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Abstract
Replacement reactions occur during metamorphism and metasomatism in response to changes in pressure, temperature and 
bulk rock and fluid compositions. To interpret the changes in conditions, it is necessary to understand what phases have 
previously been present in the rocks. During fluid-mediated replacement, the crystallography of the replacement phases is 
often controlled by the parent reactant phase. However, excessive fluid fluxing can also lead to extreme element mobility. 
Titanium is not mobile under a wide range of fluid compositions and so titanium-bearing phases present an opportunity to 
interpret conditions from the most extreme alteration. We map orientation relationships between titanium-bearing phases 
from ore deposits using EBSD and use symmetry arguments and existing relationships to show that completely consumed 
phases can be inferred in ore deposits.
An ilmenite single crystal from Junction gold deposit is replaced by titanite, rutile and dolomite. The rutile has the following 
well-documented orientation relationship to the ilmenite
[0001]ilmenite // < 100 > rutile and < 101̄0 > ilmenite // [001]rutile
The anatase is a single crystal and shows a potential orientation relationship
[0001]ilmenite = (0001)ilmenite // {211}anatase and < 101̄0 > ilmenite // < 01̄1 > anatase
The single crystal orientation and lack of symmetrical equivalent variants suggest nucleation dominates the anatase pro-
duction. Dolomite grew epitaxially on the ilmenite despite only sharing oxygen atoms suggesting the surface structure is 
important in dolomite nucleation.
Titanite partially replaced ilmenite during metasomatism at Plutonic gold deposit. The titanite orientation is weakly related 
to the ilmenite orientation by the following relationship:
[0001]ilmenite // < 100 > titanite and { 101̄0}ilmenite // (001)titanite
The prevalence of subgrain boundaries in the titanite suggests multiple nucleation points on an already deformed ilmenite 
needle leading to the formation of substructure in the absence of deformation.
Existing known topotaxial replacement relationship can be used to infer completely replaced phases using the misorientation 
distributions of the replacement polycrystals. Orientation modelling for a cubic phase replaced by rutile in a sample from 
Productora tourmaline breccia complex shows misorientation distributions consistent with
 < 001 > Rutile // < 110 > cubic and < 100 > Rutile // < 111 > cubic
Combining this with volume constraints and assuming Ti is immobile, the composition of the cubic phase is constrained as 
titanomagnetite with 85% ulvospinel. Complex microstructures with domanial preferred orientations can also be used to docu-
ment the microstructure of replaced phases. An aggregate of rutile grains with two parts that share a common < 100 > axis 
is interpreted as having replaced a twinned ilmenite grain. Modelling shows that the misorientation distribution for the 
aggregate is consistent with the above relationship replacing ilmenite with a { 101̄2 } twin.

Keywords  Rutile · Ilmenite · Titanite · EBSD · Replacement · Pseudomorph

Introduction

Geological environments that undergo protracted meta-
morphic or metasomatic histories frequently contain mul-
tiple stages of mineral replacement. In partially reacted 
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rocks, the phase history can be reconstructed by examining 
the disequilibrium-phase relationships (Schouten 1946), 
but as overprinting becomes more complete, the miner-
alogical evolution becomes obscured. It may be possible 
to infer the former presence of a phase where replace-
ment is pseudomorphic and the phase being replaced has 
a diagnostic shape (e.g., dolomite rhombs or icosohedral 
garnets). Where the replacement is isochemical or has 
a limited number of mobile components (Korzhinskii 
1965), examining the composition of the pseudomorph 
adds another line of evidence to deciphering the long-lost 
phases (Lindgren 1912). Further evidence for replaced 
phases comes from knowing the crystallographic corre-
spondence between the replacing phase and the candidate 
original phases. Titanium is generally considered to be 
immobile (MacLean and Kranidiotis 1987) over significant 
length-scales (a few cm perpendicular to, and < 10 m par-
allel to veins; Van Baalen 1993) under crustal conditions 
due to high charge and small ionic radius, and is relatively 
abundant compared to other high field strength elements. 
In highly metasomatised systems, Ti-bearing minerals are 
likely to be present even when many of the other compo-
nents have been completely stripped from the rock. In this 
contribution, we examine how crystallographic relation-
ships between grains of Ti-bearing minerals can be used 
to reconstruct the former presence of different phases that, 
when used with thermodynamic models of metamorphism 
and fluid flow, can constrain the pressure–temperature-
bulk composition evolution of the rocks.

Whilst the role of contemporaneous dissolution and 
re-precipitation reactions has been discussed for over 
100 years (Lindgren 1912), recent experimental studies 
have led to a greater understanding of mineral replace-
ment mechanisms especially in fluid-dominated systems 
(see Putnis 2009 and references therein). Numerous model 
systems have been investigated with the following gener-
alised outcomes:

(1)	 Replacement is effective where the common ion effect 
links the dissolving and replacing phase. For example, 
where calcite is replaced by apatite, as calcite dissolves 
the increased concentration of Ca ions at the reaction 
interface causes the precipitation of apatite in the pres-
ence of dissolved phosphate (Kasioptas et al. 2008).

(2)	 Coupling of these reactions and the crystallography 
of the dissolving and precipitating phases is achieved 
when the dissolution is the rate-limiting step. The rela-
tive rates of these processes are controlled by tempera-
ture, fluid chemistry and pH (Xia et al. 2009a, b).

(3)	 The volume of the replacement phase is a function of 
not only the molar volume change for the reaction but 
also the relative solubilities of the dissolving and pre-
cipitating phases (Pollok et al. 2011).

Several of these studies have examined the crystallo-
graphic orientation relationships between the reactant and 
product phases such that crystallographic planes or direc-
tions in the product correspond to specific planes or direc-
tions in the reactant. For a range of different pairs of phases, 
where the two phases share symmetry elements, then these 
often control the crystallography of the new phase (Xia et al. 
2009a; Pearce et al. 2013; Etschmann et al. 2014). Even 
when the symmetry relationships are not fully replicated, 
the crystallographic structure of the old phase can influence 
the new one as in the case of analcime replacing leucite (Xia 
et al. 2009b). During this reaction, the twin morphology 
of the original leucite is maintained by nanoarrays of anal-
cime crystals. Similar symmetry is not the only condition 
that must be satisfied. If the mismatch between the reactant 
and product lattices is too large, as is the case during the 
sulphidation of magnetite to pyrite (Qian et al. 2010) or the 
precipitation step is rate-limiting, then the crystallography 
becomes de-coupled. In the case of calcite reacting to apa-
tite, a preferred orientation is generated but it is related to 
the reaction front mobility rather than underlying crystal-
lographic replacement (Kasioptas et al. 2011).

Crystallographic correspondence between reactants and 
products is well established for many solid-state reactions 
and phase transformations (e.g. Hackenberg 2012 pp. 6–7). 
Temperature-controlled phase changes in metals are used 
to control grain’s size and shape distributions and achieve 
desired properties in engineered materials. Knowing the 
relationships between the reactant and product means that 
theoretical relationships between different grains of product 
phase can be determined. For high symmetry materials (e.g. 
cubic metals), each orientation relationship has numerous 
symmetric equivalents (Barbosa and Lagoeiro 2010) result-
ing in many pairs of possible product orientations. The exact 
numbers involved will depend on the symmetries of the reac-
tant, product and the relationship itself. Once understood, 
these modelled relationships can then be used to infer the 
presence and quantify the reactant microstructure (Cayron 
2007; Cayron et al. 2010) even if it is completely consumed, 
thereby provide a powerful tool to interrogate a material’s 
history (Timms et al. 2017; Erickson et al. 2019). For exam-
ple, knowledge of orientation relationships between zircon 
and its high-pressure polymorph, reidite (Leroux et al. 1999; 
Cavosie et al. 2015), can be used to infer that reidite was 
present and has recrystallised during extreme shock meta-
morphism associated with a meteorite impact based on the 
relationships observed in clusters of zircon granules where 
no zircon is preserved (Cavosie et al. 2016). For lower sym-
metry materials, the orientation relationships between reac-
tant and product minerals may be less numerous or even 
unique. Even so, understanding the geometric implications 
of these reactions can affect the interpretation of rock micro-
structures. McNamara et al. (2012) showed that topotaxial 
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replacement of high-pressure pyroxenes with a preferred ori-
entation by amphiboles during eclogite exhumation meant 
that the amphiboles inherited this preferred orientation. 
Interpreting the amphibole preferred orientation as a result 
of crystal plasticity during dynamic exhumation rather than 
a static overprint leads to an erroneous conclusion about 
continental collision geodynamics.

In this study, we will apply the idea of deciphering the 
mineralogical evolution using inherited crystallography, or 
‘phase heritage’ (Timms et al. 2017), to mineralised rocks 
in highly metasomatised environments. We will focus on Ti-
bearing minerals because, as discussed above, Ti is relatively 
immobile under crustal conditions but relatively abundant 
in many different rock types. Titanium-bearing minerals, in 
particular rutile and titanite, can accommodate a number of 
substitutions of important elements used in mineral explora-
tion and distinguish mineralised from unmineralised rocks 
in orogenic gold systems (Scott et al. 2011; Plavsa et al. 
2018; Agangi et al. 2019). More widely, the stability of the 
Ti-phase ilmenite, rutile and titanite (along with the meta-
stable TiO2 polymorphs brookite and anatase) can be used 
to interpret conditions, such as temperature, pH and meta-
somatizing fluid chemistry (Angiboust and Harlov 2017 and 
references therein). The different polymorphs of TiO2 have 
different affinities for trace elements (Triebold et al. 2011) 
that are routinely used to interpret geological history (e.g. 
Nb in rutile; Ryerson and Watson 1987). Although these 
interpretations remain contentious because geochemical 
proxies cannot be verified by direct observation (Baier et al. 
2008), knowledge of how trace element host phases evolve 
during geologic processes will exert a first-order control on 
the ultimate trace element patterns in rocks. The usefulness 
of Ti-bearing phases will be extended further into the mantle 
and extreme environments like meteorite impacts as more is 
learnt about the high-pressure TiO2 polymorphs, Akaogiite 
(Goresy et al. 2010) and α-PbO2 structured TiO2 (Hwang 
et al. 2000).

Methods

A number of methods exist to measure crystallographic 
orientation but the most common are based on diffraction 
of electrons, X-rays or neutrons. Studies of twin formation 
and exsolution, which seek to quantify orientation rela-
tionships precisely, use transmission electron microscope 
(TEM)-based imaging and electron diffraction to measure 
the orientations of the adjacent crystals whilst also imaging 
the interface (Wang et al. 1990; Rečnik et al. 2015). Elec-
tron backscatter diffraction (EBSD) in the scanning electron 
microscope (SEM) is used to measure the crystallographic 
orientation across a much larger field of view than is possi-
ble in a TEM and can provide orientation relationships from 

a statistically representative number of grains but without 
the precision of a TEM. In this study, the Ti-bearing-phase 
orientations are measured using EBSD. Measurements from 
adjacent pixels are used to quantify orientation relationships 
in detail whilst bulk data are obtained from the EBSD maps.

Electron backscatter diffraction

Electron backscatter diffraction is used to measure the orien-
tation of crystalline materials. Maps of orientation variation 
are constructed by recording a grid of points (Prior et al. 
1999) with a typical spatial resolution of ~ 60 nm. Kikuchi 
diffraction patterns, which result from diffraction of the 
incident electron beam according to the Bragg equation, are 
imaged on a phosphor screen by a low-light charge-coupled 
device (CCD) camera or complementary metal-oxide-
semiconductor (CMOS) sensor. These patterns are indexed 
against a user-defined library of possible phases to give the 
orientation of that point and the corresponding phase. Phases 
with similar crystallography but different chemistry (e.g. 
pyrite and gold) produce similar but subtly different diffrac-
tion patterns that can be challenging to discriminate during 
fast automated acquisition. In this case, contemporaneous 
energy-dispersive X-ray (EDX) spectra can also be used to 
discriminate between the phases while maintaining fast data 
acquisition speed.

In this study, the EBSD datasets were collected using 
a Zeiss UltraPlus field emission gun SEM equipped with 
a Bruker e−Flash HR EBSD detector and a Bruker xFlash 
EDX detector both controlled using Bruker Esprit v2.1. 
The SEM was operated at 20 keV accelerating voltage and 
12.1 nA beam current for all maps. The step sizes between 
measurements were chosen to depict the microstructures of 
interest and the dwell times, the time to collect a single dif-
fraction pattern, were varied to give good results for different 
phases. These parameters are shown in Table 1. Orientation 
and phase data were exported as ASCII Channel text files 
(.ctf) and processed using EBSDInterp v.1 (Pearce 2015a, 
b) to interpolate missing measurements using microstruc-
tural constraints to avoid artefacts (Prior et al. 2009; Pearce 
2015b). The processed datasets were imported into Oxford 
Instruments-HKL CHANNEL5 (service pack 10) to analyse 
the maps and orientation data. EBSD can distinguish all the 
polymorphs of TiO2 because they have sufficiently distinct 
unit cells. The unit cells data used for the EBSD mapping 
are shown in Table 1.

EBSD data presentation

EBSD datasets can be presented as a bulk measure of crys-
tallographic preferred orientation (CPO) or maps to analyse 
spatial variations in crystallographic orientation. Bulk data are 
presented as pole figures, equal area stereograms, where each 
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point represents a measurement. A pole figure is presented 
for each crystallographic axis or pole to plane that aggregates 
all the measurements from a set or subset of data. For large 
datasets, the density of data points is contoured, using an opti-
mised de la Vallee Poussin kernel (Schaeben 1997) computed 
by MTEX (Bachmann et al. 2010), and the contour values are 
multiples of a uniform (random) distribution that show semi-
quantitatively how clustered the data are. Contoured data are 
presented using the perceptually uniform colourmap, davos 
(Crameri 2018). These colourmaps do not emphasise particu-
lar intervals of contours and therefore provide the viewer with 
a fairer comparison of cluster size (in this case the angular 
variation) between different datasets (see Crameri et al. 2020 
for a recent discussion). In the spatial data, grains are defined 
by changes in orientation between pixels that are larger than a 
threshold value, typically 10°. Within a given grain, the orien-
tation variation between points records the intra-granular lat-
tice bending accommodated by crystal plasticity (Lloyd et al. 
1997; Prior et al. 2002) and/or microfracturing (Vernooij et al. 
2006). Relationships between grains can be used to interpret 
the activation of processes, such as dynamic recrystallization 
(Halfpenny et al. 2006), twinning (Bestmann and Prior 2003) 
and topotaxial replacement (Pearce et al. 2013).

Crystallographic notation

Standard crystallographic notation for Miller (phases in 
crystal systems other than trigonal) and Miller-Bravais 

(trigonal phases, based on a hexagonal unit cell) indices is 
used throughout this paper. Single-zone axes (directions) 
are denoted by square brackets []; symmetrically equiva-
lent groups of zone axes are denoted using triangular brack-
ets <  > ; single planes (shown on pole figures as poles to 
planes) are denoted by parentheses (); symmetrically equiva-
lent groups of planes are shown as curly braces {}. For high 
symmetry phases (e.g. cubic), pole figures contain multiple 
planes/zone axes because there are many symmetric equiva-
lents. With decreasing symmetry, the number of zone axes/
pole in a group decreases such that in, for example, mono-
clinic crystals, the maximum number of symmetrical equiva-
lent directions any group contains is 2. Another important 
point to note is that in high symmetry materials, some (or 
all) directions are perpendicular to the plane with the equiv-
alent indices, e.g. < 111 > is perpendicular to {111}. With 
decreasing symmetry, this is generally not true and so care 
must be paid to whether poles to planes or zone axes are 
being plotted as they are not interchangeable.

Orientation definitions

Crystallographic orientations are defined in EBSD datasets 
as a rotation of the crystal relative to the sample. The rota-
tions are expressed using two sets of Cartesian co-ordinate 
systems, the sample co-ordinate system aligned with the 
horizontal and vertical edges of the map and the sample 
surface normal, X, Y, and Z, respectively, and the crystal 

Table 1   EBSD map step size and unit cells used for the different datasets analysed in this paper

Figure Step size (nm) Phase Crystal system Laue class a (Å) b (Å) c (Å) α (°) β (°) γ (°)

1 490 Rutile Tetragonal 4/mmm 4.6 4.6 3.0 90 90 90
Mg-Calcite Trigonal 3̄ m 5.0 5.0 17.0 90 90 120
Anatase Tetragonal 4/mmm 3.8 3.8 9.5 90 90 90
Ilmenite Trigonal 3̄ m 5.1 5.1 14.0 90 90 120
Quartz Trigonal 3̄ m 4.9 4.9 5.4 90 90 120

2 806 Ilmenite Trigonal 3̄ m 5.1 5.1 14.0 90 90 120
Titanite Monoclinic 2/m 6.5 8.7 7.1 90 113.9 90
Quartz Trigonal 3̄ m 4.9 4.9 5.4 90 90 120

3 239 Rutile Tetragonal 4/mmm 4.6 4.6 3.0 90 90 90
Quartz Trigonal 3̄ m 4.9 4.9 5.4 90 90 120
Glauconite (Muscovite) Monoclinic 2/m 5.3 9.1 10.2 90 78.9 90
Sanidine (K-feldspar) Monoclinic 2/m 8.7 13.0 7.2 90 64.27 90

6 184 Pyrite Cubic m3̄ 5.3 5.3 5.3 90 90 90
Rutile Tetragonal 4/mmm 4.6 4.6 3.0 90 90 90
Schorl Trigonal 3̄ m 16.0 16.0 7.2 90 90 120
Quartz Trigonal 3̄ m 4.9 4.9 5.4 90 90 120
Muscovite Monoclinic 2/m 5.2 9.0 20.1 90 95.8 90
Chalcopyrite Cubic m3m 5.2 5.2 5.2 90 90 90
Sanidine (K-feldspar) Monoclinic 2/m 8.6 13.0 7.2 90 116 90



Contributions to Mineralogy and Petrology (2021) 176:21	

1 3

Page 5 of 18  21

co-ordinate system aligned with the principle crystal direc-
tions Xi, Yi and Zi. For crystal systems with non-orthonormal 
principle crystallographic directions (monoclinic, triclinic, 
trigonal), not all the principle directions can be parallel to 
the orthonormal co-ordinate systems axes, so a relationship 
between the two reference frames (crystal axes and crys-
tal co-ordinates) must follow a predefined convention. This 
study follows the convention adopted by the CHANNEL5 
software that [001] is parallel to Z and the reciprocal-space 
a* axis (the normal to the plane containing the b and c crys-
tal axes) is parallel to X. This common definition of the rela-
tionship between the crystallographic axes and the crystal 
orthonormal basis vectors means that it is possible to define 
relationships between crystals of different Laue classes by 
defining the rotation that maps one co-ordinate system into 
the other. For example, if during a reaction, a cubic mineral 
is replaced by a monoclinic one with the relationship,

[001]cubic // [001]monoclinic and (110)cubic // (100)monoclinic.
then this relationship can be thought of as a 45° rota-

tion around the c-axis of the monoclinic phase to transform 
it from the reference orientation into the orientation of 
the cubic phase. This concept of calculating the rotations 
between two reference orientations both aligned with ortho-
normal crystal co-ordinate systems forms the basis of 3D 
misorientation space analysis (Krakow et al. 2017) as dis-
cussed below. The calculations here are implemented using 
the open-source Matlab toolbox software MTEX (Bachmann 
et al. 2010) and so the rotation conventions used are those 
that are adopted by MTEX:

1)	 Rotations are defined as positive anti-clockwise around 
an axis looking down the axis towards the origin

2)	 Rotations are defined as mapping the crystal reference 
frame into the sample reference frame

Rotations can be defined as rotation axis-angle pairs, rotation 
matrices, quaternions, or sets of Euler angles, which are the 
angular rotations around a sequence of axes defined by con-
vention (Cho et al. 2005). The data can be converted between 
these definitions using equations, such as those presented by 
Cho et al. (2005) summarising the results of Bunge (1982, pp. 
19–22) and Humbert et al. (1996). In this study, the rotation 
calculations are presented as matrix operations because this 
makes the problems tractable with relatively simple linear 
algebra although the MTEX implementation uses the quater-
nion equivalents. Data are discussed as axis-angle pairs, which 
describe the rotation of one crystal around a particular axis, 
defined in the crystal reference frame, by a specified angle to 
bring it into coincidence with a second crystal. This description 
is used because this form of rotation definition allows the key 
crystallographic elements to be more easily defined (as they are 
often low-index directions and planes) and is often more intui-
tive when thinking about minerals of different crystal systems.

Misorientations

The most commonly used description of intergranular rela-
tionships in the Earth sciences is misorientation, which 
describes the transformation from one orientation to another 
in terms of a rotation by a given angle about a rotation axis 
that is defined either in the crystal reference frame or the 
sample reference frame (Mainprice et al. 1993). The rotation 
axis is, by definition, the axis of zero displacement during 
the rotation operation and therefore remains in the same ori-
entation in both sample and crystal reference frames. Due to 
crystal symmetry, each pair of orientations can, in general, 
be described by more than one rotation. The disorientation 
convention (Mackenzie and Thomson 1957) is used to select 
the misorientation from the set of misorientations that has 
the lowest rotation angle. Misorientations between pairs of 
measurements in a map can be compiled into a misorienta-
tion distribution histogram (Pospiech et al. 1986). The pairs 
are chosen as adjacent pixels or randomly selected pairs of 
measurements from anywhere within the map. Adjacent or 
neighbour pair distributions are influenced by processes that 
cause alignment of adjacent grains whereas the random pair 
distributions describe the whole aggregate (Wheeler et al. 
2001). To account for variations in boundary topology and 
grain size, EBSD maps presented here have been subsam-
pled as one pair of points per grain boundary before being 
presented in the misorientation distribution plots.

An alternative visualisation of misorientation distribu-
tions, the misorientation space that examines both rota-
tion axis and angle but neglects relative intensity within 
a distribution was proposed by Krakow et al (2017). The 
authors’ treatment of misorientation data is to construct 
a fundamental region within which bounds all possible 
disorientations between two crystals of potentially differ-
ent Laue class. The disorientations are calculated assum-
ing a reference orientation, which in this case follows the 
convention outlined above (c-axis // Z, a*-axis parallel to 
x) for all Laue classes. Misorientations are visualised as 
vectors where the orientation is the rotation axis and the 
length is proportional to the misorientation angle. Multi-
ple misorientations are visualised by plotting a single dot 
whose polar co-ordinates (direction and length) represent 
a single misorientation. Clouds of dots represent clusters 
of similar misorientations (analogous to peaks in the mis-
orientation angle distribution) both in angle and axis and 
the spread is a measure of how ‘specific’ or ‘dispersed’ 
the crystallographic orientation relationship is (Habler and 
Griffiths 2017). Rotational relationships will be oriented 
along lines in misorientation space. This representation is 
used below to compare predicted maxima in misorienta-
tion distributions with experimental results. The predicted 
maxima are specific orientation relationships and therefore 
show no spread.
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Data and Matlab scripts for use with MTEX to reproduce 
the figures in this paper can be downloaded from the CSIRO 
Data Repository (Pearce 2020).

Case study results

The reaction microstructures involving Ti-bearing phases 
presented here are taken from three different ore depos-
its. Each of these deposits is briefly described in turn to 
give context to the microstructural data that are presented 
subsequently.

Ilmenite breakdown, Junction Gold Mine, 
Kambalda, Western Australia

The Junction gold deposit is an Archean greenstone hosted 
gold deposit hosted in the Junction dolerite sill in the St 
Ives camp near Kambalda. The host rocks exhibit igneous 
differentiation with the majority of the gold hosted in the 
Fe- and Ti–rich parts of the sill (Carey 1994). The Junction 
dolerite is chemically similar to the Condenser and Golden 
Mile dolerites, both of which host large gold deposits. Fluid 
flow through the Junction dolerite was promoted by frac-
tures associated with the Junction shear zone, a splay of the 
nearby Boulder-Lefroy fault, and syn-mineralisation veins 
are associated with a mineralogically zoned alteration halo 
that exhibits evidence for multiple stages of mineral replace-
ment reactions during progressive fluid–rock interaction.

With increasing alteration intensity, the metamorphic 
assemblage of amphibole, albite, epidote, chlorite and quartz 
is replaced by increasing amounts of biotite and chlorite, and 
there is a significant increase in pyrrhotite and carbonate 
minerals. In igneous zone 3, the zone most enriched in Fe 
and Ti, igneous titanomagnetite is replaced by ilmenite and 
magnetite probably during oxidation and cooling of the sill 
(Polito et al. 2001). These have in turn been replaced by pyr-
rhotite ± pyrite in the most altered parts of the system. The 
sample examined here is taken from igneous zone 3 (sample 
250 of Polito et al. 2001; see their Fig. 3) and contains an 
alteration assemblage biotite, chlorite, calcite, albite, ilmen-
ite and pyrrhotite. Late-stage fluid flow associated with gold 
mineralisation (Pearce et al. 2015) has led to Fe mobility 
at the thin-section scale such that ilmenite and biotite were 
broken down and early-formed calcite has been replaced by 
dolomite and siderite (Pearce et al. 2013). The focus of this 
study is a single-needle-shaped crystal of ilmenite that has 
been partially replaced by TiO2 phases and dolomite (Fig. 1).

The ilmenite needle in the sample from the Junction 
gold mine has partially broken down to anatase and rutile, 
two different polymorphs of TiO2. Anatase, which forms a 
blocky crystal (green in Fig. 1a) with a uniform crystallo-
graphic orientation (uniform colour in Fig. 1b), has replaced 

the majority of the ilmenite. Rutile is much finer-grained 
than anatase and is restricted to the margins of the needle, 
dominantly the near the phase boundary between the ilmen-
ite needle and biotite (red in Fig. 1a). The rutile crystals 
occur in different orientations (Fig. 1d) and these different 
orientations are spatially mixed rather than forming discrete 
domains. By rotating the data into standard reference frame 
of the reactant mineral, it is often easier to see which direc-
tions line up because the clusters of orientation appear on the 
primitive of the stereogram and at regular intervals within the 
pole figure (Fig. 1d-g). The three orientations are not random 
but all share a < 100 > direction (Fig. 1e) and are misoriented 
from each other by 60°. The < 100 > directions perpendicular 
to the shared < 100 > direction (rutile is tetragonal and there-
fore < 100 >  =  < 010 >) are distributed regularly at 60° inter-
vals in the plane perpendicular to the shared < 100 > direc-
tion. Comparing the rutile orientations to the orientation of 
the original ilmenite needle, it can be seen by inspection that 
the shared rutile < 100 > direction is parallel to the ilmen-
ite c-axis [0001] and because of tetragonal symmetry of 
rutile {100} is parallel to the basal plane of ilmenite (0001). 
The [001] directions of rutile are parallel to the m direc-
tions < 101̄0 > of ilmenite. From these data, it is inferred that 
the ilmenite-to-rutile reaction proceeds by topotaxial replace-
ment with the following orientation relationship:

[0001]ilmenite // < 100 > rutile and < 101̄0 > ilmenite // 
[001]rutile.

Due to the orthogonality between crystal directions in 
both phases, the following is also true:

 < 110 > ilmenite // < 100 > rutile.
Anatase has grown as a single crystal within the ilmen-

ite needle shown by the relatively uniform orientation in 
Fig. 1b. The anatase has euhedral crystal faces (indicated 
by white arrows on Fig. 1b) and contains a few low-angle 
grain boundaries. The orientation relationship between the 
ilmenite and the anatase is not as clear as that between the 
ilmenite and the rutile. Inspection suggests that the follow-
ing relationship:

[ 0 0 0 1 ] i l m e n i t e  =  ( 0 0 0 1 ) i l m e n i t e  / /  { 2 1 1 } a n a t a s e 
and < 101̄0 > ilmenite // < 01̄1> anatase.

A second {211}anatase plane appears to be parallel 
to < 101̄0 > ilmenite but strictly the two symmetrically equiva-
lent {211}anatase planes are 91.8° apart so cannot both strictly 
be parallel to ilmenite directions that are 90° apart, although 
it is impossible to tell which is correct with spread in reac-
tant orientations observed here.

The reaction from ilmenite to anatase, and the other TiO2 
polymorphs, releases iron. Where the iron is removed from 
the local system by fluid movement through the rocks, this 
results in a negative volume change of reaction. It should be 
noted that the iron can be moved over a short distance and 
re-precipitated as is the case at Junction with siderite veins, 
but does not form a major part of the ilmenite pseudomorph. 
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Fig. 1   EBSD data showing 
replacement of an ilmenite 
single crystal by TiO2 and 
dolomite. Pole figures are 
show with data rotated into the 
ilmenite reference orientation 
not in sample co-ordinates. 
a EBSD phase map with the 
ilmenite (blue) needle being 
replaced by both anatase (green) 
and rutile (red). The volume 
lost due to Fe mobility is filled 
with dolomite (yellow). b 
Orientation data showing that 
the ilmenite, coloured relative 
to the mean ilmenite orienta-
tion, and the anatase, coloured 
using an inverse pole figure 
colour scheme showing which 
crystal direction is parallel to 
the sample Y-axis, are both 
single crystals. White arrows 
indicate euhedral crystal faces. 
c Relative misorientation map 
showing dolomite orientations 
within 20° of the ilmenite orien-
tation (both minerals are space 
group R). Dolomite misoriented 
by > 20° is coloured yellow. 
Much of the dolomite filling the 
porosity created during ilmenite 
breakdown is misoriented < 20° 
from the ilmenite. The refer-
ence orientation used for the 
dolomite is the mean ilmenite 
orientation that has Euler 
angles 80.4, 56.3, and 291.4. 
d Pole figures for ilmenite 
orientations coloured using the 
colour scheme in (b). e Rutile 
orientations coloured as in (b). 
f Anatase orientations coloured 
using the same colour scheme 
in (b). g Dolomite orientations 
coloured to show the grains that 
are misoriented < 20° from the 
mean ilmenite orientation (as in 
c). Other orientations are grey
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In the microstructure study, the porosity generated during 
reaction is concentrated at the reaction interface and is filled 
with dolomite (Fig. 1a). The vein margin adjacent to the 
ilmenite needle is also composed of fine-grained dolomite 
(right and side of Fig. 1). A direct comparison is possible 
between these two minerals because they are both of the 
same space group (R). Comparing the dolomite orientations 
to that of the ilmenite needle (Fig. 1c) shows that many of 
the dolomite grains that form in the reaction interface are 
misoriented at < 20° to the mean ilmenite orientation (red to 
white in Fig. 1c and see pole figures in Fig. 1g). In contrast 
to the dolomite grains in the reaction interface, the dolomite 
in the adjacent veins shown little coincidence in orientation 
with the ilmenite needle.

Ilmenite–titanite reaction, Plutonic Gold Mine, 
Western Australia

Plutonic Gold mine is located in the Marymia Inlier between 
the Yilgarn and Pilbara cratons in Western Australia. The 
rocks that host the gold deposit are a sequence of metamor-
phosed basalts and volcaniclastic sediments that experienced 
middle amphibolite facies metamorphism around 600 °C and 
8 kbar (Gazley et al. 2011, 2014) followed by greenschist 
facies overprint. Gold is found within early arsenopyrite 
and as native metal associated with epidote alteration of 
the metamorphic amphiboles (Gazley et al. 2011). During 
this retrogression, igneous to early metamorphic ilmenite is 
replaced by titanite. During metamorphism of basaltic rocks, 
titanite is generally stable at greenschist-lower amphibolite 
facies and is replaced by ilmenite at higher temperatures and 
rutile at higher pressure (e.g. Diener and Powell 2012 Fig. 1 
calculations using MORB composition). The replacement of 
an ilmenite needle by metamorphic titanite is the focus of 
the second case study.

Ilmenite breakdown to titanite has been recorded using 
EBSD and the data are presented in Fig. 2. The ilmenite was 
initially a needle oriented with the long axis subparallel to 
horizontal in the figure. This is manifested in the crystal-
lographic orientation data by the ilmenite basal plane being 
oriented subparallel to the horizontal in the figure (Fig. 2b). 
Both the ilmenite and the titanite that is replacing it show 
internal orientation variation highlighted by colour variation 

in both phases in Fig. 2a. The ilmenite contains boundaries 
with traces parallel and perpendicular to the basal plane. 
Titanite contains twins outside the margins of the original 
ilmenite grain but also cuts across the ilmenite needle. In the 
zone where it cross-cuts the ilmenite, the titanite contains 
low-angle boundaries and a spread of orientations including 
some grains that are by greater than 20° from the reference 
value (displayed as grey in Fig. 2). The misorientation of 
20° was selected because this is the magnitude of orientation 
variation within the reactant ilmenite needle. The majority 
of the titanite that occurs outside of the original ilmenite 
outline has a very similar orientation within 8 degrees of the 
reference orientation. Most of the grains that occur within 
the cross-cutting zone are outside of this orientation.

The crystallographic orientation data for the ilmenite and 
titanite from Plutonic show much simpler crystallography 
than the rutile datasets examined previously. A single ilmen-
ite orientation (with a second grain that is not volumetri-
cally significant) has been replaced by titanite that shows a 
restricted range of orientations. This allows the following 
orientation relationships to be inferred:

[0001]ilmenite // < 100 > titanite and { 101̄0}ilmenite // (001)titanite.
Due to the orthogonality of these two directions in the 

monoclinic titanite, the third mutually perpendicular direc-
tion is also related to a rational direction in the ilmenite,

 < 010 > titanite = (010) titanite // { ̄11̄20}ilmenite.
This orientation relationship was combined with the mean 

orientation of the ilmenite needle to predict the reference 
orientation for the titanite in Fig. 2a. The close correspond-
ence of the majority of the titanite within 20° of the theoreti-
cal titanite orientation based on the above orientation rela-
tionship gives confidence in that relationship even thought 
it was identified empirically from the map.

Rutile aggregates, Productora Cu‑Au‑Mo deposit, 
Chile

The Productora Cu–Au–Mo deposit occurs within a mag-
matic-hydrothermal breccia complex in the Coastal Cordil-
lera of northern Chile. The host rocks are massive, crystal-
rich, lapilli tuffs of dacite to rhyolite composition. Multiple 
brecciation events have led to widespread and intense alter-
ation mineralogy (Escolme 2017; Escolme et al. 2020). 
The Cu–Au–Mo mineralisation is associated with tourma-
line–pyrite–chalcopyrite ± magnetite ± biotite–cemented 
hydrothermal breccias with intense K-feldspar alteration. 
The mineralised breccias overprint earlier intense quartz—
pyrite–cemented breccias with muscovite alteration, and 
local kaolinite—muscovite—pyrite alteration. The sample 
studied here has been intensely altered by all these events.

The orientations of grains from two aggregates of rutile 
from the Productora deposit were mapped using EBSD. In 
contrast to the other examples illustrated, there is no reactant 

Fig. 2   EBSD data showing titanite replacing ilmenite in Plutonic 
Gold Mine, Western Australia. a Relative misorientation map show-
ing misorientation in titanite (blue to pink) and ilmenite (yellow to 
red) relative to the crystallographic orientation of ilmenite at Xi, and 
the theoretical titanite based on the observed orientation relationship. 
Thin black lines are boundaries with misorientation angles > 2° and 
thick black lines are boundaries with misorientation angles > 10°. b 
Orientation data for ilmenite presented as pole figures with the same 
colour scheme as (a). c Orientation data for titanite presented as pole 
figures with the same colour scheme as (a)

◂
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mineral remaining, so symmetry arguments and evidence 
from the other case-studies will be employed to infer the 
original mineralogy. The first ‘aggregate’ is sparsely dis-
tributed but the individual grains are arranged in a trun-
cated triangular region (Fig. 3a). The matrix of this rutile 
aggregate is composed of a Fe-bearing white mica (mapped 
using a glauconite match unit as this was found to be the 
closest match by testing multiple points using an automated 

routine in the Bruker Esprit software to test multiple phases) 
and quartz with a higher proportion of white mica within 
the aggregate than outside the margin (Fig. 3a). The rutile 
aggregates themselves are arranged either as anhedral aggre-
gates or as linear arrays of grains that are parallel to the 
margins of the triangular domain (Fig. 3b).

Pole figures show a range of orientations (Fig.  3c) 
but are clustered and do not have a random distribution. 

Fig. 3   EBSD data of a euhedral rutile aggregate from Productora, 
Chile. a Phase map showing the distribution of white mica in a 
truncated triangular shape that contains the rutile. b EBSD orienta-
tion map showing the variation in orientation between rutile grains 
and within the larger aggregates. c Raw data as stereograms col-
oured using the same colour scheme as Fig. 3 showing clustering in 

the data. d Contoured versions of the data from (c) shows a system-
atic pattern in the clustering with four major clusters in < 100 > , six 
in < 001 > and three in < 110 > with other minor clusters. Contours are 
coloured according the multiples of uniform distribution (all with the 
same scale)
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Contouring the raw data reveals a systematic pattern that 
has multiple maxima for each of the crystallographic 
directions. The < 100 > directions have four maxima with 
some minor dispersion around the edges of the clusters. 
Two of the clusters appear to be pairs of maxima with 
the other two maxima more concentrated (higher contour 
values). The < 001 > directions have six maxima distrib-
uted across the pole figure. The < 111 > pole figure shows 
three circles of orientations each of which is centred on a 
major < 110 > cluster. In addition to the major clusters in 
the < 110 > pole figure, there are subsidiary clusters that have 
the same symmetry as the major clusters.

The symmetry and multiplicity of these clusters in the 
different pole figures are not consistent with a tetragonal 
mineral (e.g. two clusters of < 100 > directions for each 
one < 001 >) suggesting that there is an external control on 
the orientation data. Combining the multiplicities from each 
of the pole Figs. (4 × < 100 > , 6  × < 001 > and 3 × < 110 >) 
shows that, overall, the rutile data have the symmetry ele-
ments of a cubic mineral. Therefore, it is likely that the 
rutile grains shown here are replacing a grain of a cubic 
mineral where < 100 > Rutile // < 111 > cubic, < 001 > Rutile // 
< 110 > cubic, < 110 > Rutile // < 001 > cubic. Furthermore, in 
face-centered cubic minerals, the {111} plane is the hex-
agonal close packed plane and often forms truncated tri-
angular crystals with a crystal habit similar to the euhedral 
aggregate in Fig. 3a. This is consistent with the triad sym-
metry axis of the rutile preferred orientation that is orien-
tated perpendicular to the plane of the section (in the centre 
of the stereogram). However, not all of these relationships 
interpreted from the symmetry arguments can be strictly true 
because of the angular differences between the orientations. 
The angle between < 110 > and < 100 > in rutile is 45° and 
the angle between < 001 > and < 111 > in cubic phases is 
atan(√2) = 57.4°. Therefore, both relationships cannot be 
true so we will explore which is supported by the data.

The intensity and clustering of the < 001 > Rutile poles 
shows that this is strongly controlled during the replacement. 
The other two pole figures show less well clustered maxima 
but combining each of the remaining two possible relation-
ships with < 001 > Rutile // < 110 > cubic defines two potential 
orientations relationships:

OR-1 < 001 > Rutile // < 110 > cubic and < 110 > Rutile 
// < 001 > cubic and

OR-2 < 001 > Rutile // < 110 > cubic and < 100 > Rutile 
// < 111 > cubic.

Using these two relationships, orientation relationship 
matrices can be constructed that transform the rutile rela-
tionship to its cubic counterpart. Where the minerals have 
similar crystallography and the relationships are simple 
between principal directions, then these matrices may be 
constructed by inspection. Where their crystal structures 
are not at all similar, it may be necessary to use algebraic 

methods or existing software (e.g. Angel et al. 2015) to 
calculate the orientation relationship matrix, the general 
case of which is described in the Appendix.

Due to the symmetry of rutile and cubic minerals, each 
of these relationships results in multiple possible crystal 
orientations for a single starting orientation. Therefore, 
for a single starting cubic orientation, the set of sym-
metrically equivalent rutile orientations produced during 
reaction can be calculated and their misorientation dis-
tribution simulated (assuming all symmetric equivalents 
are equally likely). These simulations are shown in Fig. 4 
for the EBSD map in Fig. 3. The two orientation relation-
ships produce different distributions of misorientations 
where OR-1 has a large peak at around 63° with a smaller 
peak at 90°. The peaks at 63° and 90° are still present 
for OR-2, but there are subsidiary peaks at 60°, 70° and 
20°. Comparing this to the random pair histogram (red in 
Fig. 4b) for the experimental data shows that the frequency 
histogram matches OR-2 better than the more straightfor-
ward distribution of misorientations obtained from OR-1. 
The neighbour pair relationships are dominated by a peak 
around 60° and have subsidiary peaks at around 30° and 
40°.

The same two orientation relationships have been mod-
elled using the 3D misorientation space method (Krakow 
et al. 2017) to text not only the key misorientation angles 
between product phases (which are reproduced by the mis-
orientation angle distribution modelling discussed above) 
but also the axes (Fig. 4c). The clusters of data in the misori-
entation space correspond to the peaks in the misorientation 
angle distributions and match predicted specific misorien-
tations from OR-1. This result further strengthens OR-1 as 
the relationship that controls this microstructure because the 
misorientation distributions between the products match the 
axis, angle and relative frequency of angle distributions in 
the observed data.

A second rutile aggregate from the Productora deposit 
contains two different domains based on grain orientation 
(Fig. 5). These two domains are potentially derived from dif-
ferent crystals but the orientation data show that they share 
a < 100 > direction (highlighted by the red circle in Fig. 5b). 
Treating the two parts of the aggregate separately, the orien-
tation patterns appear similar to those in Fig. 1d. Both are 
composed of multiple sets of orientations where the grains 
within the set all share a common < 100 > direction and are 
misoriented by 60° to each other. The two different sets (sub-
sets 1 and 2) outlined in Fig. 5a share a < 100 > direction that 
is not shared by the individual members of the two sets. The 
misorientation distribution shows large peaks at 60° in both 
the random and neighbour pair distributions (Fig. 6). There 
are also minor peaks and low angles and at 45°, 54° and 85° 
in the random pair distribution and smaller peaks at 20°, 30° 
and 40° in the neighbour pair distribution.
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Discussion

We have presented a range of datasets showing phase inher-
itance between titanium-bearing minerals during fluid-rock 
reactions in hydrothermal environments. We will now inter-
pret the more complex relationships using well-constrained 
examples and explore the controlling factors in each case.

Ilmenite breakdown to Rutile

The dataset from the Junction gold deposit (Fig. 1) depicts 
a simple system of an initial single crystal that is being 
replaced by two TiO2 polymorphs. Wenk et  al. (2011) 
showed that ilmenite needles within plagioclase crystal are 
elongate in the [ 101̄0 ] direction and this is consistent with 
the orientation of the needle examine here (and from Plu-
tonic Fig. 2). The rutile grains have a simple CPO where 
all three orientations of rutile have a common < 100 > axis 
that aligns with the ilmenite c-axis. In each grain, the sec-
ond symmetrically indistinguishable < 100 > axis is aligned 
with the ilmenite a-axis. This results in a CPO that has the 
same symmetry elements (e.g. triad symmetry axis) as the 
original trigonal ilmenite needle. Previous studies of both 
iron oxidation and reduction during natural weathering and 
mineral processing of ilmenite, respectively, have identified 
the multiplicity in rutile orientations observed here. Detailed 
TEM studies of the replacement interfaces and interfaces 
between rutile grains have previously been used to identify 
two potential replacement relationships. Firstly,

[0001]ilmenite // < 100 > rutile and < 101̄0 > ilmenite // [001]rutile.
The relationship shown from the Junction datasets can 

be used to confirm the interpretation made from Fig. 5. 
Here, each of the two parts of the aggregate (subsets 1 
and 2) shows the same CPO as the Junction dataset with 
the aligned < 100 > axes being the triad symmetry axis. 
Moreover, the subset orientations are not independent but 
share a < 100 > that is neither triad. This suggests that the 
original ilmenite grains that were replaced had related 
crystallography and shared a-axis.

Twinning in ilmenite has been documented as basal 
twins with twin plane (0001), and rhombohedral twins 
with both { 101̄1 } and { 101̄2 } as the twin planes. It is 
possible to reconstruct, using the relationships identified 
from the Junction rutile dataset, the orientation of the two 
ilmenite crystals that produced the rutile aggregates. The 
twins are not basal twins because if they were, then the 
two halves would share their basal plane and their c-axis 
orientations. The rhombohedral twinning is tractable but 
not intuitive and will be explored below.

The { 101̄1 } twin law is a composite twin, following 
the nomenclature of Christian and Mahajan (1995), where 

Fig. 4   Misorientation distribution plots. a Simulations of expected 
misorientations distributions for the two posited orientation relation-
ships between a cubic precursor and rutile. For clarity overlapping 
bars are shifted by half their width along the abscissa. b Experimen-
tal misorientation distribution histogram for the rutile in samples at 
one pair per boundary. c Misorientation space showing the modelled 
orientations (large dots) and the observed orientations (small dots) in 
misorientation angle-axis space
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Fig. 5   EBSD data of an anhedral rutile aggregate from Productora, 
Chile. a EBSD orientation map showing orientation variation within 
the aggregate. Two domains have been defined based on orientation 
differences and are highlighted using white dashed lines. b Pole fig-
ures coloured using the same colour scheme as for (a) showing the 

orientations of rutile within subset 1. c Pole figures coloured using 
the same colour scheme as for (a) showing the orientations of rutile 
within subset 2. For (b) and (c) the common < 100 > direction is high-
lighted with a red circle
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the twin plane, shear direction, conjugate plane and con-
jugate shear direction are all rational. The orientation 
relationship can be described by a 180° rotation around 
[ ̄1012 ] (Wang et al. 1990) and results in coincidence of 
{ ̄121̄0 } in the host and twin. The positive and negative 
zone axes are reversed by this rotation i.e. [ ̄121̄0 ] → [ 12̄10 ] 
but because the planes are not polar, i.e. { ̄121̄0} = {12̄10 }, 
they are coincident. Moreover, following the transforma-
tion to rutile, it is not possible to recognise this polarity 
because none of the crystal directions are polar. This twin 
relationship also results in reorientation of the ilmenite 
c-axis by ~ 35°.

The { 101̄2 } twin law has been observed in tectonically 
deformed Ontairo ilmenite (Minkin and Chao 1971) but 
has not been described in terms of rotation relationships. 
Assuming it is a composite twin similar to { 101̄1 }, twinning 
it would be also described by a 180° rotation around [ ̄1011 ]. 
This orientation relationship also results in coincidence 
of { ̄121̄0 } between the host and the twin so that the two 
clusters of rutile grains will share one of their < 100 > once 
the replacement occurs. The c-axis is reoriented by ~ 65° 
by this rotation. Therefore, whilst the two laws are simi-
lar in their geometry, the angular relationship between the 
ilmenite c-axes, now the common [100] axes within each 
rutile subset, can help distinguish between the two. In addi-
tion, reconstructing the [ ̄1011 ] and [ ̄1012 ] orientation of the 
ilmenite should show that the rotation axis is shared between 
the two halves, and the twin plane trace should match that of 
the boundary for planar, coherent twinning.

The predicted misorientation relationships between the 
rutile grains can be modelled for the ilmenite grain containing 
{ 101̄2 } twins (Fig. 6) in the same way as for the titanomag-
netite to rutile transition. The observed misorientation angle 
distribution (Fig. 6a) for the neighbour pairs has a strong max-
imum at 60° because all the grains within each cluster are mis-
oriented by 60° from each other. The random pair distribution 
gives information about relationships within and between each 
cluster. This also has a maximum at 60° but has subsidiary 
peaks at low angles, ~ 85°, a shoulder on the 60° peak around 
65° and two peaks at 45° and ~ 54°. The modelled misorienta-
tion angle distribution (Fig. 6b) has peaks at the same values 
as the random pair angle distribution showing that the misori-
entation angles support the two clusters of rutile grains being 
derived from a single twinned ilmenite grain. Visualising the 
misorientation angles and axes using the 3D misorientation 
space for both the model and data together (Fig. 6c) shows a 
good correspondence not only for the angle distribution but 
also with the same axes as predicted from the model.

Ilmenite replacement by other TiO2 Polymorphs

The ilmenite needle from Junction is primarily replaced 
by anatase rather than rutile as might be expected from 

Fig. 6   Misorientation distribution plots for the EBSD map shown in 
Fig.  5. a The blue graph shows misorientations from neighbouring 
pixels filtered to one pair of pixels per boundary segment and the red 
graph shows a selection of 10,000 misorientations between random 
pairs of pixels. Neighbour pairs show a strong peak at 60° highlight-
ing the major twin relationship in rutile. Random pairs show a peak at 
60° due to twinning and a subsidiary peak at 85° that results from the 
combination between the two subsets highlighted in Fig.  5. b Mod-
elled misorientation angle distributions assuming that the rutile is 
replacing a twinned ilmenite grain with a {102} twin. Note the cor-
respondence of peaks with major peaks in (a). c Misorientation space 
with the same hypothetical relationship as in (b) showing model 
(red dots) and data (blue dots) showing that there is correspondence 
between not only the angular distribution but also the misorientation 
axes
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thermodynamic calculations. Studies of nucleation that 
consider anisotropic surface energy have shown that it is 
possible to stabilise anatase given a proliferation of certain 
crystal faces and for very small grain sizes (Gribb and Ban-
field 1997). Once nucleated, these grains might persist as a 
metastable phase in the rock rather than reverting to rutile. 
The almost single crystal orientation of the anatase could be 
interpreted in two ways:

(1)	 A strong and unique topotaxial relationship exists 
between the anatase and ilmenite meaning that mul-
tiple nuclei form in the same orientation separated by 
low-angle grain boundaries with small misorientation 
angles (e.g. Pearce et al. 2013).

(2)	 Nucleation is much harder than growth meaning that 
only a small number of nuclei are successful and grow 
a single crystal

Here, we can use crystal symmetry arguments to suggest 
that (2) nucleation controls the microstructure. If multiple 
anatase nuclei occurred, the trigonal symmetry of ilmenite 
means that nucleation would be equally likely in three sym-
metrically equivalent orientations involving pairs of [0001] 
and < 011̄0 > ilmenite. Moreover, the anatase directions and 
planes involved have fourfold symmetry, each of which 
could nucleate on one of three ilmenite controlled orienta-
tions leading to a possible multiplicity of 12 different nuclei. 
This multiplicity was observed in zircon breakdown (Timms 
et al. 2017) and leads to apparently complex microstructures. 
Therefore, we suggest that case (2) is the more likely control 
where only one nucleus was successful. The spatial distribu-
tion of rutile grains adjacent to the edge of the ilmenite nee-
dle is a little more difficult to explain and might be related to 
extremely local variations in pH or other fluid compositional 
parameters where the conditions at the margins of the nee-
dle are buffered by the adjacent wall rock. However, further 
investigation of the controls on titania polymorph stability 
is required to resolve this.

Polycrystal development during replacement

The Junction ilmenite needle single crystal is being replaced 
by a broadly single crystal orientation of titanite. There is 
a spread in orientations of titanite. This could be caused by 
deformation or could be caused by only a weak orientation 
relationship between the two phases. Weak orientation rela-
tionships result when there is a large mismatch in the crystal 
structures between the reactant and replacement phases and 
could be indicated, as in this case, by no obvious relationship 
between low order crystallographic planes or zone axes. Not 
only is there a spread in orientations within the titanite, but 
there is also a spread of orientations in the initial ilmenite. 
To test whether there really is a weak coupling between the 

two phases or whether this results from deformation, we can 
investigate the microstructure in detail.

The titanite grains within the needle are polycrystalline 
with a mixture of high- and low-angle grain boundaries 
between them. The ilmenite needle also contains microstruc-
tures, such as variable orientation and low-angle boundaries, 
interpreted to arise from crystal plastic deformation. Both 
the ilmenite and titanite substructure could result from post-
replacement deformation but the lack of sub-grains within 
the large titanite grains outside of the ilmenite needle means 
that this is unlikely. A more plausible explanation is that the 
ilmenite needle was deformed and then the replacement took 
place. The substructure in the finer-grained titanite is there-
fore inherited from the ilmenite because nucleation occurs 
controlled by multiple parts of the ilmenite lattice that are 
in different, but similar orientations leading to low-angle 
boundaries forming during static recrystallisation/replace-
ment (Pearce et al. 2013; Spruzeniece et al. 2017). The case 
for multiple nuclei each with a slightly different orientation 
is further supported by the thin lamellae of ilmenite that 
still exist between the titanite grains. If this replacement 
was from a single (or a few) nucleus, then remnant ilmenite 
would be less likely to be preserved within the titanite.

Epitaxial growth of Dolomite

The volume reduction associated with Fe removal during 
ilmenite breakdown leads to porosity being created. Whilst 
in many replacement reactions, this porosity is distributed 
through the replacing phase as micro- to nano-porosity, 
the porosity can also be concentrated at the reaction front 
(Pearce et al. 2013; Etschmann et al. 2014). Both ilmenite 
and dolomite are trigonal (space group R) minerals with sim-
ilar atomic arrangements and comparable unit cell dimen-
sions in the basal plane (ailm = 5.093 Å and adol = 4.842 Å 
differing by ~ 5%) although the c-axis lengths (cilm = 14.06 Å 
and cdol = 15.95 Å) differ by significantly more, ~ 13%. 
Nucleation of dolomite within the porosity between ilmenite 
and anatase is controlled by the surface distribution of atoms 
in the ilmenite such that the dolomite–ilmenite interface has 
a similar atomic arrangement on both sides albeit with a 
dispersed orientation distribution due to mismatch between 
the two phases (Habler and Griffiths 2017). This expands the 
range of phases that can potentially be used to reconstruct 
altered mineralogy, relaxing the ‘common chemical compo-
nent’ constraint between reactant and product.

Unravelling destroyed phases

Phase heritage can be used to test numerous possible phase 
relationships and/or mineralogical precursors depend-
ing on the available constraints that remain in the rock 
(e.g. relict reactant phase present, independent knowledge 
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of replacement relationships). In the case of the twinned 
ilmenite from Productora, the ilmenite-to-rutile relation-
ships have been established by previous studies (Stanković 
et al. 2016; Plavsa et al. 2018) and verified here (Fig. 1) and 
so we can infer the twin relationship based on studies of 
ilmenite and other corundum structured minerals (Minkin 
and Chao 1971; Wang et al. 1990). In the case of the rutile 
replacing the cubic mineral (Fig. 3), the obvious candidate 
for the precursor phase is titanomagnetite. Assuming that 
the original mineral had a composition similar to ulvospinel 
(

X
mag

ulv

)

 , we can use the EBSD data to investigate the amount 
of Ti gained or lost. The area of the triangular region now 
occupied by muscovite is 212400 pixels, using the molar 
volume of magnetite (Mvmag = 45.534 cm3mol−1) and rutile 
(Mvrut = 18.795 cm3mol−1), the predicted rutile volume (Vrut) 
is:

The observed rutile volume is 74190 pixels, so using 
the Ti–rich endmember overestimates the amount of 
rutile that should be in the rock by ~ 18%. Rearranging 
Eq. 1 for the composition assuming Ti immobility at the 
scale of the microstructure gives the original composition 
as Xmag

ulv
= 0.85 . Whilst we cannot test the veracity of this 

compositional estimate, all available evidence suggests that 
the microstructure in Fig. 3 represents a relatively Ti–rich 
titanomagnetite that has been replaced by rutile.

Conclusion

Titanium-bearing phases undergoing replacement reactions 
exhibit topotaxial relationships that can be used to infer the 
presence of now consumed phases. This may prove signifi-
cant when assessing the redox state of magmas that gener-
ated igneous rocks that are now intensely altered, or when 
reviewing mineral chemistry data. Strong crystallographic 
relationships exist for ilmenite reacting to rutile (Junction 
case study) and have been inferred for titanomagnetite react-
ing to rutile (Productora euhedral case study) in line with 
previously observed relationships. Titanite forming during 
hydrothermal alteration (Plutonic case study) appears to 
show a crystallographic relationship to the reactant ilmenite 
although this is not straightforward, it appears reproducible 
because of the presence of a polycrystalline replacement 
phase. Anatase can form at the same time as rutile during 
ilmenite breakdown (Junction case study) and shows a pos-
sible relationship with the ilmenite although this is only 
present in a single grain, so further investigation is required 
to test how robust this observation is. Phases with few com-
mon components (e.g. oxygen) can undergo topotaxial 

(1)

Vrut =

Vmag

Mvmag

X
mag

ulv
Mvrut =

212400 × 18.795

45.534
= 87672pixels

replacement suggesting that surface processes controlling 
nucleation may be an important and underestimated factor 
during metasomatism.

Electron backscatter diffraction data give large datasets 
of spatially constrained data that can be used to interrogate 
replacement microstructures. Given hypothetical orientation 
relationships, it is possible to model misorientation distri-
butions within the replacement phase to test these relation-
ships and discriminate between different options. Crystal-
lographic preferred orientation symmetry can be used to 
construct hypothetical orientation relationships and deduce 
the symmetry of the reactant phase. Using a combination 
of misorientation angle distributions and 3d misorientation 
space analysis (Krakow et al. 2017) tests not only the axis 
and angle distributions but the relative frequency of pre-
dicted misorientations amongst product grains of completely 
consumed phases.

Supplementary Information  The online version contains supplemen-
tary material available at https​://doi.org/10.1007/s0041​0-021-01775​-8.
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