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Abstract

The behaviour of rare earth elements (REE) during fluid—rock interaction in mid-crustal shear zones has received
little attention, despite their potential for mass balance calculation and isotopic tracing during deformation. In this
study, several cases of large REE mobility during Alpine fluid-driven shear zone development in the pre-Alpine
granitic basement of the Mont Blanc Massif are considered. On a regional scale, the undeformed granite compositions
range within 5 wt% SiO, (70.5-75.3 wt%) and magmatic chemical variations are of the order of 10-20%, ascribed to
minor effects of crystal fractionation. Major and trace element mobility observed in shear zones largely exceeds these
initial variations. Shear zones developed a range of mineral assemblages as a result of shearing at mid-crustal depths
(at ~0.5 GPa, 400°C). Five main shear zone assemblages involve muscovite, chlorite, epidote, actinolite and calcite,
respectively, as major phases. In most cases, selective enrichments of light or heavy REE (and Y, Ta, Hf) are
observed. REE mobility is unrelated to deformation style (cataclastic, mylonitic), the intensity of strain, and to the
shear zone’s major metamorphic mineral assemblages. Instead, the changes in REE concentrations are ascribed to the
alteration of pre-existing magmatic REE-bearing minerals during deformation-related fluid-rock interaction and to
the syntectonic precipitation of metamorphic REE-bearing minerals (mainly monazite, bastnésite, aeschynite and
tombarthite). Minor proportions (<2%) of these accessory phases, with grain sizes mostly <20 pum, account for
enrichments of up to 5:1 compared to the initial granite whole-rock REE budget. The stability of the REE phases
appears to be largely dependent on the altering fluid composition. REE mobility is ascribed to changes in pH and to
the availability of CO3~, PO3~, and SO3 ligands in the fluid. Such processes are likely to influence the mobility of
REE, Y, Hf and Ta in shear zones.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Fluid-rock interaction during shear zone evolu-
tion is commonly associated with changes in ma-
jor element chemistry [1-5]. Changes in major and
trace element chemistry are used to infer volume
changes, assess mass transfer and investigate as-
pects of fluid chemistry [1-5]. In general, alumi-
nium, and less frequently titanium and iron, are
considered immobile in Alpine shear zones [4,5],
but other studies show that almost all elements
can be mobilised during mylonitisation [6-9]. Fur-
ther, experimental investigations have proven that
aluminium is unstable in the presence of fluids
under greenschist facies metamorphic conditions
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[10]. Until now, there has been little attempt to
use other elements, or trace elements such as rare
earth elements (REE), in mass transfer calcula-
tions, even though REE, along with Nb-Ta and
Zr-Hf, have been widely used as tracers of petro-
logical processes and geodynamic environments.
The mobility of REE during hydrothermal flu-
id-rock interaction has been widely debated in
the literature in the past three decades (see [11]
for a discussion). It has been demonstrated that
REE could be either mobile or immobile depend-
ing on specific hydrothermal environments, but
the variation in behaviour still remains largely
unexplained [12-17]. The mobility of elements
during fluid-rock interaction is clearly controlled
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Fig. 1. (A) Geological map of the Alps, with the location of External Crystalline Massifs. 1, Pre-Alpine Nappes (Romand and
Swiss Prealps); 2, Dauphinois/Helvetic zone; 3, External Crystalline massifs; 4, Exotic Flysch; 5, Briangonnais Zone; 6, Internal
Crystalline Massifs; 7, Schistes Lustrés Complex; 8, Austro-Alpine Units of the western Alps. External Crystalline Massifs: Arg.,
Argentera; A.R., Aiguilles Rouges; Bel., Belledonne; G, Gotthard; Mt-B., Mont Blanc; P, Pelvoux. Internal Crystalline Massifs:
Am, Ambin; DB, Dent-Blanche; GP, Gran Paradiso; MR, Monte Rosa. (B) Simplified geological map of the Mont Blanc massif
after [23,24], modified. Location of samples C46-C50 is indicated, and that of other samples is shown in Fig. 3.



Y. Rolland et al. | Earth and Planetary Science Letters 214 (2003) 203-219 205

by the stability of minerals in which they are in-
corporated and by the nature of the percolating
fluid [3,17-20]. It follows that in order to inves-
tigate REE mobility in shear zones, it is necessary
to take into account the mineralogical equilibria
between fluids and REE-bearing minerals, as well
as the role of pH, temperature, redox conditions
and of the potential ligands present in the fluid
[14,21].

In this paper, we investigate the effects of meta-
morphic reactions and fluid flow on the stability
of elements during shear zone development under
greenschist-grade conditions, using the exception-
ally well-exposed shear zone network in the Mont
Blanc Massif.

2. Geological background

The Mont Blanc Massif is one of several Varis-
can ‘external crystalline massifs’ within the west-
ern Alps (Fig. 1). It is made of paragneisses, or-
thogneisses, migmatites and granites [22-25]. The
migmatitic gneisses are dated at 453 £3 Ma by U-
Pb on zircon [26]. The granite intrusion is a Her-
cynian 35X 10 km calc—alkaline batholith dated at
300£3 Ma [26]. Several magmatic facies have
been recognised, mainly based on the grain size
of minerals. From the NW margin to the core of
the massif the granite becomes more porphyritic,
whereas it is finer-grained near its SE contact
[23,24,27]. The intrusive contacts are exposed on
both sides, though locally they have been tectoni-
cally reactivated during the Tertiary Alpine orog-
eny. The Mont Blanc Massif is an actively extrud-
ing pop-up structure [28,29]. The massif is
bounded by a NW-vergent thrust in the NW
[30] and by a SE-vergent thrust in the SE [31].
The distribution of faults within the granite has
a fan-like arrangement [28,29]. On the SE margin
of the Mont Blanc Massif, deformation has been
shown to evolve temporally from brittle to ductile
in the same shear zones, due to the recrystallisa-
tion of phyllosilicates at the expense of feldspars
during fluid-assisted deformation (see [32] for a
detailed analysis of deformation processes). The
timing of shear zone formation is still poorly con-
strained. In the basement gneiss, some shear zones

have been dated at 47 Ma (Ar—Ar on paragonite
[33]). In the granite, the shear zones containing
biotite—muscovite—chlorite-epidote—quartz—albite
assemblages have been dated at 18-36 Ma with
the Rb/Sr method [34], but reflect some partial
resetting of the granite magmatic age. The Mont
Blanc Massif is also well known for its hydrother-
mal veins, which are formed contemporaneously
with the shear zones (e.g. field observations from
[35] and references therein). Veins are mainly
filled by chlorite, quartz, muscovite, adularia
and calcite [36,37]. Vein formation has been dated
at 13-18 Ma in the granite using K/Ar and Rb/Sr
techniques on adularia and muscovite [38], and at
10 Ma in the basement gneiss (Ar—Ar on adularia

[35D).

3. Sampling and analytical techniques

For this study, more than 200 samples have
been collected throughout the massif. Fifty shear
zone and undeformed granite samples were se-
lected for petrographic study (see Section 4).
Out of these samples, five samples of unde-
formed/unaltered granite (see Section 5), and 31
samples of deformed/altered granite, largely from
mylonitic shear zones, were selected for geochem-
ical analysis.

Whole-rock major, trace and REE were ana-
lysed at Geoscience Australia (GA) in Canberra.
Major and trace element analyses were performed
by X-ray fluorescence spectrometry using a Phil-
ips PW2404 4 kW sequential spectrometer with a
Rh tube. REE were analysed by solution induc-
tively coupled mass spectrometry (ICP-MS).

Mineral compositions were determined by elec-
tron probe microanalysis (EPMA). The analyses
were carried out at 15 kV and 1 nA using a JEOL
6400 scanning electron microscope (SEM)
equipped with an Oxford Instruments light EDS
detector and Link ISIS SEMquant software, at
the ANU Electron Microscopy Unit. Natural
samples were used as standards. Backscattered
electron (BSE) imaging was used to locate and
identify REE minerals.

Samples with selected REE minerals of size
>50 um were analysed by laser-ablation ICP-
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MS (LA-ICP-MS) at the Research School of
Earth Sciences (ANU, Canberra). Samples were
ablated with a pulsed 193 um ArF LambdaPhysik
LPX 1201 UV Excimer laser with constant 90 mJ
energy, a repetition rate of 5 Hz and a pit diam-
eter of 32 um. Before ablation, background
counts were collected for 30 s, and acquisition
time was fixed at 30 s. Power density at target
was about 0.25 GW (7 J/em™2). A mixed Ar—He
(with minor Hj) carrier gas transported the ab-
lated material from the sample cell into a flow
homogeniser and to an Agilent 7500 ICP-MS.
The carrier gas setting was ~ 1.15 1/min with 0.3
I/min He. Plasma power was 1250 W. Masses
were measured in peak jumping mode, 1 point
per peak and 0.015 s per mass. Additional infor-
mation about LA-ICP-MS measurements can be
found in [39].

4. Shear zone description and metamorphic
conditions

The shear zone network of the Mont Blanc
Massif has two main components, one trending
060° with a dextral strike-slip sense and the other
N-S with a sinistral sense. Shear sense is deduced
from stepped striae and slickenfibres and from
microscopic analysis of sigma and delta porphyr-
oclasts. Deformation is always transpressive and
related to a lineation with an average plunge of
66° (average of 362 values). The 060° dextral com-
ponent and the N-S sinistral component of shear
zones are consistent with an overall horizontal
NW-SE shortening and vertical extension at the
scale of the massif. Mylonites and cataclasites oc-
cur in both sinistral and dextral shear zones. Cat-
aclasites are mainly found in the first 2 km of the
massif’s SE rim and locally at the NW side of the
massif. They are formed mainly at the onset of
shear zone development. The evolution from cat-
aclasites to mylonites is observed in both space
and time within individual shear zones, with fea-
tures demonstrating a progressive transition from
brittle to subsequent ductile deformation during
reaction weakening associated with the transfor-
mation of feldspars into phyllosilicates [32].

The mineral assemblages produced during cata-

clasis and mylonitisation consist dominantly of
albite, muscovite, green biotite, epidote, chlorite,
and titanite. The occurrence of muscovite+biotite
assemblages implies minimum temperatures of ca
400°C [40], in agreement with the fluid inclusion
studies on vein quartz (temperatures of 350-
400°C at pressures of 0.25-0.3 GPa [36,37]). Mus-
covite is stable together with K—feldspar, biotite,
albite and quartz, which is the appropriate assem-
blage for the use of the phengitic barometer of
[41]. The muscovite compositions obtained by mi-
croprobe analysis have homogeneous Si contents
of 3.37£0.08 per formula unit (2c), based on 84
measurements from samples throughout the mas-
sif. These values indicate pressures of 0.8-1 GPa
at temperatures of 410 = 10°C, using the phengitic
barometer of [41]. The discrepancy of fluid inclu-
sions and phengitic barometer results has led us to
use a third method, based on thermodynamic
equilibria between phyllosilicates in a muscovite—
biotite * chlorite * epidote-bearing sample (see
[42] for the approach and methods, using the
data from [43,44]). Calculations of pressure and
temperature, based on the intersection of indepen-
dent mineral equilibria, provide estimates of
0.5%£0.05 GPa and 400 £25°C (20; Fig. 2). Sim-
ilar estimates, within error, were obtained from
other shear zone samples, providing evidence
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Fig. 2. Typical pressure-temperature diagram obtained for a
muscovite-biotite * chlorite  epidote  shear zone sample.
Lines drawn in the figure are the independent equilibria com-
puted from EPMA values following the approach of [42] us-
ing the data of [43,44].



Y. Rolland et al. | Earth and Planetary Science Letters 214 (2003) 203-219 207

that the conditions of formation of the shear
zones are those of the upper greenschist facies at
mid-crustal depths.

5. Geochemistry of the Mont Blanc granite

To establish the range of initial magmatic
chemical heterogeneity within the undeformed
granite prior to the development of shear zones,
we have compiled the data available from the
works of Marro and Bussy [24,27]. A synthesis
of the major element data obtained by these au-
thors is displayed in Table 1!, based on 46 anal-
yses of the porphyritic central facies and on 10
analyses of the fine-grained marginal facies. This
synthesis shows that the fine-grained marginal fa-
cies is slightly more silica-rich (SiO; up to 75.3
wt%) and more depleted in other oxides than
the porphyritic core (SiO, down to 70.5 wt%),
as a result of magmatic fractional crystallisation
(see [24] for a complete analysis of magmatic pro-
cesses). In this study, we have analysed a further
five samples of porphyritic and fine-grained facies
from across the Mont Blanc granite. Major ele-
ment analyses of these five samples are within the
26 compositional range of the Bussy and Marro
analyses (Table 2'). The variability of REE in the
undeformed granite was investigated via a com-
parison of these five samples with partial REE
analyses of eight granite samples from [24]. As
indicated in Table 2!, these two data sets show
similar REE contents (at +12-20%, 2c average).
In conclusion, the initial heterogeneity of mag-
matic compositions of the granite protolith range
within 12-20% and can be explained by minor
amounts of crystal fractionation. As we will see
in the next section, these initial magmatic varia-
tions are far below those ascribed to fluid—rock
interaction and volume change in the shear zones.

6. Geochemistry of shear zones

Three main mineral assemblages can be distin-

! See online version of this article.

Chamonix

Main shear zone mineral assemblages:

=4 .
' !\&MIH:E% 7 o~
i/ Mont Blanc !

it G s /4//{4 %

Ms-Qiz-Ep + Bt + Chl
w“”xo Ny Chl-Qtz+ Ms + Bt + Phi
MBI .
3 N
I§> :\\/‘/ BSOS s o
S M s

7 = ¥ . O Entréves
i A=
' 707 4 oM

S/mB107

ear
ar zones:
/_/ Main tectonic contacts

== Mapped shear zones

o 7°00"
Courmayeur 1 N

5 km

—

Interpreted shear zone network

Fig. 3. Structural and metamorphic sketch map of the Mont
Blanc Massif. The location of samples selected for geochemi-
cal analysis is also shown. Bt, biotite; Chl, chlorite; Ep, epi-
dote; Ms, muscovite; Phl, phlogopite; Qtz, quartz; Tit, ti-
tanite.

guished in the shear zones, which correspond to
three domains in the Mont Blanc Massif (Fig. 3):
(1) the northwestern domain of mainly epidote-
bearing assemblages (e.g. C7), (2) the central do-
main of mainly chlorite-bearing assemblages (e.g.
C33), and (3) the southeastern domain of mainly
muscovite  biotite * titanite-bearing assemblages
(e.g. MB64). Within this third domain, localised
actinolite-bearing mylonites (e.g. MB61) and cal-
cite-bearing shear zones (e.g. MB107) are also
present. The type of assemblage is not a function
of the style or amount of deformation, as these
three main mineral associations were found in
cataclasites, mylonites and ultramylonites.
Rather, the variations in alteration assemblages
are interpreted to reflect variations in fluid chem-
istry and styles of fluid-rock reaction across the
Mont Blanc Massif.

6.1. Major element geochemistry

In Fig. 4 and Table 3!, we compare the major
element concentrations of representative Mont
Blanc Massif shear zones with those of the unde-
formed Mont Blanc granite (compositional range
expressed by 2c bars). The bulk-rock composition
of the various shear zones shows a much greater
range than the variation in the initial magmatic
composition. The behaviour of major elements is
partly due to the effect of quartz dissolution (or
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Fig. 4. Harker diagrams representing the major oxides’ com-
position versus SiO, for all the analysed Mont Blanc shear
zones. Shear zones chosen as representative of a given meta-
morphic assemblage are labelled, and indicated by squares.
Concentrations (in wt%) are normalised to 100%. The initial
composition of the Mont Blanc granite is shown by the cross
(20 bars represent the compositional variation in the gran-
ite). Model silica enrichment or depletion trends are shown
as arrows, based on a mass balance calculation of silica sub-
traction (or inversely, addition) from the average undeformed
granite composition.

inversely, precipitation (indicated by the arrows in
Fig. 4). However, except in the Al,O; diagram,
elemental variations between shear zones greatly
exceed the effects that could be ascribed to silica

variation. Al,O5 variations fit the modelled varia-
tions of concentrations due to quartz precipita-
tion/dissolution (arrow in Fig. 4), showing that
Al remained relatively immobile. Only sample
MBI107 is remarkably outlying the trend, but
this can be explained by precipitation of calcite
(see below).

With respect to average granite values, the be-
haviour of major elements is clearly related to the
main mineral assemblage type described above in
shear zones from three areas in the massif (Fig.
4). Epidote-bearing shear zones (e.g. sample C7),
have very high CaO and Fe,03, but low K,O and
Al,O3 contents (Table 3'). Chlorite-bearing shear
zones (e.g. sample C33), are enriched in Fe,Os
and MgO and depleted in Na,O, K,O and CaO.
Muscovite * titanite-bearing shear zones (e.g. sam-
ple MB64) are depleted in SiO, and consequent
oxide enrichments are likely due to a volume-loss
effect (as will be discussed in Section 6.3). Actino-
lite-bearing shear zones (e.g. sample MB61) have
high Fe,03, MgO and CaO, and low K,O con-
tents relative to other shear zones. Finally, calcite-
bearing shear zones (e.g. sample MB107), bear
strong enrichments in CaO and correlated deple-
tions in all other oxides.

In the following section, we examine if the be-
haviour of REE is also correlated with the nature
of the main crystallising assemblage.

6.2. REE geochemistry

The REE data are displayed in Fig. 5 and Table
4!, Relative to unaltered granite compositions,
REE are shown to be mobile in the great majority
of shear zones (93% of 34 analyses). In most
cases, LREE (light REE) are fractionated relative
to HREE (heavy REE) (82%), whereas they show
no fractionation during alteration in only 18% of
cases. The data can be separated into four groups
of spectra: (1) REE-depleted without any signifi-
cant fractionation between LREE and HREE (ex-
cept for Eu; Fig. 5A), (2) LREE-enriched or less
depleted relative to HREE (Fig. 5B), (3) LREE-
depleted relative to HREE (Fig. 5C), (4) HREE-
enriched relative to LREE (Fig. 5D). There is no
relation between the shear zone type or major
mineral alteration type (chlorite-, epidote-, actino-
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lite-, calcite-bearing or muscovite-biotite—titanite-
bearing) and the nature of REE patterns. In con-
trast, the comparison of REE contents of rocks
sampled across a single shear zone (Fig. 6) indi-
cates that there can be coupled gains and losses in
REE between shear zones and their immediate
environs. For the area in Fig. 6, the damage
zone adjacent to the main shear zone is depleted
in LREE, whereas the core is selectively enriched
in LREE. Depletion in LREE around the main
shear zone indicates a preferential LREE leaching
process, while LREE enrichments in the core of
the shear zone suggest either the precipitation of
REE-rich minerals in that area or relative enrich-
ment due to depletion in major elements and con-
sequent volume loss.

6.3. Isocon plots

In order to check if there is a clear decoupling
between the REE and the major and other trace
element contents, the data for the previously de-
fined four groups of REE patterns are plotted in
isocon diagrams (Figs. 7 and 8). Isocon diagrams
are used to compare the bulk rock chemistry of
rocks that have undergone changes in whole-rock
compositions [1,2]. In Figs. 7 and 8, the compo-
sition of the shear zone is compared to that of the
average undeformed granite. Elements that re-
main immobile during fluid—rock interaction plot
on a line called an isocon, which gives the relation
between the shear zone and host rock composi-
tions:

Ca = (Mo/Ma)C (1)

-
Fig. 5. REE patterns for shear zones. The REE concentra-
tions are normalised to the average REE concentration of
Mont Blanc granite. The symbols represent the nature of the
main alteration assemblage (muscovite-, chlorite-, epidote-,
actinolite-, calcite-bearing). The data can been sorted into
four groups of REE-patterns: (A) REE depleted without any
significant fractionation between LREE and HREE (except
for Eu); (B) LREE enriched or less depleted relative to
HREE; (C) LREE depleted relative to HREE; (D) HREE
enriched relative to LREE. The shaded area corresponds to
the 26 compositional variation in initial granite host compo-
sitions. Note that there is no correlation between the main
mineral assemblage type and the REE distribution.
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LREE depletion patterns of samples from the main shear
zone rims. LREE enrichment of the shear zone core is inter-
preted to result from preferential leaching of LREE at the
shear zone rims.

where Cy and Cx are the element concentrations
of the unaltered and the altered granite, respec-
tively. M) is the mass of undeformed granite and
My is that of the altered granite. The ratio M/
My is a function of both enrichment/depletion
and of volume change during deformation. Ele-
ment concentrations plotting above the isocon
line indicate enrichment in the altered rock, and
depletion if they plot below the isocon. If the
isocon has a slope of one, immobile elements
have maintained a constant concentration during

fluid-rock interaction, and thus no volume change
has occurred. In the following examples (Figs. 7
and 8), aluminium is considered immobile, as is
suggested by mass-balance calculation in Section
6.1 and Fig. 4. Al immobility is further confirmed
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Fig. 7. Isocon plots for two cases of REE depletion. A con-
tinuous line indicates the possible isocon line. Diagonal bold
discontinuous lines and R> values indicate the linear correla-
tions for all the REE in the top diagram or linear correla-
tions for the LREE and HREE, respectively, in the bottom
diagram. The nature of the volume change (AV>0 or <0)
is indicated by the bold arrow. The horizontal dashed line
indicates the 100 value of the ordinate axis. Units are indi-
cated in the box.
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in Figs. 7 and 8 by good linear correlation of Al
with Ti and P, which are generally considered
immobile by other authors (e.g. [3] and references
therein).

In Fig. 7, two representative cases of REE de-
pletion are plotted on isocon diagrams (samples
MB61 and MB64). The MB61 diagram features
REE depletions without any fractionation of
LREE relative to HREE (Fig. 5SA). The MB64
diagram (Fig. 7) represents the case of REE de-
pletion with a clear fractionation of LREE rela-
tive to HREE (Fig. 5B). In the case of sample
MB61, volume gain is shown by depletion in Al
and enrichment in Si and inversely for sample
MB64. As highlighted in Section 6.1, the behav-
iour of the mobile major elements is explained by
changes in the mineral assemblages. For instance,
the marked enrichments in Mg, Fe and Mn in the
MB61 plot (Fig. 4) are interpreted to result from
the crystallisation of actinolite, while slight deple-
tions in Ca, K and Rb in this plot result from the
alteration of plagioclase and K-feldspar. In the
case of MB64, enrichments in Mg, relative enrich-
ment or immobility of K, and relative depletion
or immobility of Fe are explained by the crystal-
lisation of Mg/Fe-rich biotite and phengite.
Strong depletions in Ca are related to the destruc-
tion of plagioclase. Enrichment in K is correlated
with enrichments in LILE (Rb, Ba, and Sr).

In Fig. 8, various cases of REE enrichment in
shear zones have been plotted. The top diagram
(MB107) features HREE enrichment and slight
LREE enrichment. The bottom two diagrams fea-
ture cases of (1) coupled HREE and LREE en-
richments (MB127) and (2) strong LREE enrich-
ment with moderate HREE enrichment (MB69).
As noticed for the cases of REE depletion illus-
trated in Fig. 7, the behaviour of REE is again
unrelated to the behaviour of major elements
(which are controlled by the main mineral assem-
blage). For instance, MB127 and MB69 have sim-
ilar metamorphic assemblages (quartz—-musco-
vite), and similar major element enrichments/
depletions, but show different REE enrichments.

In cases of both REE depletion or enrich-
ment, linear correlation coefficients on the isocon
plots are very high (R>>0.95) for both LREE
and HREE trends. Some trace elements have a
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behaviour similar to either LREE or HREE. For
instance, Y and Ta are fractionated in the same
way as HREE. Enrichments in Ta are always
more important than in Nb, and this partial decou-
pling in Nb relative to Ta is also reflected by very
variable Nb/Ta ratios in the shear zones in gen-
eral (2.03 <Nb/Ta <33.6; Nb/Taynaitered granite =
12.6). Zr is nearly always depleted, although
there are some cases of relative immobility
(e.g. MB69, MB64). Surprisingly, Hf contents
can be enriched while Zr contents are depleted,
which is also reflected in the wide range of
Zr/Hf ratios in the samples (12.8 <Zr/Hf <40.4;
Zrx/ Hfunaltered granite — 34)

In conclusion, the depletion in REE was not
caused by volume changes due to shearing, be-
cause the observed REE trends in these examples
are well below or above the isocon correlation
lines (Figs. 7 and 8). Depletions or enrichments
in REE, and decoupling of LREE versus HREE,
appear to be unrelated to the nature of the main
crystallising silicate assemblage or to the intensity
of strain. In the next section, we illustrate how
this difference in behaviour can be related to the
stability of particular REE-bearing minerals,
which contain most of the REE budget of the
shear zone rocks.

7. REE-bearing phases
7.1. Magmatic REE minerals of the host granite

The REE contents of the host granite are
mostly hosted by accessory minerals. Petrographic
observations ([26,27], this study) indicate the pres-
ence of the following accessory minerals: zircon
(1-3%), apatite (0.5-2%) and allanite (0.5-1.5%).
Representative LA-ICP-MS analyses are plotted
in Table 5' and Fig. 9, with representative analy-
ses of the major minerals in the granite: feldspar,
quartz (analysed REE contents of biotite are be-
low detection limits). In Fig. 9, LREE contents of
allanite and HREE contents of zircon are three to
five orders of magnitude above those of other
analysed granite minerals. Consequently, the
whole-rock REE budget is accounted for by the
composition and proportion of the accessory min-
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Fig. 9. LA-ICP-MS REE spectra of representative granite
host minerals. Note the difference in concentration of REE
between REE-bearing and major granite minerals. Plots are
normalised to chondritic values of [60].

erals (Table 5'). Monazite has not been observed
in the host granite, and mass-balance calculations
based on the percentage of apatite accounts for
the whole-rock P,Os content.

7.2. Cases of strong LREE enrichment

The quartz—muscovite-bearing mylonite sample
MBG69 is characterised by very high LREE con-
tents (see Figs. 6 and 8). SEM investigations (Fig.
10A!) reveal the presence of mostly <10 pm
grains of REE-rich minerals, mainly bastnésite
[(Ce,La,Nd)COs3]. The bastnésite grains are found
as overgrowths on monazite(-Ce) and allanite
crystals. Monazite(-Ce) [(Ce,La,Nd)PO4] and
bastnésite have similar REE compositions (Table
6'). LREE contents are very high, namely 23-30
wt% for CeO,, 13-16 wt% for La,O3 and 7-10
wt% for Nd,O3;. LA-ICP-MS traverses of a large
(250 wm) grain show an increase of HREE and a
decrease in LREE from core to rim (Fig. 11).

7.3. Cases of strong HREE enrichment

The calcite-bearing cataclasite sample MB107 is
selected for its very high HREE and Ta contents
(see Figs. 5 and 8). SEM investigations show that
small (<20 pm) and zoned REE-bearing phases
of the aeschynite [(Y,REE,U,Th)(Ti,Nb,Ta,W),-
Og] type are formed at the rim of pyrite grains
coated by magnetite and within the calcite-rich
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Baslnsmla im  —A— Zircon core —x—Muscovite

matrix of the cataclasite (Fig. 10B!). The zonings
are correlated with variations in Ti, Y, Nb and Ta
(TiOy: 23-37 wt%, Y203 =17-26 wt%, Nb,Os: 9—
23 wt% and Ta,Os: 0-13 wt%; Table 6'). The
lighter parts of the grains in Fig. 10B' are
(Nb,Ta)-rich and (Ti,Y)-poor. EPMA analyses
show that Nb and Ta are anti-correlated with Ti
contents, which suggests Nb,Ta < Ti substitu-
tion. These measured mineral compositions fit in
with the elemental substitutions in aeschynite pro-
posed by [45,46].

7.4. Cases of LREE and HREE enrichments

The sample MB127 is selected for its generally
elevated REE content (see Figs. 5 and §). EPMA
and LA-ICP-MS investigations show the presence
of two REE-bearing phases (<20 um grains in
aggregates) formed within extensional micro-
cracks between feldspar clasts or within the foli-
ated mylonite matrix (Figs. 10C' and 11; Table
51):

1. Monazite(-Ce) [(Ce,La,Nd)PO4]. Analysed
monazite grains contain major amounts of Ce
(CeOy: 34-38 wt%), La (Lap,O3: 17-21 wt%),
and Nd (Nd;O3: 8-10 wt%).

2. Tombarthite [Y4(Si,H4)4O12_X(OH)4+2x] (e.g.
[47,48]). Analysed tombarthite contains major
amounts of Si (SiOy: 25-32 wt%), Y (Y,0s:
21-23 wt%) and HREE (Dy,0s: 3.2-4.9 w%
and Yb,O3: 1.0-1.5 wt%), with minor LREE
contents (LayO3 <1%; CeO;, < 5%). The high
concentrations of mid- and H-REE found in
this mineral can be explained by substitutions
with Y in the mineral lattice.

These two phases have precipitated successively
during deformation. Monazite crystallises during
a first stage of crack opening while tombarthite
fills the core of the crack (Fig. 10C,D!) and is
interpreted to have formed mainly in a second
stage.

N
Fig. 11. Single mineral REE spectra obtained by LA-ICP-
MS for the most representative shear zone assemblages. Note
the difference in concentration of REE between REE-bearing
other minerals. Plots are normalised to chondritic values of
[60].
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7.5. Cases of REE fractionation due to a leaching
process

Allanite [(Ce,La,Ca,Y),(ALFe);(Si04)3(OH)] is
the main repository of REE in the granite host
(see Section 7.1). The removal of REE during
alteration is illustrated for the case of sample
C7, where allanite breaks down into epidote
(Fig. 10E,F"). The LA-ICP-MS profile obtained
on a single allanite crystal (Fig. 11) shows an
abrupt decrease of LREE and a conservation of
HREE contents from core to rim, the rim being of
a composition relatively similar to the average
epidote value. The allanite breakdown into epi-
dote is thus responsible for a relative LREE de-
pletion in the shear zone.

Zircon is the most important repository of
HREE in the granite host (see Section 7.1).
Changes in abundance of REE, Zr and Hf in
zircon are illustrated for a single-grain LA-ICP-
MS traverse from the mylonite sample MB69
(Fig. 11). HREE contents remain stable from
core to rim, while LREE contents increase dra-
matically (Lacoe =1.6 ppm; La,, =38 ppm; Ta-
ble 6'). The Hf contents increase with respect to
Zr, as shown by the decrease of the Zr/Hf ratio
from 36 to 24. It is still uncertain if this zoning
can be interpreted as an alteration zoning pattern.
However, the increase in Zr/Hf ratios in zircon
rims of shear zone rocks coincides with an in-
crease in Zr/Hf ratios of whole-rock data, as a
result of Zr depletion (Zr being below the isocon
line in most cases). Despite the probable influence
of alteration on the Zr and Hf contents of the
rock, it has only little effect on the whole-rock
REE budget, as the variations in LREE in zircon
are minor with respect to other phases such as
bastnasite.

7.6. Cases of REE re-enrichment after a phase of
depletion

In sample C33, previous magmatic REE-bear-
ing minerals have been partly removed during
chloritisation but, surprisingly, the final bulk-
rock REE contents have not changed significantly
relative to the granite protolith (except for Eu)
and have not been fractionated. SEM investiga-

tions show that the preservation of similar REE
contents is not due to the preservation of mag-
matic allanite. In contrast, textural relationships
show that small (<40 pm), newly crystallised
REE-rich phases are synchronous with, or have
overgrown, the mainly chloritic foliation (Figs.
10" and 11). New aeschynite and allanite crystals
are euhedral and contain chlorite, uraninite and
thorite inclusions. The chemistry of aeschynite re-
veals two broad compositional varieties that could
be distinguished by EPMA (Table 6'): (1) a
Nb,Y,W-rich, REE-depleted type, with up to 27
wt% Y,0; and 6 wt% Nb, and (2) a REE-rich,
Y,Nb,W-depleted type with up to 5 wt% Dy,0s,
2.7 wt% Gd;03 and 1 wt% CeO,. In comparison
to the aeschynite observed in HREE-enriched
shear zones (sample MB107), the REE—-aeschynite
variety in C33 is richer in mid-REE, Ti, and W
and poorer in HREE, Ta, and Nb (Table 6').

8. Discussion

The behaviour of REE and Y is strongly de-
coupled from that of other elements (except U,
Th, Hf, Ta) in the shear zones. We have shown
that this behaviour is unrelated to the style of
deformation (cataclasite, mylonite, and ultramy-
lonite), and is largely unrelated to the major min-
eral alteration assemblage. Furthermore, fraction-
ation of LREE relative to HREE is observed in a
majority of cases and again the relative enrich-
ment of either LREE or HREE is unrelated to
the kind of deformation and major mineral alter-
ation assemblage. The behaviour of REE can be
interpreted as the result of:

A selective leaching process of LREE relative to
HREE or HREE relative to LREE, as observed
in allanite (and possibly zircon) during hydrother-
mal alteration associated with shear zone activity.

The stability of fine-grained, trace amounts of
REE-bearing minerals (mostly <20 um), which
precipitated from the fluid in the shear zones
and contain most of the bulk-rock REE budget.

Every case of fractionation of LREE relative to
HREE can be related to the preferential dissolu-
tion or growth of two groups of LREE- or
HREE-rich phases, namely: monazite, bastnésite
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and allanite for LREE, and aeschynite, tombar-
thite and zircon for HREE. The REE content in
these minerals is between 10? and 10° times those
measured in the main mineral phases (Figs. 9 and
11). The predominance of one or the other species
of REE minerals leads to preferential whole-rock
enrichments in HREE or LREE. For instance,
mass-balance calculations performed using the
percentage of minerals (determined using the
whole-rock major element data and EPMA min-
eral analyses) and their REE composition ob-
tained by LA-ICP-MS shows that whole-rock
REE enrichments (of up to 5:1, e.g. Tables 1
and 4') are accounted for by the presence of less
than 2% of REE-rich minerals in the rocks (Ta-
bles 7 and 8'), as already shown by [49] for other
undeformed granites. Consequently the mobility/
immobility of REE in shear zones must be related
to the stability and relative abundance of these
REE-bearing phases, which is interpreted to be
a function of the fluid composition and PT con-
ditions. As the shear zones have formed at rela-
tively similar P7 conditions, it is likely that the
stability of the REE minerals is controlled by the
fluid, i.e. the pH, oxygen fugacity (fO,) and the
concentrations of potential REE ligands (SO,
CO%", OH", F, PO} ). These REE ligands
may precipitate into REE minerals in response
to changes in fluid composition, due to fractional
crystallisation, fluid—rock reaction, or fluid mixing
processes. Precipitation and dissolution of various
REE minerals at different stages of shear zone
evolution indicate that changes in fluid chemistry
occurred during the evolution in the individual
shear zones.

In the following discussion, we (1) examine the
present understanding of REE behaviour in hy-
drothermal fluids, and (2) attempt to interpret the
selective LREE enrichments or HREE enrich-
ments observed in the Mont Blanc Massif as a
function of evolving fluid compositions.

8.1. Controls on the mobility and fractionation of
REE in hydrothermal environments

The use of REE contents and isotopes from the
REE series in rocks as indicators of geodynamic
settings and as geochronometers relies largely

upon the fact that these elements have been prov-

en immobile in a large number of contexts [50,51].

However, Wendlandt and Harrison [52] have also

shown that REE can be strongly mobilised by

carbonic fluids, with a preferential fractionation
of LREE versus HREE. As noted by [22], the
formation of carbonate complexes is inhibited
by low pH, but could control the mobility of

REE at higher pH. There is evidence for the mo-

bility of REE in various hydrothermal environ-

ments as shown by (1) the chemistry of geother-
mal waters and (2) the study of altered rocks and

REE deposits.

1. REE solubility in hydrothermal systems is gen-
erally believed to be dominated by carbonate
and fluoride complexes (see review by [22,53]).
Elevated concentrations of REE have been de-
scribed for instance in the Yellowstone hydro-
thermal waters (at pH 2-4 [54]). These elevated
concentrations are interpreted to reflect the
availability of complexing agents, mainly
SO3~ for LREE and F~ for HREE (CO3%~
was below detection limit). The work of [55],
based on analyses of groundwater samples re-
lated to hydrothermal systems, has shown that
F~ is also complexed with AI**, for waters of
pH 3.3-5.2, which can inhibit its influence on
REE mobility. In other acid groundwater sys-
tems, LREE mostly dominate over HREE,
REE concentration showing a negative corre-
lation with pH. In near-neutral groundwater
systems (7 <pH <9), flat to HREE-enriched
patterns are interpreted to result from the pre-
dominance of bicarbonate complexes REE-
HCOs;, which form preferentially with HREE,
while carbonate complexes (REE(CO;3)™) form
preferentially with LREE (see [55] and referen-
ces therein).

2. Studies of altered rocks have shown the pres-
ence of LREE/HREE fractionation during flu-
id-rock interaction and its effects on Sm-Nd
and U-Th-Pb radiometric systems [17,56]. Re-
cent work [57] done on the large REE-Nb
Bayan Obo Deposit in China has linked the
precipitation of LREE-bearing minerals (mon-
azite, bastndsite, parisite) with fluid chemistries
dominated by H,O, CO; (or CO3") and HF.
As indicated by fluid inclusion data, high-
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XCO; fluids (0.2-0.8) are associated with
marked LREE enrichments and high La/Nd
bastnasite (La/Nd ~4-5), whereas less marked
LREE enrichments are associated with CO,
contents below detection limits, and low La/
Nd (0.6-2) bastnasite.

8.2. Controls on the mobility and fractionation of
REE in the Mont Blanc shear zones

What are the possible ligands for REE in the
shear zones, and could they explain the various
cases of REE enrichment/depletion that are ob-
served? The elements dissolved in the fluid are
reflected in the composition of the fluid inclusions
and the minerals precipitated in the veins and
shear zones. Fluid inclusions analysed in the
Mont Blanc Massif by [36,37,58] have elevated
Cl (1 mol%) and Na, K, Ca (each ~0.1 mol%)
contents. In general, CO, contents are below de-
tection limits, but CO,-rich fluid inclusions have
been analysed in several places by [36]. The crys-
tallisation of calcite in the veins, together with the
presence of graphite interlayered with biotite in
the shear zones, requires the presence of carbon-
ate complexes or other forms of C in the fluid.
Further, the precipitation of pyrite and galena in
the veins and shear zones clearly indicates the
presence of sulphur complexes in the fluid in at
least some shear zones. Finally, the precipitation
of fluorite in some veins also shows the presence
of fluoride complexes in the fluids. The crystalli-
sation of monazite in some REE-rich samples also
indicates the presence of phosphate complexes in
fluids migrating through the shear network. Con-
sequently, the minerals precipitated from the fluid
show that chloride, sulphur, carbonate, fluoride
and phosphate complexes were present.

Which of these complexes could explain the
preferential LREE enrichment in the shear zones?
The transition from monazite (REE)-POy4 to bast-
nésite (REE)-COj3 during fluid-rock interaction,
observed for the LREE-rich shear zone of the
Talefre area (Section 7.2), suggests a two-stage
fluid evolution involving (1) initial precipitation
of monazite followed by (2) bastnisite. This tran-
sition implies elevated initial aPO3~ to form mon-
azite, followed by increase of XCO, in the perco-

lating fluid. Similar varieties of bastnisite with
low La/Nd ratios (0.6-1.0) have been analysed
by [57] in the Bayan Obo deposit, and were re-
lated to measurable CO, contents in the fluid in-
clusions. However, LREE enrichment might not
be due to the presence of CO, alone. In the
LREE-rich shear zone of Fig. 6, the crystallisa-
tion of bastnésite is correlated with that of pyrite,
which shows that sulphur complexes were present
in the fluid. It is possible that sulphate complexes
explain part of the LREE enrichment because
SO3~ preferentially forms complexes with LREE
[54]. However, it seems unlikely that chloride
complexes were responsible for LREE enrich-
ment, because they are shown to not fractionate
the REE [53]. Furthermore, OH™ and F** form
complexes preferentially with HREE [53]. In con-
clusion, it seems that for the case of the Mont
Blanc Massif, LREE enrichment is best explained
by the circulation of (1) a PO3 ™ -bearing fluid fol-
lowed by (2) a SO} —CO,-bearing fluid.

What is the reason for preferential HREE en-
richments, and how can we explain the transition
from LREE-rich to HREE-rich shear zones?

Textural relationships in LREE-HREE-rich
samples (e.g. MB127), indicate a progressive evo-
lution from early preciptation of LREE-rich
phases to late precipitation of HREE-rich phases.
Several studies dealing with hydrothermal envi-
ronments explain evolutions from LREE- to
HREE-rich fluids by a large difference in solubil-
ity of LREE relative to HREE between different
types of hydrothermal fluids (e.g. [59]) or by a
decrease in temperature, HREE being more solu-
ble at lower temperatures [22,53]. In the case of
the Mont Blanc Massif shear zones, no major
change of temperature is indicated by mineral
parageneses, but the evolution from a LREE en-
richment to a HREE enrichment could be due to
an evolution of REE solubility associated with a
change in the concentration of main ligands in the
fluid. OH™, (CO3)>", F*" lanthanide complexes
are predicted to increase in ionic strength with
increasing atomic number in the REE series [53].

If so, the pH value would have a considerable
effect on the solubility of HREE. In HREE-en-
riched shear zones such as MB107 and MB127,
pyrite has been transformed into magnetite prior
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to the precipitation of HREE-bearing phases (see
Section 7.3 and Fig. 10B!). The transformation of
pyrite into magnetite indicates a change in the
fluid composition, from high sulphur fugacity
and low pH values (log fS;>—8 and log
SO, <7, respectively) to low sulphur fugacity
and high pH values (log fS;, <—10 and log
fO, >, respectively), the fO, being fixed by the
graphite—-CO, buffer [60]. Following the conclu-
sions of Haas [53], the preferential complexing
of HREE could well be explained by the increase
of a(OH)™ due to increasing pH. This pH increase
may result mainly from metamorphic reactions,
such as those producing muscovite (e.g. [5]). Con-
sequently, the variability of REE concentrations
could be explained by a single-stage shearing
event with progressive breakdown of the former
granitoid assemblage into the new phyllitic shear
zone assemblage.

9. Conclusion

Networks of granite-hosted shear zones in the
Mont Blanc Massif have localised fluid flow and
fluid-rock reaction during Alpine deformation.
During progressive fluid—rock reaction, REE are
amongst the most mobile elements analysed,
along with Hf and Ta, and major fractionations
of LREE relative to HREE have been observed.
Changes in REE concentrations are decoupled
from changes in major mineral assemblages and
related major element changes during fluid—rock
interaction in the shear zones. The mobility of
REE in shear zones is interpreted to be related
to the stability of the REE-bearing minerals and
thus directly to the composition of the fluid, since
the PT conditions of shear zone formation re-
mained within a narrow range. REE depletions
are related to the alteration of previous REE-
bearing minerals (mainly allanite), whereas REE
enrichments are associated with the crystallisation
of trace amounts of phases such as monazite,
bastnasite, aeschynite and tombarthite, with grain
sizes mostly smaller than 20 um. Widespread frac-
tionation of LREE relative to HREE is explained
by the preferential crystallisation of LREE-rich
minerals (monazite, bastnésite, allanite), or

HREE-rich minerals (aeschynite, tombarthite).
The dissolution and precipitation of such phases
explain the variability of REE in shear zones, and
the fact that these elements can be either mobile
or immobile under the same PT conditions and
within the same geological context. The occur-
rence and stability of REE-bearing minerals is
interpreted to be controlled by the availability
and relative proportions of ligands in the fluid,
such as CO3~, PO3 ™, SO?™, and to the pH. Three
successive phases of mineral precipitation and
subsequent REE fractionation are distinguished:
at low pH (< 7) and high sulphur fugacity values,
(1) high PO~ contents produce the precipitation
of monazite, (2) high CO3~ contents trigger the
precipitation of bastndsite, both cases producing
LREE enrichments. (3) At higher pH (>7) and
lower sulphur fugacity values, the precipitation of
OH™-REE complexes will produce HREE enrich-
ments.
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