origin from the S-type Panasqueira granite. Mica from the granite greisen (median

δ11B = –17.0 ‰) corresponds to a fluid of –7.6 and –4.8 ‰ at temperatures of greiseniza-

tion between 530° and 390°C. Finally, a similar δ11B range for late fluids (–6.7 to –5.0 ‰)

is estimated from vug-filling tourmaline with median δ11B = –9.8 ‱ at 230° to 360°C.

Together, these results suggest that a similar magmatic-hydrothermal fluid was active in

all stages of mineralization represented by our samples, supporting a multiple-injection

model for Panasqueira.

More broadly, this work demonstrates that B-isotope studies of hydrothermal ore

deposits should consider white mica in addition to tourmaline as a host mineral. Even

though the B-concentrations in white mica are much lower than in tourmaline, white mica

is equally useful to constrain fluid sources and it may be the better choice to record the

thermal evolution of hydrothermal systems, because of its larger temperature-dependent

B-isotopic fractionation.
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Table S1: Summary of SIMS B-isotope analyses of muscovite reference materials.

Date 11B/10B IMF1mean Repeat. (‰)2 n 11B (‰)3

98973 Muscovite (11B/11B = 3.9627 and δ11B = –20.00 ‰)4

10/11/2017 3.879 0.9790 0.68 6 –20.76
13/11/2017 3.882 0.9796 1.34 11 –20.33
14/11/2017 3.881 0.9794 0.70 12 –20.05
15/11/2017 3.891 0.9818 0.97 10 –20.20
16/11/2017 3.891 0.9819 1.49 10 –20.04
17/11/2017 3.890 0.9816 0.82 12 –19.96
05/04/2018 3.887 0.9783 1.26 8 –19.93

112791 Muscovite (11B/11B = 4.0038 and δ11B = –9.85 ‰)4

10/11/2017 3.924 0.9800 0.64 17 –9.85
13/11/2017 3.925 0.9803 0.44 10 –9.48
14/11/2017 3.922 0.9796 0.22 9 –9.77
15/11/2017 3.933 0.9822 0.56 13 –9.67
16/11/2017 3.932 0.9820 0.95 8 –9.80
17/11/2017 3.930 0.9815 0.46 9 –9.90
05/04/2018 3.914 0.9777 0.92 8 –10.19
1 Instrumental Mass Fractionation (11B/11B measured / 11B/11B reference materials),
mean of n analyses.

2 Repeatability of IMF (standard deviation / mean) * 1000.
3 Based on corrected 11B/11B ratios, relative to NIST951 (after Catanzaro et al., 1970)
using the combined mean IMF of both reference muscovites.

4 Mean of the reference values measured by MC-ICP-MS.
For chemical analysis of 98973 and 112791 see Dyar et al. (2001) and McGuire et al.
(1992), respectively.
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Chapter 5. Trace Elements in white mica and tourmaline: their value as pathfinders

Abstract — Hydrothermal fluids flowing through the upper crust formed most of the

earth’s ore deposits. Thus, developing methods that help to trace the fluid origin, compo-

sition and evolution is essential to understand ore formation and to improve exploration

strategies. Whole-rock chemistry and trace-element compositions of minerals can be used

as fingerprints of these processes.

Whole-rock geochemistry of hydrothermally altered and unaltered metasediments

was combined with results of a comprehensive set of in-situ LA-ICP-MS (trace elements)

measurements of tourmaline and white mica from different settings within the Panasqueira

mine to understand alteration patterns, fluid compositions and test the value of tourmaline

and mica as pathfinders.

White mica has high concentrations in lithophile trace elements (Li, Rb, Cs, Tl, Nb,

W, Sn and Ta) that may logically derive from granite-related fluids. Contrarily, tourma-

line is comparatively richer in V, Sr, and Zn that were likely supplied by the country rocks.

Moreover, whole-rock compositional trends probably reflect elements added or removed

by the hydrothermal fluids, which suggest that those fluids were enriched predominantly

in As, W, Sn, Cu, Zn, Li, F, Cs, Rb, and Tl. The combination of whole-rock geochemistry

and in-situ mica measurements may indicate that the hydrothermal fluids were supplied

by the Panasqueira granite. Mica generations also give constraints on the evolution of

the hydrothermal system, with a progressive enrichment in Li, Mg, V, Sr, Sn, Cs, and

Cu in the fluids over time. We suggest that mica is a good pathfinder for W-Sn deposits,

and in combination with tourmaline gives valuable information regarding the fluid source,

evolution and fluid-rock interaction processes.

5.1 Introduction

Alteration assemblages of hydrothermal ore deposits are important because they typ-

ically have much greater mineralogical and compositional variability than the mineralized

parts that contain ore minerals at economic grades (e.g., Large and McGoldrick, 1998;

Lowell and Guilbert, 1970; Mathieu, 2018). Alteration halos, moreover, have a larger spa-

tial footprint (Cooke et al., 2014; Eilu and Groves, 2001; Large and McGoldrick, 1998).

Thus, the study of alteration minerals from ore deposits has great potential for use in
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exploration and for mineralogical vectoring towards undiscovered ore deposits (e.g., Brzo-

zowski et al., 2018; Cooke et al., 2014; Gaillard et al., 2018; Monnier et al., 2018; Wilkinson

et al., 2015, 2017). However, this requires a detailed understanding of what controls the

chemical composition of these alteration minerals, and to what extent they reflect the

chemical signature of the mineralization they are associated with.

The Panasqueira deposit is a world-class W-Sn-Cu lode-type mineralization located

in central Portugal (Figure 5.1A). It consists of a set of sub-horizontal mineralized quartz

veins that are peripheral to a non-outcropping late-Variscan granite and are hosted by

metasedimentary rocks (Figure 5.1B, C). The hydrothermal alteration around the veins

forms a variably thick (typically up to 30 cm) tourmaline-rich (50-70 % vol. tourmaline)

alteration halo. White mica and quartz are present in variable amounts with tourmaline,

depending on the lithology of the host rocks (more abundant in schists compared to

quartzites/greywackes). At the wall rock-vein contact, a thick mica selvage commonly

occurs, containing minor tourmaline, quartz, and arsenopyrite. The abundance of white

mica and tourmaline at Panasqueira, and their presence in different parts of the deposit,

and associated with different stages of its formation, makes these minerals of prime interest

as indicators of the composition and variability with time of the fluid from which they

formed, and as potential exploration vectors.

Under equilibrium conditions, the composition of hydrothermal mica and tourmaline

is controlled by the partition coefficients of the elements between the mineral and fluid

phase. Partition coefficients are sensitive to pressure, temperature and element speciation

in the fluid (van Hinsberg et al., 2010). Preliminary tourmaline-fluid element partition

coefficients have been estimated for high-pressure subduction zone fluids (van Hinsberg

et al., 2017) and tourmaline-melt partitioning between tourmaline and melt was studied

by van Hinsberg (2011). Experimental studies related to mica-fluid partitioning are also

limited (e.g., Bos, 1990; Green and Adam, 2003; Melzer and Wunder, 2001; Zhu and

Sverjensky, 1991), but it has been suggested that the main control on the incorporation

of elements into mica is their abundance in the fluid, and that mica is not very selective

(Legros et al., 2016, 2018).

In this paper, we first report the trace element compositions of altered and unaltered

host-rock schists as well as the underlying greisenized granite from whole rock samples
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to identify the overall chemical changes related to the hydrothermal overprint. We then

present the results of in-situ trace element analyses of white mica and tourmaline from

alteration assemblages at Panasqueira by LA-ICP-MS and evaluate their potential as an

indicator of (ore-)fluid composition and their respective value as pathfinder minerals for

Sn-W deposit exploration. We also use principal component analysis (PCA) to better

reveal geochemical patterns in bulk-rock, mica and tourmaline. We seek a better under-

standing of the nature of the hydrothermal alteration at Panasqueira, and to test the

value of white mica and tourmaline as geochemical pathfinders for Sn-W mineralization.

The study is based on a suite of samples previously analyzed for chemical and B-isotope

variations of tourmaline and white mica by Codeço et al. (2017) and Codeço et al. (2019a),

combined with bulk rock samples from underground exposures and exploration drill cores.

5.2 Mica and tourmaline crystal chemistry

The tourmaline group minerals consist of 33 currently accepted end-members (Henry

and Dutrow, 2018) that exhibit a considerable variety of major and trace elements (Hawthorne

and Henry, 1999; Henry et al., 2011). Given its broad P-T-stability and occurrence in di-

verse igneous, metamorphic and hydrothermal environments (Dutrow and Henry, 2011),

tourmaline has been regarded as a key mineral to obtain geochemical information on the

geological processes operating during its growth (Henry et al., 1999; Slack and Trumbull,

2011; van Hinsberg et al., 2011a,b). The general crystal-chemical formula of tourmaline-

group minerals is XY3Z6(T6O18)(BO3)3V3W , where X = Na+, Ca2+, K+, and (vacancy);

Y = Fe2+, Mg2+, Mn2+, Al3+, Fe3+, Li+, Ti4+, Zn2+, Ni2+, Co2+, Cu2+, Cr3+, and

V 3+; Z = Al3+, Fe3+, Mg2+, Fe2+, Cr3+, and V 3+; T = Si4+, Al3+, and B3+; V = O2−

and OH−, and W = OH−, F −, and O2− (Bosi, 2018; Henry et al., 2011).

Although white mica is widespread in the same environments as tourmaline, its

trace element compositions have not been exploited to the same extent, not even in

hydrothermal systems and ore deposits where they are exceedingly common. Exceptions

are the Li-rich micas, which are commonly used as indicators of magmatic evolution of

evolved granites and pegmatites (e.g., Lichtervelde et al., 2008; Johan et al., 2012; Roda-

Robles et al., 2006; Vieira et al., 2011) and to a lesser extent, in W-Sn ore deposits
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(e.g., Legros et al., 2016, 2018; Neiva, 1987b). Micas have the general crystal-chemical

formula IM2−3�1−0T4O12A2. The dodecahedral-site XIII, also known as the interlayer

site, is commonly occupied by K+, Na+, Ca2+, Ba2+ and more rarely by Rb+, Cs+,

Ba2+, NH4, Sr2+, and vacancies (�) as major components, whereas in the octahedral-

site V II, Mg2+, Fe2+, Al3+, and Fe3+ are the most common components, and Li+, Ti4+,

V 3+, Cr3+, Mn2+, Co2+, Ni2+, Cu2+, and Zn2+ also occur. The tetrahedral-site IV T

usually accommodates Si4+, Al3+, Fe3+ and, at lower concentrations, Be2+, and B3+)

and A includes OH−, Cl−,F −,O2−, or S2− (Brigatti and Guggenheim, 2002; Rieder et al.,

1998).

5.3 Geology of Panasqueira deposit

5.3.1 Geological setting

The Panasqueira W-Sn-Cu deposit is part of the European Variscan Belt, which

is widely known for hosting numerous Sn-W deposits (Cornwall, French Massif Central,

Iberian Massif, Bohemian Massif, Armorican Massif) (e.g., Cuney et al., 2002; Jackson

et al., 1989; Kelly and Rye, 1979; Mangas and Arribas, 1988; Marignac and Cuney, 1999;

Moura, 2005; Štemprok, 1980; Tornos et al., 2008). Those consist of veins, stocks, skarns,

breccia pipes and greisen-type deposits that belong to a metallogenic province related to

post-collision tectonics and magmatism (Romer and Kroner, 2015; Štemprok, 1980).

The granite at Panasqueira is typical for the Variscan granitic suite of northern Por-

tugal (Figure 5.1A). It has an age of 290 ± 10 Ma (Clark, 1970) and is a peraluminous,

S-type, two mica (muscovite > biotite) granite of fine- to medium-grained porphyritic tex-

ture and containing quartz, microcline, plagioclase, biotite, muscovite, apatite, ilmenite

and zircon (Kelly and Rye, 1979; Neiva, 1987a).

The Panasqueira deposit takes the form of flat-lying quartz-wolframite ± chalcopy-

rite ± cassiterite veins hosted by greenschist-facies metaclastic rocks of the Almaceda

Formation, part of the regional Schist Greywacke Complex – Beiras Group (SGC-BG) of

Late Ediacaran to Early Cambrian age (Fig. 1). A contact metamorphic aureole of biotite-

chlorite hornfels (“spotted schists”) with minor cordierite and chiastolite porphyroblasts

developed above the mostly unexposed Panasqueira granite (Bussink, 1984; Conde et al.,
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1971). A greisenized apex of the granite is exposed underground in the NE corner of the

mine area (Figure 5.1C). The greisen is medium- to coarse-grained and composed mainly

of quartz and white mica, with minor amounts of topaz, chlorite, K-feldspar, plagioclase,

pyrite, arsenopyrite, and zircon (Bussink, 1984; Codeço et al., 2019a; Neiva, 1987a).

The quartz-W-Sn-Cu-bearing veins at Panasqueira are exposed by underground min-

ing over an area of 2,500 m length, 400 m to 2,000 m width and at least 500 m in depth

(Wheeler, 2016) (Figure 5.2). The deposit is delimited in the NE by the Cebola fault

and cut by several sub-vertical faults, mostly trending NNW-SSE and ENE-WSW (Fig-

ure 5.2B). Hydrothermal alteration of the wall rocks around quartz veins is extensive,

and took place before, during and possibly after ore formation (Bussink, 1984; Marignac,

1973). The alteration produced concentric zones with progressively greater distance from

the veins, consisting of (1) a tourmaline-rich zone 2 to 30 cm thick, and (2) a muscovite-

rich zone including minor quartz, tourmaline or topaz (Bussink, 1984). The unaltered

schist of the Almaceda Formation contains a biotite-chlorite-quartz-feldspar assemblage,

with local development of cordierite porphyroblasts (spotted schist) in a contact aure-

ole around the buried granite. The geochemical variations in the alteration zones were

described by Bussink (1984), who showed that the tourmaline zone is enriched in ore

metals W, Sn, Cu and Zn, and in Sr, Mn and P, and depleted in Ba, Rb, Li, Cs and K

relative to the adjacent muscovite zone. Tourmaline and muscovite, along with quartz,

are the most abundant minerals in the alteration zones. In addition, coarse-grained white

mica commonly forms centimeter-thick selvages at the vein contacts, along with locally

abundant arsenopyrite, quartz and minor tourmaline.

The paragenetic sequence of the ore veins has been presented by several authors

(e.g., Foxford et al., 1991, 2000; Kelly and Rye, 1979; Polya, 1989; Polya et al., 2000) and

divided into four to six stages of mineralization: (1) quartz-tourmaline, (2) muscovite

selvage formation, (3) main oxide-silicate stage, (4) main sulfide stage, (5) pyrrhotite

alteration stage and (6) late-carbonate stage. According to the available quartz-hosted

fluid inclusion data, the main oxide stage and sulfide stage involved fluids at temperatures

between 230–360 °C, low to moderate salinities (5-10 wt.% NaCl eq.), while inclusions

from the late-carbonate stage involved much lower temperatures (<200°C) and salinities

below 5 wt.% NaCl eq. (Bussink, 1984; Jaques and Pascal, 2017; Kelly and Rye, 1979;
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Lecumberri-Sanchez et al., 2017; Polya et al., 2000). Based on muscovite-tourmaline

boron-isotope exchange geothermometry, Codeço et al. (2019a) estimated temperatures
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ranging from ca. 420° to 490 °C for the early stages of vein formation and about 250 °C

for post-ore stages.
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5.3.2 White mica and tourmaline in the deposit

Previous studies (e.g., Bussink, 1984; Codeço et al., 2017; Kelly and Rye, 1979;

Neiva et al., 2007) established that tourmaline occurs mainly in the wall-rock alteration

zones and is dominantly related to the pre-ore stages. In contrast, white mica is more

widespread, occurring in the granite and greisen as a magmatic and post-magmatic phase

(respectively), and at the vein selvages and wall-rock alteration zone as a hydrothermal

mineral both predating and synchronous with the mineralization.

White mica in the greisen is fine to medium grained (up to 2-3 mm) and shows a

complex compositional zonation which seems to be more prominent along the cleavage

planes and rims (Figure 5.3A). In vein selvages, white mica is, after quartz, the second

most abundant silicate mineral. Despite considerable local variability in the mine area,

three main vein types can be defined based on their selvage mineral assemblage (Codeço

et al., 2019a):

(1) mica-rich selvages (MRS) are several centimeters thick along the wall-rock contacts

where white mica coexists with quartz, arsenopyrite, topaz, apatite, and tourmaline

(e.g., Figure 5.3B, C). In the veins, mica grains typically form coarse-grained (up

to 5 cm) feather-like textures and coexist with wolframite ± chalcopyrite ± pyrite

± sphalerite (Figure 5.3D). Tourmaline generally forms aggregates or occurs in

disrupted fragments of wall-rock (Figure 5.3C).

(2) mica-poor selvages (MPS) form a thin layer (<< 1 cm) at the edge of the veins

together with quartz, topaz, tourmaline and variable amounts of sulfide minerals

(e.g., Figure 5.3E). In the sample studied (PN30), this layer is followed by altered

host rock with fine-grained white mica pseudomorphs after an unidentified phase

along with quartz (see Figure 5.3F), panasqueiraite: CaMg(PO4)(OH,F), and sul-

fides (pyrite, chalcopyrite, and sphalerite).

(3) topaz-rich selvages (TRS) are one to several cm-sized layers with light-green massive

topaz aggregates with intense fracturing and sericitization. No mica selvage forms

in these veins and the white mica is fine-grained, secondary after topaz.

White mica in the wall-rock alteration zones formed in response to hydrothermal alter-
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ation of the country rocks, co-genetic with tourmaline, quartz, and minor Ti-(Fe)-oxides,

and occurs as fine-grained (<1 mm) flakes in schists (Figure 5.3F, G). In coarser-grained

metasediments (i.e., spotted schists) mica is usually scarce and these are dominated by

tourmaline with minor quartz (Figure 5.3G). Tourmaline displays optical zoning, is typ-

ically fine-grained and its size is mainly a function of the host-rock (Figure 5.3F, G)

[i.e., fine-grained shists vs. spotted schist (see Codeço et al., 2017, for further details)].

Places affected by syn- to post-mineralization faulting or fault reactivation develop coarser

grained tourmaline, mica, and accessory, complex Ti-(Fe, W, Sn, Cr, Sr, V)-oxides. These

often contain veinlets and “vugs” filled by apatite (Figure 5.3H) with variable amounts

of chalcopyrite, sphalerite and pyrite.

In addition, tourmaline is present in late vugs (± carbonates ± quartz) within the

veins, mainly associated with post-mineralization cracks or fractures (Figure 5.3I).

5.3.3 Chemical compositions of mica and tourmaline: previous work

The major-element composition of tourmaline and white mica are briefly addressed

by Neiva (1987b) and Neiva et al. (2007) in regional studies of the Portuguese Variscan

ore deposits and studied in detail by Codeço et al. (2017) and Codeço et al. (2019a).

Tourmaline compositions from Panasqueira show significant variations at the grain scale,

but are homogeneous on the deposit scale. The grains have ferromagnesian compositions

(schorl-dravite), with significant octahedral Y-site aluminum contents (up to 0.9 apfu),

variable X-site vacancies (0.1 to 0.6 apfu) and relatively high F contents (up to 0.7 apfu).

Figure 5.3 (facing page): (A) Back-scatter electron (BSE) image of zoned mica in the
greisen; (B) Photomicrograph of the contact between the tourmalinized wall rocks and a
mica-rich selvage (MRS), with mica coexisting with quartz (plane-polarized light); (C) Pho-
tomicrograph of the contact between the tourmalinized wall rocks and a MRS showing addi-
tionally the tourmaline sleeves forming within the vein (plane-polarized light); (D) Feather-
like mica intergrown with wolframite in MRS (plane-polarized light); (E) Photomicrograph
of the contact between the tourmalinized wall-rocks and a mica-poor selvage (MPS), show-
ing a layer of quartz and mica, which is followed by a domain formed by fine-grained mica
pseudomorphs after an unknown phase (cross-polarized light); ((F) Photomicrograph of mica
coexisting with tourmaline in the fine-grained schists (plane-polarized light); (G) BSE image
of a spotted schist showing mica intergrown with tourmaline; (H) Photomicrograph of coarse-
grained tourmaline, mica and apatite in a fault zone (plane-polarized light); (I) BSE image of
tourmaline associated with quartz from the late-vugs. Ap, apatite; Ms, muscovite/white mica;
Py, pyrite; Qtz, quartz; Ti(-Fe)Ox, titanium(-iron) oxides; Tur, tourmaline; Wo, wolframite.
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Tourmaline grains are typically zoned and show significant increases in Fe, F, and Na and

decreases in Mg, Ca and Al from core to rim. Also, Al and Fe decrease and Mg increases

with distance from the vein contact. Tourmaline compositions reflect the composition

of the host schists and are interpreted to have formed at the expense of the chlorite-

biotite-rich protoliths due to extensive fluid-rock interaction of a magmatic-hydrothermal

B-Na-rich fluid during the early stages of Panasqueira hydrothermal system (Codeço et al.,

2017).

The compositions of white mica range from muscovite towards the celadonite and

alumino-celadonite end-members (Codeço et al., 2019a). The main variations in major

elements include changes in the Fe/Mg ratio, Al, and F. The greisen shows the highest

Fe/Mg ratios (up to 10), whereas mica from altered host rocks are the lowest (0.5 –

1), and the vein selvages have intermediate ratios. The greisen and most vein-selvage

micas overlap in terms of Al and F with wall-rock mica, the exception being mica from

the topaz-rich selvages, which has highest F and lowest Al contents (ca. 7 wt.% F and

21 wt.% Al2O3). Neiva (1987b) determined trace-element concentrations in mica from

Panasqueira based on analyses of mineral separates. They reported high Rb (>2000 ppm)

and relatively high Li (400 to 1000 ppm). Tungsten concentrations were mostly around

50 ppm, except for 2 analyses with more than 100 ppm that likely reflect inclusions.

Tin concentrations ranged from 150 to 230 ppm, Cu below 40 ppm and Zn from 230 to

420 ppm. The Nb, Ta and Cs concentrations were typically around 40, 4 and 80 ppm,

respectively, except for the greisen where Nb and Ta values reached 120 and 35 ppm,

respectively. Based on these results, Neiva (1987b) suggested that Sn and Cs can be used

in the hydrothermal micas from quartz-veins as an exploration tool for W and Sn deposits.

5.4 Samples and Methods

5.4.1 Samples

The samples used in this study are described in Codeço et al. (2017) and Codeço

et al. (2019a), with major element compositions for mica and tourmaline reported in the

latter study. The rock samples used for whole-rock chemistry were collected from three

drill cores from underground galleries (D1602, M1609 and M1610) and four exploration
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drill-cores (SCB-1, SCB-2, SPS-1 and SMN-1) (Figure 5.2A). Samples representing the

non-mineralized country rocks were taken from two outcrops at 5.5 and 10.5 km from the

deposit [see the location in the Appendix A and sample detailed description in the Data

Publication (Codeço et al., 2019b)].

The samples collected from underground drill cores show the hydrothermal variation

in the host rock envelope. Petrographic observations corroborate that tourmalinization

only occurs around the veins, be they mineralized or not. The amount of tourmaline

increases towards veins and veinlets of quartz ± sulfides (often chalcopyrite and sphalerite)

(Figure 5.4A) and the thickness of the tourmaline zone is a function of the vein size and

vein density (Figure 5.4B). Away from the previously described zone, rocks are dominated

by quartz, biotite, chlorite and white mica. Biotitization and chloritization result either

from contact metamorphism or peak metamorphism under greenschists facies (chlorite

zone) conditions, and these processes are indistinguishable in these samples (Figure 5.4C

to E).

The samples from exploration drill cores are representative of the metasediments

unaffected by the hydrothermal alteration. They consist of green-colored phyllites and

schists typically intercalated with quartzite and greywackes (Figure 5.4D, E). The main

minerals are muscovite, biotite, chlorite and quartz. Samples located close to the surface

(< 50m) contain less biotite and more chlorite than those closer to the granitic body,

which may reflect the contact metamorphism. The drill core SCB-2, located ca. 800 m

NE of the limits of the current underground workings intersects the granitic body. The

contact zone starts at ca. 315 m depth and consists of a pelitic hornfels with granoblastic

Figure 5.4 (facing page): Photomicrographs of: (A) a tourmalinized fine-grained metased-
iment and a quartz-sulfide veinlet (plane-polarized light); (B) the contact between a sub-
vertical quartz-sulfide veinlet and the metasediment increasingly tourmalinized at the con-
tact (plane-polarized light); (C) a muscovite-quartz-biotite-chlorite-rich metasediment (plane-
polarized light); (D) a unaltered greywacke (plane-polarized light); (E) the alternation of
pelitic layers with greywacke layers slightly biotitized (plane-polarized light); (E) of a pelitic
hornfels resulting from contact metamorphism with the granitic body (plane-polarized light);
(F) the greisen in contact with the hornfels (plane-polarized light); (H) the coarse-grained
two-mica granite (plane-polarized light); (I) the aplitic zone in the granitic body, showing
sericitization of the feldspars (Fp*) and chloritization of biotite (?) (cross-polarized light). Bt,
biotite; Cb, carbonates; Ccp, chalcopyrite; Chl, chlorite; Fp, feldspar; Fp*, sericitized feldspar;
Ms, muscovite/white mica; Qtz, quartz; Po, pyrrhotite
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texture composed of quartz, muscovite, biotite and feldspars (Figure 5.4E). Accessory

phases include tourmaline, cassiterite, sulfides and chlorite. The grain-size increases with

depth and the hornfels gradually passes into greisen (ca. 316 m) (Figure 5.4F) and gran-

ite (at ca. 327 m). The granite is a coarse-grained two-mica granite, with muscovite

>biotite (Figure 5.4G), commonly showing aplitic domains (Figure 5.4H). The main min-

erals are muscovite, biotite, albite, K-feldspar and quartz (Figure 5.4G). Zircon, sulfides

and cassiterite occur as accessory phases. The aplitic domains commonly show advanced

sericitization of the feldspars and chloritization of biotite (Figure 5.4H).

The samples collected in the outcrops consist of intercalations of greywacke, schist

and quartzite layers displaying strong deformation, foliation and crenulation cleavage.

The main minerals in these rocks are quartz, muscovite and minor biotite. Zircon and

feldspar are accessory phases.

5.4.2 Whole-rock geochemistry

For whole-rock chemical analyses of major and trace elements, samples were crushed

and subsequently powdered in an agate mill to a grain size of less than 62 micron at the

University of Potsdam. Major element oxide (SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO,

CaO, Na2O, K2O, P2O5) and trace element (Ba, Cr, Ga, Nb, Ni, Rb, Sr, V, Y, Zn and Zr)

analyses were carried out on fused disks, using a PANalytical Axios Advanced wavelength-

dispersive x-ray fluorescence spectrometer (XRF) at the GeoForschungsZentrum (GFZ)

Potsdam, Germany. Samples were quantified using calibration curves generated from 105

reference standards.

Sample digestion and measurement of selected trace elements including As, Be, Bi,

Cd, Co, Cs, Cu, Ge, Mo, Pb, REE, Sb, Sc, Sn, Th, Tl, U, and W from 14 whole-rock sam-

ples (M1610-1, M1610-2, M1610-3, M1610-4, M1610-5, M1610-6, SCB1-1, SCB2-2, SCB2-

4, SCB2-7, SCB2-8, SMN1-1, SMN1-4, SMN1-7) were performed by inductively coupled

plasma mass-spectrometry (ICP-MS) at GFZ Potsdam, using a HR-ICP-MS Thermo El-

ement 2XR. The samples (125 mg sample material) were digested in HF and aqua regia

following the procedure explained in Pretorius et al. (2006) and Romer and Hahne (2010).

The internal standard In (Indium) was added to the solutions to compensate for drift cor-

rections. The reported analytical precision of the elements is better than ± 5% (Dulski,
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2001).

In addition to the new samples from this study, we included whole rock data obtained

at the University of Porto, which were previously published (Pinto et al., 2014)

5.4.3 Laser ablation-ICP-MS

For the LA-ICP-MS analyses, 120-µm-thick polished sections were prepared from

the same sample billets as the thin sections used by Codeço et al. (2017) and Codeço

et al. (2019a) for microprobe and SIMS analyses. Major, minor and trace element (7Li,
11B, 23Na, 24Mg, 27Al, 29Si, 39K, 47Ti, 51V, 55Mn, 57Fe, 63Cu, 66Zn, 85Rb, 88Sr, 89Y, 90Zr,
93Nb, 118Sn, 133Cs, 137Ba, 153Eu, 181Ta, 182W, 205Tl, 208Pb) concentrations in mica and

tourmaline crystals were determined in 11 samples using a NewWave 213 nm Nd-YAG

laser coupled to a Thermo-Finnegan iCAP Qc quadrupole ICP-MS in the Earth and

Planetary Sciences department at McGill University. Except for grains <40 µm in size,

line-scan mode was used to avoid the analysis of subsurface inclusions by minimizing the

depth of ablation. We used the following analytical conditions: 9 to 10 J/cm2 fluence,

10 Hz laser pulse frequency, 20-µm line width, 5-µm/sec linescan speed, 30 s warm-up,

approximately 40 s ablation time and 20 s wash-out. Sample material was transported

to the ICP-MS in an 800 mL/min He flow and mixed with Ar prior to injection into the

plasma. Analyses were bracketed with NIST-SRM 610. In addition, Muscovite (#198973),

Dravite (#1108796), Schorl (#1112566), an in-house tourmaline standard (UoB), as well

as BGR-2G and GSD-1G reference materials were measured in the beginning and at the

end of the session [tourmaline data from Dyar et al. (2001), others from the GEOREM

database – Jochum et al. (2016)]. The raw data was processed using the Iolite data

processing software. The limits of detection (LOD) and uncertainties of each element and

each mineral are reported in Appendix C (Tables C.2 and C.1). The abundance of the

major elements (Na, K, Mg, Fe, Ti, Al, Mn, Si) was used to normalize the collected data to

15 cations at the Y, Z and T sites (for tourmaline) and a 22 total charge (for white mica)

and thereby correct for differences in ablation behavior between the samples and NIST-

SRM-610. This method avoids the need for an internal reference element determined by

another analytical technique. It was tested against direct normalization to major elements

determined by electron microprobe from Codeço et al. (2017) and Codeço et al. (2019a),
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showing it to be robust and producing data of equivalent analytical uncertainty. It has the

advantage over direct normalization that avoids a mismatch between laser and microprobe

locations of analysis.

5.4.4 Principal Component Analysis

Principal component analysis (PCA) is a multivariate statistical technique that iden-

tifies compositional vectors in a dataset by transforming the initial variables (e.g., the

elemental concentrations) into a new set of principal components (PCs). The principal

components are defined as orthogonal linear combinations of the initial variables that

align with the maximum variance in the dataset, with PC1 explaining most variance.

Eigenvalues and eigenvectors are used to characterize each PC. The eigenvalues repre-

sent the contribution of each principal components to the overall variance of the original

data, while the eigenvectors represent the correlations between the initial data and the

principal components (Pawlowsky-Glahn et al., 2015, and references therein). It is com-

monly assumed that PCs with low eigenvalues are dominated by noise, and when these

are subsequently discarded the dimensionality of the dataset is reduced, which facili-

tates interpretations of many-element datasets. The latter method is strictly speaking

referred to as Factor Analysis (FA), although the terms are used interchangeably in com-

mon usage. Whereas PCA is a pure mathematical transformation, FA represents an

interpretation of the data. PCA and FA have found many applications in evaluating geo-

chemical data from studying compositional variations in volcanic rocks, to geochemical

exploration, in detecting end-members compositions and chemical reactions in mineral

solid-solutions, and for detecting mantle isotope end-members and their mixing relation-

ships (see reviews by Belissont et al., 2014; Ueki and Iwamori, 2017). The statistical

calculations and graphical results presented below were obtained using the ioGAS™ soft-

ware (https://reflexnow.com/iogas/).
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5.5 Results

5.5.1 Whole rock composition

The host-rock schist samples can be subdivided into unaltered and hydrothermally

altered occurrences based on petrographic observations. We further distinguish between

samples taken from the mine and from exploration drill cores at the NE continuation of the

mine, which is barren. The samples from Pinto et al. (2014) are subdivided into samples

proximal and distal to the cupola, while samples from this study are all proximal. The full

data set of whole rock major, minor and trace element compositions are presented in the

Data Publication (Codeço et al., 2019b) and the CD-ROM for the printed version. Both

the altered and unaltered metasediments show a wide compositional range for most major

elements, which reflects the varying proportion of sandstone-shale intervals in these units.

The Rare Earth Element (REE) concentrations in altered and unaltered metasediments

overlap completely (Appendix C, Figure C.1) and have relatively high middle- and heavy-

REE contents (Sm, Eu, Gd, Yb and Lu) compared with the light REE. Thus, both major

element and REE compositions are not useful indicators for the alteration and we focus

on minor and trace element contents to identify and quantify the chemical overprint of

hydrothermal fluid-rock interaction.

The minor and trace element concentrations from all analyzed samples were normal-

ized to those of the average upper continental crust (Rudnick and Gao, 2014) and plotted

with the elements ordered according to their normalized abundance in the altered rocks

(Figure 5.5A). In decreasing order, the results show enrichments in As, Sn, Cd, Cs, Li,

W, F, Bi, Cu, Rb, Zn, Tl, and Be in altered schists. The results from the greisen and

granite samples analyzed in this study and in Pinto et al. (2014) show that these elements

are also primarily enriched in the underlying, partially altered magmatic intrusion Fig-

ure 5.5B). The main exceptions from this pattern are Pb and Mo, which have elevated

concentrations in greisen but variable concentrations in altered schists.

A factor analysis (FA) of all altered and unaltered schist samples using a set of 16

elements confirms the element systematics described above (Figure 5.6). We included

two major elements of the rocks (Fe, Mg), ten elements that are most enriched during

alteration (the ore elements W, Sn, Cu and Zn, as well as F, Rb, Cs, Li, As, and Tl), and
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et al. (2014), 4Bussink (1984), and 5Neiva (1987a).

four trace elements that are known to remain relatively unchanged during the alteration

process (V, Sr, Ba, and Nb). The analysis shows that three principal components (PC)

account for 81 % of the total variance with 45.4% for PC1, 24.4% for PC2 and 11.6%

for PC3. PC1 separates unaltered and altered metasediment samples (Figure 5.6A) and
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most of the ten “alteration” elements load strongly on PC1, with weaker loadings for Zn,

Cu and As (Fig 5.6B). PC2 reflects differences in the mineralogy with strong loadings

for Mg, Ba, V and Fe. Nb also primarily loads on PC2, but is also the only element

with a slightly negative correlation in PC1. PC2 may mainly reflect heterogeneities in

the host rocks or different modal amounts of tourmaline and mica. PC3 seems to reflect

the relative distance of samples from the greisen cupola, with more distal samples having

higher Cu, Zn and As and proximal samples displaying higher Cs, Rb and Tl (Figure 5.6C

and D). There is also a weak distinction in PC3 for F and Li (higher in proximal samples)

and for Sn and W (higher in distal samples). Additionally, Sr loads relatively strong on

PC3 but is uncorrelated with all other elements used for the analysis (Figure 5.6D).

5.5.2 Trace-element compositions of white mica and tourmaline

For the analyses of trace elements in white mica and tourmaline, we focus on the

elements that have been investigated in the whole-rock data, namely Sn, W, Cu, Zn,

Cs, Li, Rb, and Tl as the main elements representing enrichment by hydrothermal fluids

(loading mainly on PC1 in Figure 5.6) and Fe, Mg, Ba, V, Nb, and Sr as elements that

are not (or less) affected by the hydrothermal alteration (loading mainly on PC2 and

PC3 in Figure 5.6). Other elements that show important variations in the whole-rock

data, including As, Cd, F, Bi, and Sb, could not be analyzed or were not detected with

LA-ICP-MS, and are not included here. Instead, we added Ta because Nb/Ta ratios

are commonly used as markers of magmatic-hydrothermal processes. Tables with laser

ablation analyses are provided in the Data Publication (Codeço et al., 2019a) and for the

printed version of this thesis in the enclosed CD-ROM

5.5.2.1 White mica

The mica compositions show positive correlations of element pairs including Li-Mg

(Figure 5.7A), Nb-Ta (Figure 5.7B) and Cs-Rb (Figure 5.7C). Sr and V show a negative

correlation with highest V/Sr in the wall rock and lowest V/Sr in micas from the MPS

within the same sample as well as generally low contents of both elements for several

setting, including the fault zone and the greisen (Figure 5.7D). The Sn and W variations

describe an overall negative correlation, with the highest W/Sn ratio in greisen mica and
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the highest Sn/W in mica within the fault zone. The ore elements Cu and Zn are both

highly variable and do not correlate with each other. In general, the data show strong

clustering of data by setting and sample.
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Mica compositions from the greisen sample show the most distinctive compositions

with generally very low Mg contents. Compared to other settings, the greisen micas

have very high Ta and Nb (up to 100 and 200 ppm, resp.), and high W and Zn (up to

120 and 150 ppm, resp.), but low Sn (70-170 ppm) contents. Their Li, Cs, Rb, and Cu

contents are variable and overlap with the other settings. Some of this variability relates

to compositional zoning with mica rims having higher Li and Sn, but lower Cu and W

values relative to cores (see “rims” in Figures 5.7A, E, and F). In terms of Cs, Rb, Ta, and

Nb, mica compositions form two distinctive clusters within individual grains (see “cl2” in

Figures 5.7B, C), but this clustering cannot be related to growth zones.

Mica compositions from the vein selvage type MRS (mica-rich) vary greatly among

the three different samples, forming distinct clusters in some of the binary plots. Sample

PN46 has high Nb and Ta contents that are comparable to the mica from the greisen.

Sample PN22 has lower Li, Rb and Zn contents compared to PN33 and PN46. However,

sample PN22 contains two mica generations, with early mica (“Em” in Figure 5.7) having

lower Mg, Li, Rb, W, and Zn contents but higher Sn, Nb, Ta, Sr and V than later mica

generations and most other MRS samples. Mica from PN33 is distinctive for high V and

low Sr contents. Micas from samples PN33, PN46 and PN22 (except the early micas)

contain relatively high W and Zn, but low Sn concentrations. The mica from one sample

of vein selvage type MPS (mica poor) have a compositional range intermediate between

PN22 early micas and the remaining MRS micas. Their main distinction are high Sr

concentrations and, in two cases, particularly low Sn and W contents.

Due to small grain sizes and intergrowths, only a few analyses of mica from only

one sample of wall-rock alteration could be obtained. Mica in sample PN30 yielded high

Li, V, and Mg contents compared with the vein selvages and greisen, but low W, Sn,

and Zn contents. Wall-rock mica and the early generation of mica from MRS sample

PN22 have similar Nb, Ta, Cs, and Rb contents. White mica from the fault zone (sample

PN37-2) is distinctive from all others in terms of high Li, Mg, Sn, and low Nb, Ta, and

Figure 5.7 (facing page): Main chemical variations of minor and trace elements in white
mica. MRS: mica-rich selvages, MPS: mica-poor selvages, Wr-dist: wall-rock distal from the
vein contact, Em: Early formed mica in sample PN22, rim: rims or overgrowths in mica from
the greisen.
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W contents. For the other elements shown, the fault-zone mica overlaps with those from

the vein selvages.

The clustering by setting and sample is also reflected by the PCA, where again three

components account for 81% of the total variance, with 44.4% in PC1, 27.5% in PC2

and 8.7% in PC3 (Figure 5.8). High concentrations in W, Ta, and Nb distinguish the

greisen from other settings. The early MRS is distinct in terms of Sr. The fault zone is

distinguished by higher Sn and Mg, with low W, Ta, and Nb. In contrast to the whole-

rock analysis (Figure 5.6B), the element vectors show less tendency to group together in

the PC1-PC2 projection, i.e. some of their loadings contribute equally to both principal

components (Figure 5.8B) and neither PCs dominates the mica variability. In contrast,

the projection of PC1 and PC3 (Figure 5.8C, D) shows that the variation of most elements

is controlled by PC1. Copper shows a different behavior, being strongly loading on PC3

(Figure 5.8D) but with little influence on PC1 and PC2 (i.e., short vector on Figure 5.8B).

5.5.2.2 Tourmaline

Tourmaline at Panasqueira is commonly zoned, with systematically higher Fe/Mg

ratios from core to rim (Codeço et al., 2017). Wherever possible, core and rim composi-

tions of tourmaline were acquired, but most of the analyses consist of mixtures between

rim and core composition. The trace-element variations show this influence of the zoning,

with tourmaline rims having higher Zn and Li and lower Sr and Mg contents than cores

(Figure 5.9). Tourmalines from all settings typically show overlapping compositions and

only occasionally clustering by sample or type. The only distinct compositions are noted

in the cores of tourmaline from the fault zone and the late vugs (Figure 5.9), which show

the highest Mg and Sr, and the lowest Li, and Zn contents in the dataset (see Figure

5.9A, D, F).

The lithophile element pairs Rb-Cs and Nb-Ta show the expected strong positive

correlations with each other (Figure 5.9C, D) as was also found in mica, whereas the

chalcophile Zn-Cu pair is not correlated. Indeed, Cu shows a large random variation

with no relationship to other elements, to crystal zoning or to setting within the deposit.

With scattered exceptions, both Sn and W concentrations are below 30 ppm, and the

two elements show no correlation in the tourmaline, nor is there a systematic difference
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Figure 5.8: Principal components analysis (PCA) of the LA-ICP-MS log-transformed
dataset of selected minor and trace elements in white mica from Panasqueira (see text for
details). A and C show analyses plotted in PC1 vs. PC2 and PC3 planes, B and Dshow
element vectors (as variables) in the corresponding planes. MRS: mica-rich selvages, MPS:
mica-poor selvages, Wr-dist: wall-rock distal from the vein contact, Em: Early formed mica in
sample PN22, cl2: distinctive cluster (see text for explanation), rim: rims or overgrowths in
mica from the greisen. Dashed outlines in B and D highlight element clusters.
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in concentrations relative to crystal zoning or to setting (Figure 5.9E).

The lack of clear correlations among the elements is reflected in the PCA results for

tourmaline, whereby the first four PCs are needed to explain the most relevant variations

(69.4% of the total variance), with 28.9% for PC1, 21.4% for PC2, 10.9% for PC3 and

8.3% PC4. From Figure 5.10A, C and E, the most noticeable trend is the separation

between core and rim along PC1, where rims are enriched in Fe, Zn and Li and depleted

in Sr and Mg relative to the cores. PC2 and PC3 are dominated by the variations in trace

elements, and are mainly controlled by the two positive correlations in Cs-Rb and Nb-Ta

with PC2 capturing a positive correlation of all four elements and PC3 showing opposing

trends between these element pairs (Figure 5.10A to D). The PC4 component reflects the

high Cu and V concentrations in the fault and wall rocks (Figure 5.10E, F).

5.6 Discussion

5.6.1 Constraining the composition of the hydrothermal fluid

The altered metasediments associated with mineralization show large scale enrich-

ment in the ore metals W, Sn, Cu and Zn as well as in As, F, Li, Rb, Cs, and Tl relative

to the unaltered metasediments (cf. green vs. blue symbols, Figures 5.5, 5.6). Contents

of Mg, Ba, Fe, and V are not affected by alteration as indicated by PC2 in Figure 5.6A,

while Nb and Sr tend to be more concentrated in the unaltered samples (Figures 5.5B,

5.6). The compositions of the unaltered schist and granite samples compare well with

analyses from the literature (Bussink, 1984; Neiva, 1987a; Ugidos et al., 2010; Villaseca

et al., 2014), showing that the metasediments and the magmatic intrusion at Panasqueira

have typical compositions for this region.

The regional element systematics of altered and unaltered rocks are also seen in single

drill-core profiles, which show a gradual transition from unaltered to strongly altered

metasediments next to the vein. This is shown by data from drill core M1610 (Figure

5.11, see also filled circles in Figure 5.6). The proximity to a mineralized vein increases

Figure 5.9 (facing page): Main chemical variations of minor and trace elements in tour-
maline. MRS: mica-rich selvages, MPS: mica-poor selvages, Wr-dist: wall-rock distal from the
vein contact.

124



5.6. Discussion

Late-vugsMRS (PN22B) MRS (PN46B) MRS (PN33A)

Wr-prox (PN30C)

Wr-dist (PN30D)

Wr-prox (PN33A)

Wr-dist (PN33D)

Wr-prox (PN46B)Wr-prox (PN22B)

Wr-dist (PN46E)

Fault

MPS (PN30C)

0

1

2

3

4

5

0 2010 30 40 50

C
s 

(p
p

m
)

Rb (ppm)

10-3

10-2

10-1

100

101

10-2 10-1 100 102101

T
a
 (

p
p

m
)

Nb (ppm)

0

100

200

300

400

500

600

0 10050 150 250200 300

V
 (

p
p

m
)

Sr (ppm)

0

100

200

300

400

500

600

0 2000010000 30000 40000 50000

L
i 

(p
p

m
)

Mg (ppm)

300

400

500

600

700

800

900

1000

10-2 10-1 100 101 102

Z
n

 (
p

p
m

)

Cu (ppm)

0

10

30

40

20

50

60

70

80

10-2 10-1 100 101 102

S
n

 (
p

p
m

)

W (ppm)

A B

E F

C D

cores

cores

cores

rims

rims

rims

125



Chapter 5. Trace Elements in white mica and tourmaline: their value as pathfinders

downward, and the lower samples show higher scores in PC1, reflecting an increase in

the alteration overprint. This increase sets in abruptly at a distance of about 8 m from

the bottom of the core (Figure 5.11), which we interpret as the vertical extent of the

alteration front in this profile.

Another example of mineralogical control which is well reflected by the PCA anal-

ysis relates to the proximity of samples to the greisen cupola (Figure 5.6). This is best

discriminated by PC3 (Figure 5.6C) where samples proximal to the cupola (filled green

symbols) have mostly negative values, whereas the distal samples show predominantly

positive values for PC3. Mineralogically, the samples close to the greisen are richer in

mica, with selvages up to 3 cm thick, whereas the distal samples are associated with min-

eralized veins containing chalcopyrite, pyrite, arsenopyrite, cassiterite, wolframite, topaz

and sphalerite. Thus, the negative values for PC3 (Figure 5.6D) reflect the higher Cs,

Rb, and Tl in mica from proximal zones, whereas the distal samples have higher As, Zn

and Cu contents related to vein mineralization, resulting in positive PC3 values. The

Sn, W, Li and F variations are nearly independent of proximity to the cupola, but all

are strongly enriched in the altered vs. unaltered samples (discriminated by PC1). We

interpret these whole-rock compositional trends to reflect elements added or removed by

the hydrothermal fluids, which suggests that the fluid was enriched predominantly in Cu,

Zn, As, Sn, W, Li, F, Cs, Rb, and Tl. For comparison, direct measurements of quartz-

hosted fluid inclusions from the mineralized veins at Panasqueira are available from the

study of Lecumberri-Sanchez et al. (2017). They reported median concentrations above

100 ppm for Li, Cs, and Cu; from 10s to 100 ppm for As, Pb and W; variable but locally

high values from tens to hundreds of ppm for Rb and Zn; and below detection limit for

Sn. These fluid compositions are thus partly in agreement with observed enrichments in

the altered relative to the unaltered rocks, with the notable exception of Sn. The lack of

Figure 5.10 (facing page): Principal components analysis (PCA) of the LA-ICP-MS log-
transformed dataset of selected minor and trace elements (see text for further details) in tour-
maline from Panasqueira. Plots on the left (A, C, and E) show analyses in the PC1 vs. PC2
and PC3 planes, and on the right (B, D and F) the elements (or variables) are plotted as vec-
tors on the corresponding planes. MPS: mica-poor selvages, Wr-prox: wall-rock proximal to
the vein-contact, Wr-dist: wall rock distal from the vein contact. Dashed outlines in B, D and
F highlight element clusters.
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Figure 5.11: Variation of PC1, PC2 and PC3 along drill core M1610 (drilled upward from a
mine stope). Black rectangles correspond to the position of the samples studied.

Sn in the fluid inclusions, especially for samples taken in the southern part of the mine

where underground observations indicate the highest cassiterite grades, suggests that the

trapped fluids analyzed by Lecumberri-Sanchez et al. (2017) may post-date Sn mineral-

ization. This is consistent with the observations that Sn mineralization at Panasqueira

predated W mineralization (Kelly and Rye, 1979; Martins et al., 2017), and it also agrees

with our finding that Sn contents in early-formed MRS mica in sample PN22B are higher

than in the later mica from that sample which is intergrown with arsenopyrite and wol-

framite (Figure 5.7E, Figure 5.8 8). Neiva (1987b) also explained large variations in Sn

contents in mica (mineral separates) from Panasqueira by mica crystallization before and

after cassiterite mineralization, although in that case there is a chance that the high Sn
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contents relate to unrecognized cassiterite inclusions. Audétat et al. (1998) found a sharp

drop in metal contents (e.g. Sn, W, As) in fluid inclusions from mineralization in the Mole

granite, which they related to the precipitation of cassiterite, wolframite and arsenopyrite.

Overall, there is agreement in the different approaches to estimate the element en-

richments caused by hydrothermal fluid-rock interaction at Panasqueira. Furthermore,

the element association of Li, Cs, Rb, F, W, Sn, F, As, and Cu indicated by hydrothermal

mica, whole rock analyses and the chemical composition of fluid inclusions in Lecumberri-

Sanchez et al. (2017) agree with the chemical signature of greisen alteration (Figure 5.5),

so we conclude that fluids from the granitic intrusion were responsible for the hydrother-

mal alteration and mineralization at Panasqueira.

5.6.2 Element partitioning in tourmaline and mica and their value as pathfind-

ers

It was shown above and in Codeço et al. (2019a) that white mica has distinct compo-

sitions in the different settings (e.g., greisen, vein selvages, wall rocks and fault zone) and

in some cases also, within the vein-selvage (MRS) type we noted significant differences

among individual samples (PN22, PN33, PN46) and of early- vs. late generations of mica

within them (see Figure 5.7 and 5.8). In contrast, tourmaline from the different settings

overlap in composition, although there is considerable local variation due to chemical

zoning. Overall, the white mica is characterized by high concentrations of LILE (Rb, Cs,

Ba), Li, Nb, Ta, W, and Sn (see Figures 5.7 and 5.9A, B, C, E), whereas tourmaline has

generally high Zn, V, and Sr contents (Figures 5.7 and 5.9 D, F). To better understand

the behavior of trace elements in mica and tourmaline and the partitioning between them,

correlation plots are shown for selected trace elements in samples where the two phases

coexist (Figure 5.12). The results show that Li, Rb, Cs, Tl, W, and Sn partition into mica

over tourmaline (Dtur/mica ranges from 0.0001 to 0.5); Cu, Ta, and Nb show considerable

scatter, but are generally favored by mica (Dtur/mica = 0.01 to 30), whereas Sr, V, and Zn

partition into tourmaline (Dtur/mica = 0.6 to 200). The only study known to the authors

Figure 5.12 (facing page): Partitioning of trace elements between mica (horizontal axis)
and tourmaline (vertical axis). MRS: mica-rich selvages, MPS: mica-poor selvages, Wr-dist:
wall-rock distal from the vein contact.
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where trace-element partitioning between tourmaline and mica was discussed is that of

Klemme et al. (2011) who compared tourmaline and mica compositions in a single sample

from Broken Hill, Australia, and with a range of four samples from Syros, Greece. That

study also found variable apparent D-values between the two localities, but the overall

pattern of partitioning is the same as in Panasqueira, i.e. D-values below 1 for Rb, W,

Sn, Nb, and Ta, and above 1 for Sr, V, and Zn. However, the important point of the data

from Panasqueira, is a general lack of correlation in the element concentrations between

the two phases, which leads to a variation in tourmaline/mica D values of up to 3 orders

of magnitude (e.g. Cs in Figure 5.12C). The D value between two minerals should be

nearly constant if they reached and preserved chemical equilibrium with one another, so

the lack of correlation in element concentrations in mica and tourmaline in our samples,

is an important finding. There are several possible explanations for the lack of covariation

in the two minerals. One is that the tourmaline and mica, although in direct contact, did

not reach chemical equilibrium, or did not maintain it during the course of mineralization.

The B-isotope ratios of coexisting white mica and tourmaline from these samples were

found to be consistent with equilibrium partitioning (Codeço et al., 2019a), but this does

not necessarily apply to the trace elements, since many studies showed a decoupling of

chemical and B-isotope variations (e.g., Codeço et al., 2017). Volume diffusion in tour-

maline is known to be insignificant (van Hinsberg et al., 2011a), and we noted above

that tourmaline tends to be more commonly zoned than mica. Mica compositions show

stronger compositional dependency on the different settings in the deposit, suggesting it

more readily adjusts to the local chemical environment.

It cannot be ruled out that the variable D-values reflect analytical problems related

to unrecognized inclusions in the tourmaline and mica analyzed by LA-ICP-MS, but since

care was taken to examine the time-spectra during data reduction and outlier values are

readily seen in the results, this is not a likely explanation. We suggest instead that

tourmaline and mica have not reached or maintained chemical equilibrium in the course

of alteration and vein mineralization at Panasqueira. Furthermore, given that the white

mica appears to more faithfully reflect the hydrothermal element enrichments shown by

whole-rock compositions and by analysis of fluid inclusions than does tourmaline (e.g., Rb,

Cs, Li, As, W, Cu), we suggest that mica is better pathfinder mineral for mineralization.
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This is discussed more below where both minerals are compared using data from other

deposits as well.

5.6.3 Mica as a pathfinder

Chemical variations in mica from different settings and generations reflect the evo-

lution of the hydrothermal fluids. Early formed MRS micas (PN22B) have lower Rb, Li,

W, and Zn, and higher Sr and V, when compared with the “normal” MRS micas (Figure

5.7); a lower Fe/Mg ratio in these early MRS micas was noted by (Codeço et al., 2019a).

An increase in Li, Mg, V, Sr, Sn, Cs, and Cu is also detected in the vein-selvage micas

compared to those from the greisen, suggesting a progressive relative enrichment in those

elements in the fluid over time. We interpret that the early micas from PN22B record an

early pulse of magmatic fluid.

Trace element concentrations in vein-selvage mica show a positive correlation be-

tween W, Sn, and Cu contents, and the relative abundance of the corresponding ore

minerals (wolframite, cassiterite, and chalcopyrite) in the adjacent vein. In general, the

higher W and Sn contents in mica are coincident with wolframite-cassiterite-rich veins.

Although Cu is low in mica overall, the mica selvage with highest Cu contents coincides

with chalcopyrite mineralization in the vein. Zn variations show the opposite behavior,

possibly because Zn preferably partition into tourmaline over mica (Dtur/mica = 5 to 20)

(see Figure 5.12).

To put these findings in a broader context, we compared our results from Panasqueira

with available mica compositions from other tin-tungsten deposits as well as hydrothermal

deposits with different metal associations (e.g. Cu-Au, Pb-Zn). Only a few studies deter-

mined mica trace-element compositions and most of the existing data are for trioctahedral

micas (e.g., Maoping, Legros et al. 2016; Piotang, Legros et al. 2018; Cínovec/Zinnwald,

Breiter et al. 2017a; Qiluling, Xie et al. 2015; Yashan, Li et al. 2015). Because micas at

Panasqueira are exclusively dioctahedral, these comparisons must be carried with cau-

tion. Micas from the W-Sn association have higher Rb, Cs, Li, and Sn contents when

compared with those from porphyry Cu and VMS base-metal deposits, whereas the range

of W contents overlap for all (Figure 5.13A-C). Nevertheless, most mica from W-Sn de-

posits, including Panasqueira, have >10 ppm W, while the majority of porphyries have W
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Figure 5.13: Comparison of trace element compositions in mica from ore deposits world-
wide. Studies from Piaotang (Legros et al., 2018), Yashann(Li et al., 2015), and Qiguling (Xie
et al., 2015) include trioctahedral and dioctahedral micas; Maoping (Legros et al., 2016) and
Cinovec/Zinnwald (Breiter et al., 2017a) only comprise trioctahedral micas; data from other
ore deposits are only dioctahedral micas (Cohen, 2011; Soltani Dehnavi et al., 2018; Uribe-
Mogollon and Maher, 2018)
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contents between 1 and 10 ppm. Early micas from the Piaotang deposit, which are coeval

with cassiterite, yielded lower W contents than later mica from that deposit, confirming

in this case that mica is a recorder of changing conditions (Legros et al., 2018). There are

no comparative data for Zn and Cu from the W-Sn deposits other than Panasqueira, but

comparing with data from VMS and Cu porphyries, we find that the range of Panasqueira

overlaps completely (Figure 5.13D).

In summary, Panasqueira mica is characteristically enriched in the majority of the

trace elements related to the mineralization, and, compared with other deposit types,

shows a clear signature of granite-related fluids; for example there are higher Rb, Cs and

Li contents when compared to VMS and porphyry examples. Micas from our study and

those from the Piaotang Sn-W deposit have high Sn and W contents overall, and in both

studies, a difference was observed between early and late micas that appears to reflect

the early crystallization of cassiterite. In conclusion, white mica has a good potential as

a pathfinder for ore deposits.

5.6.4 Tourmaline as a pathfinder

In contrast to white mica, tourmaline compositions do not show clear correlations

with the sample setting. This may be partly because tourmaline is simply not as widespread

as mica. It does not occur in the greisen and is only a minor phase in vein selvages. Most

tourmaline forms in alteration zones in metasediments, where it replaced preexisting min-

erals rather than growing directly from the hydrothermal fluid, and thus to some extent

incorporated trace elements from the host rocks. Another complexity is the common

compositional zoning, and finally, many trace elements in tourmaline, including the REE,

occur at very low concentrations so the geochemical palette is limited and analytical uncer-

tainties are high. Several studies have attempted to distinguish a magmatic vs. metamor-

phic provenance of tourmaline in hydrothermal deposits by geochemical discrimination,

including the classic Al-Fe-Mg discrimination of Henry and Guidotti (1985). Kalliomäki

et al. (2017) reviewed this work in their study of Archean orogenic gold deposits in the

Hattu schist belt of Finland, and concluded that the major and trace-element signature of

hydrothermal tourmaline is largely controlled by the local host-rock composition and that

relatively few elements are distinctive for the fluid source. Kalliomäki et al. (2017) found
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that Sr, V, and Li variations in tourmaline discriminate magmatic (high Li, low Sr and V)

from metasediment-hosted tourmaline (higher Sr and V, low Li). The zoned tourmaline

from Panasqueira wall-rock alteration has cores with higher Mg and Sr than the rims,

reflecting wall-rock control, whereas the Li contents in tourmaline rims is higher (Figure

5.9A and D, Figure 5.10), suggesting that magmatic fluids made a stronger contribution

as the hydrothermal system evolved and fluid/rock ratio increased. A change from rock-

dominated to fluid-dominated conditions was invoked by Codeço et al. (2017) to explain

tourmaline B-isotope variations in the wall rocks, and the increase in Li concentration

from earlier to later white mica growth in the MRS selvages (see Figure 5.7) may relate

to the same process.
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Figure 5.14: Comparison of trace element compositions in tourmaline from ore deposits
worldwide. Data sources: (1) W-Sn ore deposits: Harlaux (2016), Duchoslav et al. (2017), and
Jiang et al. (2004); (2) Gold deposits: Cabral et al. (2012), Hazarika et al. (2015), Kalliomäki
et al. (2017), and Trumbull et al. (2019); and (3) Cu-Mo porphyry deposits: Yavuz et al.
(1999)
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Data from Panasqueira are compared with other studies on trace-element contents

in tourmaline from Sn-W and other types of ore deposits in Figure 5.14(see caption

for data sources). Tourmaline from the Sn-W deposits has relatively higher Sn and Li

contents than tourmaline from the Salikvan Cu-Mo porphyry deposit and the orogenic

gold associations (Figure 5.14A), but no significant difference was found for W (Figure

5.14B). The Sn-Li plot also discriminates between Sn-W deposits in the Massif Central

(downward triangles, higher Sn) from deposits with W-only (upright triangles, lower Sn).

The strong overlap of all deposits on the V and Sr plot (Figure 5.14C) underscores the

suggestion by Kalliomäki et al. (2017) that these elements are host-rock controlled and

depend on the local lithogeochemistry. The range of Cu concentrations in tourmaline is

similar, and highly variable, in all deposits regardless of type, but Zn contents tend to be

higher at Panasqueira than in all other Sn-W deposits plotted (Figure 5.14D). This may

relate to the high sphalerite contents in the Panasqueira veins.

To summarize, we note an overall correlation of Sn and Li contents with mineral-

ization type. Tin concentrations greater than 10 ppm are common in Sn-W deposits and

rare in the Cu-porphyry and orogenic gold association. An interesting further distinction

of Sn-rich and W-rich deposits can be seen in the Massif Central examples; i.e., higher Sn

in cassiterite-dominated ones and lower Sn in wolframite-dominated deposits. There is no

such difference in terms of W contents, and inexplicably, the W contents in tourmaline

from Salikvan Cu-Mo porphyry are the highest of any in the comparison, but that deposit

is not known for W mineralization. The Cu concentrations in tourmaline is non-diagnostic

of source, showing overlaps in all deposits types. The Salikvan deposit is a major resource

for Cu but its tourmaline is not particularly Cu-rich compared with the others. In fact,

the highest Cu contents known (2 wt .% CuO; Beurlen et al. (2011)) are responsible for

the blue color of “Paraíba” gem tourmaline, which occurs in granitic pegmatites. Clearly,

the trace-element concentrations of tourmaline are affected by many factors and these

can change with time in any one deposit as the hydrothermal system evolves, as shown

by zoning at Panasqueira.

Compared with white mica, tourmaline seems less responsive to the composition

of the hydrothermal fluid (cf. Figure 5.13, 5.14), but this study suggests that high Sn-

Li contents in tourmaline (i.e. >10 ppm and 50 ppm, respectively) may distinguish
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magmatic-hydrothermal Sn deposits fairly well. In any case, since mica and tourmaline

concentrate different sets of trace-elements and tend to occur together in hydrothermal

systems, the best approach to geochemical discrimination is to combine information from

both minerals.

5.7 Conclusions

At Panasqueira hydrothermal alteration zones show contrasting chemical signatures

when compared with unaltered metasediments. These zones characterized by large-scale

enrichments in W, Sn, Cu, Zn, As, F, Li, Rb, Cs, and Tl. Factor analysis results provide

constraints of the alteration overprint but also suggest that the whole-rock chemistry

varies as a function of distance from the greisen cupola. In this dataset the latter variation

is, however, mainly mineralogically-controlled, with the proximal zones enriched in Rb,

Cs, and Tl reflecting thick mica-selvages, and the distal zones richer in As, Zn, and Cu,

reflecting vein mineralization.

White mica and tourmaline are the most abundant hydrothermal phases at Panasqueira,

where mica forms thick vein-selvages at the contacts with the host rocks and tourmaline

occur predominantly in the alteration haloes. In-situ LA-ICP-MS analysis performed in

those phases showed that mica has higher Rb, Cs, Ba, Li, Nb, Ta, W and Sn, and lower

Zn, V and Sr, comparatively to the tourmaline. Mica further reflects the evolution of the

hydrothermal fluids; early micas have lower Fe/Mg ratios, Rb, Li, W and Zn, and higher

Sr and V, compared to the “normal” micas from the selvages, likely recording an early

pulse of the magmatic fluids. Moreover, the micas from the vein selvages show increases in

Li, Mg, V, Sr, Sn, Cs, and Cu, relatively to mica from the greisen, suggesting a progressive

enrichment in those elements in the fluid over time. We also found positive correlations

between W, Sn, and Cu contents in mica from the vein-selvages and the abundance of

ore minerals in the adjacent vein. White mica seems to reflect more the hydrothermal

element enrichments revealed by whole-rock compositions and chemical composition of

fluid inclusions than does tourmaline. In contrast, tourmaline forms at the expense of the

host rocks and reflects extensive fluid-rock interaction.

The comparison of the results obtained based on whole-rock chemistry, mica in-situ
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chemistry and published chemical composition of fluid inclusions agree with the chemical

signature of the greisen alteration and suggests that fluids released from the granitic

intrusion were responsible for the hydrothermal alteration. The compositional trends

indicate that the fluids were enriched predominantly in As, Li, F, Rb, W, Sn, Cu, Zn,

Cs, and Tl. Finally, our results suggests that white mica is a good pathfinder for W-Sn

mineralization.
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Chapter 6. Numerical simulations of fluid flow patterns

Abstract — Numerical simulations were performed to study the first order geological

and physical parameters controlling the fluid flow patterns at Panasqueira, where min-

eralization is structurally controlled and hosted by sub-horizontal veins. We present a

first set of simulations comparing hydrothermal flow through a simple horizontal frac-

ture either represented by two-dimensional elements or using a new method by applying

lower-dimensional line elements in order to develop a method to resolve fractures and

faults. Our results show that different mesh resolutions produce the same hydrothermal

field. In a series of two-dimensional simulations we investigate the fluid flow patterns in

faults and fractures in close association with a magmatic intrusion emplaced at crustal

levels. The results show that the fluid flow has a strong lateral component in the pres-

ence of horizontal-structures and the subvertical faults play a critical role in the ascent

of fluids and recharge of ambient meteoric waters. Moreover, the results further suggest

that magmatic fluids dominate in the earlier stages, whereas mixing with meteoric fluids

will only occur at later stages. These simulations are in good agreement with the field

observations, at the Panasqueira W-Sn-Cu deposit, in particular, the physical processes

leading to the formation of the subhorizontal veins and of low-temperature epigenetic

Zn-Pb ore deposits associated to crustal subvertical faults.

Key-words: Numerical simulation, fluid flow, magmatic-hydrothermal ore deposits,

faults, Panasqueira

6.1 Introduction

Many economic ore deposits have a hydrothermal origin and are majorly controlled

by advective heat and solute transport with fluids flowing through permeable rocks, in-

cluding porphyry, volcanogenic massive sulfide (VMS), sedimentary exhalative (SEDEX),

Mississippi-Valley-type (MVT), and epithermal deposits (Ingebritsen and Appold, 2012).

Focused fluid advection concentrates both metals and heat, leading to ore deposition at

temperatures that can be significantly higher than the local background temperatures

of the regular geothermal gradient. The genesis of hydrothermal ore deposits requires a

favorable geodynamic setting where fluids can transport metals from a large source area

along permeable fluid pathways to the deposition site (Cox, 2005; Heinrich and Candela,
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2014; Kesler and Simon, 2015).

In many hydrothermal ore-forming systems, fractures and faults are interpreted to be

high-permeability pathways for fluid, heat and solute transport (Berkowitz, 2002; Simms

and Garven, 2004). This fracture-controlled fluid flow in initially low-permeability host

rocks has been interpreted as the key to the generation of some magmatic-hydrothermal

deposits, which are related to fluid release from magmatic intrusions (Černý et al., 2005;

Cox, 2005; Polya et al., 2000). Fracture networks connected to the surface can also

promote localized ore deposition by mixing of fluids from deeper and shallower reservoirs

(e.g., Ingebritsen and Appold, 2012; Matthäi and Belayneh, 2004). The Panasqueira W-

Sn-Cu deposit in Portugal consists of mineralized sub-horizontal veins nearby a Variscan

granitic intrusion, which is interpreted to have formed from focused flow of magmatic fluids

with variable degrees of fluid mixing during later stages (Kelly and Rye, 1979; Polya et al.,

2000). However, the physical hydrology and its interaction with the host-rocks remains

poorly understood.

Numerical simulations with models that can handle high-temperature multi-phase

flow of NaCl-H2O fluids in porous media can help to quantify the dynamic behavior of

and of mass and heat transfer in magmatic-hydrothermal systems (e.g., Coumou et al.,

2008a,b; Geiger et al., 2006a,b; Lewis and Lowell, 2009a,b; Weis et al., 2014). Previous

studies focused on the physical hydrology of porphyry and epithermal deposits (Weis

et al., 2012, 2014), active submarine hydrothermal systems (Coumou et al., 2008b; Gruen

et al., 2012, 2014), VMS deposits (Schardt et al., 2005; Schardt and Large, 2009) and

structure-controlled deposits (Liu et al., 2014, 2015; Micklethwaite et al., 2015; Zhang

et al., 2011). Other studies investigated the patterns of fluid flow in fractured media

focused on geothermal resources (e.g., Bächler et al., 2003; Guillou-Frottier et al., 2013;

Patterson et al., 2018a; Pribnow and Schellschmidt, 2000) and oil and gas reservoirs

(e.g., Azizmohammadi and Matthäi, 2017; Matthäi et al., 2007; Simms and Garven, 2004;

Yapparova et al., 2017).

This study presents results from numerical simulations of the hydrology of vein-type

magmatic-hydrothermal ore systems, constrained by observations from the Panasqueira

deposit. We use two-dimensional transient numerical models of heat and mass transport

to describe fluid flow in fractures and faults in close association with an upper crustal
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magmatic intrusion as the source for heat, fluids and metals. We investigate the effect

of multiple connected fractures and fault zones on hydrothermal fluid flow patterns and

discuss its applicability to the Panasqueira vein-type ore deposit.

6.2 Geological Setting

6.2.1 Regional Context

The Variscan orogeny was a major tectonic event in the evolution of Western Europe,

resulting from the Laurussia-Gondwana collision through the late Devonian (370 Ma)

and most of the Carboniferous, and culminating with the late closure of the Rheic Ocean

(ca. 300 Ma) (Kroner et al., 2007, 2015; Matte, 1991; Romer and Kroner, 2016). The

Variscan Iberian Massif is part of the Ibero-Armorican Arc, a curvilinear macrostruc-

ture stretching from Iberia into Britain (Pastor-Galán et al., 2015; Shaw et al., 2012))

and is traditionally subdivided into five tectonostratigraphic domains: Cantabrian Zone,

West-Asturian Leonese Zone, Central Iberian Zone, Ossa-Morena Zone and the South

Portuguese Zone (Julivert et al., 1974; Lötze, 1945) (Figure 6.1A). The Central Iberian

Zone (CIZ) is characterized by an extensive exposure of granitic rocks of Variscan age and

a thick (up to 11,000 m), monotonous Neo-Proterozoic-Cambrian siliciclastic succession,

the so-called Schist-Greywacke Complex (SGC). The SGC was deposited in horst-graben

structured basins that have evolved in different paleo-geographic scenarios and consists

of shales and sandstones with minor conglomerates, limestones and scarce volcanoclastic

layers (Rodríguez-Alonso et al., 2004). In the CIZ, three main phases of ductile deforma-

tion (D1, D2 and D3) have been recognized. The first stages (D1 and D2) correspond to

the collisional phase of the Variscan Orogeny (365-320 Ma) and are associated to the gen-

eration of subvertical folds with penetrative slaty cleavage (S1) and D2 recumbent faults,

which predominantly affected the NW part of the Iberian Massif. The latest transpres-

sional stage (D3) culminated in the oroclinal bending of the Ibero-Armorican Arc and

is characterized by upright folds, refolding the initial D1 folds (Martínez Catalán et al.,

2014). The widespread intrusion of granitic rocks and associated high-temperature low-

pressure metamorphism in the CIZ is syn- to post-genetic with D3, dated at 310-285 Ma

(e.g., Bea et al., 2003; Dias et al., 1998; Martínez Catalán et al., 2014; Villaseca et al.,
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2012). A large number of CIZ granitic bodies are highly evolved and locally host Sn-

W-Li-F-Nb-Ta-P-U mineralization (e.g., Chicharro, 2016; Llorens González et al., 2017;

López-Moro et al., 2017; Neiva et al., 2012; Noronha et al., 2013; Roda-Robles et al., 2016;

Sant’Ovaia et al., 2013).

SPZ

OMZ

WALZ
GTMZ

MASSIF 
CENTRAL

BOHEMIAN 
MASSIF

RHENISH

MASSIF

ARMORICAN

MASSIF

IBERIAN

MASSIF

500 km

External trust belt and foredeep basin

OUCROPPING / COVERED

Variscan strike-slip
shear zones

Alpine front

Allochthonous and Parautochtonous

Gondwanan Zone with strong
Cadomian imprint

Gondwanan Zone with 
Cambro-Ordovician magmatism

Variscan Miogeocline (fold/thrust 
metamorphic belt)

Variscan foreland thrust belt

CIZ

CZ

30000

51000

57000

38000

1 km

Barroca 
Grande

Cabeço do Pião

Ourondo

Cebola Fault

Zêz
er

e R
iv

er
 F

au
lt

8E Fault M
asso Fault

M
ain F

ault

L
am

ei
ra

s 
F

au
lt

Vale das 
Freiras Fault

S. Jorge 
da Beira

Fault
1W

N

Almaceda Fm.

Panasqueira granite

100 m

greisen

quartz ore-veins

SW NE

10
00

 m
50

0 
m

A B

C

Figure 6.1: A Subdivision of the Variscan Belt showing the allochthonous terrains and
the main transcurrent shear zones (adaptes from Martínez Catalán et al., 2007). (B) Re-
gional geological map. The underground mine, whose extent is marked with blue dashed
lines, is located in the vicinity of the contact metamorphism aureole (adpated from Jacques
et al., 2018). (C) Schematic cross-section of the Panasqueira deposit (modified after Thadeu,
1951a), with a schematic representation of the mineralized veins and alteration halos. Ab-
breviations: CIZ – Central Iberian Zone, CZ – Cantabrian Zone, GTMZ – Galicia-Trás -os-
Montes Zone, OMZ – Ossa Morena Zone, SPZ – South Portuguese Zone and WALZ – West
Asturian-Leonese Zone.
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6.2.2 The Panasqueira vein swarm

The Panasqueira Mine is located in the Castelo Branco district, in the center of Portu-

gal. The deposit consists of a swarm of subhorizontal veins, dipping less than 20°, hosted

by the Almaceda Formation (Schist Greywacke Complex) and is associated with a granitic

body at depth (Figure 6.1B, C). Granite emplacement occurred at upper crustal levels

(e.g., Bussink, 1984; Kelly and Rye, 1979) and produced a metamorphic aureole of spotted

schists with biotite-chlorite-cordierite porphyroblasts (Conde et al., 1971; Thadeu, 1951a)

(Figure 6.1C). Recent gravimetric surveys showed that the Panasqueira granite consists

of an irregular sheet intrusion with a maximum width of ca. 7 km and a depth of 2.5 km.

The emplacement was limited by three NE-SW regional faults, the Cebola Fault located

in the north, the Zêzere River Fault located in the SE and a third fault inferred from

the gravimetry (Ribeiro, 2017), that may correspond to the 8E Fault (see Figure 6.1B).

The Panasqueira granite consists of a porphyritic two-mica, peraluminous (87Sr/86Sr ≈

0.713) S-type granite of Variscan age (e.g., Bussink, 1984; Kelly and Rye, 1979). In the

deposit, the upper part of the granite is greisenized (cupola) and is cut by some of the

ore veins (Burnard and Polya, 2004; Bussink, 1984; Kelly and Rye, 1979; Polya, 1989;

Thadeu, 1951a). Some veins in the vicinity of the greisen consist of inclined veins (dip of

ca. 40-50°), which are not parallel to the greisen-schists contact.

The mineralized zone is located to the SW of the outcropping cupola with only a very

limited extension towards the NE (see Figure 6.1B, C). The quartz-W-Sn-Cu-bearing

veins are exposed by underground mining over an area of 2,500m in length, 400 to 2,000

m in width and at least 500 m in depth (Wheeler, 2016) (Figure 6.1C). The mineralized

veins are massive and tabular and range in thickness from <1 cm up to 1.5 m, with

an average of 25 m and can be traced laterally over distances up to 100 m and overlap

over large distances in a tridimensional manner (Jacques et al., 2018). The origin of the

subhorizontal veins is still debated (Foxford et al., 1991, 2000; Jacques et al., 2018; Kelly

and Rye, 1979; Marignac, 1973, 1982; Ribeiro and Pereira, 1982). According to Jacques

et al. (2018), the vein system formed shortly after the tectonic inversion of the Variscan

Orogeny, “under low differential stress exploiting pre-existing cross-fold-joint system”. The

vein dilatation was driven by fluid pressures, although the orientation was still dictated
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by the pre-existing (F2) fold geometry. Contrarily, Foxford et al. (2000) suggest that the

vein system formed through extensional failure driven by hydraulic valving at moderate

differential stress in a compressive crustal regime. Furthermore, based on fluid inclusion

studies combined with geochemical analyses of coeval arsenopyrite and the sphalerite

geobarometer, Jaques and Pascal (2017) constrained the P-T conditions, suggesting that

the Panasqueira granite was emplaced at ca. 10 km depth and the vein system formed

at similar depths under lithostatic pore pressures and a compressive stress regime. These

depth estimates stand in contrast with the shallow depths of ca. 0.7-1.3 km and <1.8 km

proposed by Bussink (1984); Kelly and Rye (1979), respectively.

The complex paragenetic sequence has been described by several authors (D’Orey,

1967; Foxford et al., 1991; Kelly and Rye, 1979; Lourenço, 2002; Martins, 2017; Polya,

1989; Polya et al., 2000). Kelly and Rye (1979) divided the paragenetic sequence into four

stages of mineralization (1) oxide-silicate stage, (2) main-sulfide stage, (3) pyrrhotite alter-

ation stage and (4) late carbonate stage, whereby (1) and (2) constitute the economically

relevant ore stages for oxides (wolframite, cassiterite) and sulfides (chalcopyrite), respec-

tively. More recent studies proposed two pre-ore stages with formation of a crack-seal

quartz seam and muscovite selvages (Lourenço, 2002; Martins, 2017; Polya et al., 2000).

The hydrothermal alteration produced an alteration halo over two meters wide around

the quartz veins, typically displaying a zonation from proximal tourmalinization to distal

muscovitization, that gradually passes to the chlorite-muscovite-biotite regional metased-

iments (Bussink, 1984)(see also Chapter 5). Constraints from mineral geothermometers

(boron isotope muscovite-tourmaline, arsenopyrite, Ti-in-quartz) suggest that the wall-

rock alteration and the early vein formation took place between 400° and 500°C (Codeço

et al., 2017, 2019a; Jaques and Pascal, 2017). On the other hand, quartz-hosted fluid in-

clusions from the oxide-silicate and main-sulfide stage indicate temperatures ranging from

360° to 230°C and overlap the temperatures obtained from B-isotope geothermometry in

a late-fault zone (Codeço et al., 2019a).
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6.3 Methods

Conservation of mass, energy and momentum are the principal laws that describe fluid

flow in hydrothermal systems (e.g., Ingebritsen et al., 2010). The governing equations are

solved with a Control Volume Finite Element (CVFEM) method implemented into the

Complex Systems Modeling Platform CSMP++ (Figure 6.2), which can accommodate

compressible flow of variably miscible, multiphase fluids (Weis et al., 2012, 2014). The

saline fluid properties are calculated using the NaCl-H2O system as described by Driesner

(n.d.) and Driesner and Heinrich (2007).

6.3.1 Governing Equations

Two-phase fluid flow in fractured and porous media can be described by Darcy’s law

as:

vi = −kkri

µi

(∇p − ρig), i = l, v (6.1)

where v is the Darcy velocity of the mobile phases i (liquid l and vapor v), k is the intrinsic

permeability, kr is the relative permeability, µ is viscosity, p is pressure, ρ is density, and

g is the acceleration due to gravity (Ingebritsen et al., 2006). Solid halite h is assumed to

reduce the available permeability and block pore space. For the mobile phases, a linear

relative permeability model is applied, ensuring that krv + krl = 1 − Sh, with S as the

volumetric saturation of the indicated phase. The residual saturation Rl has been set to

0.3(1 − Sh) for the liquid phase and to 0.0 for the vapor phase (Weis et al., 2014).

The conservation of total fluid mass (eq. 6.2), energy (eq. 6.3) and salt mass (eq. 6.4)

are given by the following expressions, respectively:

∂[ϕ(Slρl + Svρv + Shρh)]
∂t

= −∇ · (Slρl) − ∇ · (Svρv) + QH2O+NaCl (6.2)

∂[(1 − ϕ)ρrhr + ϕ(Slρlhl + Svρvhl + Shρhhl)]
∂t

= ∇·(K∇T )−∇·(Slρlhl)−∇·(Svρvhv)+Qe

(6.3)
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∂[ϕ(SlρlXl + SvρvXv + ShρhXh)]
∂t

= −∇ · (SlρlXl) − ∇ · (SvρvXv) + QNaCl (6.4)

where ϕ is the porosity, S the volumetric saturation, h the specific enthalpy, X the

mass fraction of NaCl in the respective phase, t the time, K the thermal conductivity,

T the temperature and QH2O+NaCl, Qe, and QNaCl are the source terms; the superscript

r stands for the rock matrix. In this approach, we assume that fluid and rock are in

thermal equilibrium, requiring that the total enthalpy is distributed over the fluid and

rock contained in a control volume. All fluid properties are updated at every time step

(Weis et al., 2014).

Fluid Flow

Control

Volume

2D

Element

Node

Facet

A

B

1D

Element

Figure 6.2: Construction of finite element and control volume capabilities. (A) The user-
defined finite element mesh (green) is superimposed by a node-centered control volume mesh
(blue) by the CSMP++ model. Facets are constructed from the mid-side point of the ele-
ment’s faces to the element’s barycenter and define the segments of the control volume. The
red line represents the one dimensional (1D) element. (B) Fluid flow is calculated across these
facets between two neighboring node, exemplified by the gray arrows representing horizontal
flow from left to right (black arrow). The red arrows show the additional flux across the facets
of the 1D element representing higher-permeability faults and fractures. Modified after Weis
et al. (2014).
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6.3.2 Representation of fractures and faults

In two-dimensional (2D) modeling approaches, fractures and fault structures can be

represented by high-resolution domains consisting of 2D elements (Figure 6.3, right hand

side) with a thickness that corresponds to the width of the fracture or fault (e.g., 50 m,

see Figure 6.3B). For this study, we used mixed-dimensional finite element meshes, where

faults and fractures are included as lower-dimensional elements (Figure 6.3, left hand

side), that is the fractures are discretely represented by one-dimensional line elements

with a given thickness (Figure 6.3A). This mixed-dimensional approach enables us to

use relatively coarse meshes and still resolve the influence of faults and fractures on

hydrothermal circulation.

Fluid advection is calculated with the Finite Volume scheme (Figure 6.2) across facets

between two neighboring nodes with the permeability kb of the given element, representing

the rock matrix (Weis et al., 2014). In the lower-dimensional element approach, the

additional influence of fault permeability of each line element kline−element was calculated

using the permeability kfr,ft and width of each fault and fracture wfr,ft as:

kline−element = (kfr,ft − kb) × wfr,ft (6.5)

In the case where the fault has the same permeability as the rock matrix (kfr,ft = kb)

or if wfr,ft = 0, the influence of the respective fault segment vanishes. Permeability

can be regarded either as a static material property or as a dynamic parameter that

changes in response to tectonism, fluid production, temperature, pressure, and geochem-

ical reactions (Ingebritsen and Manning, 2011). For the simplified models with one hor-

izontal fault zone, the permeability of the background matrix, kb, is kept constant and

isotropic. For the setups with the geometry of the Panasqueira system, we combined

the new lower-dimensional element approach with the depth-, temperature- and pressure-

dependent background permeability of Weis (2015) to describe the transition from brittle

to ductile rock behavior and hydraulic fracturing.
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Figure 6.3: Model geometry and unstructured mesh for the mixed-dimensional (A, C, E)
and two-dimensional finite elements methods (B, D, F) applied on the simple-fracture simu-
lations. The red dashed lines in A and B show the position of the fracture, resolved by lower-
dimensional elements and 2D elements, respectively.

6.3.3 Model configuration

The first simulations (simple horizontal fracture, subsection 6.4.1) were conducted with

constant temperature and fluid pressure conditions on both ends of a rectangular domain

of 4 km width and 2 km depth (Figure 6.3). The domain is oriented horizontally, that

is without gravitational effects, with higher pressure (35 MPa) and temperature (350°C)

values at the left boundary nodes, and lower pressure (25 MPa) and temperature (150°C)

values at the right boundary, which leads to hot fluids flowing from left to right. We used

two different general model geometries with a center line and a center zone, respectively,

and created meshes with three different resolutions (see Figure 6.3A, B: coarse resolution;

C, D: medium resolution and E, F: fine resolution). All model geometries were created
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using Rhinoceros 5 and the mesh generator ANSYS ICEM CFD. In order to represent the

mixed-dimensional finite element domain, the fracture was placed at 1 km depth [Figure

6.3A (red dashed line), C, E]. The simulation domain representing the two-dimensional

finite elements [Figure 6.3B (red dashed lines), D, F] is divided by a fracture zone of

50 meters between 1975 and 2025 m depth, which is resolved by a discretized mesh. In

these simulations we assumed a constant permeability kfr,ft of 10−14m2 and width wfr,ft

of 50 m to the fracture. We further applied constant and uniform rock properties with

an isotropic background matrix permeability kb of 10−15m2 , a porosity ϕ of 0.1, a heat

capacity cpr of 880 J Kg−1 °C−2, a thermal conductivity K of 2 W m−2°C−2 and a rock

density ρr of 2700 kg m−3.

The second modeling set-up (Panasqueira hydrothermal system, subsection 6.4.2) rep-

resents a section of the upper continental crust with a magma chamber of initially 900

°C (2.5 × 7 km), with its roof emplaced at 5 km depth (Figure 6.4). The host rock

porosity is kept constant with 0.05, the pore space is initially saturated with pure wa-

ter under hydrostatic pressure and a thermal gradient of 22.5 °C km−1 is applied, which

is maintained by a bottom heat flux of 45 mW m−2 and 20 °C at the top boundary,

representing the Earth’s surface. During the simulations, the top boundary is open to

allow fluid outflow at atmospheric pressure and inflow of pure liquid water, the bottom,

left and right boundaries are no-flow boundaries. To account for the fluid accumulation

in the third dimension, the magma chamber is assumed to have half of the width in

the dimension perpendicular to the modeling section as described by Weis (2015). The

magma chamber uses the same rock property values but starts with a doubled heat ca-

pacity, which is gradually reduced during cooling of the magma chamber to account for

the release of latent heat during crystallization (Weis, 2015). The permeabilities of the

magma chamber and the surrounding host-rocks use the dynamic permeability model of

Weis (2015) with a maximum permeability of 10−14m2 at shallow levels down to 1 km

depth and during intense hydraulic fracturing, and a minimum permeability of 10−22m2

for rocks at temperatures above 550 °C, which are assumed to behave in a ductile way not

allowing for any fluid flow. We assumed a salinity of 5 wt.% for the magmatic fluids in all

simulations. In order to represent the hydrothermal veins at Panasqueira, we schemati-

cally placed three fractures above the magma chamber, ca. 3000 m wide, connected by a
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subvertical fracture that channelizes the fluids from the magma chamber to the fractured

zone (Figure 6.4). We further added the two regional faults recognized by geophysical

methods (Ribeiro, 2017) to play a role in the emplacement of the granites (Cebola and

Zêzere River Fault). For this set-up we applied constant permeability kfr,ft of 10−14m2

and a width wfr,ft of 10 m for the faults and fractures. By assigning this thickness to

the structures, we account also for the vein and alteration zone (horizontal fractures) and

provide an average permeability of fracture and surrounding matrix. In the setups, we

only show the domain highlighted in Figure 6.4

6.4 Results

6.4.1 Simple horizontal fracture

We computed six examples of two-dimensional single-phase fluid flow with different

mesh resolutions to test the validity of the new method introduced here (lower-dimensional

elements). The first example (Figure 6.5A) shows the evolution of the thermal front

[white dashed (two-dimensional dimensional) and solid line (lower-dimensional elements)]

and fluid pressure (black dashed and solid lines, respectively) in a low-resolution mesh

after 2000 years (Figure 6.5A, B). When the fracture is resolved by the mesh, the two-

dimensional elements have a higher resolution of the fracture zone when compared with

the lower-dimensional elements, consequently the isotherms of both methods diverge sig-

nificantly (Figure 6.5A). Nevertheless, the two simulations roughly agree in the different

positions and shapes of the thermal fronts, hence both capture the first-order flow pattern.

In contrast, fluid pressures are only weekly affected by varying mesh type. Figure 6.5B

shows the comparison between both methods in a medium resolution mesh, which has

a similar discretization through the entire domain. In this case, both the isotherms and

fluid pressure lines overlap in most of the domain. A similar scenario can be observed in

Figure 6.5C where the two methods are compared in a high-resolution mesh. The results

show that the representation of fault structures by lower-dimensional elements enables

to use coarse- to intermediate-resolution meshes in order to save computational time and

still capture the first-order fluid dynamics.
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grey-shaded zone represents the domain that will be shown in Figures 6.6, 6.7, 6.8 and 6.9.

6.4.2 Panasqueira hydrothermal system

In order to understand the fault and fracture control on hydrothermal circulation pat-

tern and the magmatic fluid release and from an underlying magma chamber associated to

the Panasqueira deposit, we performed a series of simulations using preassigned fractures

and faults in different combinations (Figure 6.4 and 6.6 6). Three different setups were
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Figure 6.5: Snapshots of two-dimensional simulations of the propagation of a thermal front
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Results for fluid pressure (black) and temperature (white) from lower dimensional simulations
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lower dimension fracture is represented by the yellow line, whereas the green line represents
the fault zone defined with 50m.

used to investigate the role of faults on fluid flow: (1) a crustal subvertical fault that

connects the injection point of the magma chamber to the surface (“middle fault”, 6.6C);
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(2) the extend of this subvertical fault is limited to the connection between the fractures

and the injection point, while the fault located at the left-hand side (“left fault”) extends

to the surface instead (Figure 6.6); (3) two crustal subvertical faults (“two faults”, Figure

6.6E). We further carried out two simulations without any subvertical fault structures,

including one with (Figure 6.6B)and one without (Figure 6.6A) horizontal fractures.
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Figure 6.6: Simulation results for the initial stages (1,000 years) of fluid flow based on mag-
matic ratio (fraction of magmatic fluid in the respective pore volume from 0 to 1) (A) for a
domain without structures, (B) for a domain with horizontal fractures, (C) to (E) for do-
mains with horizontal fractures and one fault situated above the injection point (C), one fault
in the left side of the domain and a subvertical connecting fracture above the injection point
(D) and two faults (E). White lines represent the isotherms (from 0 to 700 °C) and the or-
ange lines the fluid pressure (10 MPa to 100 MPa).

All performed simulations have in common that the magma chamber heats the sur-

rounding host rocks by conduction and induces convection of ambient fluid. Because of

the efficient cooling of the outer shell of the magma chamber, magmatic fluids are imme-

diately produced and injected into the subvertical fracture or the host rocks in the absence
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of this structure. The initial expulsion event is accompanied by a locally pronounced fluid

pressure anomaly to accommodate this fluid release. The fluid flow pattern after 1,000

years in the different simulations is shown in Figure 6.6. In the setup where the faults

and fractures are not taken into account, the upward flow produces a radial front (Figure

6.6A). Conversely, in fractured media, fluid flow is subhorizontal with variable degrees of

subvertical flow through faults (Figure 6.6B to E). In general, the magmatic and thermal

fronts move faster upward in the presence of either two or one central subvertical fault

(“middle fault” and “two faults” setups: Figure 6.6C, E). After 1,000 years of simulation

time, the magmatic plume reached levels as shallow as 2.5 km for these simulations. With

the continuous exsolution of magmatic fluids, the magmatic plume spreads to the surface

at ca. 2,000 years for most of the simulations.

The thermal front has reached the surface at 6,000 years of simulation time and the

ascending overpressured magmatic fluids have established a vertically extensive two-phase

liquid-vapor (vapor-dominated) coexistence zone, with boiling taking place between ca.

2.5 km depth and the magma chamber, as well as near the surface (Figure 6.7, central

panel). The temperature in the veins is in the range of 500° to 600 °C and in all cases,

although spreading sideways, there is a tendency for higher temperatures in the left-hand

side of the domain (Figure 6.7, left panel).

After 15,000 years of simulation time, the hydrothermal system is already declining

due to reduced fluid production from a smaller magma chamber, which leads to increasing

inflow meteoric waters and fluid mixing. However, the fracture system is still completely

dominated by magmatic fluids (Figure 6.8). By this time, the temperature in the fractures

is still dominantly above 600°C, except for the setup with the “middle fault”, where the

heat moves more efficiently upward (Figure 6.9A vs. B and C). The thermal fronts in

the setup with the “two faults” are starting to merge into a single up flow zone centered

between both faults (Figure 6.8C).

In these simulations, the fluids are injected mostly as two-phase fluids, as a response

to the initial salinity of the magmatic fluid (5 wt.%), but with a vapor-dominated nature

(Sv > 0.6). In most cases the fluid flow shows a pulsating behavior, with intermittent

bursts of higher salinity fluids (see Figure 6.9 D and F). The high salinity fluids can also

locally and temporarily saturate in solid halite, such as in the “middle fault” domain at
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6.5 Discussion

Our simulations show that different hydrological regimes can occur in fractured ge-

ological media as a function of the structural arrangement. In the absence of fractures,

the fluid flow is radial and fluids are overpressured right above the injection point of the

magma chamber (e.g., Figure 6.6A), with pressures reaching 100 MPa after 1,000 years.

Contrarily, in the presence of structural connectivities, especially to the surface, the fluid

pressure remains lower (range of 50 MPa to 75MPa) in the region represented by the

fractures (Figure 6.6B-E) and fluids rapidly ascend through the crust reaching the surface

after ca. 2,000 years. With time, the fluid pressure seems to rise as vapor-dominated

fluids move upwards (see Figures 6.7 and 6.9), with these zones reaching fluid pressures of

75MPa. In some simulations, a counteracting effect exerted by the downflow of meteoric

waters, leads to further increase in fluid pressure (e.g., Figure 6.7A; Figure 6.9A, B and

C). Another interesting outcome of these results is the heat and fluid distribution within

the horizontal fractures. Figures 6.7 and 6.9 show that fluids have a preference to flow

to the left hand-side of the fractured domain, even in the setup with a single fault in the

middle. This behavior may relate to the inflow of meteoric waters, which seems to be

faster on the right-hand-side of the domain, pushing the magmatic fluids to the opposite

direction.

6.5.1 The hydrological evolution at Panasqueira

The physical processes modeled by our simulations can explain several specific obser-

vations at the Panasqueira W-Sn-Cu deposit. For the present setup we assumed that all

fracture networks are fully open at the time of fluid expulsion. Several authors suggested

that the vein system exploits the pre-existing joint system developed during the Variscan

orogeny (e.g., Derré et al., 1986; Jacques et al., 2018; Marignac, 1973, 1982) and the vein

network is often connected by inclined veins which we represented as the fracture/fault in

the middle. As shown in Figure 6.1B, the deposit is crosscut by numerous faults, some of

them with regional expression. The Cebola Fault in the N controls the extent of the de-

posit and has been suggest as one of the controls on the emplacement of the Panasqueira

granite and is represented in the model as the fault in the left-hand side. The Cebola fault
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is interpreted to be part of the system Bragança-Vilariça-São Jorge da Beira-Figueiró dos

Vinhos, which consists of a, 250-km-long, NNE-striking-slip zone (Rockwell et al., 2009;

da Silva, 2016). The NE-SW Late-Variscan faults have dextral kinematics, with sinistral

reactivation during the Alpine (Marques et al., 2002).

The results from our simulations show that fluid flow always develops a horizontal

component if the fractures are connected. In that respect, the Cebola fault may play a

critical role in the ascent of the fluids to the surface. The presence of this fault coupled

with a second fault (here represented in the middle) are efficient fluid conduits to the

surface and can also be used as recharge channels for ambient meteoric waters in later

stages of the hydrothermal system. The simulations shown after 15,000 years, already

suggests the inflow of meteoric waters into the system. Mixing with meteoric has been

suggested by several authors to occur either at early stages (Polya et al., 2000) or at the

late stages of mineralization (Bussink, 1984; Kelly and Rye, 1979). The current model

suggests that the mixing will only occur at later stages, given the dominance of magmatic

fluids in the veins during the early stages.

The percolation of mineralizing fluids through subvertical structures such as the Ce-

bola fault may lead to the precipitation of lower temperature mineralization, such as

galena and sphalerite. In fact, there are occurrences of several small epigenetic Pb-Zn

vein-type deposits (orientation N-S to ENE-WSW) along the segmented parts of the Ce-

bola fault, consisting of galena ± sphalerite with variable amounts of Ag and Au (Ceiroco,

Lamba das Vargens, Ribeira do Asno, Meas, Ceife) (e.g., Thadeu, 1951b). In the deposit,

some subvertical faults have been identified to host Pb-Zn mineralization as well as as-

sociated to N-S and NE-SW strike-slip faults Lourenço (e.g., 2002), thus with the same

geometry as the Cebola fault. Lourenço (2002) suggests that the Pb-Zn mineralization oc-

curs associated with aqueous fluids of probable meteoric origin with high salinities (mainly

CaCl2) and minimum temperatures of 120°C. Also, Lecumberri-Sanchez et al. (2018) de-

scribed the presence of high salinity fluids (20–35 wt.%) with higher Cu, Zn and Pb on

fluid inclusions in quartz related to the sulfide stage. After chalcopyrite and sphalerite

precipitation in the subhorizontal-veins, the Pb and Zn can be transported and deposited

farther at lower temperatures, precipitating galena and sphalerite in the subvertical faults.
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6.5.2 Model limitations and future objectives

We explicitly focused on simulations with a coarse mesh resolution using lower-dimensional

line elements as faults and fractures to test the validity of the approach and to under-

stand the first-order controls of fluid flow at Panasqueira, in particular fluid movement

through the horizontal fracture system. While the simulations can capture the general

dynamics of the hydrothermal systems, we can identify some important aspects that may

be captured by future simulations:

(a) Some areas within the modelling domain seem to require a slightly higher resolution.

In particular, increasing the resolution in the areas between the horizontal fractures

may provide better insights into fluid flow within the deposit.

(b) While there is evidence for fluid boiling in the fluid inclusion record, the predominant

type contains a single-phase fluid at lower temperatures. To avoid phase separation

in the horizontal fractures, either the fluid pressures were higher or the temperatures

lower – or both. Higher fluid pressures near lithostatic values might be obtained if

we use a dynamic permeability model for the fractures similar to the one applied to

the host rock, instead of assuming a preexisting constant permeability of the line

elements.

(c) We currently prescribe three horizontal fractures with a constant width of 10 m,

which also takes into account the alteration halo. Alternatively, the lower-dimensional

element approach can be modified to only use the actual aperture of the fracture

as described by (e.g., Azizmohammadi and Matthäi, 2017; Matthäi and Belayneh,

2004; Patterson et al., 2018a,b). Again, aperture width could also be used as a

dynamic parameter of the line elements to obtain near-lithostatic fluid pressures

during fluid expulsion.

(d) Observations suggest that an extensive metamorphic aureole above the inferred

granitic body develops before the hydrothermal alteration (see Figure 6.1B), which is

constrained by geothermometry (Codeço et al., 2017, 2019a) and microthermometry

(Jaques and Pascal, 2017; Kelly and Rye, 1979; Lecumberri-Sanchez et al., 2017)

to start at temperatures below 500° – 600°C (Codeço et al., 2017, 2019a). Such an
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evolution could be related to an incremental growth of the magma chamber rather

than an instantaneous emplacement of a large magmatic intrusion as prescribed in

the current set-up.

(e) Fault structures can develop convection patterns within the fault planes itself (Pat-

terson et al., 2018b), which may allow for the recharge of meteoric waters and

consequently cooling and fluid mixing at much earlier stages than simulated here.

Because computational time increases dramatically when changing from 2D to 3D

simulations, the lower-dimensional element approach presented will become even

more important. In that case, fractures and faults are represented as 2D planes in

a 3D mesh.

6.6 Conclusions

In a first set of simulations we compare hydrothermal flow through a simple horizontal

fracture represented by a discrete two-dimensional mesh versus a new approach apply-

ing lower dimensional line elements. We show that the same hydrothermal field can be

produced by both methods with varying mesh resolutions.

We further apply the new lower-dimensional element approach and present simula-

tion results of two-phase hydrothermal flow patterns in fractured media applied to the

Panasqueira vein-type deposit. The simulations show that the fluid flow always develops

a horizontal component if the fractures are available by fracture connectivity. Subvertical

faults are efficient fluid conduits to the surface and can also be used as recharge channels

for the inflow of meteoric waters. Our model results suggests that mixing with meteoric

fluids will only occur at later stages during the evolution of the magmatic-hydrothermal

system, while magmatic fluid in the veins are dominating in the earlier phases. The per-

colation of fluid through these subvertical structures may lead to the precipitation of low

temperature Pb-Zn mineralization as observed along the Cebola fault to the NW and

along subvertical faults within the deposit.
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“We live on an island surrounded by a sea of

ignorance. As our island of knowledge grows, so

does the shore of our ignorance”

–John Archibald Wheeler

7
Conclusions

There is an old saying that describes very well the study, detection, and discovery of

ore deposits: “mineral exploration is like finding a needle in a haystack” (Carranza and

Sadeghi, 2012). This recaps the importance of developing tools and techniques capable of

detecting mineral deposits beneath the ground surface. Operating mines are extraordinary

fossil laboratories with three-dimensional insights into the geochemical anomalies in the

crust. Thus, by studying the primary geochemical characteristics of mineral deposits (e.g.,

alteration halos, hydrothermal and ore minerals, fluid inclusions), we can better constrain

the mineralization processes since the chemical processes during mineralization are the

ones to ultimately cause metal precipitation and mineral deposit formation. Geochemistry

is, therefore, a suitable tool to deduce “where in a needle-bearing haystack, is the needle

located” (Carranza and Sadeghi, 2012).
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7.1 Overall conclusions and outlook

The formation of magmatic-hydrothermal ore deposits requires the conjunction of

physic-chemical factors operating within and outside a magmatic intrusion that result

in an extreme metal enrichment. By characterizing and understanding the physical and

chemical processes operating in ore systems one can constrain their driving forces and

provide answers to constrain ore formation. Hence, this project has aimed to explore, de-

velop, and integrate the potentialities of geochemistry and numerical modeling on mineral

exploration.

The study of underground samples of altered host-rocks, including a portion of the

vein, as well as vertical profiles in drill cores that intersected the altered and unaltered

metasediments, greisen, and granite, resulted in new insights onto the formation of the

Panasqueira W-Sn-Cu deposit. The early stages of alteration occurred at temperatures

ranging from ca. 400° to 550°C and are characterized by the replacement of the biotite-

chlorite metasediments of the Almaceda Fm. by an association of tourmaline ± quartz

± white mica and formation of the mica selvages in the veins. Mineral chemistry (major

and trace elements) suggests that tourmaline formed at the expense of the host rocks

under extensive fluid rock-interaction conditions, yet with a substantial contribution from

the magmatic fluid (e.g., B, Li, F). On the other hand, the white mica compositions

record the evolution of the fluids, where an increase in Fe, Rb, Li, W, Zn and decrease

in Sn, Sr, and V is observed from the early to main ore-stage micas, associated with

wolframite precipitation. The compositions recorded by the white mica are compatible

with the alteration overprint indicated by bulk-rock analysis, marked by enrichments in

W, Sn, Cu, Zn, Li, F, Cs, Rb, and Tl, making mica a good pathfinder for Sn-W deposits

like Panasqueira. In contrast, micas from a late fault zone present higher Li and Sn

contents, which is possibly related to a different mineralizing event. Boron-isotope mica-

tourmaline geothermometry provides a median temperature of 250°C from the fault zone

sample, which is compatible with the temperature obtained from fluid inclusions in the

quartz from the veins. Together, the whole-rock and mineral chemistry and boron isotopic

compositions of both tourmaline and mica suggest that a similar magmatic-hydrothermal

fluid was active at all stages of mineralization represented by these samples, supporting
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a multiple injection model for Panasqueira, and a transition from wall-rock to fluid-

dominated conditions during the early stages of vein opening and mineralization.

The numerical modeling results confirm that the presence of fractures with enhanced

permeability plays a crucial role in the lateral fluid flow and its ascent to the surface,

as well as for the recharge of meteoric waters. Moreover, the studies show that the

earlier stages are entirely dominated by magmatic fluids, whereas in later stages there

are conditions that permit the entrainment of meteoric fluids and fluid mixing. The

integration of all results suggests that Panasqueira is an extremely complex hydrothermal

system, characterized by multiple injections of magmatic-hydrothermal fluids and possibly

mixing with meteoric-derived fluids at later stages of mineralization. It is likely that

during the later stages, high saline fluids flowing through N-S, NE-SW (e.g., Cebola

Fault, Main Fault) strike-slip faults have lead to the formation of small epigenetic Pb-Zn

vein-type deposits.

Overall, the results of this thesis have improved the understanding of the Panasqueira

deposit and ore deposits in the following ways:

(i) the thermal evolution of highly complex hydrothermal systems where favorable trap-

ping conditions for fluid inclusions were not attained or fluid inclusions decrepitated

due to later deformation events or crustal uplift, can be successfully obtained by

mineral thermometry (B-isotope thermometry, Ti-in-quartz thermometry);

(ii) the mineral chemistry of mica and tourmaline have great potential as exploration

guides for W-Sn deposits and possibly for other ores, as they record not only the

evolution of the hydrothermal system but as well fluid-rock interaction processes

and give constraints on fluid composition and source;

(iii) the numerical simulations offer new constraints on the understanding of the physical

processes that led to the formation of Panasqueira’s unusual subhorizontal ore veins,

as well as on the evolution of the hydrothermal system from early to later stages of

mineralization and hydrothermal alteration.
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7.2 Future work directions

This study here mainly focused in detail on the early stages of hydrothermal alteration

at Panasqueira. Further constrains from a late sub-vertical fault and tourmaline needles

from the late-vugs (syn-ore stage) provide valuable insights on the dynamic nature of

Panasqueira system. However, up to the present time, the deposit lacks a detailed study

to better understand the paragenetic sequence which is critical to grasp the overall evo-

lution of the system, from the early vein opening to the late carbonate stage and possible

reworking during the Alpine orogeny.

This work described the occurrence of different vein-selvages (mica-rich, topaz-rich and

mica-poor), although our sampling coverage did not allow us to understand the reason

for these differences. Thus, to better comprehend the coverage and formation of these

contrasting types, a systematic mapping and characterization of these veins would be

essential. Regarding the topaz-rich selvages, studies of fluid inclusions and trace element

geochemistry could provide some answers regarding its formation.

Future research might apply dating of the ore minerals, e.g., wolframite, cassiterite by

U-Pb and Sm-Nd: (e.g., Guo et al., 2018; Harlaux et al., 2018; Li et al., 2016; Neymark

et al., 2018), chalcopyrite by Re-Os: e.g., (e.g., Deng et al., 2016; Zhimin and Yali, 2013),

which offers the possibility for constraining the age of mineralization and perhaps to

understand the relationship between oxide and sulfide stage. Furthermore, the study of

in-situ trace element compositions of those ore minerals can provide key insights on the

fluid compositions.

It will be important that future research investigates the Panasqueira granite, includ-

ing mineral chemistry with particular emphasis on trace element contents of micas, iso-

topic studies, U-Pb dating of zircon, geothermometry (e.g., zircon saturation, Ti-in-zircon,

Ti-in-quartz), and melt inclusions. This information would give valuable constraints to

understand the processes and PTX conditions operating in such systems.

At last, but not least important is the need for the new experiments on boron isotope

fractionation between silicate melts and hydrous fluids since current models are inade-

quate. Moreover, a better understanding of trace element partitioning between hydrother-

mal minerals (e.g., dioctahedral and trioctahedral micas, tourmaline, chlorite, epidote)
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and fluids, would be important in order to better understand the hydrothermal system

and predict trace element behavior in hydrothermal systems.
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A
Sampling strategy

During the course of this study, two separate fieldwork and sampling campaigns were

accomplished, in 2015 and 2016. In the first campaign (11th – 23rd October), we col-

lected samples for petrographic and geochemical studies. The selection criteria for sample

locations were based on the main objectives of the study: (1) constraining the tourmaline

and mica variations within the vein and host-rock and its spatial variation in the deposit;

(2) understanding tourmaline-mica relationship; (3) characterizing the variation of mica

within the Panasqueira deposit, giving special attention to zones where mica selvages

are absent; (4) characterizing ore stage paragenesis and its relation with tourmaline and

micas and finally, (5) studying the behavior of tourmaline and mica near the faults. A

total of seventy-three samples were collected in the mine, and ten samples were collected

in selected drill-cores containing tourmaline. Figure A.1 shows the distribution of the

samples collected in the mine; we attempted to obtain the best spatial coverage within

current accessibilities at the mine. We also collected two additional samples about 5.5

and 10.5 km from the mine as reference material for the host-rocks A.2.

During the second campaign (10th – 14th October 2016), samples for new petrographic

221



Appendix A. Sampling strategy

500 m

N

5
3
0
0
0

5
3
0
0
0

5
4
0
0
0

5
4
0
0
0

5
5
0
0
0

5
5
0
0
0

30000

30000

31000

31000

32000

32000

33000

33000

34000

34000

8E Fault

1
W

 F
a

u
lt

3
W

 F
a

u
lt

Cebola Fault V
a

le
 d

a
s
 F

re
ira

s
 F

a
u

lt
L

a
m

e
ira

s
 F

a
u

lt

M
a

in
 F

a
u

lt

M
a

s
s
o

 F
a

u
lt

Underground 

mining limits

Greisen 

(cupola)

Sample

LocationLEGEND Faults

Figure A.1: Sampling map of the first campaign. Courtesy of Beralt Tin & Wolfram, SA.;
coordinate system: ETRS89 / Portugal TM06 (EPSG:3763).

and geochemical studies (microprobe, whole rock geochemistry, and SIMS analysis) were

collected. Selection criteria for the new samples included: (1) characterizing the variation

of tourmaline farther from the mineralized veins, (2) understanding and characterizing the

hydrothermal alteration farther from the mineralized veins and compare with unaltered

specimens. A total of sixty-eight samples were collected in selected drill-cores. Figure

A.3 shows the distribution of the samples collected in drill cores either performed at the

mine and or in the surrounding area; we attempted to obtain the best spatial coverage

considering the available drill-cores.
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Figure A.2: Location of the samples collected from the two outcrops at ca. 5.5 and 10.5
km from the deposit. Adapted from ESRI; coordinate system: ETRS89 / Portugal TM06
(EPSG:3763)
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B
White mica normalization

Lithium may constitute an essential element in micas, in particular in trioctahedral

micas, yet cannot be detected by microprobe analysis. The calculation of complete struc-

tural formulas requires the application of empirical regressions that yield calculated Li2O*

contents as a function of F (or Rb2O) (Lichtervelde et al., 2008; Pesquera et al., 1999;

Roda-Robles et al., 2006; Tindle and Webb, 1990; Tischendorf et al., 1997). The appli-

cation of such empirical regressions to the micas analyzed by microprobe in the present

study proved to overestimate the Li contents. Thus, we re-measured the F contents of

micas analyzed by LA-ICP-MS to compare both datasets. A good linear correlation can

be found between F measured by microprobe and Li measured by laser ablation ICP-MS

(Fig. B.1) that gives the relationship: Li2O∗ = 0.1721 × F + 0.0168 (R2=0.8861). There-

fore, this relationship was used for the calculation of structural formulae in white mica

from the present study.
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Appendix B. White mica normalization
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C
Supplement to Chapter 5

The tables and figures shown in this Appendix are supplementary to the Chapter 5.

The complete dataset can be downloaded from the GFZ Data Services Website http:

//doi.org/10.5880/GFZ.3.1.2019.001 and found in the CD enclosed with the printed

version of this thesis.
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Appendix C. Supplement to Chapter 5
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Appendix C. Supplement to Chapter 5
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Figure C.1: Rare Earth Elements plot of altered and unaltered metasediments normalized
to the Upper Continental Crust (Rudnick and Gao, 2014). Data sources: 1Pinto et al. (2014),
2Ugidos et al. (2010), 3Villaseca et al. (2014), 4Bussink (1984), and 5Neiva (1987a).

Figures C.2 and C.3 show the comparison between the trace element and REE contents

of unaltered metasediments analyzed during this study and the published regional data

from Villaseca et al. (2014) and Ugidos et al. (2010).
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Figure C.2: Comparison between trace element contents of the unaltered metasediments
from Panasqueira area and the published data from the Central Iberian Zone. Data was nor-
malized to the Upper Continental Crust (Rudnick and Gao, 2014). Data sources: Ugidos
et al. (2010) and Villaseca et al. (2014).
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Figure C.3: Comparison of the Rare Earth Elements contents of unaltered metasediments
from the Panasqueira area and published data from the Central Iberian Zone. Data was nor-
malized to the Upper Continental Crust (Rudnick and Gao, 2014). Data sources: Ugidos
et al. (2010) and Villaseca et al. (2014).
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Everyone has inside him a

piece of good news. The good

news is that you don’t know

how great you can be! How much you

can love! What you can accomplish!

And what your potential is!

–Anne Frank
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