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causing crystallisation of allanite-(Y) from hydrothermal 
fluids in the miarolites. The REE pattern of the hydrother-
mal allanite-(Y) is characterised by LREE and Eu deple-
tion, similar to the parent plagiogranitic magma. As allan-
ite had sequestered most of the REE in the fluid, epidote 
took over as the principle hydrothermal mineral. Epidote in 
Troodos plagiogranites records a fluid evolutionary trend 
beginning with REE-rich–Eu-depleted similar to allanite-
(Y) and gradually transforming into the REE-depleted–
Eu-enriched pattern prevalent throughout ‘conventional’ 
sub-seafloor fluids. A comparison of allanite-bearing 
and allanite-absent plagiogranites from the same local-
ity suggests that REE-bearing fluids migrated from the 
plagiogranites. Similar fluid evolution trends observed in 
diabase-hosted epidote, located adjacent to a large plagi-
ogranite body, suggest influx of plagiogranite-derived REE-
bearing fluids. Epidotisation in oceanic settings is usually 
considered to be the result of alteration by high fluxes of 
seawater-derived hydrothermal fluids. Although epidoti-
sation by magmatic fluids has been suggested to occur in 
plagiogranites, our study shows that this autometasomatic 
process is the dominant mechanism by which epidosites 
form in plagiogranites. Furthermore, epidotisation of dia-
base has been attributed solely to seawater-derived fluids, 
but we show that it is possible for diabase-hosted epidosites 
to form by migration of plagiogranite-derived fluids.

Keywords  Allanite · Troodos · Plagiogranite · Ophiolite  · 
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Introduction

The origin of plagiogranites in present day mid-oceanic 
ridges and in ophiolites has been intensely debated in recent 

Abstract  Plagiogranites from the Troodos ophiolite in 
Cyprus are occasionally epidotised, either partially or com-
pletely. Epidotisation phenomena include replacement of 
pre-existing minerals and filling of miarolitic cavities. In 
addition to epidote, miarolites in one plagiogranite body 
(located near the village of Spilia) contain coexisting fer-
riallanite-(Ce) and allanite-(Y). Textural and geochemical 
evidence indicates that late-stage REE-enriched granitic 
melt facilitated crystallisation of magmatic ferriallanite-
(Ce). High REE contents persisted after fluid exsolution, 
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years using field-based and experimental petrological stud-
ies assisted by geochemical and isotope evidence (Koepke 
et  al. 2004, 2007; Brophy 2009; Rollinson 2009; France 
et al. 2010; Grimes et al. 2011; Brophy and Pu 2012; Fre-
und et al. 2014). Measured rare earth element (REE) con-
tents and patterns of rocks and minerals are routinely used 
in model calculations to constrain the source rocks of plagi-
ogranitic magmas and their formation process (e.g. Gerlach 
et al. 1981; Pedersen and Malpas 1984; Flagler and Spray 
1991; Borsi et al. 1996; Twining 1996; Floyd et al. 1998; 
Luchitskaya et al. 2005; Rudnev et al. 2005; Dilek and Thy 
2006; Rollinson 2009; Brophy 2009; Brophy and Pu 2012; 
Freund et al. 2014). Important hosts of REE in plagiogran-
ites are the epidote group minerals. Allanite, a REE-rich 
epidote group mineral, is common in continental granites 
(Frei et  al. 2004; Gieré and Sorensen 2004; Armbruster 
et  al. 2006), but its occurrence in plagiogranites of ophi-
olites and modern oceanic crust has been sparsely reported 
and has yet to be properly discussed (Mason 1981; Flagler 
and Spray 1991; Kaur and Mehta 2005; Castelli and Lom-
bardo 2007; Nakamura et  al. 2007; Silantyev et  al. 2010; 
Rollinson 2014). For example, Flagler and Spray (1991) 
used mineral/melt partition coefficients (D) to differenti-
ate several models of plagiogranite generation. However, 
they did not include allanite (a significant REE reservoir) 
in their models, even though it exists in their plagiogran-
ite. More recently, Brophy and Pu (2012) did use allanite in 
their model, but they assumed that allanite was of magmatic 
origin. This may not be accurate, as allanite can possibly 
be of hydrothermal origin, thus affecting the appropriate 
REE partition coefficients to be used (Gieré and Sorensen 
2004; Frei et al. 2004). Allanite has also been shown to be 
a fractionating phase in formation of some plagiogranites 
(Koepke and Seidel 2004; Montanini et al. 2006), stressing 
the importance of understanding their role in plagiogranite 
genesis. Allanites are commonly texturally and temporally 
transitional to epidotes, and the occurrence of allanite has 
to be studied in the wider context of hydrothermal activity 
and epidotisation in plagiogranites.

Allanite has been observed in plagiogranites of the 
Troodos ophiolite in Cyprus (Wilson 1959; Chutas 1997), 
where it occurs as closely associated allanite-(Y) and fer-
riallanite-(Ce), concentrated in epidote masses. This work 
studies the textural and geochemical properties of both 
allanite types and their relation to epidote, and explores the 
epidotisation process of oceanic plagiogranites in particular 
and of ophiolites in general.

Geological setting and sampling

The Troodos ophiolite is located on the island of Cyprus 
in the easternmost Mediterranean (Fig. 1). It comprises 

a well-ordered and mostly non-deformed Penrose-type 
sequence of mantle ultramafic rocks, crustal gabbro, sheeted 
dykes (also known as diabase), and pillow lava basalts 
overlain by deep sea sediments. Plagiogranites commonly 
occur near the gabbro–diabase contact, but rarely also fully 
included within the gabbro and diabase units, farther away 
from the contact.

Samples were collected from plagiogranite bodies 
located to the east of the main ultramafic complex. An 
additional sample of an epidotised diabase from the base 
of the sheeted dyke complex was collected to the west of 
the main ultramafic complex, near Lemithou. The sample 
localities are named after nearby villages (Fig. 1; Table 1).

Petrography

The primary mineral assemblage of the plagiogranites in 
this study is quartz + plagioclase ± amphibole ± pyroxene. 
Accessory minerals include zircon, titanite, and magnetite. 
Most plagiogranites have experienced post-magmatic alter-
ation represented by minerals such as pumpellyite, hydro-
thermal amphiboles, micas, chlorite, and sericite. However, 
the most conspicuous post-magmatic minerals are the epi-
dote group minerals: epidote and allanite, which are the 
focus of this study.

On a hand specimen scale, plagiogranites can be unepi-
dotised (Fig. 2a), partly epidotised (Fig. 2b), or completely 
epidotised (Fig. 2c). Epidotisation can occur across several 
centimetres as seen in the unepidotised dark grey part and 
epidotised light green part of the rock in Fig. 2d, e, or as 
veins in otherwise unepidotised plagiogranites (Fig. 2f).

Epidote

Texturally, epidotisation of plagiogranites occurs in 
two different types. The first is the ‘miarolite’ type: fill-
ing of miarolitic cavities with epidote. The most impres-
sive examples of miarolitic epidotes occur in the Spilia 
plagiogranite (Fig. 3). In some cases, the miarolites are 
extremely small, giving the epidote an interstitial charac-
ter rather than a miarolite-filling appearance, common in 
samples collected from Polystipos and Platanistasa (e.g. 
the high-relief epidote in the middle of Fig. 4a). In many 
cases though, miarolitic epidote appears as euhedral or 
splaying aggregates of crystals (Figs. 3a, b, 4b, g). The 
crystals are commonly zoned, but no consistent type of 
zoning is observed. The most common type of zoning is 
normal zoning (with high-� cores and low-� rims, e.g. 
Fig. 4c). However, reverse or oscillatory (Fig. 4d) zon-
ing are also present. The miarolites are occasionally lined 
with euhedral hexagonal quartz (top left of Fig. 4e, left 
of Fig. 4g, and bottom of Fig. 4h), amphiboles (middle 
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of Fig. 4h), and magnetite (Fig. 4f) that seem to predate 
epidote, while chlorite (top right of Fig. 4c) or calcite 
(middle left of Fig. 4g, intermediate grey) occasionally 
fill remaining cavities after epidote growth. Miarolitic 
epidote also fills in cavities inside plagioclase, suggesting 
growth after plagioclase dissolution rather than a disso-
lution–precipitation process (Fig. 4d, i). Euhedral plagio-
clase that lined miarolitic cavities is mostly replaced by 
epidote, leaving only ghosts of relic crystals (e.g. Fig. 4d, 
e). Note that epidotisation of plagioclase is strongest adja-
cent to the miarolitic epidote but much weaker less than a 
millimetre away (e.g. Fig. 4d).

The second textural type of epidote is the ‘replace-
ment’ type: epidote is anhedral and commonly appears to 
replace other minerals (Fig. 5a–c). Replacive epidote is 
often porous and characterised by patchy and irregular zon-
ing. This textural type also dominates epidosites: quartz + 

epidote rocks (as defined by Flawn 1951), from the sheeted 
dyke complex (Fig. 5d). The ‘replacement’ type occa-
sionally occurs in association with brittle fractures in pla-
giogranites (e.g. Fig. 5c) or as veins of epidosite—in the 
sense of quartz + epidote rock—inside otherwise unaltered 
plagiogranites (the top–bottom trending vein in Fig. 5e).

The two textural types described here only represent the 
two most common ‘end members’ of epidote observed in 
the rocks. In many cases, epidote cannot be classified on 
textural grounds. It is very common to see miarolitic epi-
dote overprinted by ‘replacement’ epidote. For example, 
the bright, weakly zoned, epidote (likely of ‘miarolite‘ 
type) in the top left of Fig. 5f resides in the core region of 
a larger, darker, ‘replacement’ epidote that fills most of the 
image area. In all cases where the two types coexist and 
timing can be determined, the ‘replacement’ epidote post-
dates the ‘miarolite’ epidote.
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Fig. 1   Simplified geological maps showing the major rock types in the Troodos ophiolite and the sampling locations. Top map based on Con-
stantinou (1995); bottom map based on Malpas (1987)
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Allanite

Allanites in the Troodos plagiogranites can be divided into 
two different mineral species: allanite-(Y) and ferriallan-
ite-(Ce), based on the more dominant rare earth element 
and iron contents (see below). The first type, allanite-(Y), 
was observed only in Spilia. It occurs as oscillatory zoned 
allanite–epidote with the cores containing more allan-
ite zones than epidote and the rims contain more epidote 
(Fig. 6a, b). This type of allanite resides in the interiors 
of miarolitic epidote masses (similar to Pin et  al. 2006), 
and it has a dark red pleochroic colour with no anomalous 
birefringence colours. In some cases, signs of late altera-
tion and recrystallisation can be seen in this type (Fig. 6b). 
The second type, ferriallanite-(Ce), was observed both in 
Spilia and in Kyperounta. Instead of allanite–epidote zon-
ing, it is composed of one single grain with sharp borders 
against the epidote in which it is located. The backscattered 

electron image shows that it has neither oscillatory nor 
patchy irregular zoning (Fig. 6c; however, it does feature 
consistent chemical zoning, see below). Ferriallanite-(Ce) 
has pale greenish-brown pleochroic colour with similar 
anomalous interference colours.

Analytical methods

LA‑ICP‑MS

Trace element contents of epidote were measured in situ by 
LA-ICP-MS (laser ablation—induced coupled plasma—
mass spectrometry) using a NewWave UP193 solid-state 
laser coupled with a Thermo Finnigan Element2 mass 
spectrometer at the Department of Geosciences, University 
of Bremen, Germany. Standards and samples were ablated 
with an irradiance of ca. 1 GWs−2 and a pulse rate of 5 Hz. 

a b c

d e f

Fig. 2   Polished sections of samples a SG-1C: unepidotised pla-
giogranite, b SE-4B: slightly epidotised plagiogranite, c SE-3A: 
epidotised plagiogranite, d epidote-filled miarolite encircled by epi-

dosite halo, e SA-1: gradual transition from plagiogranite (right) to 
epidosite (left), and f KPX-2B: epidosite vein cross-cutting a leuco-
plagiogranite containing melano-plagiogranite enclaves

a b c

Fig. 3   Photographs of samples a SE-3A, b SE-2 and c SE-1, showing epidote-filled miarolites
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Spot size for standards was 75 µm and line scan speed of 
4 µm s−1. Most samples were ablated using a 100 µm spot 
size, and several others were ablated using a 75 µm spot 
size. Spot size of 50 µm was used only for a small frac-
tion of the samples. Several samples were analysed using 
the line mode with settings similar to the standards. A 
pre-ablation run was carried out to clean the surface. We 
used helium (0.73 l min−1) as sample gas and added argon 
(0.9 l min−1) as make-up gas; plasma power was 1,200 W. 
The following isotopes were analysed: 29Si, 43Ca, 47Ti, 51V,  
53Cr, 59Co, 63Cu, 66Zn, 88Sr, 89Y, 90Zr, 139La, 140Ce, 141Pr,  
146Nd, 147Sm, 151Eu, 158Gd, 159Tb, 161Dy, 165Ho, 166Er, 
169Tm, 172Yb and 175Lu. All isotopes were analysed at low 
resolution with five samples in a 20 % mass window and a 
total dwell time of 25 ms per isotope. Blanks were measured 
during 20  s prior to ablation. For external calibration, we 
measured the NIST612 standard reference material (SRM), 
a sodium silicate glass, after each 8–12 analyses (standard 
bracketing). Calcium was used as internal standard with an 
assumed concentration of 16.66 wt% for most analyses. Ca 
contents measured by EMPA were used for REE-rich epi-
dotes where the 16.66 % assumption was not accurate. For 
data quantification, we used the Cetac GeoPro software 
with the concentrations for NIST612 given in Jochum et al. 
(2011). Data quality was assessed by repeated analyses of 
BCR2G and BHVO2G basaltic glasses (from United States 
Geological Survey) over the analytical session. The relative 
standard deviation (RSD) of these two glasses is used as 
an indicator of precision. Overall precision was better than 
10 % for all elements. A summary for each element is given 

in Table 2, including accuracy with respect to the reference 
values after Jochum et al. (2005).

EMPA

Epidote chemical analyses were performed using a JEOL 
Superprobe JXA-8900R EMPA (electron microprobe ana-
lyser) at the Department of Geosciences, University of Kiel, 
Germany. Allanite chemical analyses were performed using a 
JEOL Hyperprobe JXA-8500F EMPA at the Deutsches Geo-
ForschungsZentrum in Potsdam, Germany. The data were 
obtained by wavelength-dispersive X-ray analysis (WDS) 
techniques. An accelerating voltage of 20 kV, a probe current 
of 40 nA (epidote) or 20 nA (allanite), and a fully focused 
beam were used for the analyses. The background counting 
times were always set to half of the respective peak count-
ing times. Standards were natural minerals (e.g. wollastonite, 
corundum, forsterite, apatite, rutile) as well as synthetic mate-
rials (e.g. Sr-bearing glass, REE phosphates, U-, Th-, Ta-met-
als). Prior to analysis, the internal zonation of minerals was 
carefully checked using backscattered electron (BSE) and 
cathodoluminescence images. The CITZAF routine in the 
JEOL software, which is based on the �(ρZ) method (Arm-
strong 1995), was used for data quantification of the raw data.

Whole rock

Four samples were sent to Activation Laboratories Ltd. 
in Ontario, Canada for whole-rock analysis. The samples 
were pulverised to fine powder with a Fritsch planetary mill 
using agate tools. SiO2, Al2O3, Fe2O3 (total), MnO, MgO, 
CaO, Na2O, K2O, TiO2, P2O5, Sc, Be, V, Ba, Sr, Y, and Zr 
were measured using the ‘Lithium Metaborate/Tetraborate 
Fusion - ICP’ method. Cr, Co, Ni, Cu, Zn, Ga, Ge, As, Rb, 
Nb, Mo, Ag, In, Sn, Sb, Cs, La, Ce, Pr, Nd, Sm, Eu, Gd, 
Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Tl, Pb, Bi, Th, and 
U were measured using the ‘Lithium Metaborate/Tetrabo-
rate Fusion—ICP/MS’ method. Additionally, Cd, Cu, Ni, 
Zn, S (as sulphide) Ag, and Pb were measured using the 
‘Total Digestion - ICP’ method for better quantification.

Results

Results of the analytical sessions for epidote, allanite, and 
whole rock are given in Online Resources 1–3, respec-
tively. The computational data analysis for the REE was 
conducted using R (R Core Team 2014) and ggplot2 
(Wickham 2009), and is available in Online Resource 
4. Raw data for X-ray mapping and GMT scripts (Wessel 
and Smith 1991) to reproduce the images are available in 
Online Resource 5. Full and additional X-ray maps are 
available in Online Resource 6.

Table 1   List of samples used in this study

Coordinates in UTM zone 36 S. Mineral abbreviations: ep: epidote, 
ep–aln-(Ce): REE-poor allanite-(Ce), aln-(Y): allanite-(Y), faln-(Ce): 
ferriallanite-(Ce)

Locality Easting Northing Sample Epidote-group minerals

Lemithou 482433 3867720 Cy4-1-10 ep

Kyperounta 498381 3865211 KPC-2X ep

KPG-1 ep + ep–aln-(Ce)

KPX-2B ep

Platanistasa 503754 3866488 H-3B ep

PAB-2A ep

PAI-4A ep

Polystipos 502055 3866380 PXD-1A ep

PXD-2B ep

Spilia 496436 3868984 SE-3A ep + aln-(Y)

SE-4B ep

SG-1B ep + aln-(Y) + faln-
(Ce)

ST-4 ep

SA-1 ep + aln-(Y)?
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Epidote

Epidote REE patterns are given in Fig. 7. The patterns show 
high variability in total REE contents (hereafter referred to 
as 

∑
REE*, defined as the sum of all normalised REE con-

tents, except Eu to negate any bias due to the Eu anomaly), 
Eu anomalies (EuN/

√
SmN × GdN = EuN/Eu∗), curva-

ture, and LaN/LuN ratios. A consistent feature is that epi-
dotes with lower 

∑
REE* have stronger positive Eu anoma-

lies. This is more apparent in Fig. 8 where linear regression 
models of EuN/Eu∗ versus 

∑
REE* have been added in 

order to emphasise it. For every locality, most analyses plot 
along a band from EuN/Eu∗ < 1–REE-rich analyses at the 
top left to EuN/Eu∗ > 1–REE-poor analyses at the bottom 
right. The textural type of epidote (‘miarolite’ or ‘replace-
ment’) does not seem to matter in respect to the location of 
the spot analysis along the line. Note, however, that in the 
Spilia case, the two textural types may represent two sepa-
rate parallel trends. This variability in REE patterns occurs 

on a sample scale but also in the scale of a single grain. A 
remarkable example is seen in a zoned epidote from sample 
SE-3A, where the Eu anomaly is negative in the core of the 
mineral grain, but gradually becomes positive—along with 
REE depletion—towards the rim (Fig. 9).

Allanite

Allanite-(Y) exhibits few systematic elemental associa-
tions, i.e. zones where a group elements is consistently 
rich or poor relative to the rest of the grain, as qualita-
tively revealed in the X-ray maps. Y (proxy for heavy 
REE: HREE) and Ce (proxy for light REE: LREE) can be 
either positively or negatively associated (Fig. 10). In one 
grain, Ti is zoned in a unique pattern, different from the 
other elements and is either negatively or positively associ-
ated with the REE (Fig. 10). In a different grain, Ti is uni-
formly enriched in the early allanite core but not in the later 
allanite–epidote oscillations (not shown here, see Online 

a b c

d e f

g h i

Fig. 4   ‘Miarolitic’ epidotes. Photomicrographs: a PXD-1: interstitial 
epidote, b KPG-2: miarolite-containing epidote, euhedral plagioclase 
ghosts and amphibole, c SE-3E: normally zoned epidote, d SE-1C: 
euhedral plagioclase, partially altered by epidote, lining a miarolite 
wall filled by epidote, e SE-4A: euhedral quartz and ghost plagioclase 

lining a miarolite wall filled by epidote, and f SE-2A: euhedral mag-
netite and epidote in a miarolite. BSE images: g SA-1: epidote, euhe-
dral quartz and calcite filling a miarolite, h KPG-2: zoned amphibole 
and euhedral quartz lining a miarolite filled by epidote, and i KPC-
2X: zoned epidote filling a dissolution cavity in plagioclase
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Resource 6). Mn also seems to be zoned independently of 
other elements. Mg is the only analysed element—other 
than the obvious Si, Ca, Al, and Fe—that appears to have 
positive association with the REE. Areas abundant with 
REE are likewise rich in Mg, suggesting that it may have a 
role in the incorporation of the REE into the crystal lattice 
(the ‘dissakisite’ component; Armbruster et al. 2006).

In contrast to the lack of zoning observed in BSE images 
of ferriallanite-(Ce) (Fig. 6c), X-ray maps reveal that the 
ferriallanite-(Ce) is continuously zoned chemically from 
core to rim (Fig. 11). Ce and Y are negatively associated, 
with Ti contents usually following those of Ce. Mg is not 
uniformly distributed as opposed to allanite-(Y) and shows 
a zoning pattern mostly independent of the other elements, 

similarly to Mn. A single exception is a prominent thin 
zone near the rim of the grain that is rich in Ce, Mg, and Ti, 
and poor in Y and Mn.

REE plots of representative allanite analyses of sam-
ple SG-1 obtained using EMPA are given in Fig. 12. The 
results are most reliable for the LREE, but not as much for 
the HREE: Reported values for Dy seem to underestimate 
the true value as overall REE concentrations decrease, and 
vice versa for Lu (see Online Resource 4), thus the Dy 
value is interpolated and Lu is omitted in Fig. 12. The char-
acteristic X-ray lines of Eu overlap with other elements and 
concentrations are overall very low, causing measurements 
of Eu contents by EMPA to be highly unreliable. Although 
Eu was not analysed by EMPA, it is possible to compare 

a b c

d e f

Fig. 5   ‘Replacement’ epidotes. Photomicrographs of partly epidotised plagiogranites: a SX-1A, b KPC-4C, and c H-3A. BSE images: d Cy4-1-
10: completely epidotised diabase, e KPX-2B: completely epidotised vertical vein in plagiogranite, and f SE-3A: partly epidotised plagiogranite

a b c

Fig. 6   BSE images of allanites: a SE-3A: oscillatory zoned allanite-(Y) and epidote, b SE-3A: oscillatory zoned allanite-(Y) and epidote, and c 
SG-1B: ferriallanite-(Ce)
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the allanites with adjacent REE-rich epidote analysed by 
LA-ICP-MS, which is similar to epidote from the zoned 
oscillations (see LA pits in Fig. 6). Such REE-rich epidote 
is characterised by a negative Eu anomaly (violet diamonds 
in Fig. 12). On this ground, negative Eu anomalies of simi-
lar magnitude can be inferred for the allanites as well.

Ferriallanite-(Ce) is strongly LREE enriched 
(LaN/YbN ≈ 30−45), becoming less enriched with increas-
ing atomic number. Conversely, allanite-(Y) exhibits a rather 
flat to weakly LREE-enriched pattern (LaN/YbN ≈ 1−4),  

with slight enrichment of the MREE (middle REE; 
LaN/SmN ≈ 0.4−1). Elements heavier than Sm are concen-
trated in allanite-(Y), whereas elements lighter than Sm are 
concentrated in ferriallanite-(Ce).

It is possible to estimate the redox conditions of iron in 
the allanites using a 

∑
REE+Y+Th+U versus Al diagram. 

A similar diagram, excluding Y and U, was described and 
formulated by Petrík et al. (1995) and Poitrasson (2002). In 
their studies, Y was a negligible component of allanite and 
it was safe to exclude it. However, in the present study, Y 

Fig. 8   Plots of 
∑

REE* versus 
EuN/Eu

∗ for the entire epidote 
database for each locality in 
logarithmic scale. Green lines 
are linear regression models 
with 90 % confidence intervals 
in grey
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plays a significant role and it behaves similarly to the REE, 
so it is included. Also, as U was analysed and it behaves 
similarly to Th (Frei et al. 2004), it is also included for com-
pleteness. The diagram shows four members of the epidote 
group: clinozoisite at the bottom right corner, epidote at the 
bottom left, allanite at the top right, and ferriallanite at the 
top left corner. Figure 13 shows that both ferriallanite-(Ce) 
and allanite-(Y) in sample SG-1 plot on the same Feox line, 
with Fe3+/(Fe3+ + Fe2+)≈0.5. The allanite-(Y) from sam-
ple SE-3 shows a trend of increasing Feox from 0.5 to almost 
1. This trend should not be interpreted in terms of chang-
ing redox conditions in the mineralising fluid, but rather as 
dwindling of REEs available for allanite growth, similar to 
allanites studied by Oberli et  al. (2004). It is important to 
note, nonetheless, that the most REE-rich spot of the allan-
ite-(Y) in sample SE-3, located in the core of the mineral 
(hence most primitive), has a Feox value of 0.5, similar to 

the allanites from sample SG-1, suggesting the redox condi-
tions at the beginning of the allanite-(Y) growth were simi-
lar to those prevailing during ferriallanite-(Ce) growth.

Whole rock

Results of whole-rock analyses for plagiogranites from 
Spilia are given in Fig. 14. Additional analyses of the Spilia 
plagiogranites given in Freund et al. (2014) are shown for 
comparison. The Spilia plagiogranites are REE-enriched: 
about 10–30 times chondrite abundance. They are LREE 
depleted (LaN/LuN < 1) and have a negative europium 
anomaly, similar to earlier measurements reported in Kay 
and Senechal (1976). A notable feature is the concave pat-
tern of the LREE, which is unique to the Spilia plagiogran-
ites according to further analyses conducted by Freund 
et al. (2014).

Fig. 9   REE characteristics of a 
zoned epidote grain from sam-
ple SE-3A. a 

∑
REE* versus 

EuN/Eu
∗ plot. b REE patterns. 

c BSE image with locations of 
analyses marked. d Cross polars 
micrograph of the epidote grain 
with the BSE image outline 
marked. An X-ray map of 
selected major and minor ele-
ments for this grain is available 
in Online Resource 6

a

b

c d
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Discussion

Hydrothermal epidote

A synthesis of the petrographic evidence suggests that 
the allanites were the first to form, followed by the REE-
rich–Eu-deficient epidotes, and lastly the REE-poor–Eu-
enriched epidotes. A yet open question is at what condi-
tions and in what medium the minerals were crystallising 
from. Since epidote mostly appears as vug-filling crystals, 

it is probably not the result of solid-state metamorphic 
growth in the greenschist facies, so common in the diabases 
of the Troodos ophiolite. It is then either of hydrothermal 
or magmatic origin. A magmatic origin can be easily ruled 
out because magmatic epidote requires high pressures that 
were not attained in Troodos (Schmidt and Poli 2004). A 
hydrothermal origin for the epidote is thus most plausible.

The negative 
∑

REE*–EuN/Eu∗ correlation in epidote, 
and consequently in the fluid, may represent a continuum 
of two end member fluid compositions:

Table 2   Average 
concentrations and RSD of two 
reference basaltic glasses

Units are in ppmw

BCR2G (n = 12)

Element Si Ti V Cr Co Cu Zn Sr Y Zr La Ce

Measured 232960 13017 387 14 34.26 15 131 308 29.81 158 22.56 47.59

Certified 14100 425 17 38 21 125 342 35 184 24.7 53.3

RSD 4.7 2.8 1.5 6.0 1.6 1.9 5.2 1.6 1.9 1.6 1.9 1.6

 Element Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Measured 4.82 21.99 5.62 1.95 5.27 0.80 4.63 0.89 2.21 0.30 1.96 0.27

Certified 5.35 24.5 6.1 2.07 6.16 0.92 5.28 0.98 2.56 0.34 2.01 0.279

RSD 2.7 2.8 3.9 7.0 4.3 3.7 2.6 6.1 5.4 7.4 9.7 9.5

BHVO2G (n = 14)

Element Si Ti V Cr Co Cu Zn Sr Y Zr La Ce

Measured 223218 16280 306 265 42.32 106 104 367 20.83 141 13.91 34.75

Certified 16726 308 293 44 127 102 396 26 170 15.2 37.6

RSD 4.9 2.7 1.0 3.0 1.7 2.3 4.3 2.0 2.9 2.5 1.7 1.3

 Element Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Measured 5.99 25.59 6.12 1.83 5.96 0.93 5.71 1.14 3.30 0.48 3.25 0.48

Certified 6.7 28.9 6.59 1.97 6.71 1.02 6.44 1.27 3.7 0.51 3.39 0.503

RSD 2.2 2.3 4.1 5.3 3.8 3.6 3.2 3.3 3.4 9.1 5.1 7.4

Fig. 10   X-ray map for allanite-(Y) from sample SG-1B. An X-ray map with additional elements is available in Online Resource 6
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1.	 The first end member is a deuteric fluid, exsolved from 
the crystallising plagiogranitic magmas. Epidotes of 
deuteric origin are not unknown (e.g. in plagiogranites 
described by Pedersen and Malpas 1984). Hence, the 
deuteric fluid inherited REE enrichment and negative 
europium anomaly from the highly evolved magma. Its 
REE characteristics are thus similar to the whole-rock 
composition of the plagiogranites (Fig. 14) and are best 
represented by REE-rich epidotes.

2.	 The second end member has similarities with seawater-
derived hydrothermal fluid, such as fluids venting from 

black smokers on the sea floor (also see similar epi-
dote grain analysed by Gillis et al. 1992 and epidosite 
whole-rock analysed by Valsami and Cann 1992). This 
fluid has a strong positive Eu anomaly and low total 
REE abundances, although higher than regular sea-
water (Michard et al. 1983; Klinkhammer et al. 1994; 
Craddock et al. 2010).

The 
∑

REE*–EuN/Eu∗ trend in Troodos epidotes (Fig. 8) 
can be accounted for by either of two models: (1) mix-
ing of deuteric fluid (first end member) with actual sea-

Fig. 11   X-ray map for ferriallanite-(Ce) from sample SG-1B. A BSE image of this grain is given in Fig. 6c. An X-ray map with additional ele-
ments is available in Online Resource 6

Fig. 12   REE plot for the allanites analysed in this study. Two REE-
rich epidote are added for comparison: one from sample SE-4B and 
another from SE-3A (see Fig. 7)

Fig. 13   Fe redox diagram for allanite, based on the method of Pet-
rík et  al. (1995). Oblique contours are Feox = Fe

3+/(Fe
3+ + Fe

2+). 
Allanite identification key: violet triangle, Fig. 11 and 6c, pink dia-
mond, Fig. 10, green square, Fig. 6b, orange circle, Fig. 6a
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water-derived fluid or (2) gradual evolution of deuteric 
fluid to a fluid that has similar composition to seawa-
ter-derived fluids.

There are several reasons why the mixing model is 
unlikely. Firstly, if modified seawater had diluted magmatic 
fluids to variable extents, then the same REE pattern would 
have been expected in all REE-poor, (modified) seawater 
dominated, epidotes. However, this is not the case. REE-
poor epidotes in Fig. 7 show a variety of patterns, for exam-
ple LREE-depleted (Cy4-1-10, KPX-2B), LREE-enriched 
(PAI-4A), convex (H-3B), and more. Also, the low 

∑
REE* 

analyses in Fig. 8 should converge to a single hypotheti-
cal seawater-derived fluid, but they do not. Therefore, the 
scatter results from local fluid variations. One may suggest 
that this variability in REE patterns may stem from differ-
ing conditions (pH, salinity, etc.), but Migdisov and Wil-
liams-Jones (2014) show that the REE do not significantly 
fractionate due to variations in fluid chemistry. Secondly, 
seawater could only infiltrate the plagiogranites after the 
transition from ductile to brittle deformation, during post-
crystallisation cooling of the already solidified plagiogran-
ite (Kelley and Delaney 1987; Gillis and Roberts 1999; 
Kelley and Früh-Green 2000; Gillis 2003). Thus, oscilla-
tory zoning (Fig. 6) between deuteric patterns and actual 
seawater-derived fluid patterns is improbable. It is more 
likely that the continuous spectrum in epidote composi-
tions is a result of gradual transformation of a deuteric-type 
fluid into a fluid that shares its REE pattern with seawater-
derived fluids, but did not actually originate from it.

This transformation has two components: (1) reduction 
in REE and (2) increase in Eu. A possible explanation for 
lower REE contents in later epidote is decrease in tempera-
ture. Epidote in Troodos crystallised over a 100 ◦C range, 
from about 400 to 300 ◦C (Kelley and Robinson 1990; 
Petko 1997). Feineman et  al. (2007) demonstrate that in 
the case of high-pressure zoisite (an orthorhombic member 
of the epidote group, with a composition similar to that of 
epidote, excluding Fe), REE D are roughly half an order 

of magnitude lower per 100 ◦C decrease in temperature. 
This is not sufficient to explain the larger variations in REE 
contents observed in the Troodos epidote (Fig. 7). As vari-
ations in temperature cannot explain the 

∑
REE* trend, a 

more likely explanation is the sequestration of REE into the 
crystallising epidotes, forming from fluids that become pro-
gressively depleted in 

∑
REE* with time. The increase in 

Eu can be attributed to incorporation of divalent Eu into the 
epidote crystal structure. Eu is highly compatible in epidote 
(Pan and Fleet 1996) due to the very similar ionic radius of 
divalent Eu compared to Sr (Valsami and Cann 1992)—by 
itself a highly compatible element in epidotes (Frei et  al. 
2004). Eu is present in sub-seafloor hydrothermal fluids 
in the reduced divalent state, which is highly mobile in 
chlorine-rich fluids (Sverjensky 1984; Bau 1991; Allen and 
Seyfried 2005), such as fluids exsolved during plagiogran-
ite crystallisation. As the progressive REE-depletion of 
Troodos epidotes records evolution of fluid composition in 
time, strong positive Eu anomalies in such epidotes suggest 
that sufficient time has elapsed for the acidic chlorine-rich 
fluids to leach Eu from the country rock and make it avail-
able for incorporation into epidote in its divalent state. No 
major REE-hosting secondary minerals occur in associa-
tion with epidote, so this trend cannot be explained by REE 
partitioning with competing minerals.

Hydrothermal versus magmatic allanite

A similar deuteric origin can be suggested for allanite-(Y) 
as well. REE-rich epidote and allanite-(Y) are oscillatory 
zoned (Fig. 6a, b). Since rapid oscillations between hydro-
thermal and magmatic conditions are doubtful, they prob-
ably share the same, contemporaneous, hydrothermal ori-
gin. This also supports the idea that the fluids are deuteric 
and not seawater derived, because seawater, albeit modi-
fied and enriched in REE, has not been documented crys-
tallising allanite. In contrast, ferriallanite-(Ce) does not 
seem to be a part of the epidote–allanite-(Y) continuum 
so its origin has to be determined using different methods. 
Cerium-rich allanites are common minerals in many rock 
types and unlike epidote, do not require high pressure for 
magmatic crystallisation (Schmidt and Poli 2004; Gieré 
and Sorensen 2004). They are by far the most dominant 
species of the allanite group (Gieré and Sorensen 2004). 
Melting experiments on plagiogranite-like rocks by Naka-
jima and Arima (1998) show that allanite is the magmatic 
mineral that crystallises upon REE saturation in such 
rocks. However, the experimental runs were doped with 
REE and no analyses of the resulting allanite are given, 
so it is not possible to determine the exact allanite spe-
cies. Conversely, allanite-(Y) is a rare mineral with very 
few references in the scientific literature. The coexistence 
of both minerals has been reported only once in granites 

Fig. 14   REE plots for whole-rock analyses from Spilia. Orange area 
marks rocks from this study and violet area marks rocks from Freund 
et al. (2014)
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of the Graciosa Province, southern Brazil, where ferrial-
lanite-(Ce) is considered a magmatic mineral whereas 
allanite-(Y) crystallised from a hydrothermal fluid (Vlach 
and Gualda 2007; Vlach 2012). Although the granites of 
the Graciosa Province formed in a different tectonic set-
ting than the Troodos ophiolite, there is a possibility that 
allanites in both areas formed in a similar way.

In order to test this idea, the REE patterns of the melt or 
fluid from which the allanites could have crystallised were 
calculated. D values for allanite/melt (Mahood and Hildreth 
1983) and for allanite/fluid (Banks et al. 1994) were used to 
calculate the REE patterns of the fluid with which allanite-
(Y) was in equilibrium, and of melt or fluid that coexisted 
with ferriallanite-(Ce). Unfortunately, both Mahood and 
Hildreth (1983) and Banks et al. (1994) provide D values 
only for the LREE. This is not a major drawback, however, 
since the LREE show the greatest variation among the two 
allanites (Fig. 12). For the calculation, two representative 
analyses of allanite-(Y) and ferriallanite-(Ce) from sample 
SG-1B were taken. Both Mahood and Hildreth (1983) and 
Banks et al. (1994) provide two sets of D values. Both sets 
of numbers were used per mineral, and the results are given 
as areas encompassing the range in Fig. 15. The whole-rock 
composition of sample SG-1, arbitrarily multiplied by 10 in 
order to fit in the plot scale, is also given in Fig. 15. An 
additional set of partition coefficients for magmatic allan-
ites is provided by Brooks et  al. (1981), but the resulting 
pattern is similar to the patterns derived from the Mahood 
and Hildreth (1983) data and is not shown here for simplic-
ity. For details, see Online Resource 4.

There are several important points arising from the REE 
distribution calculations:

1.	 Primary magmatic minerals in plagiogranite sample 
SG-1 consist practically only of quartz, plagioclase, 
and magnetite—ignoring ferriallanite-(Ce) for now—
none of which are major sinks for REE (e.g. Nielsen 
et al. 1992; Ewart and Griffin 1994). Thus, even while 
taking into account some amount of crystal fractiona-
tion, the REE whole-rock composition is the best 
approximation of SG-1 magma composition.

2.	 Hydrothermal fluid in equilibrium with allanite-(Y) 
retains the positive La–Ce deviation and the concave 
shape characteristic of the whole-rock LREE pattern. 
D values between melt and chlorine-rich aqueous flu-
ids (common in the Troodos plagiogranites; Kelley and 
Robinson 1990; Kelley et al. 1992) are similar for all 
the LREE and are not likely to cause any fractionation 
of the LREE during exsolution (Reed et al. 2000). This 
observation gives support to the conclusion that the 
hydrothermal fluid is indeed deuteric in nature and rep-
resents direct exsolution from REE and fluid saturated 
magma.

3.	 Hydrothermal fluid in equilibrium with ferriallanite-
(Ce) does not share the LREE pattern with the whole-
rock composition. It is relatively enriched in La and 
does not show the positive SmN/NdN ratio, which is 
characteristic of the Spilia plagiogranites. In contrast, 
melt pattern in equilibrium with ferriallanite-(Ce) 
matches the whole-rock pattern better than the fluid 
pattern. Consequently, a magmatic origin is the most 
likely for ferriallanite-(Ce). This is in agreement with 
its abrupt crystal terminations against the neighbouring 
epidote inside miarolites, suggesting the end of silicate 
magma crystallisation and onset of hydrothermal fluid 
crystallisation.

Conditions of allanite growth

It is unclear exactly at what temperature range the allan-
ites crystallised. Hydrothermal epidotes in plagiogranites 
are thought to form at 400 to 500 ◦C (Kelley and Robinson 
1990), whereas plagiogranite melts are expected to crys-
tallise completely at 700 to 800 ◦C. However, due to the 
volatile-rich composition of the residual melt, it is highly 
likely that ferriallanite-(Ce) kept on growing in under-
cooled melt similar to many pegmatite-hosted allanites 
(London and Morgan 2012) spanning at least part of the 
temperature range between 700 and 500  ◦C. Similar late 
magmatic–hydrothermal crystallisation in this temperature 
range has been documented elsewhere in gabbros of the 
Troodos ophiolite (Gillis 2002). The allanite-(Y)–epidote 
oscillations probably crystallised in the 400 to 500 ◦C tem-
perature range similar to other epidotes in Troodos (Kelley 
and Robinson 1990). The oscillations themselves can be 
explained by depletion of REEs in the hydrothermal fluid 

Fig. 15   Calculated LREE composition of hypothetical fluid in equi-
librium with allanite-(Y) in green and ferriallanite-(Ce) in yellow, and 
hypothetical LREE composition of granitic melt in equilibrium with 
ferriallanite-(Ce) in orange. Both allanite compositions are from sam-
ple SG-1B. D values for Pr given in Banks et  al. (1994) result in a 
spurious Pr anomaly, and D values are not given at all in Mahood and 
Hildreth (1983). Therefore, Pr values were interpolated. Whole-rock 
LREE contents of sample SG-1 (multiplied by 10) added for refer-
ence
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as allanite-(Y) sequesters them and subsequent replenish-
ment by REE-rich fluids exsolving from adjacent magmas 
of the same large plagiogranite body at Spilia.

Further insights into the allanite growth process can be 
gained by considering the Feox values for the allanites given 
in Fig. 13. Both ferriallanite-(Ce) and allanite-(Y) from sam-
ple SG-1 plot on the Feox = 0.5 line, suggesting that both 
minerals crystallised from a fluid or melt having similar fO2

, 
consistent with coexisting magnetite crystals that also occur 
in association with the allanites. Thus, the hydrothermal fluid 
inherited the oxidation state of the melt, resulting in simi-
lar Fe3+ to Fe2+ ratios. The observation that all allanites in 
this study share the same Feox values suggests that the activ-
ity of available Fe2+ was the limiting factor for initial REE 
incorporation into the allanite crystal structure, and not the 
availability of the REE themselves. This supports the claim 
that ferriallanite-(Ce) crystallisation in the magmatic phase 
was immediately followed by allanite-(Y) crystallisation in 
the fluid phase. Subsequent increase in Feox recorded in the 
crystal most probably records the REE depletion of the fluid 
(Fig. 13). Note that the increasing Feox trend does not strictly 
reflect evolution in time but rather a range of oscillations in 
allanite-(Y)–epidote composition.

Hydrothermal fluid flow and migration

The whole-rock REE contents of the Spilia plagiogranite 
reported here and in Freund et  al. (2014) are apparently 
contradictory: how can the allanite-bearing plagiogranites 
from this study contain less overall REE than the most 
REE-rich yet allanite-absent plagiogranites of Freund et al. 
(2014) (dashed line in Fig. 14)? Also, note that while the 
LREE contents in this study are lower, HREE are similar 
(and even higher for Lu). A possible explanation lies with 
the epidote/fluid D values for the REE. Unfortunately, no 
data are available in the literature regarding epidote, but 
data exist for zoisite. Two different studies have shown that 
partition coefficients for the REE increase with increas-
ing atomic number, i.e. La has the lowest mineral/fluid D, 
whereas Lu has the highest (Brunsmann et al. 2001; Feine-
man et al. 2007). One can hypothesise a situation in which 
the REE-richest plagiogranite of Freund et al. (2014) is just 
on the verge of exsolving a REE-rich fluid phase. The pla-
giogranites of the present study show the next stage in the 
plagiogranite evolution: crystallisation of ferriallanite-(Ce) 
followed by deuteric allanite-(Y) and epidote. The epi-
dote retains most of the HREE owing  to their high parti-
tion coefficients, but the LREE are only partly incorporated 
to epidote and remain dissolved in the hydrothermal fluid. 
The LREE are then susceptible to fluid migration, which 
explains why they are less abundant in rocks that experi-
enced fluid saturation. Fluid migration is indicated by the 
observation of similar fluid evolution pattern in epidotes in 

rocks other than plagiogranites. Epidotes from an epidositic 
diabase sampled within the sheeted dyke sequence at Lem-
ithou (Fig. 1) exhibit the same 

∑
REE*–EuN/Eu∗ trend 

characteristic of plagiogranitic epidotes (Fig. 7). Epidotisa-
tion of sheeted dykes is usually attributed to the effect of 
modified seawater (Richards et  al. 1989; Bettison-Varga 
et al. 1995), but it is unlikely in this particular case due to 
the differing REE patterns of the epidotes from this sample. 
A more likely explanation is that the fluids responsible for 
epidote growth originated from the plutonic complex, and 
more specifically from a fluid saturated crystallising plagi-
ogranite body: The sampling location is adjacent to a large 
plagiogranite body in the plutonic complex of the Troodos 
ophiolite. This plagiogranite body was not studied in this 
work, but Freund et  al. (2014) did sample and analyse it 
(their ‘main group’). The measured REE patterns of the 
‘main group’ plagiogranites show striking similarities with 
the REE patterns of the Lemithou diabase epidote, fur-
ther corroborating the fluid migration model. This process 
requires REE-loss associated with fluid migration from the 
plagiogranite outwards, which accounts for the contrasting 
REE patterns of allanite-bearing and allanite-lacking plagi-
ogranites, for instance as observed in Spilia.

Autometasomatism and the textural types of epidote

The two textural types of epidote have yet to be explained 
in the context of the process described hithertho. It is seen 
by the distribution of the ‘miarolite’ and ‘replacement’ epi-
dotes in Fig. 8 that there is little correlation between the 
textural type and the time of epidote crystallisation (early 
versus late, especially note epidotes from Kyperounta and 
Platanistasa). Petrographic evidence indicates that in some 
cases an epidote that appears to be chemically homoge-
neous or continuous fills in a miarolite and progresses 
to replace plagioclase in the miarolite walls (Fig. 4d, i). 
Similar phenomenon was described in the sheeted dyke 
sequence of Troodos by Lipfert (1997) and in Oman by 
Nehlig et al. (1994). Thus, epidote growth process has no 
preference in respect of the location within the plagiogran-
ite. It appears that early REE-rich epidotes will grow in 
either miarolites, hydro-fractures, or as replacement of pla-
gioclase, pending availability of each micro-setting. Epi-
dote growth is in fact an opportunistic form of autometa-
somatism, whereby the plagiogranite is epidotised by the 
means of its own exsolved fluids. Growth of epidote from 
magmatic fluids has been suggested before based on fluid 
inclusion studies from Troodos (Kelley and Robinson 1990; 
Kelley et al. 1992; Nehlig 1991; Hayes 1996; Petko 1997), 
Tonga (Banerjee et al. 2000; Banerjee and Gillis 2001), and 
Oman (Stakes and Taylor 2003; Nicolas et al. 2008).

In contrast to Kyperounta and Platanistasa, the case 
of Spilia shows a different picture (Fig. 8). Here, the two 
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epidote types seem to form two separate parallel trends. 
This observation can be explained by epidotisation occur-
ring in two stages. As shown previously, the Spilia plagi-
ogranites contain the largest miarolites (and consequently 
had the largest fluid contents) and were the only plagi-
ogranites in this study capable of crystallising allanite. It 
is possible that the miarolites were large enough to easily 
accommodate allanite and epidote growth first, before the 
replacement process began. An example can be seen in 
Fig. 2a where a rock is mostly unepidotised, yet contains 
epidote-filled miarolites. A second stage would require an 
influx of REE-bearing fluids, albeit with lower initial REE 
contents. Such fluids would cause epidotisation (i.e. Fig. 
2c) of the plagioclase, while the pre-existing ‘miarolite’ 
epidote remains intact. The source of the second stage flu-
ids would have to be from a similar nearby plagiogranite 
body.

Concluding remarks

1.	 The occurrence of allanite in plagiogranites must not 
be ignored when constructing REE models of plagi-
ogranite formation processes. Although rare, allanite 
is a major carrier of REE and it should be taken into 
account. Furthermore, care has to be taken when estab-
lishing the crystallisation mechanism of allanite—
whether magmatic or hydrothermal—in order to cor-
rectly choose the appropriate partition coefficients (D).

2.	 REE contained in exsolved hydrothermal fluids are 
able to migrate through the plagiogranites into them-
selves and into nearby rock suites. This can cause 
epidotisation by magmatic fluids, in contrast to the 
currently accepted model of epidotisation by seawater-
derived hydrothermal fluids. The preferential uptake of 
the HREE by concurrently crystallising epidotes serves 
to lock the HREE in the rock while the LREE are free 
to move. This may result in a lower LaN/LuN ratio of 
the rock than would be in the case that REE-rich fluid 
had not exsolved (see Fig. 14).

3.	 Epidotisation of plagiogranites, in some cases, con-
tains a significant component of autometasomatism 
rather than alteration by modified seawater. As epi-
dosites are commonly thought to be an important fac-
tor of economic mineralisation in ophiolites (Richards 
et al. 1989; Jowitt et al. 2012), the mechanism of epi-
dotisation in plagiogranites is of great significance and 
should be re-thought and revised.

4.	 Recently, ‘silicic magma signatures’ in modern sea-
floor hydrothermal vents were discovered by Reeves 
et al. (2011). It is not unlikely that these magmatic flu-
ids were originally exsolved by crystallising plagiogra-
nitic magmas, similar to those described in this study.
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