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INTRODUCTION

This thesis focuses on chemical and isotopic features of secondary minerals, 
mainly calcite but also others such as fluorite, Ca/Al silicates and chlorite, 
precipitated in the upper kilometre of fractured crystalline bedrock of the 
Baltic Shield. These minerals are generally referred to as “fracture coatings” 
when they are low-temperature and cover the walls of open fractures, 
and as veins when they occur in filled fractures and are hydrothermal. The 
thesis builds on previous reconnaissance studies that established a sequence 
of mineral assemblages linking to a series of geological events (Drake and 
Tullborg, 2009; Drake et al., 2012), and has been possible due to access to 
bedrock cores that were produced during a previous extensive bedrock-drilling 
program carried out by the Swedish Nuclear Fuel and Waste Management Co 
(SKB). Emphasis is on the rare earth elements (REE), for reasons discussed 
in the thesis, but also other chemical elements and isotopic ratios have been 
utilised and measured in order to understand the context and the premises for 
REE uptake.

5



2. BACKGROUND

2.1 Fluids and minerals
Ever since the Earth’s crust solidified it has been affected by numerous tectonic 
movements causing brittle deformation that gave rise to fractures ranging 
from micro-fractures to large-scale faults. Fractures provide pathways for 
fluids which are forced to circulate in the bedrock in response to thermal and 
hydraulic gradients. These fluids carry dissolved compounds and in response to 
physicochemical reactions precipitate secondary minerals. These reactions can 
be caused by a change of temperature, pressure and oxygen fugacity (Zhu et al., 
2011), and occur due to fluid boiling (Simmons and Christenson, 1994), fluid 
mixing (Lester et al., 2012; Pfaff et al., 2009), chemical reactions between the 
fluids and bedrock (Zheng and Hoefs, 1993) and reactions induced by bacteria 
(Drake et al., 2013; Tang et al., 2014). Hydrothermal fluids (approximately 
>50°C solutions) have variable chemical composition that precipitates various 
kinds of minerals including sulphides, carbonates, oxides, silicates and sulphates 
in hydrothermal veins but also as fracture coatings. In contrast, groundwaters 
(approximately <50°C aqueous solutions) typically precipitate carbonates, 
oxides, sulphides, phyllosilicates and zeolites as fracture coatings. 

Calcite is one of the most common secondary minerals, and forms under a 
wide range of temperatures and in variety of settings including sedimentary 
rocks (Hood et al., 2003; Shariatinia et al., 2013), volcanic rocks (Dublyansky 
et al., 2001; Whelan et al., 2002), igneous rocks (Blyth et al., 2000; Blyth et al., 
2004; Blyth et al., 2009; Drake and Tullborg, 2009; Konya and Szakall, 2011; 
Milliken and Morgan, 1996; Sahlstedt et al., 2010; Sandström and Tullborg, 
2009) and fault zones (Sorkhabi, 2005). A number of geochemical features 
can be measured in calcite, including chemical and stable isotope composition, 
fluid inclusions trapped in its structure during crystallization and, if it grows 
in open space, its crystallographic forms. Therefore calcite is an important 
mineral for reconstruction of paleofluid genesis and pathways (Blyth et al., 
2009; Tullborg et al., 2008). 
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2.2 Rare earth elements
2.2.1 General 
Rare earth elements (REEs) are a group of elements that attracts attention 
due to their specific chemical characteristics, including geochemical similarity 
(Henderson, 1984). These elements are seventeen metals (from La to Lu in 
the periodical table, plus Sc and Y), according to the International Union of 
Pure and Applied Chemistry (Connelly et al., 2005). However, in geochemical 
and geological studies REEs traditionally refer to only fifteen metals (La to 
Lu), where one, promethium (Pm), is very rare in nature. In this thesis, this 
tradition is followed, i.e. “REEs” refer to the metals La to Lu, and were divided 
into two subgroups: light REEs (LREEs: La to Eu) and heavy REEs (HREE: 
Gd to Lu). 

All REEs have similar chemical properties, exist as trivalent cations (apart from 
Ce and Eu which can also occur in the +4 and +2 oxidation states, respectively) 
and have similar ionic sizes. Due to these similarities, the REEs are always 
found together in nature. However, due to the steady decrease of ionic size 
with increasing atomic number (from La to Lu), these metals can partly be 
separated from each other in geological and chemical processes. This feature, 
generally referred to as “REE fractionation”, makes these metals particularly 
useful in geological and geochemical studies and contexts.

2.2.2 Distribution in fluids and minerals 
Relatively low REE concentrations frequently occur in surface and shallow 
groundwaters (< 100 μg/l; Otsuka and Terakado, 2003; Rönnback et al., 2008), 
whereas much larger variability including strong enrichment (several orders 
of magnitude higher than in surface waters) is typical for hydrothermal fluids 
(Schmidt et al., 2010; Wang et al., 2013). However, the REE concentrations of 
the fluid can vary over time, change depending on the bedrock composition, and 
can also change with residence time and temperature of the fluids. Leaching 
of REEs from the bedrock can occur both under hydrothermal conditions 
(Markovaara-Koivisto et al., 2008; Salvi and Williams-Jones, 1996; Terakado 
et al., 1993) and in low-temperature groundwater settings ( Johannesson et 
al., 2000). Interaction with the bedrock can also lead to loss of metals from 
the hydrothermal solutions, for instance due to sorption on fracture surfaces 
(Miekeley et al., 1992). 

The REEs form complexes with ligands including F-, CO3
2-, HCO3

-, Cl-, SO4
2-

, OH-, and PO4
3- (Haas et al., 1995; Williams-Jones et al., 2012; Wood, 2003) 

and dissolved organic matter (Tang and Johannesson, 2010). The stability of 
these complexes depends on parameters such as temperature, pH and Eh of 
the fluid. Variation in one or several of these parameters can have a marked 
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influence on the complexation. For example, REE-chloride complexes are 
weak at ambient temperatures (Wood, 1990), but are dominant in aqueous 
fluids at high (up to 300°C) temperatures (Gammons et al., 2005). Even 
though some understanding of REE complexation in fluids has been achieved, 
data obtained by experimental studies (Migdisov et al., 2009; Williams-Jones 
et al., 2012) are partly not consistent with theoretical predictions (Haas et al., 
1995; Wood, 1990). For instance, experimental data suggest that at elevated 
temperatures fluoride and chloride complexes are more stable with LREEs 
than HREEs (Migdisov et al., 2009), whereas thermodynamic data predict 
that the HREEs should form the most stable complexes (Haas et al., 1995; 
Wood, 1990). 

The degree of incorporation of trace metals from fluids into minerals is 
described by a partitioning coefficient which corresponds to a ratio between 
concentrations of two metals in solution (REE/Ca) and the same two metals 
in the forming mineral (Zhong and Mucci, 1995). This coefficient, in turn, 
depends on the mineral structure and is a function of the physicochemical 
properties of the solution, including temperature, pH and Eh. Some minerals, 
such as calcite, fluorite and epidote, have high partitioning coefficients 
for the REEs (Frei et al., 2003; Marchand et al., 1976; Zhong and Mucci, 
1995) and therefore will tend to scavenge these metals from the fluids. The 
understanding of partitioning of REEs into minerals at hydrothermal or low- 
temperature conditions are, however, far from complete because of limited 
available partitioning-coefficient data, e.g. for calcite they are restricted to low-
temperature (25°C) conditions (Tanaka et al., 2004; Zhong and Mucci, 1995), 
and the complexity of natural systems. 

2.2.3 Geochemical applications
The geochemical properties of the REEs have been widely used in petrology, 
and also in studies that were focused on secondary minerals as is the case 
in this thesis. Some of the studies focusing on the secondary minerals 
revealed the origin of the vein-forming fluids distinguishing among meteoric 
(Carignan et al., 1997; Hren et al., 2006), magmatic (Okujeni et al., 1995; 
Sasmaz and Yavuz, 2007; Yang, 2012) and metamorphic (Bau and Möller, 
1992; Tang and Liu, 1999) sources. Individual hydrothermal minerals in veins 
may express REE patterns interpreted to reflect mixing of two discrete fluids 
such as magmatic and meteoric (Koc and Recber, 2001; Monecke et al., 2000), 
or interaction with host rock REE-carrying minerals undergoing alteration 
(Davies and Whitehead, 2003; Huang et al., 2012; Ramos and Rosenberg, 
2012). Fluid interaction with rocks of the upper continental crust leads 
typically to preferential release and redeposition of LREE which is seen in 
ore bodies (Kučera et al., 2009; Ling and Liu, 2002) and calcite veins (Morad 
et al., 2010). Fluid interaction with primitive source rocks might, in contrast, 
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lead to appearance of HREE enrichment in minerals such as calcite (Uysal 
et al., 2007). In near-surface low-temperature settings, secondary calcites can 
attain various REE concentrations and distribution patterns depending on the 
hydrological and geochemical conditions, such as bedrock REE composition 
(Haeri-Ardakani et al., 2013), or modification of the REE composition due 
to interaction with bedrock (i.e. Ce removal; Vaniman and Chipera, 1996). 
Also, REE signatures have been used to distinguish between veins formed 
in relation to various tectonic events (Drake and Tullborg, 2009; Drake et 
al., 2009a; Huang et al., 2012; Ramos and Rosenberg, 2012; Sandström and 
Tullborg, 2007; Uysal et al., 2007).

2.2.4 Practical applications
World’s increasing population and fast developing technologies mean that 
there is a growing demand for resources. The need for REEs has been growing 
rapidly during the last decades, due to the use of these metals for high-tech, 
energy, medical and industrial applications (Massari and Ruberti, 2013). 
Projects focusing on the deposition of nuclear waste also attract the attention 
of REEs, because these metals have similar chemical properties as some of the 
trivalent actinides in the waste (Lee et al., 2004) and therefore can be used as 
analogues for the actinides in contexts of safety assessment.

2.2.5 Sources
Elevated concentrations of REEs are found in a wide range of geological 
settings, including primary deposits associated with igneous and hydrothermal 
processes (e.g. carbonatite, (per)alkaline-igneous rocks, iron-oxide breccia 
complexes, scarns, fluorapatite veins and pegmatites), and secondary deposits 
concentrated by sedimentary processes and weathering (e.g. heavy-mineral 
sand deposits, fluviatile sandstones, unconformity-related uranium deposits, 
and lignites) ( Jaireth et al., 2014). Because large resources of REEs are related 
to hydrothermal processes and include hydrothermal ores ( Jaireth et al., 2014; 
Kanazawa and Kamitani, 2006; Smith et al., 2000) and oceanic hydrothermal 
sediments and vents (Owen and Olivarez, 1988), there is a need for 
understanding the mechanisms of migration, fractionation and accumulation 
of REEs in hydrothermal settings.

2.3 Isotopes 
Elements that have differences in atomic mass because of identical number 
of protons and different number of neutrons in the nuclei are called isotopes. 
Isotopes are classified as being either stable or radiogenic. Stable isotopes 
remain in constant concentrations on Earth over time, although they 
fractionate between various biological and geological objects, including 
fluid and precipitating secondary minerals. Radiogenic isotopes are atoms 
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that disintegrate from other isotopes due to natural radioactive decay. In the 
following chapters I will review isotopic systems that were measured in calcite, 
i.e. stable oxygen and carbon isotopes (δ18O and δ13C) and strontium isotopes 
(87Sr/86Sr) of which 87Sr is a radiogenic isotope.

2.3.1 Oxygen
Fractionation of stable-oxygen isotopes (18O/16O) between calcite and fluid 
mainly depends on the temperature and is described by a mathematical 
equation during thermodynamic equilibrium (McCrea, 1950; O’Neil et al., 
1969). Oxygen isotope values recorded in calcite are used for assessment of 
precipitation temperature of this mineral in caves (Cruz et al., 2005; Lauritzen 
and Lundberg, 1999), for estimation of stable isotope composition of 
paleofluids (Blyth et al., 2000; Drake et al., 2012; Kele et al., 2008; Sahlstedt et 
al., 2010), and for revealing processes such as fluid mixing (Bouch et al., 2006; 
Schwinn et al., 2006) and fluid pathways through the bedrock (Marshall et al., 
2006; Qing et al., 2006). The fractionation factor between calcite and fluid is, 
however, not only a function of temperature but also depends on the mineral 
precipitation rate (Dietzel et al., 2009; Watkins et al., 2013) and fluid chemistry 
including pH (Demeny et al., 2010; Dickson, 1991; Dietzel et al., 2009) and 
salinity (Horita, 2005). For example, high precipitation rates of calcite lead to 
a non-equilibrium fractionation of oxygen stable isotopes between mineral and 
solution, and therefore calcite precipitated at high rates in travertines (several 
centimetres per year) will typically not reflect fluid isotope composition 
(Demeny et al., 2010).

2.3.2 Carbon
Fractionation of stable-carbon isotopes (13C/12C) is largely independent of 
temperature and mineral-precipitation rate ( Jiménez-López et al., 2001; 
Sharp, 2007; Tullborg et al., 2008). Therefore, carbon isotopes recorded in 
calcite roughly reflects the corresponding carbon-isotope composition of 
dissolved inorganic carbon in the source fluids. There are two major reservoirs 
that markedly differ in stable carbon-isotope composition, i.e. biogenic and 
inorganic pools that therefore classically have been distinguished by using the 
signatures of this isotopic system. In particular, all biologically derived organic 
carbon is isotopically light (δ13CVPDB typically -10 to -30‰,) due to kinetic 
effects during photosynthesis (Schidlowski, 1987). Methane has even lower 
δ13CVPDB values, especially when formed during biological processes (down 
to -100‰, Sakata et al., 1997; Thiel et al., 1999), and organic compounds 
in microbes (anaerobic oxidation of methane-related compounds, fatty acids 
etc.) frequently have values down to -130 (Whiticar et al., 1986). In contrast, 
inorganic carbon reservoirs have higher values (>-10‰; Barry et al., 2013; 
Sharp, 2007).
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2.3.3 Strontium
Isotopic abundance of 87Sr is constantly increasing due to a radioactive decay 
of 87Rb, whereas 86Sr is a stable isotope. Calcite incorporates no (or very little) 
Rb leading to no (or minimal) production of radiogenic 87Sr within crystals 
after the calcite has been formed (Okumura and Kitano, 1986; Tullborg et al., 
2008). Moreover, Sr isotopes (87Sr and 86Sr) do not fractionate during calcite 
precipitation. Taken together, 87Sr/86Sr ratio in calcite should thus reflect the 
Sr ratios of the source fluid. Fluids that circulate underground are subject to 
reaction with the bedrock, and therefore the 87Sr/86Sr ratio in paleofluids can to 
some extend reflect the Sr-ratio of the host rock. Therefore, 87Sr/86Sr ratios in 
calcite have been used to identify the origin and pathways of paleogroundwaters 
(Hammond and Morishita, 2006; Pichler, 2005), and to constrain the relative 
age of hydrothermal mineralization (Tullborg et al., 2008).
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3. AIM
The overall aim of the thesis was to define the sources, uptake and fractionation 
of REE in calcite precipitated in fractures of crystalline rock throughout the 
last 1.5 billion years under conditions ranging from hydrothermal to low 
temperature. In order to achieve this I also investigated co-genetic minerals 
such as fluorite and Ca/Al-silicates, and minerals of the Paleoproterozoic 
host (granitoid) rocks. Taken together, these comprehensive analyses provided 
insights into the paleoenvironment in which the calcite and its co-genetic 
minerals formed. 
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4. MATERIALS AND METHODS

4.1 Study sites 

The Laxemar area, which is in focus in this thesis, is located on the coast 
of south-east Sweden on the Baltic Shield (Fig. 1). Additionally, existing 
previously published data from three other areas on the Baltic Shield, i.e. 
Forsmark, Tindered and Lovisa, have been included in one of the studies (Fig. 
1; Paper III).

Transscandinavian Igneous Belt

Archean

Phanerozoic cover

Gothian

Svecofennian Domain

Earliest Proterozoic 

Laxemar
Tindered

Forsmark

Baltic Sea

Atlantic

Ocean

Stockholm

Helsinki
Lovisa

0 1 2 Km
From GSD-Fastighetskartan © Lantmäteriet
Gävle 2001, Consent 2001/5268
Background maps © SKB

 

 

 

Baltic Sea

Götemar graniteA. B.

TIB
granitoids

Uthammar granite

Simpervarp

Äspö      

Fig. 1 (A) The Laxemar area including granitoids of the Transscandinavian Igneous Belt 
(in white), two alkali-rich granite intrusions (in pink) and cored boreholes (green squares) 
used in this thesis. (B) Simplified geological map of Baltic Shield showing major tectonic 
domains, the major study area Laxemar (in red) and other areas from which available data 
were included in Paper III (in black).
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4.1.1 Laxemar area
The crystalline bedrock is composed of Paleoproterozoic (1.8 Ga) granites to 
diorites (Wahlgren et al., 2008) of the Transscandinavian Igneous Belt (TIB) 
(Gaál and Gorbatschev, 1987) that have been formed during several pulses 
of magmatism. Two relatively small Mezoproterozoic (approximately 1.45 
Ga) granite intrusions outcrop in the area (Cruden, 2008; Friese et al., 2012). 
These have “A-type geochemical signatures” (Kornfält et al., 1997) and have 
recently been proposed to have been related to a far-field effects during 1.4 Ga 
Danopolonian orogeny (Bogdanova et al., 2001; Brander and Söderlund, 2009). 
A few Neoproterozoic (approximately 0.9 Ga) dolerite dykes (Söderlund et 
al., 2008) have been observed in boreholes and identified from magnetic total 
field data and digital elevation models (Triumf, 2007). These dykes belong to 
the Blekinge-Dalarna dyke complex (Wahlgren et al., 2008). This complex 
was formed during the latter part of the Sweconorwegian orogeny as a result 
of the break-up of the supercontinent Rhodonia that caused rifting between 
the North American Craton (Laurentia) and the late-Proterozoic continent 
(Baltica) (Bingen et al., 2008; Patchett et al., 1994; Söderlund et al., 2006). 
Through the Proterozoic and Phanerozoic, the bedrock has experienced 
several cycles of loading and unloading of sedimentary sequences (Larson et 
al., 1999) that were up to 8 km (Sveconorwegian foreland basin) and 2.5-4 km 
thick (Caledonian foreland basin) (Larson et al., 2006; Middleton et al., 1996). 
The sedimentary cover was almost completely eroded at approximately 10 Ma 
(Cederbom, 2001; Japsen et al., 2002; Lidmar-Bergström, 1996; Söderlund et 
al., 2005). During the Quaternary, the area has been exposed to glaciations/
deglaciations and transgressions/regressions of the Baltic Sea (Fredén, 2002).

After the crystalline bedrock had been established, the rocks of the site have 
been subjected to deformation that gave rise to initial mylonites, cataclasites 
and later dilatant fractures where secondary minerals have precipitated (Alm 
and Sundblad, 2002; Alm et al., 2005; Drake and Tullborg, 2009; Drake et 
al., 2012; Drake et al., 2009b). At least six assemblages of secondary minerals 
that coincide with major tectonic events and were a result of successively lower 
formation temperature have been established (Drake and Tullborg, 2009; 
Drake et al., 2012; Drake et al., 2009b). The free mineral assemblages related 
to brittle deformation have been in focus in this thesis.

4.2. Materials
High-quality drill cores collected by SKB during their extensive Site 
Investigation Program and bedrock outcrops were the sources of materials 
used in this thesis. More than 50 deep cored boreholes with a total length 
of more than 25 km of bedrock cores were drilled by a triple-tube wire-line 
system that enables preservation of the fragile mineral coatings on the fracture 
walls (Ask et al., 2008). The drill cores were mapped during SKB´s Site 
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Investigation Program and the mapping information is stored in SKB’s site 
characterisation database (SICADA) and reports. For this thesis, secondary 
minerals and bedrock types were search for based on their diagnostic features 
largely defined during previous reconnaissance studies (Drake and Tullborg, 
2009) and information in SICADA and SKB reports (Wahlgren et al., 2008). 
Additionally, for Paper II, several veins of unknown age were collected (from 
the drill cores) due to their unusual appearance. The collected specimens were 
prepared in various ways depending on the type and design of the study. These 
included hand-picked clean minerals, thick sections of veins and rocks, thin 
sections of veins, epoxy-mounts of selected minerals, doubly polished thin 
sections of veins, and crushed bulk rock (Fig. 2). An overview of the methods 
is shown in Fig. 3.

4.3 Analytical methods

4.3.1 Optical microscopy
Under the optical microscope, at the University of Gothenburg and Linnaeus 
University, minerals were hand-picked and cleaned from impurities of other 

A. B.

D.

C.

E.

1 CM

Fig. 2 Photos of sample types used in this thesis, including (A) pure hand-picked mineral 
(calcite) in a tube, (B) crushed bulk rock (dolerite), (C) epoxy-mount with minerals (chlorite 
and laumontite), (D) polished thick section (greisen), (E) polished thin section (calcite 
vein). 
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minerals, and observations on mineral paragenesis and texture in veins and 
wall rock were made in thin sections. 

4.3.2 Cathodoluminescence microscopy
Cathodoluminescence is a phenomenon where materials emit photons in the 
visible range of the electromagnetic spectrum after being bombarded by a high-
energy electron beam from a cathode (Pagel et al., 2010). This phenomenon 
was investigated on polished petrographic thin sections of selected calcite veins 
in order to identify calcite growth zonation. The observations were made with 
optical microscope equipped with cold-cathode system and a digital camera at 
the Institute for Geological and Geochemical Research, Hungary. 

Drill core Outcrop
specimen

hand-picked 
mineral
separates

epoxy-mount,
thick section

thin 
petrographic 
section

double-polished
thin section

crushed 
bulk 
material

dissolution

ion-exchange
column

  O/   O 
  C/   C
  S/    S 

element concentration textural
characterization

temperature,
salinity

  Sr/   Sr 

calcite,
fluorite

all 
minerals

calcitefluorite,  
bulk rock

optical microscopy

dissolution

IRMS TIMS ICP-MS SEM Microthermometric
analysis

CLICP-MS,
ICP-AES,
ICP-QMSLA-ICP-MS

Data

Analyses

Sample
preparation

Material
collection

disintegration
or

fusion

87 8618  16
13 12
34 32

Paper(s)
I
II
III
IV

I
II

I
II
IV

II III
II

I
II
III
IV

Fig. 3 Overview of the methods. Abbreviations: isotope ratio mass spectrometry (IRMS), 
thermal ionization mass spectrometry (TIMS), inductively coupled plasma mass 
spectrometry (ICP-MS), laser ablation inductively coupled plasma mass spectrometry 
(LA-ICP-MS), scanning electron microscopy (SEM), inductively coupled plasma 
atomic emission spectrometry (ICP-AES), inductively coupled plasma quadrupole mass 
spectrometry (ICP-QMS) and cathodoluminescence microscopy (CL).
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4.3.3 SEM (including BSE, EDS)
Scanning electron microscopy (SEM) uses a focused electron beam that 
interacts with the surface of the sample and produces a number of signals, 
including back-scattered electrons (BSE) and secondary electrons (SE). The 
analytical technique used for elemental determination, Energy dispersive 
X-ray spectrometry (EDS), relies on the X-ray excitation of the sample, 
revealing information about spatial variation of chemical composition of the 
sample surface and semi-quantitative chemical composition of mineral phases. 
Prior to the analyses, specimens (epoxy mounted minerals, thick sections, and 
petrographic thin sections) were well polished and carbon coated. SEM-EDS 
analyses were performed on a Hitachi S-3400N SEM equipped with an Oxford 
Instruments EDS, at University of Gothenburg, Sweden. Drift correction of 
the semi-quantitative EDS analysis was achieved be regular measurements of 
a cobalt standard linked to oxide standards and by regular measurements of the 
probe current in a Faraday cage. X-ray spectrometric corrections were made by 
INCA computer system. 

4.3.4 Fluid inclusion microthermomethry 
Microscopic inclusions of fluid that have been trapped within crystals 
during growth carries information on salinity and temperature of the fluids 
that precipitated the minerals. Fluid inclusions were studied in double 
polished 150 μm thin sections at the Department of Geological Sciences, 
Stockholm University, Sweden. Appropriate fluid inclusions were selected and 
documented, and then smaller parts of thin sections that include the selected 
fluid inclusions were placed into a heating-cooling stage that was mounted on 
a Nikon microscope. Each fluid inclusion was frozen, and then carefully heated 
and meanwhile observed under the optical microscope until the ice melts and 
existing phases are homogenized. Both the ice melting (first and complete) 
and homogenization temperatures were documented. Homogenization 
temperature corresponds to the minimum possible temperature of calcite 
formation, and ice-melting temperature reveals salinity of the fluids (Oakes 
et al., 1990). For calibration of the thermocouple readings synthetic fluid 
inclusions and well-defined natural inclusions in Alpine quartz were used. 

4.3.5 ICP MS
Inductively coupled plasma mass spectrometry (ICP-MS) is a technique 
that measures trace elements in liquid samples with good precision, low 
detection limits and a concentration range of several orders of magnitude. 
This analytical method was used in order to determine chemical composition 
of hand-picked mineral separates (calcites and fluorites) and was carried out 
at University of Gothenburg, Sweden, on an Agilent7500 ICP-MS. This 
technique was also used to determine trace element concentrations of bulk 
rocks at a commercial laboratory, Canada, on a Perkin Elmer Sciex ELAN 
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ICP-MS (6000, 6100 or 9000). Sample preparation differed for bedrock and 
minerals. Bedrock specimens were ground, and fused with lithium metaborate/
tetraborate (LiBO2/Li2B4O7) at high temperatures. The fuseate was dissolved 
in 5% HNO3 and then analysed. Each mineral specimen was dissolved prior 
to the analyses in appropriate acids and then the dried residue was treated 
with HNO3 (for details see Paper I and III). When introduced into the ICP-
MS, the liquid samples are ionized in the plasma, separated according to the 
mass-to-charge ratio in the mass spectrometer, detected by electron multiplier, 
and displayed as spectra of the relative abundance of the detected ions. The 
concentration of each element in the analysed minerals was determined by 
comparing the counts measured for a selected isotope to an external linear 
calibration. The calibration line was generated for trace element in minerals 
by means of analysing multi-element standard solutions diluted to 0.1, 1, 10 
and 100 ppb (e.g. Merck, VI CertiPUR). In order to control the matrix effect, 
standards of bedrock with known composition (e.g. dolomite JDo-1, granite 
SARM 48, and basalt W-1) were included. 

4.3.6 LA ICP MS
Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS) is a technique that measures trace metal composition in situ in solid 
materials with a known matrix. This technique was applied to a large number 
of minerals (calcite, fluorite, sulphates and silicates). Prior to the analyses, 
minerals in epoxy mounts and in rock/vein chips were investigated by SEM-
EDS, in order to find specific spots free of other minerals and to obtain an 
independent stoichiometric composition of the mineral selected for LA-ICP-
MS. The surface of the target part of the mineral was fired by a laser beam 
produced either by a LSX-200 Cetax or a NWR213 UV laser system at the 
University of Gothenburg, Sweden. The blasted off materials are transported 
with a fluid of gas into an ICP-MS (Agilent7500), where the elements were 
ionized, separated according to the mass-charge ratio, and finally counted. 
The raw counts were reduced using in-house or Glitter (4.4.2) software. Trace 
element concentrations were calibrated against NIST glasses (NIST612) using 
one of the major elements analysed on the microprobe as an internal standard 
(e.g., Ca for calcite and fluorite, Si for silicates). Even though the calibration 
standard (NIST glass) did not match the matrix of the analysed mineral, 
according to Jochum et al. (2012) calibration with NIST glasses is sufficient 
for most elements due to its high trace element contents and low element 
variation. Accuracy was controlled by analyses of basalt glass standards (e.g. 
JB-1, BCR-2G). 

4.3.7 ICP-AES and ICP-QMS
Inductively coupled plasma atomic emission spectrometry (ICP-AES) and 
inductively coupled plasma quadrupole mass spectrometry (ICP-QMS) are 
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techniques that allow multi-element measurement of liquid samples by means 
of transferring samples into ions which are separated by mass in a mass-
spectrometer. The detection limits of ICP-AES are significantly higher for 
most elements than ICP-QMS, therefore these methods are used together 
to measure major element composition (by ICP-QMS) and trace element 
composition (by ICP-AES). Analyses of bulk rock materials were made 
according to EPA-approved procedures in ALS Scandinavia AB, Sweden. 
Each granite and greisen specimen was ground, fused with LiBO2, and finally 
dissolved in 5% HNO3 prior to determination. 

4.3.8 IRMS 
Isotope ratio mass spectrometry (IRMS) is a method that allows measuring 
the relative abundances of an isotope in a specimen that has been converted 
to, and is introduced into the MS as a pure gas. IRMS was used in order to 
measure isotope ratios of carbon (13C/12C) and oxygen (18O/16O) in calcite, and 
sulphur isotope ratios (34S/32S) in pyrite. 

Oxygen and carbon isotopes
Isotope ratios of carbon and oxygen were determined on a Micromass SIRA10 
at the University of Göttingen, Germany, and at the Scottish Universities 
Environmental Research Centre (SUERC), UK. Prior to the analyses each 
mineral specimen was dissolved and converted to pure gas using standard 
automated or manual vacuum line techniques (McCrea, 1950). The isotopic 
composition of the sample gas was measured relative to a reference gas with 
known isotope composition. Both gases were introduced into the IRMS 
continuously one after another by switching between the two sources holding 
the gases. After ionization of the gas, the ion beam is deflected in a strong 
magnetic field depending on the charge/mass ratio of the ions, and ultimately 
registered by a multi-collector system. The intensities of the ion beams are 
proportional to the proportions of the isotopes collected. The isotope ratios 
were automatically calculated by in-house software. 

Sulphur isotopes 
Sulphur isotope analyses of hand-picked pyrite vein specimens were carried 
out on a Finnigan MAT Delta Plus at Stockholm University. SO2 was released 
from each pyrite specimen following a method described elsewhere (Robinson 
and Kusakabe, 1975), whereby samples were combusted at 1070°C for 25 
min in the presence of excess Cr2O3. SO2 was separated from excess oxygen 
and other combustion products by standard vacuum line techniques. The 
isotopic composition of the sample gas was measured relative to a reference 
gas with known isotope composition. Both gases were introduced into IRMS 
continuously one after another by continuous switching between the two 
sources holding the gases. After ionization of the gas, the ion beam is deflected 
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in a strong magnetic field depending on the charge-mass ration of the ions, 
and ultimately registered by a multi-collector system. The intensities of the 
ion beams are proportional to the proportions of the isotopes collected. The 
isotope ratios were automatically calculated by in-house software.

4.3.9 TIMS
Thermal ionization mass spectrometry (TIMS) is a technique that allows 
measuring the relative abundances of isotopes of elements occurring in trace 
amounts in specimens. This technique was used in order to measure strontium 
isotope ratios (87Sr/86Sr) of calcite a Finnigan MAT 262 at the Swedish 
Museum of Natural History and of fluorite on a Finnigan MAT 261 at the 
Institute of Energy Technology, Norway. Each ground specimen was dissolved 
(calcite in 1M acetic acid for 1 hour, and fluorite in 1-2M HNO3 at 50°C 
for 48 hours). The acquired solution was centrifuged, separated from the 
residue and evaporated. The material left after evaporation was dissolved in 
appropriate acid (for more details see Paper I and II), and then loaded onto 
an ion-exchange column in order to separate Sr ions from other ions. The 
acquired solution with Sr was dried out with H2O2 until the dried sample was 
reduced in size. The residue was dissolved in a mixture of acids and was loaded 
on specially treated Re filaments and introduced into the mass spectrometer. 
The filament was heated slowly, leading to evaporation of the sample and to 
ionization of atoms. Ions were introduced into the strong magnetic field where 
they were split into separate beams on the basis of their mass to charge ratio. 
These ions beams are then directed into multicollectors and converted into 
voltage. Comparison of voltages revealed a precise ratio of measured isotopes. 
Standards and blanks were used during the Sr isotope measurements (for more 
details see Paper I and II). 

4.4 Data treatment and presentation

4.4.1 Rare earth elements – normalization and detection limits
Rare earth elements are frequently presented on diagrams showing 
concentrations normalized to a reference standard material. There is no principle 
difference regarding which of the common reference standards that should be 
used for hydrothermal-veins and low-temperature fracture minerals. The most 
common standards are the North American Shale Composite (Haskin et al., 
1968) that was used in Paper II and IV; and chondrite meteorites (Evensen 
et al., 1978) that was used in Papers I and III. When HREEs were close 
to detection limit and Yb, Ho, Tm and Lu showed significant fractionation 
in relation to adjacent REEs (due to very low concentrations, close to the 
detection limit), these data were reported as “below detection limit”. 
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4.4.2 Stable isotopes
Isotope ratios were reported as delta values (δ) in ‰ that are calculated 
according to equation (1), where R(sample) and R(standard) is the ratio of heavy to 
light isotope in a measured sample and standard, respectively.

δ = (R(sample)/R(standard) -1)*1000                                    (1)

Carbon and oxygen isotopes measured in calcite were reported relative to 
Vienna Pee Dee Belemnite (VPDB). Sulphur isotopes were reported relative 
to Canyon Diablo troilite (VCDT).

4.4.3 Estimation of volume proportions and chemical composition 
of veins
In Paper I, the relative contribution of each of the three subgenerations of 
the hydrothermal veins to the total volume of the entire vein generation 
was calculated using documentation extracted from the SICADA database. 
In order to determine bulk vein chemistry, first, the average proportion of 
mineral species in each subgeneration was estimated based on macro- and 
micro-observations of vein specimens and based on photo documentation 
and available petrographic description of specimens being part of a previously 
published dataset (Drake and Tullborg, 2009; Drake et al., 2009b). Second, 
this information was combined with metal concentrations determined in this 
thesis for each of the minerals resulting in a bulk chemical composition for 
each vein subgeneration.

4.4.4 Correlation analyses
For bivariate analyses, two different types of correlation coefficients were 
used, depending on the character of the data. When the analyses include two 
chemical variables, isometric logratio (ilr) transformation was carried out 
(Aitchison, 1982; Buccianti, 2013; Egozcue et al., 2003). The reason is that 
the appropriate correlation measure between two compositional variables is 
the extent to which the ratio of the two variables varies across the specimens, 
which can be expressed as the “stability of ratios” that is favourably measured 
with the ilr correlation coefficient (Filzmoser et al., 2010). When only one of 
the variables in the analyses is compositional (chemical) and others are not 
(stable isotope ratios and depth), the Spearman correlation coefficient was 
calculated.

4.4.5 Geological modelling and calculations
In Paper II, modelling of a possible intersection of dykes and veins (assuming 
linear stretching) were done using the structural software MOVE Midland 
Valley. Calculation of true dyke thickness and of shortest distances from the 
vein specimens in the boreholes (along vein strike) to the closest dolerite dyke 
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(at closest point along strike, based on extrapolation of borehole intercept 
orientation), were carried out manually using a geometrical approach. 
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5. SUMMARY OF THE PAPERS

Paper I
Abundance and fractionation of rare earth elements in Ca/Al 
silicate-, calcite-, and fluorite-bearing hydrothermal veins related 
to Mesoproterozoic anorogenic fluorine-rich granitic intrusions

During the Mesoproterozoic (1.45 Ga), two alkali-rich and fluorine-rich 
granite plutons (Götemar and Uthammar) intruded into the bedrock of the 
Transscandinavian Igneous Belt (TIB) at the Laxemar area. Fluids emanated 
from the granites resulted in precipitation of bedrock-hosted greisen and distal 
hydrothermal veins that are associated with intensive alteration of the bedrock. 
The geochemistry of these veins was in focus of the study, and the aim was to 
assess how hydrothermal fluids generated by granite magma have mobilized, 
transported, fractionated and ultimately deposited REE (and some other 
metals) in distal veins dispersed in crystalline carbonate-deficient bedrock. 
The veins consisted mostly of 0.1-4 cm wide fillings. The thicker veins, which 
had the highest potential for pure and large mineral phases, were sampled in 
the drill cores from various depths (68 m to 913 m), and individual minerals 
(calcite, fluorite, epidote, prehnite, laumontite, chlorite etc.) were analysed for 
a number of variables, including concentrations of REE and other metals, 
and stable isotopes (in calcite, pyrite and fluorite). In addition, investigation 
of the Götemar granite (including various fractions relating to the multiple-
stage emplacement of the intrusion), the host rock and greisen was carried out. 
Geochemistry of bulk Götemar granite and host rock was used in order to assess 
metals in the source (intruding granite) and potential leaching from bedrock, 
respectively. Geochemistry of greisen was used in order to better understand 
the evolution of fluids genetically related to distal veins that emanated from the 
granite. Special emphasis was on the geochemistry of individual minerals in 
the hydrothermal veins and greisen in order to assess the distribution of REE 
among individual materials. Stable-isotope data determined in the minerals 
were used in order to gain support that the sampled specimens are from the 
Mesoproterozoic vein generation.

The veins have been formed in three episodes at successively lower temperatures 

23



(from 360 to 200°C) and with epidote, prehnite and laumontite as index 
minerals, respectively. The epidote-paragenesis is mineralogically most diverse 
and rich in several metals (Ca, Mg, Mn, Fe, Sr) and fluorine, as compared to 
the two later parageneses. The chemical composition of the bulk veins, when 
compared with the geochemistry of bedrock (fresh and altered zones) and 
Götemar granite, indicates that the metals (Ca, Mg, Mn, Fe, Sr) were mainly 
derived from the hydrothermally altered wall-rock zone, whereas fluorine 
is derived extensively with the hydrothermal fluid from the fluorine-rich 
Götemar granite. 

The concentrations of ΣREE were lower both in the bulk veins (epidote 
paragenesis: 17 ppm) and in the granite-associated greisen (median: 66 
ppm), as compared to the host rock (medians: 173 and 224 ppm) and the 
Götemar granite (median: 320 ppm). This is evidence that ΣREE were low in 
the hydrothermal fluids emanating from the granite and mobilized in small 
amounts during alteration of the wall rock. Thus, the conditions during the 
granite formation and development have favored neither partitioning of REE 
into the fluids nor leaching of REEs from the host rock. Two characteristic 
features of the chondrite-normalized REE-fractionation patterns of bulk 
epidote paragenesis, i.e. a positive Eu anomaly and a concave trend with a clear 
middle REE depletion, suggest that REE were derived into the hydrothermal 
solutions to some extent from both sources (altered wall rock and the cooling 
granite intrusion). In the latter two parageneses (prehnite, laumontite), the 
smaller REE-fractionation patterns and the lower concentrations of the metals 
(Fe, Mg, Mn, Sr) and fluorine indicate weaker wall-rock alteration and lower 
contribution of element flows from the granite.

Despite the low ΣREE concentrations in the veins in general, the fractionation 
patterns of the REEs in the minerals of the major (epidote) vein paragenesis 
were diverse and distinct. A key feature is strong HREE enrichment in calcite 
and LREE enrichment in epidote. This is explained by two mechanisms: (i) 
fractional crystallization such that epidote formed first and captured the LREE 
leaving a residual fluid enriched in HREE from which calcite precipitated, and 
(ii) preferential uptake of LREE in epidote as compared to calcite. There are 
a number of complexing agents in the fluids (i.e. HCO3

- and F-) that may 
be crucial in forming the REE-fractionation patterns in the vein minerals, 
however the dataset presented in this thesis provides no evidence of such 
phenomena.
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Paper II
Source and character of syntaxial hydrothermal calcite veins 
in Paleoproterozoic crystalline rocks revealed by fine-scale 
investigations

A few distinctive veins of unknown origin have been found in the Laxemar 
area and were the focus in this study. In contrast to other calcite veins in the 
area, they have anomalous thickness (up to >10 cm), are nearly monomineralic 
(composed of calcite), and are found in proximity to Neoproterozoic dolerite 
dykes. There are, however, no direct observations of a genetic relation between 
the calcite veins and the dolerite dykes. The aim was, therefore, to define 
whether these calcite veins are genetically related to the nearby dolerite dykes, 
and to determine how the isotopic and chemical characteristics vary across the 
veins by carrying out fine-scale analytical studies. Seven calcite veins and three 
dolerite dykes were collected at depths up to 420 m below the ground surface. 
The calcite veins were analysed for a variety of physicochemical variables, i.e. 
homogenization temperature (Th) and salinity of fluid inclusions, and stable-
isotopes (87Sr/86Sr, 13C/12C, 18O/16O), trace element concentrations (Fe, Mn, 
Mg, Sr, REE) and cathodoluminescence (CL) of the solid phase. The dolerite 
dykes were analysed for REE concentrations.

The hypothesis of a genetic relation between the calcite veins and the 
Neoproterozoic dolerite dykes was rejected. This is based on the fact that there 
is an overall small variability between the individual calcite veins in terms of 
average values in isotopic composition and chemistry of the solid phase and 
homogenization temperature and salinity of fluid inclusions, and that these 
variables are not correlated with the distance to dolerite dyke. Additionally, 
the calcite veins are in many respects similar to other previously studied 
Paleozoic (approximately 400-440 Ma) calcite veins, i.e. they have overlapping 
isotopic and chemical features and contain fluid inclusion with similar 
homogenization temperatures. Therefore it is suggested that the distinctive 
calcite veins, hypothesised to be related to the Neoproterozoic dolerite dykes, 
are of Paleozoic age. 

Another finding of this study is that the fine-scale intra-vein variation of 
stable isotopes and metal concentration of the solid phase and homogenization 
temperature and salinity of fluid inclusions varied in a manner not systematically 
correlated with texture, morphology and direction of growth of the calcite. 
These features are evidence of isotopic and chemical complexity and diversity, 
in the fine-scale dimension, of the relatively low-temperature brine fluids 
from which the calcite veins precipitated. In terms of the ΣREEs determined 
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in the solid phase (median concentration 249 ppm), they displayed distinct 
fractionation patterns varying from, when normalized to NASC, LREE 
enrichment to flat or slightly HREE enrichment. These fractionation patterns 
are, however, uncorrelated with all measured chemical, physical and isotopic 
variables, and could thus not be unravelled in terms of source and formation 
mechanisms. The REE patterns must therefore be the result of processes not 
identifiable in this study, such as abundance and proportion of ligands in the 
source fluid, and fractionation related to possible phase separation of the fluid 
prior to calcite precipitation.

Paper III
Source and fractionation of rare earth elements and yttrium in 
Paleozoic multi-mineral veins in crystalline bedrock on the Baltic 
Shield

The focus of this study is hydrothermal veins precipitated in various settings 
of the Baltic Shield during the Paleozoic Era. The aim was to increase 
understanding of REE and yttrium (Y) uptake and sources in hydrothermal 
minerals precipitated during Paleozoic.
 
The veins are the result of far-field effects of the Caledonian orogeny that 
affected north-west Scandinavia (Drake et al., 2009b). The orogeny provoked 
formation and reactivation of new fractures in crystalline bedrock that were 
covered by a sedimentary sequence at that time, allowing warm (60-180°C), 
mainly brine (13-26 wt.‰ eq. CaCl2) fluids to circulate in the fracture 
network causing precipitation of hydrothermal veins (Alm et al., 2005; Drake 
and Tullborg, 2009; Sandström and Tullborg, 2009). Apart from brines that 
resided in the bedrock fractures, fluids descending from organic-rich Paleozoic 
sediments overlying the bedrock (Tullborg et al., 1996; Larson et al., 1999; 
Cederbom, 2001) may have played a role in vein precipitation, as suggested 
by the frequently 13C-depleted calcite of this generation (δ13C down to 
-53‰). Veins were collected from the Laxemar area, including a subarea in 
the Laxemar (here referred to as the Götemar area). Calcite and fluorite, and 
some minor minerals (chlorite, illite, apophyllite, gypsum and chlorite-clay 
mixture) were analyzed for REE and Y, and where appropriate data did not 
already exist, for 13C/12C and 18O/16O. Existing geochemical data of previously 
published corresponding Paleozoic minerals from three other areas (Forsmark, 
Lovisa, Tindered) were revisited in order to extend the spatial coverage and 
geochemical variability of the host rock of the veins.

The main finding is that the concentrations of ΣREE and Y in the host rock 
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were reflected in the concentrations in the vein minerals, such that in areas 
where the concentrations are elevated in the bedrock they were also elevated in 
the vein minerals (the range of median concentrations among the areas were 
in calcite 112-187 ppm and in fluorite 76-188 ppm). This is evidence that 
trace metals occurring in the bedrock were mobilized, leached into the fluid 
and ultimately precipitated in the veins. In contrast, there are no indications 
that descending fluids from the overlying sediments were a source of trace 
metals in the paleofluids precipitating the veins. It is also pointed out that Y 
concentrations and REE fractionation patterns of the major Y+REE carriers 
in the veins, i.e. calcite and fluorite, are controlled primarily by the mineral-
specific capacity to incorporate these metals. This means that utilization of 
vein minerals in crystalline settings for assessment of Y abundance and REE 
fractionation patterns of fluids should be done with caution. Finally, there are 
indications that REE-fluoride complexes in the warm brinish source fluids 
have been relatively strong and abundant for the heavy REEs, because calcite 
occurring together with fluorite has higher absolute and relative abundance of 
heavy REE than calcite occurring in fluorite-free veins.

Paper IV
Rare earth elements in low-temperature calcite precipitates in 
fractures in the upper kilometer of Proterozoic crystalline rock

The focus of this study is low-temperature calcite coatings precipitated from 
groundwater assumed to be overall similar to that of the present groundwater 
in the fractures, and thus proposed to have occurred within the last 10 million 
years. The aim was to determine the influence of crystal habit, and to assess 
whether the REE geochemistry of the source fluid, back-calculated from the 
calcite data, is similar to that of the present groundwater in the fractures.

The present groundwater in the study area (Laxemar) is complex. It consists 
of mixtures of a number of water types that have distinct geochemical 
characteristics and includes glacial melt water, marine water, meteoric water 
and brine water (Laaksoharju et al., 2008). The calcite exists in a number of 
habits, including anhedral crystals and euhedral crystals of different kind. For 
this study, the REE concentrations in 51 calcite coatings were analysed and the 
data were compared with existing data on REE dissolved in groundwater at the 
same site and depth interval. The concentrations of REE in paleogroundwater 
from which the calcites precipitated were back-calculated by applying 
appropriate partition coefficients (Zhong and Mucci, 1995) on the REE data 
of the calcites. 

The results showed that the ΣREE concentrations in calcite vary extensively 
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(0.61-2276 ppm) and decrease, however weakly, with increasing fracture depth. 
Two types of calcite crystal habit were abundant in the fractures. Of these, 
elongated forms (c>>a, i.e. large c-axes to a-axes ratio) were characterized 
by relatively flat shale-normalized patterns and were found only in relatively 
shallow fractures (upper 260 m of the bedrock). These crystals are envisaged 
to originate from either (or a mixture of ) meteoric water or marine waters 
intruding the fracture network during previous inter-glacials. The other form 
(equal to quasi-equal c-axes and a-axes) showed smoothly dipping shale-
normalized patterns. Hence, despite large variability in REE concentrations 
within each crystal habit, the fractionation patterns remained relatively 
constant for each habit. 

By applying REE calcite-water partition coefficients derived in previous 
laboratory experiments (Zhong and Mucci, 1995), it was revealed that both 
the La/Yb and REE/Ca ratios of the paleogroundwater generally overlap with 
those of the present groundwater. For REE/Ca the overlap greatly improved 
when aqueous carbonate complexes rather than the filtered (0.45 μm) fraction 
was considered. These patterns indicate that the LREE to HREE and REE 
to Ca ratios in the groundwater at the site have been relatively stable in time 
spans of millions of years, and that aqueous carbonate complexes are important 
in terms of REE sequestration by calcite. These findings have implications for 
bedrock disposal of nuclear waste because the REEs, analogues for some of 
the actinides contained in the waste, can be described in terms of one of its 
potential removal mechanisms: co-precipitation with calcite in the fractures. 



6. DISCUSSION AND 
CONCLUSIONS
This work has focused on rare earth elements in secondary minerals, mainly 
calcite but also others such as fluorite and Ca/Al silicates, in fractures in 
Proterozoic crystalline bedrock primarily in the Laxemar area in south-
east Sweden. A key feature is that REEs, both in terms of abundance and 
fractionation patterns, vary extensively (Fig. 4) considering that the sampling 
was largely done within a rather small area (Laxemar) with little variability 
in petrology (i.e. granitoids) and geochemistry of host rocks. This feature was 
revealed both in micro-scale analytical transects in Paleozoic calcite veins 
(Fig. 4, Paper II) and in subgenerations of Mesoproterozoic veins related 
to a granite intrusion (Fig. 4, Paper I). Hence, overall, the REE content in, 
and release from, the crystalline bedrock is not a major control of REE in 
precipitating vein minerals such as calcite and fluorite. In one of the studies 
(Paper III), however, focusing on hydrothermal calcite- and fluorite-bearing 
veins formed in Paleozoic and including also previously published data from 
other parts of the Baltic Shield, it was shown that the bedrock can, during a 
confined vein-forming event, have an influence on Y and REE distribution 
in the secondary minerals. Therefore, when regional scales are considered 
and bedrock geochemistry thus is more diverse and variable, the Y and REE 
concentrations of the bedrock can affect the extent to which these metals are 
incorporated by secondary minerals. Consequently, in conclusion, the REE 
geochemistry of the bedrock matters, but overall and over vast geological times 
scales (1.5 billion years) other factors are more important in terms of REE 
sequestration in calcite and other secondary vein minerals.

Collectively, the findings of the individual studies show that there is no 
easy and straightforward control of REE abundance and fractionation in 
calcite and other vein minerals in crystalline bedrock settings. Calcite that 
precipitated during the hottest conditions (in relation to granite magmatism in 
Mesoproterozoic) carries REEs that were strongly enriched in the HREEs in 
the first forming subgeneration (calcite associated with epidote) but enriched 
in the LREEs in the later formed subgenerations (calcite associated with 
prehnite and laumontite) (Fig. 4, Paper I). In microscale analytical transects 
in relatively thick calcite veins formed in Paleozoic, the REE fractionation 
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patterns vary widely in a manner unrelated to isotopic, physical and other 
chemical variables indicating complexity and diversity of the source fluid (Fig. 
4, Paper II). Yet in low-temperature calcite, precipitated and maintained on 
the walls of open fractures, elongated crystals forms (c>>a) are characterized 
by gently dipping chondrite-normalized patterns whereas other forms (equal 
to quasi-equal c-axes and a-axes) show more sharply dipping patterns (Fig. 
4, Paper IV). Hence, the REE fractionation patterns and concentrations 
in calcite vary extensively even within confined mineral generations, which 
means that REE signatures of calcite cannot be used as a diagnostic feature for 
distinguishing, in general terms, source of the calcite-trapped REE or age and 
formation temperatures of the calcites. 

The main advantage of determining REEs in secondary minerals in fractures 
and veins in crystalline rock settings is therefore, as revealed in this work, 
to assess the character and evolution of the conditions on the fracture scale 
(including features of the paleofluids) during confined vein-precipitating events. 
For example: In calcite veins formed in Mesoproterozoic in relation to granite 
magmatism, the REEs in the first formed calcites (associated with epidote) 
have features which strongly point to REE transport via the hydrothermal 
solutions emanating from the granite magma. Calcite and fluorite in veins 
formed in the Paleozoic, presumably related to the Caledonian orogeny, 
have REE features that are affected by the geochemical composition (REE 
concentrations) of the local wall-rock. In low-temperature calcite, presumably 
formed over the last 10 Ma during which the bedrock has been exposed (no 
sedimentary cover), the REE fractionation patterns show association with 
the crystal habit, which in turn can be the result of factors such as salinity 
and chemistry of the groundwater. Hence, in conclusion, REE features are 
an effective and useful complement to other variables typically measured in 
calcite (and other secondary minerals), such as stable-isotope composition and 
major chemistry, in order to understand trace-metal uptake in and formation 
conditions (e.g. paleofluid features) of secondary minerals in fractures.
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Fig. 4  Chondrite-normalized rare earth element concentrations in calcites. Composition of 
chondrite from Evensen et al. (1978).
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