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X-ray photoelectron spectroscopy (XPS) evidence for interlayer
phases in natural micas: effects on physico-chemical properties
and geochronological consequences

by Giuseppe G. Biino’

Abstract

After cleaving, the chemistry of the (001) topmost layers of natural micas was experimentally investigated by X-ray
photoelectron spectroscopy (XPS). There is evidence that phlogopite cleaves along very thin chlorite interlayers also
including graphite-rich microinclusions. Muscovite cleavage exposes an aluminum-rich (gibbsite, kaolinite or pyro-
phyllite) interlayer as well as graphite-rich microinclusions planes. Cleavage occurs in these interlayered phases be-
cause they have the weakest bonds. These interlayered phases are also responsible for changes of the mechanical
properties of micas (i.e.: lattice slip is enhanced). The investigated micas yield Rb-Sr, K-Ar and Ar—Ar ages that are
unrelated to metamorphic or igneous events. The formation of the interlayered phases probably perturbed the Rb-Sr

and K-Ar isotopic systems.

Keywords: mica, surface reaction, interlayer phase, photoelectron spectroscopy, isotopic systems.

Introduction

Micas are common rock-forming silicates. The
mica lattice is 2 modular structure made up of two
dimensional arrays of oxygen monolayers (not
considering the presence of hydroxyl, F and Cl)
alternating with cation monolayers (Fig. 1). On
the other hand, considering the coordination
polyhedra of cations, the mica structure can be de-
scribed as octahedral sheet (o; mainly made up of
Mg, Fe, Al) sandwiched between two tetrahedral
sheets (t; mainly made up of Si and Al). In micas,
Al substitutes for one Si every fourth atom and a
charge imbalance appears in the tetrahedral
sheet. The charge imbalance is compensated by
interlayer cations like K (or Na, Ca) alternating
with the t-o-t layer (i-sheet). Substitution of AlY!
AlVby (Mg, Fe)VISi'V in muscovite corresponds to
the Tschermak vector leading to phengitic mus-
covite. In phengitic muscovite the charge imbal-
ance is no more located in the tetrahedral sheets,
butitis partitioned between tetrahedral and octa-
hedral sheets. This partitioning of the net charge
imbalance may destabilize the t-o-t structure due

to alternation of negatively charged sheets. The
net negative charge is no longer physically very
close to K and the lattice slip should be affected.
On the other hand, in phengitic muscovite the tilt-
ing of the hydroxyl group (PAVESE et al., 1997) re-
duces the coulombic repulsion between K and the
proton of the OH group. Substitutions in the oc-
tahedral sheet are very complex, some producing
vacancies in the lattice, which also play a role in
changing the t-o-t bonding structure.

Natural surfaces of mica are mainly produced
by cleavage since micas cleave perfectly and easi-
ly parallel to (001). Micas cleave parallel to (001}
because bonding is strong within each sheet but
weak between sheets. Octahedral edge-sharing
leads to a continuous rigid network within each
layer, in contrast to the more flexible linkages in
the silicon and alkali-layer. The cleaved surface
may correspond to four chemically different
monolayers (i.e.: O, Si-Al, Mg-Fe—Al, K-Na—Ca;
Fig. 1). It is generally believed that micas cleave
along the plane housing the large cations (i.e.: K,
Na or Ca), but this has not been experimentally
investigated. GIESE (1974) suggested on a theo-
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retical base that muscovite cleave along the
i-sheet, and that K is regularly partitioned on the
two new surfaces. This interpretation relies on the
assumption that the K sheet is weakly bonded
(electrostaticly) to the basal oxygen of the t-sheet
and also experiences electrostatic repulsion from
other K atoms and from the OH present in the
oxygen monolayer between the Si-Al and the
Mg-Fe—Al monolayers. Substitution of OH by F
in phlogopite increases hardness, specific resistiv-
ity, and dielectric constant (BLOsS et al., 1959;
SHELL and IVEY, 1969). GIESE (1977) calculated
the effect of F —> OH substitution on the strength
of interlayer bonding. He concluded that K has
stronger electrostatic bond with O in F-phlogo-
pite than in OH-phlogopite. DAHL and DORAIS
(1996) suggested that F —> OH substitution may
alter the geometry of the i-sheet and prevents the
slip of the lattice.

All of these considerations on mica properties
are only valid for ideal crystals. It is not clear
whether natural micas which may have interlayers
and lattice defects can be described by idealized
models. Nevertheless, a better understanding of
the (001) of natural mica is not a mere curiosity

which concerns only mineralogists since micas
surfaces are important for geochemical cycling of
the elements (HOCHELLA and WHITE, 1990; FER-
RIS et al., 1996). In general, fluid-mica interactions
are governed by the physico-chemical properties
of the mica (001) surfaces. Lattice slip occurs on
the (001) plane and is related to a cleavage mech-
anism. Due to lattice slip, micas have a low re-
sistence to shear which is relevant in the definition
of mechanical properties of crustal rocks. Any
modification of mica (001} also modifies the me-
chanical properties of the mineral and of crustal
rocks.

The aim of this paper is to experimentally
characterize the surface chemical composition of
freshly cleaved (001) natural micas. The surface
chemical information provides experimental evi-
dences for the cleaving mechanism, presence of
interlayers and inclusions as well as a solid base to
start to interpret geochronological data, mechan-
ical properties of micas and to model fluid-mica
interaction. Phyllosilicates commonly occur as
regular or random intergrowths of layers or selec-
tive layer-replacement. Most methods of studying
phyllosilicate involve measurements of properties

Fig. 1 ldeal crystal structure of phlogopite as shown in perspective along the a axis.
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averaged over many grains or over many layers of
the same grain. In case of fine scale intergrowths,
most analytical techniques give an average over
more than one phase, the interpretation of such
data would therefore be subject to error. In this
study the surface chemistry of mica (001) is inves-
tigated by means of X-ray photoelectron spec-
troscopy (XPS). XPS is probably the most reliable
technique for quantitative surface chemical
analysis, non-destructively providing information
on both chemical composition and (via core bind-
ing energy changes) also chemical state,

Analytical techniques

A general introduction to XPS is given in articles
and textbooks (FADLEY, 1978; BRIGGs and SEAH,
1990; HUFNER, 1996; TILININ et al., 1996). XPS di-
rectly measures the kinetic energy of the emitted
photoclectrons and gives information on the en-
ergy of binding, oxidation state and coordination
environment of an element as well as its concen-
tration. It is well known that electrons excited by
soft X-ray radiation have a short inelastic mean
free path (\)in solids (in the order of 1-3 nm).
Thus, XPS only measures photoelectrons origi-
nated from the atoms in the topmost layers
(Fig. 2). Since the probing depth (d,) is related
to the distance that the electron can travel in a sol-
id, tilting of the oriented sample reduces the prob-
ing depth according to the empirical formula dy =
dysen 0.

This investigation was carried out at the De-
partment of Physics of the University of Fribourg
with the VG ESCALARB 5. The (001) of mica was
irradiated with non-monochromatized MgKa (hv
=1253.6 eV) X-rays. The instrument was calibrat-
ed to the 4f ;, peak of gold at E; = 84.0 eV and the
copper 2p 5, peak at Eg=932.7 eV. Spectra were
taken with 20 eV pass energy in the constant
analyser energy (CAE) mode. The X-ray source
was operated at 10 kV, 20 mA. During measure-
ment the pressure was in the range of 10-1° and
10~ torr. Charge shift was corrected by using the
Si2p peak position at 102.36 eV according to
Buno and GRONING (1998). XPS measurements
were performed at normal emission and after a
tilting of the polar (or take off) angle (6 angle) of
the sample with respect to the mineral surface in
order to modify the probing depth (Fig. 2). Sput-
tering by Ar* was done to test the thickness of
Mg-Al silicate interlayered in phlogopite. Ele-
mental concentrations were evaluated from ex-
perimental XPS peak areas obtained after Shirley
background subtraction and Voigt peak shape fit-
ting. The theoretical cross section and the energy

photoeleciron
detector

ol ﬁ‘ %
robin
puepthg 2 X-ray

(001) planes
of mica

Fig. 2 Sample tilting: probing depth before and after
25° tilting, This investigation was carried out with the
VG ESCALAB 5, and the geometry of XPS measure-
ment is shown. The incoming X-ray on the (001) of mi-
cas has an energy hv = 1253.6 eV. The detected photo-
electrons leave the surface at an intersection angle 6
(polar or take off angle). The inelastic mean free path is
indicated by A and is constant for each crystallographic
direction of each substance. The probing depth (indicat-
ed by d) is reduced by tilting (8 angle) as evidenced in
the right hand side of the figure. The tilting axes is per-
pendicular to the figure. During measurement the pres-
sure was in the range of 10 and 10-° torr.

dependent asymmetry parameter of the subshell
were taken from YEH and LINDAU (1985). Accu-
racy should be better than 2 atomic percent.

Sample description

The (001) surface was produced by cleavage of
natural single crystals in a high vacuum chamber
(106 torr) or in air. The following samples were in-
vestigated: a muscovite from a pegmatite of the
Locarno zone (Centovalli) in the central Alps (the
locality corresponds to the sample WSmr33a after
STERN, 1966), a phengitic muscovite from the
coesite-pyrope whiteschist of Dora-Maira com-
posite nappe (in the western Alps; CHOPIN, 1984;
AMISANO et al., 1994), and a phengitic muscovite
from the Sesia-Lanzo zone (in the western Alps;
STOCKERT et al., 1986). The mica from Dora-
Maira exhibits ca. 60% of Tschermak substitution
and the mica from the Sesia-Lanzo ca. 30%. Phlo-
gopite was collected at two localities: Finero (in
the western Alps; EXLEY et al., 1982) and Temple-
ton (Ontario, Canada). Phlogopite from Finero is
OH-, and that from Templeton is F-bearing. Phlo-
gopite from Finero exposed to natural weathering
(i.e.:the (001) face was parallel to the outcrop sur-
face) was also investigated.

It is important to stress that in the investigated
micas the presence of interlayered phases was not
shown up by either powder X-ray diffraction
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(PXRD) or single crystal X-ray diffraction
(AMISANO et al., 1994). Indeed, powder neutron
diffraction shows talc in the phengite from Dora
Maira (PAVESE et al., 1997). Experimental investi-
gation by transmission electron microscope of the
phengite from Dora Maira evidences thin inter-
layered phases (C. FERRARIS, pers. comm.). The
thicker interlayers (up to 70 A) decompose under
the electronic beam during transmission electron
experiments before a high resolution picture can
be collected in the proper orientation.

The investigated micas from the Alps provide
Rb-Sr, K~Ar and Ar—Ar ages (JAGER et al., 1967,
OBERHANSLI et al., 1985; STOCKERT et al., 1986;
PAQUETTE et al., 1989; MoNIE and CHOPIN, 1991;
HUNZIKER et al., 1992) that are unrelated to meta-
morphic or magmatic events (SCAILLET et al.,
1992; ARNAUD and KELLEY, 1995; RUFFET et al.,
1996; REDDY et al., 1996; SCAILLET, 1996; INGVER
et al., 1996; RUFFET et al., 1997).

Results

XPS is found to provide experimental evidence
that micas cleaved in air are instantaneously coat-
ed by several dngstroms thick layers of adventi-
tious material. The adventitious material is domi-

Graphite
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Ethanol Carbides
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Fig. 3 Deconvolution of the Cls peak (sample from
Centovalli, locality WSn33a after STERN, 1966). The
muscovite was measured after cleaving in vacaum (106
torr). Charge correction was done according to BiNO
and GRONING (1998). All the fitting parameters were let
free during the last step of the fitting procedure. One of
the resulting peak is at 285.0 eV (binding energy) as ex-
pected for the adventitious carbon. The adventitious
carbon and ethanol peaks are due to contamination in
the preparation chamber (after cleaning the sample
holder was not baked to prevent thermally induced
modification of the mica).

nated by C (hydrocarbons?) that makes up to
80 wt% of the XPS analysis (H cannot be mea-
sured by XPS). Deconvolution of the Voigt com-
ponents of the Cls peak also may indicate the
presence of a minor amount of graphite-like
phase (in the following just named graphite) in all
of the investigated samples. This graphite is prac-
tically the main carbon component in the Cls
peak when micas are cleaved in high vacuum (Fig.
3). Therefore, graphite is interpreted as a primary
solid inclusion, but it forms crystals below optical
resolution.

The surface composition of phlogopite cleaved
in vacuum suggests that the cleavage occurred
along interlayers of MgAl silicate (chlorite). The
MgAl silicate forms interlayers at least a few tens
of Angstroms thick. Graphite-rich microinclusions
planes were also exposed by cleaving. When
MgAl silicate (chlorite) interlayered phase was
absent or minor, K was not the top monolayer but
cleavage occurred in the brucite-like sheet or
more properly in the Mg monolayer (Fig. 4). No
difference was observed between the (001) sur-
face of F- and OH-bearing phlogopite. In all ex-
periments of phlogopite surfaces exposed to nat-
ural weathering the topmost layers consisted of a
MgAl silicate (chlorite). In these layers Fe, K and
Ti are completely leached away.

The (001) topmost layer of phengitic mus-
covite (from both localities) consists mainly of Al
(Fig. 4). This surface chemistry corresponds to a
gibbsite sheet or better to the Al monolayer
(kaolinite, gibbsite or pyrophyllite phase ?).

Muscovite cleaved in high vacuum shows a
topmost layer consisting of a mixture of o- and t-
sheets (this may also be interpreted as along an
Al-rich interlayered phase) in 75% of the experi-
ments and in the remaining 25% of the experi-
ments K dominates the crystal termination.

Muscovite Phlogopite
Muscovite Phlogopite Muscovite
F T N G T T 1 T 1 ]
P E 1 2 3 4 5 ]
235t o 3
£3.0 _ o—o o\o ‘;>9 3 s g:
i o— 5 9.4 {]¢ Mg
25E e 1]ex
2 2.0 - 4 ; gesia hl'.'.a_nzo
2 £ ] 2 Dora Maira
515 b= 3 3 Finero
C E 1 4 Templeton
21.0F A\A b S \A 3 5 Centovalli
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Fig. 4 Representative chemical composition of mica
(001} surfaces before and after tilting (8). The surface
analyses corresponding to chlorite are not plotted since
they were not tilted.
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Discussion

The surface composition of micas cleaved under
vacuum suggests that the cleavage is controlled by
interlayers of chlorite, graphite, and an Al-rich
phase (pyrophyllite, kaolinite or gibbsite). With
the exception of chlorite, the scale of the inter-
growth is in the order of a few &ngstroms and even
XPS cannot, in every experiment, resolve a single
interlayered phase. Surface chemistry clearly
points out an irregularity in the stacking of a
monolayer sequence with absence of the interlay-
er cation sheet. Micas with deficiency in interlay-
er cations may be derived from the theoretical
pure end member by the exchange vectors K Al ,
Sivac (vac = site vacancy) or K ;(H;0). The ab-
sence of an i-sheet (001) surface (i.e.: K monolay-
er) in phengitic muscovite is surprising but the
structure is significantly different from muscovite
since in phengitic muscovite the apical oxygen is
underbonded, whereas the basal oxygen atoms
are overbonded. The observed interlayers which
are only a few angstroms thick may also compen-
sate this disequilibrium generating a random
stacking sequence with monolayers very weakly
bonded along [001]. The presence of these inter-
layered phases has important implications in me-
chanical properties of micas, geochronology and
modelling interaction between micas and fluids or
organic molecules.

The lattice of the silicate interlayered phases
do not strongly disturb the mica lattice. However,
the mica lattice does not match the graphite lat-
tice. It was experimentally shown that K is bond-
ed on the graphite surface on top of the cavity of
the hexagonal ring as shown in figure 5 (BENNICH,
1996). The distance between K is not matching
that in the i-sheet of micas. A slightly better fit ex-
ists between graphite and the o- and t-sheets; nev-
ertheless chemical bonds at mica-graphite inter-
faces should be significantly distorted. The pres-
ence of graphite in the phlogopite collected at
Finero is consistent with the mantle metasoma-
tism (characterized by CO, rich fluids) of the
Finero peridotite. Graphite microinclusions in the
other micas may also be related to mica-CO, rich
fluid interactions (CO,-rich fluid inclusions in
quartz or pyrope associated with the investigated
micas were observed).

Considering now the adventitious component
of the Cls peak, it is not clear how C from the at-
mosphere can be adsorbed as C on a mica surface.
Atomic force microscopy (AFM) images of mica
surfaces produced in air should also show adven-
titious material. AFM images are generally inter-
preted as a view of the basal oxygen lattice and
cations are never in evidence (LINDGREEN et al.,

1991; SHARP et al., 1993; EBY et al., 1993; HEN-
DERSON et al., 1994). Indeed, it is not clear whether
the scanning tip pushes cations and the C coating
away from the surface and detects oxygen from
the true mineral lattice or the observed surface is
made up of adventitious materials that mimicks
the mineral surface structure (i.e.: pseudomorphic
in the surface physics literature). Similar pseudo-
morphic layers are commonly described at the
quartz-aqueous solution interface. Alternatively,
C molecules sorbed on mineral surfaces have a to
weak tunneling current and a relative surface mo-
bility to be detection by AFM.

Studies on the mechanical strength of micas
are contradictory (WILSON and BELL, 1979; BELL
et al., 1986; KRONENBERG et al., 1990; MARES and
KRONENBERG, 1993). WILsON and BELL (1979)
showed that muscovite has stronger mechanical
strength than biotite but biotite investigated by
KRONENBERG et al. (1990) has stronger mechani-
cal strength than muscovite investigated by
MARES and KRONENBERG (1993). DAHL and
DoraTs (1996) suggested that F —> OH substitu-
tion is responsible for experimental inconsisten-
cies. The mechanisms controlling cleavage and
mechanical properties are related and the pres-
ence of very thin interlayered phases may help to

Fig. 5 Mineralogical relationship between the (001)
mica surface and the (001) in graphite The unit cell for
K sorbed on graphite (indicated in the figure) was ex-
perimentally determined by BENNICH (1996).
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re-interpret the experiments on the mechanical
properties of micas. My experience in investigat-
ing Alpine metamorphic rocks suggests that when
muscovite and biotite occur in the same shear
zone, muscovite flakes show less basal slip than bi-
otite. Indeed, we should keep in mind that most
Alpine shear zones recrystallized in the stability
field of chlorite, talc, serpentine and muscovite. It
may follow that during deformation biotite un-
derwent a breakdown reaction and interlayered
phases were newly formed. Mechanical strength is
probably modified by very thin interlayered phas-
es already before these interlayers can be ob-
served with an optical microscope.

XPS does not provide any experimental evi-
dence for chemical difference in the topmost sur-
face layers between F- and OH-bearing phlogo-
pite (i.e.: no modification of the cleavage mecha-
nism). While GIESE (1977) and DaHL and DORAIS
(1996) are probably correct in considering that F-
bearing ideal phlogopite has a stronger K-O bond
because there is no repulsion between K and H,
this observation may not be relevant in natural
micas since interlayered phases change the me-
chanical properties of micas significantly.

Micas are extensively used in geochronology.
Phengitic muscovite is stable at high-pressure and
it is the only mineral that can be dated in low tem-
perature eclogite (at this P-T conditions isotopic
disequilibrium prevents the use of Nd-Sm iso-
topic geochronology and zircons may not recrys-
tallize). A better understanding of the recrystal-
lization dynamics in the phengitic muscovite lat-
tice and of the resetting of the isotopic systems
will help to define the time of subduction. Unfor-
tunately, several evidences suggest that the K-Ar
isotopic system of the phengite could be heavily
disturbed by excess Ar (SCAILLET et al., 1992;
TONARINI et al., 1993; L1 et al., 1994; ARNAUD and
KELLEY, 1995; RUFFET et al., 1996; REDDY et al.,
1996; SCAILLET, 1996; RUFFET et al., 1997). A few
interpretations of the excess Ar were proposed,
for example, RUFFET et al. (1995) suggested that
the excess Ar incorporation was related to limited
flow of the fluid phase conveying the excess Ar un-
der the high pressure metamorphic conditions,
but more recently, RUFFET et al. (1997) failed in
providing any convincing experimental evidences
for fluid flow, and they abandoned their former
hypothesis. After a close look at articles on the
geochronology of Alpine micas, a very confusing
model arises (JAGER et al., 1967; OBERHANSLI et
al., 1985; STOCKERT et al., 1986; SCAILLET et al.,
1990; PAQUETTE et al., 1992; MONIE and CHOPIN,
1991; HUNZIKER et al., 1992; SCAILLET et al., 1992;
ARNAUD and KELLEY, 1995; RUFFEET et al., 1996;
REDDY et al., 1996; SCAILLET, 1996; INGVER et al.,

1996; RUFFET et al., 1997). Rb-Sr, A-Ar and K-Ar
ages from micas are traditionally interpreted fol-
lowing an empirical rule that relates the open sys-
tem behavior of micas to temperature. For exam-
ple in the case of muscovite, isotopic age determi-
nations are considered as formation ages when
the muscovite formed below ca. 550 °C, or as cool-
ing ages when formation occurred at higher tem-
peratures. Phengitic muscovite defies this empiri-
cal rule and often gives ages that are too old {e.g.:
ToNARINI et al., 1993; Lt et al., 1994; ARNAUD and
KELLEY, 1995; RUFFET et al., 1996; REDDY et al.,
1996; SCAILLET, 1996; RUFFET et al., 1997). The ra-
diogenic isotopic systems in biotite are normally
considered to be reset at low temperature (ca.
350 °C), but there is experimental evidence show-
ing resetting at higher temperatures (ARNOLD
and JAGER, 1965; VERSCHURE et al., 1980; VILLA
and PUXEDDU, 1994). It is necessary to conclude
that the isotopic systems of micas are not influ-
enced by temperature, since in the Alps a large
spread in ages is documented for closely spaced
samples and even in the same crystal. Solid state
diffusion of radiogenic isotopes in homogeneous
phases is unlikely to be governed by temperature
in the range of 300 to 500 °C (even considering de-
fects migration). On the other hand, formation
and/or presence of interlayered phases provides
lattice dynamics and discontinuities in the lattice.
The new surfaces are fast diffusing pathways al-
lowing both partial resetting and/or trapping from
external source of parent and/or daughter iso-
topes as discussed in the following.

The isotopes in the Rb-Sr and K—Ar isotopic
systems are located in the i-sheet (this may not be
correct for radiogenic Ar) and the formation of
thin interlayers in the (001) perturbs this sheet
both adding and leaching elements. It was experi-
mentally shown that volume diffusion of isotopes
along the (001) plane is faster than along other di-
rections (FORTIER and GILETTI, 1991; ONSTOTT et
al., 1991). On one hand, the formation of interlay-
ered phases will tend to enhance diffusion of Ar
and Sr, which do not fit the lattice either of micas
or of interlayered phases, and therefore it opens
the isotopic systems at low temperature. On the
other hand, the formation of interfaces between
micas and interlayered phases may also trap
daughter isotopes in the grain boundaries. Sorp-
tion of radiogenic isotopes at the interfaces can
account for to old isotopic ages. The presence of
graphite may cause an excess in radiogenic Ar be-
cause Ar adsorption on graphite surface is gov-
erned by Henry’s law. This states that the number
of atoms adsorbed per unit area is proportional to
the Ar partial pressure with a proportionality
constant (SAMS et al., 1960; STEELE, 1978), and it is
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evident that during metamorphism the pressure
of radiogenic Ar is not zero.

If the nucleation and growth of interlayered
phases occurs at any temperature below ca. 500 °C
it is unprobable that the isotopic systems remain
closed. Non pervasive alteration may be responsi-
ble for observed anomalies in the retentivity of
radiogenic isotopes. It is interesting to note that
biotite investigated by ARNOLD and JAGER (1965}
and by ViLLA and PUXEDDU (1994) were not col-
lected in outcrops. The biotite from ARNOLD and
JAGER (1965) was from an ultramafic lens crosscut
during the construction of a tunnel and a metaso-
matic rim sealed the ultramafic lens from fluid in-
filtration. The sample of VILLA and PUXEDDU
(1994) was from a drillhole and biotite was very
carefully hand picked. It may be suggested that in
both cases biotite was not altered. KAMBER and
Bimwo (1995) observed interlayered phases in mi-
cas from the high grade rocks of the Limpopo belt
and the isotopic systems (Rb-Sr and Ar-Ar)
turned out to be perturbed (KAMBER et al., 1997).
The case of the Limpopo belt is not a simple
anomaly of a paradigm, but the macroscopic evi-
dence for a process.

It is important to stress that a second possible
explanation exists for the presence of Al-rich in-
terlayers in phengitic muscovite and the incom-
plete isotopic resetting during high-pressure
metamorphism. It is well documented that the in-
vestigated phengitic muscovite from the Sesia-
Lanzo zone crystallized as muscovite before the
Alpine cycle, and it re-equilibrated during the
prograde in pressure Alpine metamorphism to a
phengite-richer muscovite. Considering a phase
equilibrium diagram, it is reasonable to assume
that the phengitic muscovite from the Dora-
Maira composite nappe nucleated at low to mid-
dle pressure and was re-equilibrated to a phen-
gite-richer muscovite at the peak pressure condi-
tion. If Al was not transported out of the lattice an
Al-rich exsolution must have formed. The radi-
ogenic isotopes may also migrate in these exsolu-
tion and therefore the isotopic systems in the mica
are only partially reset. Argon laser extraction on
crystal faces perpendicular to (001) reduces the
volume of the analyzed sample, but it may only
mitigate the effect of interlayered phases since
too much sample volume is vaporized.

Conclusion

XPS experiments on cleaved micas are able to ev-
idence a few dngstroms thick layer that is selec-
tively exposed by cleaving. In the ideal mica struc-
ture the i-sheet is the weaker part of the lattice,

but as soon as interlayered phases are present
physical and chemical properties of micas are al-
tered. In the interlayered phases and at the inter-
face micas/interlayered phases the strength of the
bonds is even lower than the van der Waals bonds
between K and O in micas. The interlayered phas-
es control the cleavage mechanism, dictate the
mechanical properties, perturb the isotopic sys-
tem and define the physico chemical properties of
the (001) surfaces.

During exhumation of metamorphic terranes,
rock units cross temperature ranges in which mi-
cas are unstable. Retrograde reactions involving
micas generate interlayered phases. Indeed, the
interlayered phases are not only the result of ret-
rograde metamorphism, since prograde evolution
of high pressure muscovite may also be responsi-
ble for interlayered phases.

Any quantitative description of mineral sur-
face phenomena implies the characterization of
atomic identities, atomic position, bond length,
and bond directions within 3 to 5 atomic mono-
layers. In this work only the identification of
atoms was carried out, indeed it is already possi-
ble to conclude that apparently fresh micas are of-
ten interlayered with other phases. The evidence
of thin interlayered phases in micas is not new and
it is well known that chloritization proceeds along
(001) but the beginning of this process is difficult
to be evidenced using other techniques.

Acknowledgement

I thank J. Kramers for allowing me to use micas separate
{(KAW samples), P. Groning for supervising the experi-
ments, and Th. Armbruster, C.S. Fadley, C. Ferraris, P.
Groning, J. Kramers, A.M. Lanfranco, M. Maggetti, E.
Rufe, I. Tilinin, M, Van Hove, and R.X. Ynzunza for use-
ful discussions. This research was granted by the Swiss
National Science Foundation.

References

AmisaNo, C A, CHIARY, G., FERRARIS, G., IVALDI, G. and
SOBOLEVA, S.V. (1994): Muscovite- and phengite-3T:
crystal structure and conditions of formation. Eur. J.
Mineral., 6, 489-496.

ARNAUD,N.O. and KELLEY, S.P. (1995): Evidence for ex-
cess argon during high pressure metamorphism in
the Dora Maira Massif (western Alps, Italy), using
an ultra-violet laser ablation microprobe “Ar—-*Ar
technique. Contrib. Mineral. Petrol., 121,1-11.

ARNOLD, A. and JAGER, E. (1965): Rb-Sr-Altersbestim-
mungen an Glimmern im Grenzbereich zwischen
voralpinen Alterswerten und alpiner Verjiingung
der Biotite. Eclogae geol. Helv, 58, 369-390.

BELL, LA. and WiLsoN, C.J.L. (1977): Growth defects in
metamorphic biotite. Phys. Chem. Minerals, 2,
153-169.



28 G.G. BIINO

BeiLL, LA. Wison, CJL., McLArReN, A.C. and
ETHERIDGE, M. A. (1986): Kinks in micas: role of dis-
locations and (001) cleavage. Tectonophysics, 127,
49-65.

BENNICH, P. (1996): Local probing of the surface chemi-
cal bond by means of core level spectrocopy, Ph. D.
Thesis, Univ. Uppsala.

Buno, G.G. and GRONING, P. (1998): Cleavage mecha-
nism and surface chemical characterization of phen-
gitic muscovite and muscovite as constrained by X-
ray photoelectron spectroscopy. Phys. Chem. Miner-
als, 25, 168-181.

Bross, ED., SHEKARCHI, E. and SHELL, H.R. (1959):
Hardness of synthetic and natural micas. Amer, Min-
eral., 44, 33-48.

Bricags, D. and SEaH, M.P. (1990): Practical surface
analysis (second edition). John Wiley and Son Ltd.

CHoriy, C. (1984): Coesite and pure pyrope in high-
grade blueschists of the Western Alps: a first record
and some consequences. Contrib. Mineral. Petrol.,
86, 107-118.

Dant, PS. and Dorais, M.L (1996). Influence of
F(OH)_, substitution on the relative mechanical
strenght of rock-forming micas. J. Geophys. Res.,
101,11519-11524.

EBY, RK., HENDERSON, G.S., Wicks, F1. and ARNOLD,
G.W. (1993): AFM imaging of the crystalline-to-
amorphous transition on the surface of ion-implant-
ed mica. Mat. Res. Soc. Symp. Proc., 295, 139-144.

Ex1EY, R.A., SiLLs, J.D. and SMitH, LV. (1982): Geo-
chemistry of micas from the Finero spinel-lherzolite,
Ttalian Alps. Contrib. Mineral. Petrol., 81, 59-63.

FADLEY, C.S. (1978): Basic concepts of X-ray photoelec-
tron spectroscopy. In: BRUMBLE, C.R. and BAKER,
A.D. (eds): Electron Spectroscopy, Theory, Tech-
niques, and Applications. Pergamon Press, 1-156.

FERRIS, J, HILL, A.R. and LIy, R. (1996): Synthesis of
long prebiotic oligomers on mineral surfaces. Na-
ture, 381, 59-61.

FORTIER, S.M. and GILETTL B.J. (1991): Volume self-dif-
fusion of oxygen in biotite, muscovite, and phlogo-
pite micas. Geochim. Cosmochim. Acta, 55,
1319-1330.

GIEsE, R.F (1974): Surface energy calculations for mus-
covite. Nature, 248, 580-581.

Giesg, R.E (1977): The influence of hydroxyl orienta-
tion, stacking, and ionic substitutions on the inter-
layer bonding of micas. Clay Miner., 25, 102-104.

HENDERSON, G.S., VRDOLIJAK, G.A., EBy, R K., WICKS,
FJ. and RacHLIN, A.L. (1994): Atomic force mi-
croscopy studies of layer silicate minerals. Colloids
and Surfaces, 87, 197-212.

HocHeLLa, MLE and WHITE, A F. (1990): Mineral-water
interface geochemistry. Reviews in Mineralogy, Min-
eralogical Society of America, Washington D.C., 23,
603 pp.

HUFNER, S. (1996): Photoelectron spectroscopy: princi-
ples and applications. Springer-Verlag, Berlin, 516

pp-

HUNZIKER, 1.C., DESMONS, J. and HURFORD, A.J. (1992):
Thirty-two years of geochronological work in the
Central and Western Alps: a review on seven maps.
Mémoires de Géologie Lausanne, 13, 1--59.

INGER, S., RaMspoTHAM, W., CLIFF, B. and REex, D.
(1996): Metamorphic evolution of the Sesia-Lanzo
Zone, Western Alps: time constraints from multi-sys-
tem geochronology. Contrib. Mineral. Petrol., 126,
152-168.

JAGER, E., NiGGLI, E. and WENK, E. (1967): Rb-Sr-Al-
terbestimmungen an Glimmern der Zentralalpen.
Beitr, geol. Karte Schweiz. NF. 134. Lfg, 61-81.

KAaMBER, B.S. and Bino, G.G. (1995): The evolution of
high T-low P granulites in the Northern Marginal
Zone sensu stricto, Limpopo Belt, Zimbabwe — the
case for petrography. Schweiz. Mineral. Petrogr.
Mitt., 75, 427-454.

KAMBER, B.S., Buno, G.G., WIIBRANS, I.R., DAVIES, G.
and ViLLA, LM, (1996): Archean granulites of the
Limpopo Belt, Zimbabwe: one slow exhumation or
two rapid events? Tectonics, 15, 1414-1430.

KroONENBERG, A.K., KIRBY, S.H. and PINKSTONE, J.
(1990): Basal slip and mechanical anisotropy of bi-
otite. J. Geophys. Res., 95, 19257-19278.

L1, S., WANG, S., CHEN, Y., Lui, D., Qu, J., ZHou, H. and
ZHANG, Z. (1994): Excess argon in phengite from
eclogite: evidence from dating of eclogite by Sm-Nd,
Rb-Sr and “Ar/*Ar methods. Chem. Geol., 112,
343-350.

LINDGREEN, H., GARNZES, J., HANSEN, PL., BESENBA-
CHER, F., LEGSGAARD, E., STENSGAARD, 1., GOULD,
S.A.C. and Hansma, PK. (1991): Ultrafine particles
on North Sea illite/smectite clay minerals investigat-
ed by STM and AFM. Amer. Mineral, 76,
1218-1222,

Monig, P. and CHOPIN, C. (1991): “Ar/*Ar dating in
coesite-bearing and associated units of the Dora
Maira massif, Western Alps. Eur. J. Mineral., 3,
239-262.

Magres, V.M. and KRONENBERG, A.K. (1993): Experi-
mental deformation of muscovite. J. Structural Ge-
ology, 15, 1061-1075.

OBERHANSLI, R., HUNZIKER, J.C., MARTINOTTI, G. and
STERN, W.B. (1985): Geochemistry, geochronology
and petrology of Monte Mucrone: an example of Eo-
Alpine eclogitization of Permian granitoids in the
Sesia-l.anzo Zone, Western Alps, Italy. Chem. Geol.,
52,165-184.

OnsTOTT, T.C., PHILLIPS, D. and PRINGLE, G.L. (1991):
Laser microprobe measurement of chlorine and ar-
gon zonation in biotite. Chem. Geol., 90, 145-168.

PAVESE, A., FERRARIS, G., PRENCIPE, M. and IBBERSON,
R. (1997): Powder neutron diffraction versus tem-
perature of phengite 3T from Dora Maira massif
(western Alps): order-disorder phenomena. Eur. J.
Mineral., 9, 1183-1190.

PaQuETTE, L., CHOPIN, C. and PrucaT, JJ. (1989):
U-Pb zircon, Rb-Sr and Sm-Nd geochrenology of
high- to very-high-pressure meta-acidic rocks from
the Western Alps. Contrib. Mineral. Petrol., 101,
280-289.

REDDY, SM., KELLEY, S.P. and WHEELER, J. (1996): A
WAr/*Ar laser probe study of micas from the Sesia
Zone, Italian Alps: implications for metamorphic
and deformation histories. J. Metamorph. Geol., 14,
493-508.

RurreT, G., FERAUD, G., BALLEVRE, M. and KIENAST,
JR. (1996): Plateau ages and excess argon in phen-
gites: an “Ar—*Ar laser probe study of Alpine micas
(Sesia Zone, Western Alps, northern Italy). Chem.
Geol., 121,327-343.

RUFFET, G., GRUAU, G., FERAUD, G., BALLEVRE, M. and
PuiLLipoT, P (1997): Rb-Sr and “Ar—*Ar laser
probe dating of high-pressure phengites from the
Sesia Zone (Western Alps): underscoring of excess
argon and new age constraints on the high-pressure
metamorphism. Chem. Geol., 141, 1-18.

Sams, IR, ConsTABARIS, G. and HaLsEY, G.D. (1960):
Second virial coefficients of neon, argon, krypton
and xenon with a graphitized carbon black. J. Phys.
Chem., 64, 1689-1696.

SCAILLET, B. (1996): Excess “Ar transport scale and
mechanism in high-pressure phengites: a case study



X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) ON MICA SURFACES 29

from an eclogitized metabasite of the Dora Maira
nappe, Western Alps. Geochim. Cosmochim. Acta,
60, 1075-1090.

SCAILLET, S., FERAUD, LAGABRIELLE, Y., BALLEVRE, M.
and RUFFET, G. (1990): ®Ar/*Ar laser-probe dating
by step heating and spot fusion of phengites from the
Dora Maira nappe of the Western Alps, Italy. Geol-
ogy, 18, 741-744.

ScAILLET, B., FERAUD, G., LAGABRIELLE, Y., BALLEVRE,
M. and Awmouric, M. (1992). Mg/Fe and
[(Mg,Fe)Si-Al,] compositional control on argon be-
haviour in high-pressure white micas: a “Ar/®Ar
continuous laser probe from the Dora Maira nappe
of the internal Western Alps, Italy. Geochim. Cos-
mochim. Acta, 56, 2851-2872.

SeEAH, ML.P. and DENCH, W.A. (1979): Quantitative elec-
tron spectroscopy of surfaces: a standard data base
for electron inelastic mean free paths in solids. Surf.
Interf Anal., 1,2-11.

SHARP, T.GG., ODEN, P1. and Buseck, P.R. (1993): Lattice-
scale imaging of mica and clay {(001) surfaces by
atomic force microscopy using net attraction forces.
Surf. Sci. Lett., 284, L405-L410.

SHELL, H.R. and IvEY, K.H. (1969): Fluorine micas. U. S.
Bur. Mines Bull., 647.

STEELE, W.A. (1978): The interaction of rare gas atoms
with graphitized carbon black. J. Phys. Chem., 82,
817-821.

STERN, W.B. (1966): Zur Mineralchemie von Glimmern
aus Tessiner Pegmatiten. Schweiz. Mineral. Petrogr.
Mitt., 46, 137-188.

STOCKHERT, B., JAGER, E. and VoLL, G. (1986): K-Ar
age determinations on phengites from the internal

part of the Sesia Zone, Western Alps, Italy. Contrib.
Mineral. Petrol., 92, 456-470.

TN, 1.S., JABLONSKI, A. and WERNER, W.S.M. (1996):
Quantitative surface analysis by Auger and X-ray
Photoelectron Spectroscopy. Surf. Sci., 52, 193-335.

ToONARINI, S., VILLA, I.M., OBERLI, F., MEIER, M.,
SPENCER, D.A., POGNANTE, U. and Ramsay, JG.
(1993): Eocene age of eclogite metamorphism in
Pakistan Himalaya: implications for India-Eurasia
collision. Terra Nova, 5, 13-20.

VERSCHURE, R.H., ANDRIESSEN, PA.M., BOELRUK,
N.A.IM. HEBEDA, E.H., MALIER, C., PRIEM, HN. A.
and VERDURMEN, E.A.T. (1980): On the thermal sta-
bility of Rb-Sr and K-Ar biotite Systems: evidence
from coexisting Sveconorwegian (ca 870 Ma) and
Caledonian (ca 400 Ma) biotite in SW Norway. Con-
irib. Mineral. Petrol., 74, 245-256.

VILLA, LM. and PUXEDDU, M. (1994): Geochronology of
the Larderetlo geothermal field: new data and the
"closure temperature" issue. Contrib. Mineral.
Petrol , 115, 415-426.

WiLson, CJ.L. and BELL, LA. (1979): Deformation of
biotite and muscovite. Optical microstructure.
Tectonophysics , 58, 179-200.

YEH, JJ. and LiNDAU, 1. (1985): Atomic subshell pho-
toionization cross sections and asymmetry parame-
ters: 1< Z < 103. Atomic data and nuclear data tables,
32,1-155.

Received August 13, 1997; major revision accepted
December 12, 1997.



	X-ray photoelectron spectroscopy (XPS) evidence for interlayer phases in natural micas : effects on physico-chemical properties and geochronological consequences

