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Abstract

Epidotization as an effect of fluid rock interaction, recorded by a granitoid from Hågadalen,
Uppsala
Linn Barreby

A common driving mechanism of metamorphic processes, from which secondary mineralizations and
structures develop in a protolith, is known to be a change of the immediate P-T environment that a rock
resides in. A factor in this process, which is poorly understood, however, is how the presence of
metamorphic fluids in a system, influences the alteration of primary igneous rocks. How these volatile
solutions interact with the solid mediums of the crust is thereby a topic which requires further research
to unravel.
    Incidentally, an opportunity to study the result of these interactions, has presented itself in the
southern part (59o80’92”N, 17o59’91”E) of Hågadalen-Nåsten nature reserve in Uppsala, Sweden. In
this area, a green mineral assemblage, believed to belong to the epidote group, has been observed. This
mineral is theorized to have formed as a result of fluid-rock interactions that have occurred in the region
and is therefore a subject of interest. A detailed study of the origin of this mineral assemblage could
possibly shed light on the finer aspects of the fluid-rocks interactions that have occurred, and also
provide and account of the transport of fluids throughout the local bedrock.
    The aim of this project was to identify the minerology and formation process of this green mineral,
which occupies the joints in a cliff of granitic composition. The determination of how and when this
mineral assemblage formed is believed to grant a more in depth understanding of the metamorphic and
metasomatic processes that have transpired at this location, in addition to providing an account of the
fluid transport and fluid-rock interactions in the area.
    Through fieldwork and sampling, combined with descriptions of the regional bedrock provided by
SGU, the local lithology was determined. With this information, in addition to data collected from optic
microscopy and an EMP analysis, the mineral was identified to be an iron rich epidote, showing signs
of weak zoning.
    The formation of this secondary mineralization can be determined to be the result of the alteration of
anorthite to saussurite (saussuritization of plagioclase) in addition to the direct precipitation of epidote
from the liquid medium onto joint surfaces. Through the use of BSEM, it could also be determined that
a majority of the fluids migrated through open fracture systems in the bedrock.
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Sammanfattning

Epidotisering som en effekt av fluid-interaktioner i berggrunden, dokumenterad av en granotioid
från Hågadalen, Uppsala
Linn Barreby

Förändringar av de tryck och temperaturregimer som bergarter befinner sig inom, har sedan länge varit
en känd orsak bakom de metamorfa processer, ur vilket sekundära mineraliseringar och strukturer
uppstår i protoliten. Något som inte är lika väl studerat är dock rollen som fluider spelar i dessa
förändringsprocesser, samt hur dessa volatila lösningar interagerar med skorpans solida faser.
    I södra delen av Hågadalen-Nåstens naturreservat (59o80’92”N, 17o59’91”E2) har dock möjligheten
till att studera resultatet av dessa interaktioner uppstått. Detta då en grön mineralsammansättning
troligen tillhörande epidot gruppen, har upptäckts, vars ursprung tros komma ur fluid- och bergarts
interaktioner i området. En studie av detta mineral är därav av intresse, eftersom det skulle ge en inblick
i hur dessa fluider har transporterats genom den lokala berggrunden, samt vilken påverkan dessa fluid-
interaktioner har haft på områdets bergarter.
    Detta projekt syftade mot att identifiera mineralogin samt bildningsprocessen av detta gröna mineral
som fyller ut sprickor i en vertikal klippvägg, av överhängande granitisk karaktär. En utredning kring
hur och när detta mineral har bildats tros kunna ge en fördjupad förståelse kring de metamorfa och
metasomatiska processer som har ägt rum i närområdet, samt antyda hur dessa fluider har migrerat
genom den tidigorogena berggrunden och vilken påverkan detta har haft på bergsmassivet.
    Genom observationer och provtagning i fällt, samt en studie av SGU:s beskrivning av berggrunden i
området 11I Uppsala NV, har de den lokala litologin samt de geologiska processerna som påverkat
närområdet utretts. Denna information, i kombination med optisk mikroskopi och en EMP analys,
användes för att fastställa mineralets kemiska karaktär och kristallsystemstillhörighet. Resultaten från
dessa analysmetoder lade grunden för att identifiera mineralet som en järn-rik, svagt zonerad, epidot.
    Troliga processer som har legat bakom bildandet av denna sekundära mineralisering bedöms vara
omvandlingen av anortit till saussurit (saussuritisering av plagioklas) samt kristallisering av epidot
direkt ur fluider som cirkulerat i området. Genom observationer av BSE bilder från tunnslip, fastställdes
även att majoriteten av dessa fluider har transporterats genom redan befintliga spricksystem i
berggrunden.

Nyckelord: Fluider, fluidtransport, metamorfos, metasomatism, saussuritisering, epidot gruppen.
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1. Introduction
Throughout the geological history of earth, a multitude of tectonic and metamorphic processes have
been responsible for the deformation and alteration of the primary igneous basement of the crust. The
metamorphic changes that original volcanic and igneous rocks undergo give rise to new, secondary
minerals and lithologies, effectively resulting in a gradual replacement of older rock. These processes
can usually be traced back to local or regional tectonic activity, which provide the geological conditions
needed for metamorphism to occur.
    The fundamental conditions that need to be changed for metamorphic changes to transpire are highly
related to temperature and pressure. The increase or decrease of these two variables, in a geological
environment, results in chemical and structural alterations of the minerals and rocks located within the
effected regions.
    There are, however, other factors that also contribute to the alteration and replacement of minerals.
Among these, one of the most prominent factors is the fluid-rock interaction that occurs between
hydrothermal fluids and solid rocks in the crust. The presence of volatile, ion-rich solutions contribute
to the catalysis of chemical reactions that occur during secondary mineral growth, and may hold a key
role in driving the entire process of metamorphism (Jamtveit and Austrheim, 2010).
    In this rapport the geological conditions present, during the formation of an epidote-group mineral
(EGM), located within fractures in a granitic rock will be determined. This mineral, found in a granitic
rock at the southern border of Hågadalen nature reserve, Uppsala (see figure 1), will be studied in close
detail and identified, using field observations and sampling, as well as petrographic, stereographic and
electron microscopy.
       During previous studies in the region, conducted by SGU in 1995-1996, the general lithology of the
area covering the location of study and the surrounding region, were mapped, linking certain features to
regional tectonic events. The mapping of the bedrock provides general insight into the tectonic and
metamorphic processes that have taken place. However, to gain a greater understanding of the driving
mechanisms of metamorphism in the northwestern part of Uppsala, closer examinations of features,
such as secondary mineral formations, are needed. This might in turn contribute to a more complete
account of past geological events and the importance of fluids in the alteration and replacement
processes of metamorphism and metasomatism. The results could also possibly be used to understand
the formation of similar mineral assemblages in areas outside the location of study.

1.1 Purpose
The aim of this report is to identify an epidote mineral assemblage, found along joints in a vertical cliff
face of granitic origin, in Hågadalen, Uppsala. Through this, the rapport seeks to provide insight into
the processes of metamorphism and metasomatism at the location of study, and specifically provide an
account of the important rock-fluid interactions that were taking place between hydrothermal fluids and
solid metaigneous rocks.

1.2 Research questions
A selection of research questions has been composed, as a guideline in reaching the aim of the report,
stated above. The answers derived from these specific questions will later lay the foundation of the
conclusions made from the results of the study.

· What is the chemical composition of the epidote mineral, and which crystallographic system
does it belong to?

· What lithology did the current bed rock originate from?
· Which metamorphic and metasomatic processes are responsible for the formation of the epidote

mineral?
· By which fashion did fluids migrate through the protolith and how did the resulting interactions

influence the mineralization process?
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1.3 Scope and delimitation
The scope of this project is restricted to determining the metamorphic processes associated with the
formation of the EGM specified in the purpose of the rapport. The rock-fluid interactions and associated
structures are the main focuses of the study, while processes strictly related to temperature and pressure
are secondary. Furthermore, P-T conditions, in addition to rock-fluid interactions, related to the
alteration and formation of other mineral assemblages are not covered by this rapport.
    Other aspects that delimitate this study is the area of sampling during the field work. All thin sections,
as well as the macroscopic rock fragments, are derived from one rock sample. Hence, the rapport will
be focusing on the metamorphic process in a narrow geographic region. Any assumptions of similarities
in surrounding regions will thereby be extrapolations of the conclusions derived from the study of the
immediate sampling location.

2. Background
This section provides relevant information surrounding topics that will aid in the analysis of the results
gathered in the study. It contains a description of the chemical and mechanical processes that invoke
fluid release and consumption, along with the mechanisms of fluid propagation through solid igneous
and metavolcanic rocks. It will also touch the topic of contact metamorphism, describing the difference
between the process of metamorphism and metasomatism, in relation to the formation of secondary
mineral assemblages.
    An account of the chemical and structural signatures of the epidote group will follow, as well as a
more in-depth description of the minerals. Towards the end, the conclusions gathered from previous
lithological studies in the region, conducted by SGU, are presented.

2.1 Fluids
Fluids are volatile solutions of a primarily H2O and CO2 composition, enriched with metals and ions
from local minerals, and released during prograde metamorphism during the subduction and burial of
sedimentary rock. They are known to influence the metamorphosis of surrounding rock through the
transport of elements and reactive compounds, in addition to the temperature gradient that they introduce
to external rock systems (Raimondo et al., 2011).
    How these fluids interact with the parent rock, in addition to rocks outside of their place of origin, is
a subject of this study and is described in the following sections. Apart from this, the way fluids
propagate through rocks have a notable impact on the lithological structures formed in their wake and
will therefore be a topic of discussion.

2.1.1 Formation and propagation
The mechanism responsible for fluid formation is the prograde metamorphism of rock and
devolatization of sedimentary rocks; during their decent into deeper levels of the crust and mantle. The
increase in temperature and pressure associated with burial, trigger dehydration and decarbonation
reactions; which liberate significant amounts of H2O and CO2. After forming, the liquid solvent is further
enriched by ions and other compounds once the fluid interacts with minerals in its proximity. However,
to what extent this interaction occurs at is highly dependent on the factors controlling the propagation
of fluids through the rock (Raimondo et al., 2011).
    By which fashion fluids migrate through the crust, primarily depends on the permeability of the rock.
At the time of production, fluids have a lower density than the parental rock and will therefore ideally
migrate upwards until cooling allows the fluid pressure to equalize with the surrounding lithological
pressure. The implication of this is that fluids initially tend to move up along the lithological pressure
gradient in the crust, traveling through existing fractures and pore spaces until the point of equilibrium
is reached. This mode of transport would be described as channelized; however, fluids may also travel
by fracturing and infiltrating the surrounding bedrock. This is called pervasive flow and could for
instance be the transport of choice if the low resistance pathways are to narrow or nonexistent. The fluid
pressure will then instead build up in the vicinity of the source of origin. This has been shown to lead to
hydrofracturing of rock, if the fluid pressure exceeds the lithological pressure, which is the case if the
rate of productions is high compared to the rate of fluid escape (Flekkøy, 2002).
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    The two options of migration that are available to fluids are, in conclusion, either by propagating
through exiting spaces of high permeability (channelized flow) (Fyfe, Price and Thompson, 1978a), or
by creating new fractures and pathways (pervasive flow), often resulting in hydrofracturing of the
bedrock, as a result of an increasing fluid pressure (Fyfe, Price and Thompson, 1978b).
    If the sheer strength of the crustal rock is sufficiently high to withstand the pressure gradient between
the rock and open spaces, systems of fractures and pores will likely be present, allowing for a circulation
of fluids. In this situation, the fluids will move in a convectional motion, rising until equilibrium with
the lithostatic pressure is reached and then permeating down, until the thermal gradient is sufficiently
reduced. Through this circular flow, the fluids will interact with rocks and minerals at multiple occasions
in the same interconnected system. If, however, the sheer strength of the rock is insufficient to maintain
these highly permeable systems, they will collapse once the lithostatic pressure exceeds the hydrostatic
pressure of the pores. If fluids migrate by producing hydrofractures in this unstable rock, the pores and
fractures will close once the fluid pressure is reduced. This results in a single-pass flow of fluids, as they
are only able to propagate upwards through the crust, following the collapse (Fyfe, Price and Thompson,
1978b).

2.1.2 Chemical composition
The chemical composition of fluids varies significantly throughout the different P-T regimes. Fluids that
form in middle to low grade metamorphic regimes are normally composed of significant amounts of
H2O and chloride salts, as well as slightly lower concentrations of CO2, released during devolatilization
of the protolith. Of these salts, Cl and Na claims the positions of dominant anion and cation respectively,
thus forming brines. The cation predominantly present in fluids can, however, be replaced by other
metallic ions such as Ca, Fe, Zn, Pb and Mn. This is dependent on the P-T conditions, were ions other
than Na, usually increase in concentration at deeper crustal depths, were temperature and pressure reach
the extremes (Yardley, 2013).

2.1.3 Retrograde metamorphism
For retrograde metamorphism to occur in a rock, the supply of volatile-rich fluids is essential in
providing the components needed for creating mineral assemblages that are in equilibrium under the
new P-T conditions. The problem that arises for rocks that have undergone a previous phase of prograde
metamorphism; is that the volatile fluids released during that phase have escaped into surrounding rock.
The resupply of fluids from other regions are therefore necessary for retrograde metamorphism to initiate
(Jamtveit and Austrheim, 2010).
    Once there is a sufficient volume of fluids in contact with the protolith, the contrast in equilibrium
between the solid and liquid media results in a drastic reaction which can produce a number of different
textures on the surface of the mineral grains. This includes the formation of dendritic minerals and
oscillatory zoning. During this phase, an increase of molar volume also takes place, due to the addition
of compounds from the liquid medium (Jamtveit and Austrheim, 2010).
    For these structures to arise, the retrograde reactions need to perpetuate throughout the rock volume.
However, this progress can be haltered if there are obstructions in place, that prevent the fluids from
coming in direct contact with volumes of the overlying rock. If the fluids migrate primarily by flowing
through fractures and veins of a relatively large width, extensive volumes of rock will not be in
immediate contact with the volatile solution, hence retrograde metamorphism would not occur.
However, if the fluids were to migrate by creating hydrofractures, where fluids can infiltrate deeper into
the solid structures and expand the surface area of contact, larger portions of rock will be affected by
retrograde metamorphism (Jamtveit and Austrheim, 2010).

2.1.4 Metasomatism
There is a fundamental and important distinction to make between metamorphism and metasomatism.
While metamorphism is a process where rock re-equilibrate to the P-T conditions present in the
environment, metasomatism is primarily an alteration process related to changes in the chemical
environment. These two processes often do occur coupled with each other; however, there are instances
were either one of them takes place as an exclusive process. For instance, metasomatism can occur on
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its own when fluids originating from deeper portion of the crust, permeates through rock, and introduces
new elements and compounds into the environment.
The process of metasomatism is directly linked to the interactions between protolith rock and these
volatile fluids. Changes in the chemical environment, usually resulting from the incorporation of non-
equilibrated fluids into the system, initiates dissolution- and reprecipitation reactions that gradually
changes the chemical composition of rock. As time progresses, this leads to the formation of new,
secondary, mineral assemblages and structures in the protolith (Harlov and Austrheim, 2013).
    Besides responding to a chemically non-equilibrated environment through the production and
consumption of fluids, mass transport can also occur through solid state diffusion. This equilibration
process, however, is significantly slower than its multiphase counterpart, where transport is aided by a
liquid medium (Raimondo et al., 2011).

2.2 The Epidote group minerals

2.2.1 Chemical composition and structure
The mineral group referred to as the epidote group is a collection of monoclinic sorosilicates, composed
of the specific mineral epidote, as well as other structurally and chemically similar members, such as
clinozoisite and zoisite. In this instance, zoisite is an exception of the crystallographic criteria since it is
an orthorhombic mineral. However, since it is a polymorph of clinozoisite, it is still included in the
group (Franz and Liebscher, 2004).
    Other commonly encountered members include allanite, piemontite, tawmawite and pistacite; all of
which are variations of the same general formula, A1A2M1M2M3[O/OH/SiO4/Si2O7]. This structural
and compositional blue print contains three octahedral sites (M-sites) where a multitude of trivalent
cations can be substituted and exchanged, giving rise to the vast assortment of minerals included in the
epidote group. The ions which are most commonly incorporated at the octahedral sites are Al3+, Fe3+,
Mn3+, Cr3+ and V3+, however bivalent ions can also, in more rare instances, be included. There are also
two A-sites, which refers to vacancies where cations in larger coordination are incorporated, such as
ions of Ca, Sr, Pb, as well as trivalent REE (Rare earth elements). Because of the large diversity in the
chemical composition of EGMs, the compounds to look for while distinguishing between them during
analysis are the oxides containing the ions mentioned above. Specifically, this refers to the major
compounds Al2O3, Fe2O3, CaO, SiO2, TiO2 in addition to the trace compounds Mn2O3, Cr2O3, SrO, PbO
and REE (Franz and Liebscher, 2004).
    There have been several accounts of discrepancies in the geological community, regarding the naming
of all the minerals in this group. In the present day, however, a subcommittee to the International
Mineralogical Association (IMA), dealing with the nomenclature of epidote minerals, have composed a
set of comprehensive rules of how to refer to these minerals and avoid inconsistencies (Franz and
Liebscher, 2004).
    According to these rules, the end members of the Al-Fe solid solution series, in addition to the Al-Cr
solid solution sequence, are the baseline chemical formulas that will define all other intermediate
assemblages. The Al-Fe end members will, based on these guidelines, be referred to as the Al-rich
clinozoisite (Ca2Al3Si3O12(OH)), and epidote (Ca2Al2Fe3+Si3O12(OH)), were an Al3+ ion in the M1 site,
or more commonly the M3 site, has been substituted by an Fe3+ ion. As for the Cr-end member, it is
referred to as tawmawite (Ca2Al2Cr3+Si3O12(OH)). Any assemblage of an intermediate composition will
be described using the mole fraction (X), of the end members. For instance, XEp consequently refers to
the mole fraction of Fe3+ incorporated in the assemblage, while XCz and XTaw refers to the Al3+ and Cr3+

content respectively. These fractions can be calculated using the following equations:
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=                                                              (eq. 1)

=                                                            (eq. 2)

=                                                            (eq. 3)

The input values for equations 1, 2 and 3 are the respective atoms per formula unit, calculated for a
specific mineral or sampling location within a mineral. For other solid solution series, such as Al-Mn,
different end members may be used (Franz and Liebscher, 2004).

2.2.2 Compound range and optical properties of common group members
The compositional range described in mole fractions, for the monoclinic epidote minerals in the Al-Fe
solid solution series, commonly falls within the interval of 0.2 < XEp < 1.0. However, lower contents of
Fe3+ have been discovered in natural deposits, despite being an exceedingly rare occurrence. On the
contrary, Fe3+ rich epidote is commonly encountered in the field and can reach levels far exceeding XEp

= 1.0. This is true for the mineral pistacite, where the substitution of Al3+ to Fe3+ extends to more than
one M-site. For the orthorhombic mineral zoisite, defined here as a deviation of clinozoisite, the Fe3+

content is usually found to take on a value of XEp < 0.15.
    Other ways of distinguishing between different epidote minerals, without performing a chemical
analysis, is through the use of petrographic microscopy. By studying the optical properties of the mineral
assemblages, it is possible to make a rough estimation of the general mineralogy, given that the grains
are of sufficient quality and size. These properties include, for instance, relief, birefringence,
pleochroism, extinction, color, optical sign, number of optical axes and observations of cleavage plains.
Each mineral possesses their own unique set of these properties, which is observable under plane
polarized light (PPL) or cross polarized light (XPL). By performing detailed observations of thin
sections, using a petrographic microscope, it is possible to narrow down the search for likely candidates.
Once all other assemblages have been singled out, ideally, this would result in a preliminary
identification of the mineral (Franz and Liebscher, 2004).
    Since a few prominent members of the epidote group are encountered more frequently in the field,
the optical properties of five of these minerals have been compiled in the tables below (see table 1, 2).

Table 1. Optical properties of five epidote group minerals under PPL. Source of information: (Franz and Liebscher,
2004).

PPL

Mineral /
Chemical Formula

(Chrystal system)

Relief Habit
/Form

Colour Pleochroism Cleavage

Epidote
Ca2Al2Fe3+Si3O12(OH)

(Monoclinic)

High
(+)

Anhedral or
granular aggregates.
Columnar, bladed,
prismatic, acicular
crystals.

Colourless,
Pale yellow,
Pale green,
Greenish
yellow,
Yellowish
green

Green,
Yellowish
green,
Black

Perfect
{001}

Imperfect
{100}

Clinozoisite
Ca2Al3 Si3O12(OH)

(Monoclinic)

High
(+)

Anhedral or
granular aggregates.
Columnar, bladed,
prismatic, acicular
crystals.

Colourless Pale green,
Gray,
Colourless

Perfect
{001}

Imperfect
   {100}
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Zoisite
Ca2Al3 Si3O12(OH)

(Orthorhombic)

High
(+)

Anhedral or
granular aggregates.
Columnar, bladed,
prismatic, acicular
crystals.

Colourless,
Pale pink,
Pale yellow,
Pale green

Colourless,
Pale pink

Perfect
{010}

Allanite
CaREEAl2Fe3+Si3O12(OH

(Monoclinic)

High
(+)

Tabular or granular.
Columnar, bladed,
prismatic, acicular
crystals.

Brown,
Green

Pale green,
Reddish
brown,
Brownish
yellow,
Greenish
brown

Imperfect
{001}

Poor
 {100},
{110}

Piemontite
Ca2Al2Mn3+Si3O12(OH

(Monoclinic)

High
(+)

Bladed, prismatic,
acicular crystals

Red,
Brownish red

Light yellow,
Orange, Pink,
Pale violet,
Lavender,
Deep red

Perfect
{001}

Poor
{100}

Table 2. Optical properties of five epidote group minerals under XPL. Source of information: (Franz and
Liebscher, 2004).

XPL

Mineral /
Chemical Formula

(Chrystal system)

Isotropy/
Anisotropy

Interference
Colour

Extinction
Angle

Twinning Optic
axis
and
sign

Optic
axial
angel
(2V)

Epidote
Ca2Al2Fe3+Si3O12(OH)

(Monoclinic)

Anisotropic Order II - III:
Blue, red,
purple,
yellow, green
(fluorescent,
very bright)

Parallel,
Inclined
{001}
(25-40)

Multiple
normal
{100}

Biaxial
(-)

64–90

Clinozoisite
Ca2Al3 Si3O12(OH)

(Monoclinic)

Anisotropic Order I:
Gray, white,
yellow

Anomalous:
blue, yello
w brown

Parallel,
Inclined
{001}
(0-25)

Multiple
normal
{100}

Biaxial
(+)

14-19

Zoisite
Ca2Al3 Si3O12(OH)

(Orthorhombic)

Anisotropic Order I:
Gray, white

Anomalous:
blue

Parallel Polysynthetic
Twinning

Biaxial
(+)

0-69
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Allanite
CaREEAl2Fe3+Si3O12(OH

(Monoclinic)

Anisotropic Order I:
Gray, white,
yellow

Anomalous:
blue, yellow,
purple

— Polysynthetic
Twinning
(Common
along
 {100})

Biaxial
(-)

40-60

Piemontite
Ca2Al2Mn3+Si3O12(OH

(Monoclinic)

Anisotropic Order I:
Gray, white,
yellow

Order II - III:
Blue, red,
purple,
yellow, green

— Uncommon
 {100},

Laminar

Biaxial
(+)

50-86

When the term pistacite is used, it commonly refers to Ca2Fe3+
3Si3O12(OH), which is a hypothetical end

member of the Al-Fe solid solution series, were epidote has been further enriched with Fe. However,
according to the IMA this term should no longer be used in official papers since its historical use has
been inconsistent. To refer to this mineral assemblage, a mole fraction of XEp will therefore be used
instead of the older classic term.

2.3 Saussuritization of plagioclase
Saussuritization is an alteration and replacement process that occurs in plagioclase in either high or low
metamorphic regimes when the Ca-rich mineral anorthite is replaced by other stable mineral
assemblages. At lower temperatures, a possible scenario is for anorthite to react with biotite in a H+-rich
environment, during retrograde metamorphism or hydrothermal events. The initiating factor for this
process is the shift in temperature and pressure, towards the lower regimes of metamorphism. This
causes certain high P-T mineral assemblage, such as anorthite, to become unstable, effectively invoking
retrograde metamorphism. During the rock-fluid interaction that then takes place between the rock and
liquid phase, the mineralogical composition of the rock shifts towards a lower P-T assemblage. The
newly formed minerals will then, by having effectively adjusted their chemical composition, be
equilibrated at the new P-T conditions (Morad et al., 2010).
    The resultants of the reaction between anorthite and biotite are sericite, epidote (along the Al-Fe solid
solution series) and the Na-rich form of plagioclase (albite). In addition to this, the silica compound
H4SiO4 is produced, as well as the cations Fe2+, Mg2+ and K+. The chain of reactions that are responsible
for this alteration and replacement of anorthite and biotite is composed of a multitude of reaction
mechanisms. However, a simplification can be made, which includes the representative fractions of
reactants and resultants (see eq 4.) (Ferry 1979).

1.0 ℎ + 0.3 + 2.2 + = 0.6 + 0.2 + 0.2 (eq. 4)

                                                                 + 0.7 H4SiO4 + 0.3 Fe2+ + 0.7 Mg2+ + 0.2 K+

    For this mineralogical shift to initiate, a certain set of chemical conditions need to be fulfilled. Firstly,
the protolith rock is required to contain sufficient amounts of Ca, Al and biotite, in order to supply
reactants for each reaction mechanism. Furthermore, the oxygen fugacity needs to be high, for Fe-rich
epidote to form. All these requirements are often satisfied in granitoid-rocks of meta igneous origin.
Secondly, the P-T conditions needs to be such that anorthite is unstable, which is the case at pressures
that exceed 0.7 GPa and at temperatures ranging below 400 Celsius (Morad et al., 2010).
    If these conditions are fulfilled, it is likely that the reaction in eq 4 will transpire, resulting in the
replacement of Ca-rich plagioclase with its Na-rich equivalent, sericite mica and Fe-rich epidote.
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However, should the conditions necessary for these minerals to form not be favorable, such as the case
when the biotite component isn’t readily available, a process of albitization may take place instead. This
is a process where anorthite is replaced soly by albeit, which is usually the case for rocks of a more
granitic composition. This process may leave small traces of other minerals, like epidote and sericite,
though not comparable to the amounts produced during saussuritization (Morad et al., 2010).
      In addition to the direct formation of epidote that takes place during saussuritization, other indirect
effects on the formation of the mineral may also be notable following this process. For instance, when
observing veins and fractures filled with euhedral crystals of epidote, it is likely that fluid activity is
responsible for precipitating the epidote directly onto the surfaces. This also entails that the fluid carried
all the components necessary for epidote formation, which include ions of Ca, Al, Si and Fe. As noted
in eq 4, Fe2+ is a product of saussuritization and could therefor possibly contribute to a favorable
chemical composition for epidote precipitation by the fluid (Morad et al., 2010).

2.4 Previous studies
During previous studies in the area designated 11I Uppsala NV, extensive mapping of the underlying
bedrock took place. This investigation, overseen by SGU between the years 1995 - 1996, mad use of
evenly distributed field sampling and several geophysical sampling methods to collect information about
the physical and chemical characteristics of the bedrock. This included mapping of the bouguer anomaly,
measurements of the gamma radiation across the area and mapping of the total intensity of the secondary
induced electromagnetic field, using the VLF (Very Low Frequenzy) method. Following the
interpretation of the collected data, the results were compiled into a comprehensive map of the bedrock
covering the 625 km2 area, see Figure 1. These findings were then further revised in the year 1999 and
published in the report Beskrivning till berggrundskartan 11I Uppsala NV.

2.4.1 Regional lithology and mineralogy
Most of the examined bedrock in the area was found to be comprised of meta-granitoids, where the
southern and western sections were dominated by grey tonalite and granodiorite. This includes the area
where the location of study was located, see Figure 1. Sampling and chemical analysis showed that the
granodiorite contains large amounts of medium to corse grained plagioclase and quartz. The tonalite
contained significant fractions of biotite and hornblende, as opposed to the granodiorite which contained
lesser amounts of these minerals. Instead, significant quantities of chlorite and epidote were observed
in rocks of a more felsic composition. Many rocks in this geographic region also showed signs of
lineation, although it was not readily apparent in all samples (Arnborn, Persson and Sveriges geologiska
undersökning, 2002).
    Other structures encountered throughout the mapped area were felsic dikes cutting through the
Precambrian bedrock. Many of these dikes were a few decimeters in width and composed of fine-grained
aplite or corse pegmatite. Although the occurrence of these structures was generally low, there were
sections of the map where they were more numerous. Primarily, this was true for the western region of
Figure 1 (Arnborn, Persson and Sveriges geologiska undersökning, 2002).
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Figure 1. Bedrock map and legend covering area 11I Uppsala NV, scale 1:50 000. The red dot marks the location
of study, situated in the southern region of Hågadalen nature reserve, Uppsala. Coordinates: 59o80’92”N,
17o59’91”E . (Sveriges geologiska undersökning, 2001). Edited by Linn Barreby.
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2.4.2 Geological pressure-temperature-time history
The geological process that formed the vast majority of rocks in the northwestern regions of Uppsala
was the svecokarelian orogeny. This was a mountain building event that took place during the
Proterozoic Eon, approximately 1900-1800 Ma years ago. During this period, the continental crust was
subjected to large scale deformation and metamorphism. This caused extensive disturbances and
episodes of volcanic activity in the region, which resulted in the deposition of large volumes of volcanic
material (Arnborn, Persson and Sveriges geologiska undersökning, 2002).
    During the first twenty million years of the orogeny, intrusive magmas of felsic and mafic
compositions intruded the older crustal rocks and formed early orogenic granitoids and basites. Studies
of these older rocks have shown that most of them were deposited during eruptive events that took place
around 1900-1880 Ma years ago. These rocks were later subjected to more extreme P-T conditions,
resulting from the progression of the mountain building process, and studies have shown that these
conditions reached a maximum of 650oC and 2-3 kbar. The process reached its´ peak around 1850 -
1800 Ma years ago, during which the volcanic rocks were metamorphosed through re-crystallization,
and structures such as lineation took form (Arnborn, Persson and Sveriges geologiska undersökning,
2002).
    What followed the period of extensive tectonic activity was a stage of cooling, were temperatures and
pressures slowly decreased and rocks which were previously stable during the high-grade metamorphic
conditions entered a stage of retrograde metamorphism. This was also accompanied by smaller eruptive
events, where felsic magmas intruded fractures in the basement and formed dikes of aplite and
pegmatite. Faulting and fracturing continuously occurred through the region during this stage of the
orogeny, the character of which shifted from plastic to more brittle in relation to the cooling of the crust.
In certain regions, the rocks also underwent additional phases of metamorphism (Arnborn, Persson and
Sveriges geologiska undersökning, 2002).
    These low-grade regional metamorphosis events, which occurred at multiple occasions, were the
result of the sveconorwegian- and caledonian orogenies. During these events re-crystallization and
mineralization took place, however in contrast to the conditions during the svecokarelian orogeny, these
later events were of a significantly cooler character. There is also evidence that excessive amounts of
thermal fluids were created during these periods, which then circulated throughout the crustal system
and aided in the process of metamorphosis of the metavolcanites (Morad et al., 2010).

3. Methods
The results in this rapport were derived by examining two thin sections of the sample using a
petrographic microscope. In addition to optic microscopy, an electron microprobe analysis was also
performed to determine the chemical profile of the mineral of interest. Observations and measurements
from the field were also utilized in the process of analyzing the results.

3.1 Fieldwork
In the field, where relevant samples were encountered, the strike and dip of the rock wall was measured,
in addition to other structures that indicated fracturing or movement along the wall. By observing the
rock surfaces on an 8x2 m2 section of the wall, with and without an eyepiece (10x), the general
mineralogy and the fractional distribution of the minerals was determined, see Figure 2. Other attributes
that were noted for each individual mineral was colour, crystal shape and size, as well as the trend of
distribution along the cliff.
    After making a general description of the rock wall, the green mineral was put under closer
examination. The number of sections along the wall where high concentrations of the mineral was
encountered was noted down, in addition to the distribution and placement of said sections. This was
done in relation to joints on the wall surfaces. After the state of withering was determined for four of
the green patches, and the diameter of the patches was measured, an eyepiece (10x) was used to observe
the individual crystals. During this procedure, the size, crystal shape, colour and direction of growth was
determined.
    In addition to writing down the observations made, and measurements taken, pictures of the relevant
structures, wall sections and minerals were taken. To aid further in the analysis of the mineral, sketches
were produces for each of the photographed sections and minerals.
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    Lastly, in preparation for the laboratory analysis of the mineral, a 10x15x6 cm3 rock sample was
collected from a recently fallen rock which contained drill holes from previous drilling at the site. This
sample was later reworked into two 0.3 mm thick, thin sections.

Figure 2. Rock wall located beneath Predikstolen, Hågadalen, were measurements and observations took place.
The section marked in yellow shows the extent of the examined rock surface, covering an area of roughly 8x2 m2.
The red patches mark sections where the green mineral was encountered and studied.
3.2 Petrographic microscopy
One of the thin sections produced was observed using a petrographic microscope, where all the optic
properties described in table 1 and 2 were examined. This was done for the purpose of making a
preliminary identification of the epidote group-mineral contained within the sample. Pictures of the
mineral, in PPL and XPL was also captured in this process.

3.3 Electron microprobe analysis (EMP)
The other thin section was coated with a thin layer of carbon and placed inside of an electron microprobe
analyzer. As part of the epidote mineral analysis, backscattered electron imaging (BSEM) was used to
capture images of the mineral and other relevant structures found within the sample. A chemical profile
of the mineral was also acquired, using natural minerals and oxides to standardize the epidote mineral.
Throughout this procedure, the chemical composition at ten sampling locations was determined, by
measuring of the K-alpha emission lines. During this analysis, an accelerating voltage of 15 kV and a
probe current of 10 nA was used.
    The chemical composition of the epidote mineral was acquired in the format of weight percent of the
metallic oxides SiO2, TiO2, Al2O3, Cr2O3, FeOt, MnO, NiO, MgO, CaO, BaO, Na2O, K2O and Cl.
Through recalculation into atoms per formula unit, the composition of cations at ten different sampling
locations was determined, see table 2. By using the values derived from the recalculation into atoms per
formula unit, the molar fraction of Al (XCzo), Fe (XEp) and Cr (XTaw) was calculated using equation 1, 2
and 3. These values were then normalized and plotted in an Al-Fe-Cr ternary phase diagram, where the
relative fractions of epidote, clinozoisite and tawmawite was determined.
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4. Results

4.1 Field observations, measurements and sampling
The study section marked in yellow, as seen in Figure 2, has a strike and dip direction of 095/90 and
contains a couple of notable structures. Firstly, this includes a fine-grained dike with a light pink
coloration. This linear structure measure 10 cm in diameter and runs diagonally up the face of the cliff.
Secondly, a section of grooves, covering an area of 55x43 cm2, can be observed at the bottom right
corner of the wall. These slickensides have a trend and plunge of 091/26, and a wavelength measuring
2-2.5 cm. Several joints and fractures are also located on this section, with fillings containing strongly
withered rock and sparse pockets of dark green euhedral crystals.
    Besides these notable structures, the vast extent of the rock wall displays a homogenous distribution
of mineral components. This includes the two most abundant rock forming minerals, quartz and feldspar.
The grains of these minerals vary in size between 1-10 mm, with most of the grains having a diameter
of 4-5 mm. The quartz grains are white to grayish, whereas the feldspar takes on the colour of light to
dark pink. In addition to these minerals, an abundance of 1-20 mm wide clusters of mica is distributed
homogeneously along the wall. Most of the clusters belong to a size fraction of between 3-6 mm and
have a dark grey coloration when observed from afar; however, closer examination of the individual
crystals, using an eye piece, reviles that the mineral is somewhat transparent and light grey to white in
colour. Further observations of the distribution of these minerals show that quartz covered an estimate
of 25% of the rock wall surface, while feldspar and mica have a similar fractional distribution of about
35% each, see Figure 3. The remaining 5% of the rock is composed of a green epidote mineral
assemblage and a few unidentified minerals.
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Figure 3. A section of the vertical rock wall from which the factional distribution of quartz, feldspar and mica was
determined. This section was also used to determining the size distribution of the grains within. Compass for scale.
The profile runs from west (left) to east (right).

    Much of the green mineral, observable in the field, is found within four isolated patches along the
wall. These sections take on a colour ranging between dark- to olive green and varies in size between 5
to 70 cm in diameter, measured across any two-given points on the patch boundaries, see Figure 4.
Several exposed cavities located within three of the green patches can also be observed. These pockets
are filled with dark green euhedral crystals, distributed across the length of the patches.
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Figure 4. Image depicting the green patch found furthest left on the studied wall section, the extent of which
reached a maximum of 70 cm across. Several pockets of a dark green mineral were found within this section. Ruler
for scale. The profile runs from west (left) to east (right).
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Figure 5. Dark green euhedral crystals growing within exposed cavities in the rock wall. The image was captured
through an eye piece (10x) and runs from west (left) to east (right).

4.2 Petrographic microscopy analysis
Observations performed on one of the thin sections (0.3 mm), using a petrographic microscope, revile
that the epidote mineral is extremely fine grained within the rock, see Figure 6. The sample displays
interference colours of the II and III order, indicated by the fluorescent blue, purple and red grains, see
Figure 6. Extinction is also visible; however, the angle cannot be determined due to the lack of visible
cleavage planes.
    Another optical property observable under PPL is relief, which can be determined to be high
compared to the resin in the thin section.
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Figure 6. Thin section (0.3 mm) images captured within a vein of the epidote mineral (Ep), using a petrographic
microscope. The left image was captured using PPL, showing a fine-grained mass with undistinguishable grain
boundaries. The right image shows the same location displayed under XPL.

Further observations of a vein of the epidote mineral, revile a sparse occurrence of larger grains of
calcite; primarily encountered close to the borders of the vein.
    The surrounding mass is composed of quartz and sericite plagioclase. In most cases the border
between the surrounding ground mass and the epidote group-mineral is sharp and clearly defined, as
seen in Figure 7. In certain location, however, the quartz and plagioclase-rich mass takes on a more
fractured appearance, see Figure 8.

Figure 7. Thin section (0.3 mm) images captured on the border between a vein of the epidote mineral (Ep), and
the surrounding mass, using a petrographic microscope. A sharp and defined boundary can be observed running
between the epidote mineral and the ground mass. The left image was captured using PPL while the right image
displays the sample under XPL.

Ep Ep

1000 µm 1000 µm

100 µm 100 µm
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Figure 8. Thin section (0.3 mm) images captured on the border between a vein of the epidote group-mineral (Ep),
and the surrounding quartz-rich mass (Qtz), using a petrographic microscope. The quartz takes on a fractured
appearance, with thin fillings of EGMs. The left image was captured using PPL while the right image displays the
sample under XPL.

4.3 Electron microprobe analysis (EMP)

4.3.1 Backscattered electron imaging (BSEM)
In the BSE images captured, the epidote mineral is shown in light grey colours, while the surrounding
bedrock takes on a dark grey colouration. Observable in Figure 9, is the division between the epidote
mineral and ground mass, marked by a sharp boarder running between the assemblages. In contrast, the
boarder is not clearly discernible in Figure 10, where the bedrock has been fractured into irregularly
shaped fragments. The lighter mineral is also seen filling up the spaces between the fragments of the
darker bedrock. Other veins of a more sedimentary composition can also be seen running continuously
across the previously mentioned veins and surrounding rock, see Figure 10.
    Within the epidote mineral vein, most of the surface maintains a relatively homogenous shade. There
are however faint differences in coloration throughout the sample, where certain sections display a
lighter shade while others show a slightly darker colouration. For more images see Appendix A.

Figure 9. An image (BSE) showing the sharp border between the epidote mineral assemblage and the surrounding
bedrock. The epidote mineral is displayed in lighter colours, while the ground mass is dark grey.

1000 µm 1000 µm



18

Figure 10. An image (BSE) showing the sharp border between the epidote mineral and the surrounding bedrock.
The epidote mineral is displayed in lighter colours, while the ground mass is dark grey.

4.4.2 Chemical analysis
The recalculated values from the chemical analysis (see Appendix B) are displayed in table 3. Out of
the ten sampling locations, sample 1 contains the lowest fraction of Fe, while sample 9 contains the
highest amount. Other notable results are observed for sample 4, which has a notable increase in silica
content, compared to the other samples.

Table 3. Table showing the recalculated content of cations, in atoms per formula unit, at ten sampling locations,
with Fex+ including both bivalent and trivalent ions of Fe.

Sample
number

Structural formula
[a.p.f.u.]

Si4+ Ti4+ Al3+ Cr3+ Fex+ Mn2+ Ni2+ Mg2+ Ca2+ Na+ SUM
1 2.957 0.005 2.295 0.001 0.699 0.002 0.000 0.000 1.933 0.000 7.891
2 2.941 0.001 2.250 0.000 0.772 0.008 0.000 0.000 1.959 0.001 7.933
3 2.940 0.054 2.095 0.003 0.891 0.007 0.000 0.005 1.960 0.000 7.956
4 3.199 0.006 1.872 0.003 0.919 0.005 0.003 0.003 1.838 0.014 7.861
5 2.982 0.004 2.049 0.001 0.962 0.014 0.000 0.006 1.972 0.000 7.989
6 2.980 0.002 2.032 0.001 1.011 0.024 0.000 0.003 1.949 0.000 8.004
7 2.951 0.008 2.247 0.003 0.750 0.006 0.000 0.004 1.945 0.006 7.920
8 2.974 0.003 1.994 0.000 1.053 0.010 0.000 0.018 1.972 0.000 8.028
9 2.991 0.002 1.919 0.000 1.128 0.008 0.001 0.000 1.997 0.002 8.049
10 2.941 0.000 2.267 0.000 0.766 0.005 0.000 0.015 1.927 0.000 7.925

    The molar fractions, calculated from the values in table 3 (see Appendix C), excepting sample 4, are
seen in the ternary phase diagram in Figure 11. All samples withhold compositions that fall within the
domain of the iron-rich end member, epidote.
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Figure 11. Ternary phase diagram of the Al-Fe-Cr solid solution series. The red dots represent the molar fractions
(XCzo, XEp, XTaw) calculated by inserting values from table 2 into equation 1, 2 and 3, excluding the results from
sample 4. (Phasediagram7, 2022). Edited by Linn Barreby.

5. Discussion

5.1 Mineral identification
As a result of the mineral being extremely fine grained, most optical properties that are usually visible
under plane polarized light (PPL) and cross-polarized light (XPL) such as crystal habit, cleavage,
pleochroism, extinction angle, optic axis- and sign were undistinguishable. An exception to this was the
observation made of the interference colours of the sample under XPL. By considering this optical
property, it was theorized that the Al and REE rich minerals clinozoisite, zoisite and allanite were not
present in the sample; at least not in large quantities. This was supported by the fact that the high II and
III order interference colours visible, usually indicate the presence of the Fe-rich member epidote or the
Mn-rich mineral piemontite. However, since all the colours observed under XPL, such as blue, red,
purple and green, still have the possibility of occurring anonymously in other epidote minerals described
in table 1 and 2, the Al- and REE rich members could not be dismissed entirely.
    Because of the grain size, further observations could not be made to determine the minerology more
accurately. Despite the fact that relief could be distinguished to a certain degree, it could not provide
more insight into the minerology of the sample, other than confirming that it matched the optical
property of all the epidote minerals described in table 1 and 2.
    More conclusive evidence suggesting an Fe-rich composition was instead gathered from the chemical
analysis. Already in the stage of processing the raw chemical data from the EMP analysis,
it became clear that the epidote mineral contained large quantities of Al and Fe. Recalculations of the
chemical composition, to atoms per formula unit, further showed that out of the cations that normally
fill the three M-vacancies, Fex+ and Al3+ constituted the majority in all ten samples. While traces of other
cations, not including Si and Ca, were detected, they did not constitute any significant fraction of the
composition. This was further illustrated by the Al-Fe-Cr ternary phase diagram, where data from nine
out of the ten sampling locations was included.
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    From the distribution of calculated molar fractions within the diagram, it can be determined that all
samples have compositions that fall within the Al-Fe solid solution series. Furthermore, there are notable
compositional differences between the sampling locations, distinguished by two distinct clusters. The
upper of these groupings, which contains five of the sampling locations, have an Fe-composition ranging
between 89-95%, while the other cluster has an Fe - content of 69-76%. From these results, it has been
determined that the epidote mineral consists of the Fe-rich member epidote, belonging to the monoclinic
crystallographic system.
    While the chemical composition at all locations fell within the domain of epidote, the difference in
composition between the clusters indicate that the mineral is zoned to some extent. Proof of this could
arguably be derived from observations made on the BSE images, where the epidote displayed lighter
and darker areas, indicating the occurrence of chemical variations across the surface. However, since
these differences were almost indistinguishable, it also suggests that the zoning is faint.

5.2 Lithology of the bedrock
By compiling the results from the field work and the general lithology described in the report
Beskrivning till berggrundskartan 11I Uppsala NV, it can be concluded that the bedrock has a
composition matching that of granodiorite, and that it most likely originated from the early stages of the
svecokarelian orogeny. Field observations of the fractional distribution of quartz (25%) and feldspar
(35%) combined with the low content of alkali feldspar supports this classification, although a higher
content of plagioclase would have been expected.
    The high content of mica, however, is not associated with granodiorite and might therefor be the result
of an alteration of the rock. It is likely that a majority of the mica was formed from plagioclase, due to
the discovery of sericitized plagioclase during the petrographic microscopy analysis. This supports the
conclusion that SGU drew for the area, where the regional rock was classified as a meta-volcanic
granitoid. It would also suggest that the content of plagioclase was higher before the alteration, moving
the mineralogical profile of the rock further into the domain of granodiorite.

5.3 Alteration and replacement reactions
Considering the signs of sericitization in the plagioclase during the petrographic microscopy, in
combination with the fact that plagioclase and also biotite would have been readily available in the
protolith, it is highly likely that saussuritization of plagioclase is an alteration process that occurred in
the rock, at the location of study. This would also be supported by the chemical composition of the
epidote formed, since according to (Ferry 1979), saussuritization usually produces epidote mineral
assemblages with compositions belonging to the Al-Fe solid solution series.
    The P-T conditions necessary for such an alteration to occur would also have been satisfied during
the cooling stage of the Svecokarelian orogeny, 1850-1800 Ga. After the peak of the mountain building
process, the local max temperature of 650oC would have declined, until temperatures under 400oC were
reached. This would have initiated a phase of retrograde metamorphism in the rock, and would also have
placed the Ca-rich anorthite outside of its´ field of stability, thus enabling saussuritization to occur, given
that the oxygen fugacity was sufficiently high. This theory is further supported by the high quantity of
sericite mica found in the rock-wall during the field work. Since these quantities, as previously
mentioned, are not associated with unaltered granodiorite, its´ occurrence could be linked to the
saussuritization process.
    Another observation, which might also be the result of saussuritization, is the pink hue of the feldspar
found in the rock wall of study. This colour could likely be the result of the production of albite, since
the Na-rich mineral often takes on a reddish-pink hue, in contrast to anorthite which more commonly
occurs as white to pale grey.
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5.4 Fluid migration and rock-fluid interactions
The BSE images captured illustrates the distinguished boarder between the epidote mineral and the
surrounding mass. As seen in Figure 9, the epidote mineral traces the boarder of the vein in an almost
straight line; only rarely showing signs of fracturing and irregularities. This was the trend throughout
most of the thin section surface, which would suggest that the majority of fluid transport took place via
channelized flow. This is supported by the occurrence of large areas of bedrock outside of the vein, that
do not display signs of epidotization; rather it seems that most of the groundmass that was affected by
fluid interactions, is located in the immediate proximity of the vein borders.
    In a few areas, however, a display of thin fractures can be seen branching out from the main epidote
vein and infiltrating the surrounding rock. This mode of transport forms a network-like system of angular
bedrock fragments and infiltrating epidote veins, which could be speculated to be the result of
hydrofracturing. Regardless of the physical or chemical process responsible for the formation of
fractures, however, it is clear that while most fluids migrated through channelized flow, a smaller
volume would also have traveled by pervasive flow.
    To which extent these conclusions can be extrapolated to the fluid transport in the rest of the rock
wall, or region as a whole is debatable. A clear indicator though, that larger volumes of fluids were
circulating in open fracture systems along the rest of the rock wall, are the large green patches of epidote
mineralizations found on the location of study, see Figure 2 and 4. The crystallization of epidote in such
high concentrations, can be attributed to ion-rich fluid flow, where every chemical component of epidote
must have been present. The epidote would then have precipitated from the solution and onto joint
surfaces, where a continual growth would have occurred to fill the available spaces. This theory of direct
precipitation of minerals from the liquid phase is supported by (Morad et al., 2010), and is likely the
origin of the isolated pockets of euhedral epidote crystals, found within the larger patches, see Figure 3.
    As suggested by the concentrated mineralizations of epidote found along the wall, in addition to the
vein of epidote observed during the optic microscopy and BSEM, the epidote at the location of study
would therefore not have originated from the epidotization of plagioclase alone, but also from the direct
precipitation of the mineral from the fluids circulating in the fracture system. The enrichment of Fe-ions
might, however, partly be attributed to the saussuritization process, since it produces a surplus of Fe-
ions. These ions could then be incorporated in the surrounding fluids and thereby contributing to a
favorable chemical environment for epidote to precipitate.
    A final notable observation about the fluid activity, related to the zoning discovered in the epidote,
was made during the BSEM and EMP analysis. The very faint differences in shade and the not drastically
differing chemical variations within the mineral, suggest that the epidote found within this sample was
produced during a single pulse of fluid flow. If later stages of fluid activity occurred, it would have been
expected to produce larger variations in the chemical composition of the mineral.

5.5 Sources of error and possible improvements
An important notions to state about the accuracy of the conclusions in this report, is that they were drawn
under the influence of several potential sources of error, which likely had an effect on the final outcome
of the results. This includes, for instance, the assumption that the sample collected for study serves as
an accurate representation of the entire rock wall. It is entirely possible that this fist sized rock, display
characteristics that are not quantifiable to the surrounding wall. The consequence of this would be that
any conclusions drawn about the general fashion of fluid transport at the location of study, could be an
inaccurate extrapolation of the results gathered from a single sample.
    Furthermore, since the rock collected for the laboratory analysis was not gathered from the rock wall
itself, but instead from a small rock assumed to previously have fallen from the wall, it cannot with a
100% certainty be stated that it originates from the study section marked in yellow, see Figure 2. The
high degree of epidotization in the sample rock, matching that of the rock wall as shown in Figure 4,
would, however, render it very unlikely that the sample did not originate from the cliff.
    As a result of the method of collecting the sample, the rock itself would also likely be more affected
by withering that the wall itself, since the sample surfaces have been exposed to the elements to a higher
degree than any volume of rock situated within the cliff.
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    To minimise these sources of error, several samples could be collected along the extent of the cliff,
ideally gathered directly from the rock wall itself. For this to be done, however, special permissions
would have to be acquired.
    Lastly, there were also sources off error present during the EMP analysis. For instance, the chemical
composition acquired for sample location 4, was not included in the final calculations of the molar
fractions of Al, Fe and Cr. The reason for this was the exceedingly high silica content in the sample,
compared to at the other nine locations. This could be the result of a quartz inclusion and was therefore
deemed as an outlier in the data, exempting it from inclusion in the final calculations.
    This resulted in final calculations and identifications based on nine sampling locations. While this
number was sufficient in displaying a clustering of two differing chemical compositions within the
mineral, a greater number of sampling locations could provide even more accurate accounts of the
distribution of chemical variations within the epidote.
    For the chemical composition of Fe-ions within the mineral, bivalent and trivalent Fe were not
distinguished from each other. This leads to uncertainties regarding the true number of inclusions of
each type of Fe-ion at the M-vacancies; however, this was determined to not greatly impact the final
results.

5.6 Future research
Potential topics of further research, highlighted by this project, would be to determine the cause of the
fracturing of the bedrock, situated in the proximity of the fluid flow. The results showcased in this report
would suggest that hydrofracturing might have occurred; however, further research is needed to
conclusively determination the cause.
    Another interesting topic of study would be to investigate if any signs of later fluid activity can be
detected in the region. During this project, the faint zoning discovered would suggest that the epidote
formed during a single pulse of fluid activity; however, further evidence of this would need to be
collected.

6. Conclusion
In conclusion, the green mineralization on the rock wall was determined to be Fe-rich epidote, displaying
signs of faint zoning only made apprehend during the chemical analysis. This mineral was situated in a
metaigneous rock, classified as granodiorite, which formed during the early stages of the Svecokarelian
orogeny. As the plagioclase-rich rock underwent retrograde metamorphism, during the cooling phase of
this mountain building event, the P-T conditions changed sufficiently to allow the process of
saussuritization to transpire. This effectively altered the anorthite and biotite in the granodiorite, into
albite, sericite mica and epidote; mineral assemblages which were stable under the new P-T conditions.
This reaction also produced a surplus of Fe-irons, which could have been incorporated in surrounding
fluids that were migrating through the area. This would in turn contribute to an Fe-rich composition of
the fluids, resulting in more favorable conditions for Fe-rich epidote to precipitate directly from the
liquid phase onto the fracture surfaces.
    The main fashion of transport for these fluids was via channelized flow, through open systems of
fractures within the bedrock. There were however instances of pervasive flow, which would have
increased the contact area between the fluid and surrounding rock, thus increasing the amount of rock-
fluid interactions and alteration of the protolith.
    These results were derived from a single sample, rendering any quantification of the conclusions to
the rest of the rock wall or region as a whole, debatable. For more conclusive determinations of the
transportation of fluids and rock-fluid interactions in this region of Hågadalen, further research is
needed.
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Appendix A: Images from the BSEM.
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Appendix B: Raw chemical data from the EMP analysis.

Raw analysis
[wt %]
SiO2 TiO2 Al2O3 Cr2O3 FeOx MnO NiO
38.250 0.078 25.190 0.017 10.810 0.025 0.002
37.820 0.014 24.550 0.000 11.870 0.127 0.000
37.460 0.919 22.650 0.042 13.570 0.102 0.000
41.950 0.100 20.830 0.042 14.410 0.072 0.046
37.460 0.065 21.840 0.016 14.450 0.204 0.000
37.250 0.026 21.550 0.016 15.110 0.350 0.000
38.340 0.132 24.770 0.047 11.650 0.088 0.000
37.030 0.051 21.070 0.000 15.670 0.143 0.000
37.170 0.035 20.240 0.000 16.760 0.122 0.016
37.640 0.007 24.620 0.000 11.720 0.072 0.000

Raw analysis
[wt %]

MgO CaO BaO Na2O K2O Cl
0.002 23.340 0.000 0.000 0.008 0.000
0.000 23.520 0.000 0.003 0.017 0.015
0.040 23.310 0.010 0.000 0.002 0.005
0.030 22.490 0.000 0.098 0.000 0.032
0.047 23.120 0.026 0.000 0.000 0.005
0.026 22.740 0.000 0.000 0.032 0.000
0.034 23.590 0.000 0.041 0.017 0.006
0.146 22.920 0.010 0.000 0.037 0.000
0.000 23.170 0.017 0.011 0.000 0.000
0.128 23.020 0.026 0.000 0.031 0.011
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Appendix C: Recalculated data from the EMP chemical analysis.

Sample
number

XEp XCzo XTaw SUM

1 0.70 0.28 0.00 0.99
2 0.76 0.29 0.00 1.05
3 0.90 0.07 0.00 0.98
4 1.16 -0.65 0.00 0.51
5 0.95 0.07 0.00 1.02
6 0.97 0.12 0.00 1.08
7 0.75 0.25 0.00 1.00
8 1.01 0.08 0.00 1.09
9 1.08 0.01 0.00 1.09
10 0.74 0.33 0.00 1.07

Sample
number

Normalized molar fractions

1 0.712 0.288
2 0.721 0.279
3 0.925 0.075
4 2.272 -1.272
5 0.930 0.070
6 0.894 0.106
7 0.754 0.246
8 0.923 0.077
9 0.992 0.008
10 0.691 0.309
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