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Abstract The content and distribution of NH4-bearing
micas in micaschists and paragneisses of the Alpujárride
complex (Betic Cordillera, Spain) are interpreted on the
basis of textures, metamorphic history and crystal-chemical
constraints. NH4 is present in important amounts in early
micas, recording their older diagenetic-to-metamorphic
history. NH4 was inherited by micas formed in successive
metamorphic events. At similar metamorphic grade, annite
is enriched in NH4 relative to muscovite with a fraction-
ation of 4:1. Maximum NH4 contents were estimated in
golden annite from medium-grade schists and in retrogressive
annite-chlorite mixed-layers (~1.0 wt.%). A Ti-NH4 avoid-
ance gives rise to associated chemical changes, such as the
enrichment in Mg and in VIAl. These data suggest that NH4

can be a decisive factor in chemical equilibrium and element
partitioning between coexisting phases, thus affecting to the
commonly used thermobarometers. Estimation of the P-T
conditions from texturally different muscovite-annite pairs
reveals the superposition of several stages of mica growth,
under different geothermal gradients.

Introduction

K-micas, muscovite (Ms) and biotite (Bt) are common
rock-forming minerals in granitic and metamorphic rocks of
the Earth’s crust. NH4

+ has an ionic radius slightly higher
than K+, and can also occupy the interlayer positions in the
mica structure, where it coexists with variable amounts of

K+, leading to the so called ammonium micas. The NH4

content can be, however, very variable, from the ppm to the
wt.% scale. Thus, the end-member NH4-analogue of
muscovite (tobelite, Tob) has been found in nature in low-
and high-temperature environments (Higashi 1982; Ruiz
Cruz and Sanz de Galdeano 2008). In contrast, only one
report of ammonium-rich annite (suhailite, Suh) exists at
present (Ruiz Cruz and Sanz de Galdeano 2009a), although
trioctahedral ammonium mica (phlogopite) has been re-
peatedly synthesized (Boss et al. 1988; Eugster and Muñoz
1966; Harlov et al. 2001).

According to previous data, micas from granitic rocks
show ammonium contents between 10 and 100 ppm
whereas these contents increase to the range of 50–
500 ppm in common metamorphic micas (Hall 1988;
Honma 1996; Honma and Itihara 1981; Itihara and Suwa
1985). Nevertheless, considerably higher ammonium con-
tents (up to 3,000 ppm) have been occasionally determined
in Bt from metamorphic rocks (Moine et al., 1994; Boyd
and Philippot 1998; Duit et al. 1986; Visser 1992; Plessen
et al., 2010).

Micas with high ammonium content are important
markers of either high organic rich source rocks (Boyd
and Philippot 1998; Sadofsky and Bebout 2000) or unusual
N-enriched hydrothermal fluids (Hall 1988; Visser 1992).
As a consequence, NH4-mica formation is related to two
main geological processes: a) N liberation during the
thermal decomposition of organic matter, and fixation, as
NH4, in diagenetic clay minerals; and b) Hydrothermal
alteration of pre-existing K-mica by NH4-bearing fluids.
During the first process, the NH4:K ratio can be very
variable, according to the organic matter content in or near
the sediment. This process can have, in addition, a wide
distribution, especially in sedimentary terrains rich in
organic components, such as many Carboniferous forma-
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tions (e.g. Daniels and Altaner 1990; Williams et al., 1995;
Juster et al. 1987; Nieto, 2002; Sucha et al. 1994). In the
second case, NH4 for K replacement can be extensive and
almost pure NH4-dioctahedral mica can be formed in
localized geological settings (Higashi 1982).

The presence of di- and trioctahedral NH4
+-micas (Tob

and Suh) in the basement formations of the Alpujárride
complex has been reported by Ruiz Cruz and Sanz de
Galdeano (2008; 2009a). These micas were identified in the
tectonically highest unit of this complex, the Güajares unit.
Whereas relics of Tob have been found in dark micaschists
through the Cordillera, Suh appears in gneisses from more
restricted areas. We interpreted that Tob formed during the
first diagenetic-to-metamorphic episode that affected these
formations, with NH4 derived from the maturation of
organic matter, as generally accepted in the case of
sedimentary terrains rich in organic components. Initially
contained in Tob, NH4 was redistributed between white
mica and annite (Ann) at conditions of increasing meta-
morphism.

In addition to NH4-rich micas, most gneisses and schists
from the Alpujárride complex contain micas with lower and
variable NH4 contents. This manuscript deals with the
important subject of ammonium in the mica minerals
during metamorphism. NH4 is not detected by the routine
methods applied in metamorphic petrology, and generally
overlooked. Nevertheless, other approximations can be
used for estimating NH4 in micas, such as elemental
analysis of nitrogen and data derived from the basal spacing
of the mica minerals. Determination of NH4 content in mica
is important because: 1) it can be used as a marker of ancient
biological activity; 2) in poly-metamorphic terrains, it can
provide information about the successive mica-bearing
metamorphic assemblages; 3) according to previous data
(Ruiz Cruz and Sanz de Galdeano 2008; 2009a; 2009b),
presence of NH4 in the interlayer can affect the composition
of the octahedral sheet, thus influencing the chemical
equilibrium during the metamorphic reactions and, conse-
quently, the physical conditions deduced from the most
common thermobarometers. The study of a set of selected
samples, with variable metamorphic grade, will presumably
help to establish the relation between the NH4 content in
micas, the metamorphic grade and the metamorphic history
of these formations.

Geological setting

The Betic Cordillera has been traditionally divided into a
northern external domain, the External Zone, an intermedi-
ate domain, the flysch units from the Gulf of Cádiz area,
and a southern domain, the Internal Zone. The Alpine
orogeny in late Cretaceous to Miocene times was accom-

panied by intense structural deformation and metamor-
phism, which particularly affected the Internal Zone.
Structurally, the Internal Zone is formed of three tectoni-
cally superimposed complexes, from bottom upwards, the
Nevado-Filábride, the Alpujárride and the Maláguide. The
Nevado-Filábride complex, only present in the Betic zone,
has been later subdivided into the Mulhacén and the Veleta
complexes (Puga et al., 2002). The geo-tectonic relation-
ships between the several complexes are essentially
constant in the Betic Cordillera: The Maláguide complex
tectonically overlies the Alpujárride complex, and this, the
Nevado-Filábride complexes.

At a regional scale, the Alpujárride complex shows the
superposition of rocks of different metamorphic grade
belonging to various tectonic units; from bottom to top and
in general order of increasing metamorphic grade (Sanz
de Galdeano and López-Garrido 2003): Lújar-Escalate,
Almijara, and Guájares units (Fig. 1). The lithostrati-
graphic sequence of the Alpujárride units is similar for the
whole Alpujárride complex. It includes a metapelitic to
metapsammitic sequence formed by paragneisses, dark- and
light-coloured micaschists, attributed to Palaeozoic (or older)
protoliths (Egeler and Simons 1969), overlain by fine-grained
schists and carbonate rocks, attributed respectively to Permo-
Triassic and middle and upper Triassic.

The Alpujárride rocks record, according to previous
interpretations, an Alpine polyphase metamorphic history,
and successive stages of deformation (D1-D3) and mineral
growth (M1-M3) have been described in schists and
paragneisses, based on the presence of several schistosities
(S1, S2 (=Sp), Sc). The metamorphic climax has been
interpreted as corresponding to a high pressure/low-
temperature (HP-LT) eo-Alpine metamorphism (M1), fol-
lowed by nearly isothermal decompression during which the
main fabric (D2, S2) and metamorphic assemblage (M2)
developed. The late-Alpine event 3 has been related with the
development of major large-scale recumbent folds that
deformed the S2 foliation and the geometries of the
metamorphic-isogrades. Development of crenulation folia-
tion (Sc) during this event was accompanied by low-pressure
mineral growth (e.g. Azañón et al. 1997; Bakker et al. 1989;
Balanyá et al. 1997; García-Casco and Torres-Roldán 1996;
Goffé et al. 1989; Tubía and Gil-Ibarguchi 1991). The effect
of the earlier Hercynian episode (Zeck and Whitehouse
1999, 2002), and of possible previous events has been, in
contrast, scarcely investigated. Indeed, at present, there is no
agreement about the Alpine- or pre-Alpine assignment of the
metamorphic parageneses present in the basal sections of the
Alpujárride units (see Zeck and Williams 2001 and
references therein). Nevertheless, older metamorphic events
(Hercynian and Cadomian) have been identified in other
zones of the Alpine–Mediterranean mountain belts (e.g.
Handler et al. 1997; Neubauer 2002).
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Sampling and methodology

Sampling was carried out in several outcrops located
between Torrox and Punta Negra (Málaga province,
Spain). From a previous systematic study, some samples
representative of increasing metamorphic conditions were
selected for this study. Exact sample location is shown in
Fig. 1 and Table 1. Samples were systematically studied
by petrographic microscopy, X-ray diffraction (XRD) and
Fourier transform infrared spectroscopy (FTIR). C and N
determination was carried out by elemental analyses. The
chemical characterization of micas was realized by
electron microprobe (EMPA), X-ray energy dispersive
(EDX), and analytical electron microscopy (AEM). The
results presented here are mainly based on the EDX
analyses since EMPA data are hindered by rapid NH4

volatilisation, and by the presence of thin mica inter-
growths and of Ti- and Fe-oxide inclusions in annite, not
discernible at this scale, which lead to contaminated
analyses.

XRD patterns were recorded using a Philips X’Pert
PRO MPD (University of Málaga), with CuKα radiation
and Ge monochromator, operated at 40 mA and 40 kV,
with 0.01°2θ step size and 2 s counting time. Randomly
oriented samples were used for determination of the

quantitative mineral composition, using the X’Pert High
Score Software package (Philips), based on Rietveld
analysis, and the PDF2-2003 database (International
Center for Diffraction data).

FTIR spectra were recorded in KBr pellets (2% wt.
samples) using a Nicolet spectrometer (20SXB) with a
DTGS detector, in the range 4,000-400 cm-1 (Málaga
University) Resolution was 2 cm-1. 400 scans were
accumulated to improve the signal to noise ratio in the
spectra. To avoid grinding effects in the preparation of the
disk, samples and KBr were gently mixed manually.
Although FTIR spectra are very useful on the NH4

identification, their use is very limited in carbonate-
bearing rocks, since carbonates show a stronger band at
similar frequency than NH4.

EMPA data were obtained with a Cameca SX100
equipment in the CIC (Granada University). EMPA
analyses required a previous calibration of N using the
two available standards (BN), supplied by Cameca and SPI.
The beam diameter was 10 μm with accelerating voltage of
15 kV and variable beam current and counting times of N.
The data were reduced using the X-PHI correction. Stand-
ards were albite (Na), periclase (Mg), synthetic SiO2 (Si),
Al2O3 (Al), TiO2 (Ti), Fe2O3 (Fe), Cr2O3 (Cr), NiO (Ni),
and MnTiO3 (Mn), sanidine (K) and diopside (Ca).

Fig. 1 Simplified geological map of the studied area, showing the position of the samples described (stars). Inset: Simplified tectonic map of the Betic
Cordillera showing the distribution of the several Zones
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Samples were studied by scanning electron microsco-
py (SEM), using a LEO 1430-VP scanning electron
microscope (SEM), equipped with a X-ray energy
dispersive (EDX) system Inca 350 (Oxford instruments),
at an accelerating voltage of 20 kv and 2 nA beam
current (C.I.C., Granada University). Standards were
albite (Na), orthoclase (K), periclase (Mg), wollastonite
(Si and Ca) and synthetic oxides (Al2O3, Fe2O3 and
MnTiO3).

For this work, grains of golden Ann from sample MP-
26, selected from thin sections, were ion thinned for
transmission-analytical electron microscopy (TEM-AEM)
study. Other samples from the Torrox area were also studied
by TEM-AEM in previous works. This study was carried
out with a Philips CM-20 transmission electron microscope
(TEM), operated at 200 kV and fitted with a scanning
transmission device and solid state detector for energy-
dispersion analysis (CIC, Universidad de Granada). Micro-
analyses were obtained in STEM mode. Quantitative
determinations used the thin-film approximation of Cliff
and Lorimer (1975). Albite (Na), muscovite and annite (K),
albite, spessartine and muscovite (Al), forsterite and annite
(Mg and Fe), spessartine (Mn) and titanite (Ca and Ti) were
used as standards.

The analyses for N and C were performed with an 1,108
(Carlo Erba) CHN analyzer (University of La Coruña).
Analysis conditions were: Oxidation temperature=1,020°C;
reduction temperature=650°C; P(O2)=100 kPa. The stan-
dard used was Sulphanilamide (BBOT). The detection limit
is 0.001 wt. %. Replicate analyses indicate that the error in
N determination is <0.005%. Since most mica separates
only contain quartz, minor plagioclase, and chlorite as
impurities, the NH4-content in mica has been calculated
assuming that the other phases are NH4-free.

The abbreviations of minerals suggested by Whitney
and Evans (2010) have been used in the text, Tables and
Figures, with some additions indicated in the captions of
the Figures or Tables. Ms includes muscovite and
phengite.

Petrography

The samples selected for the present study are graphitous
micaschists, characterized by a well-developed schistosity
(S2 or Sp) defined by the parallel orientation of phyllosili-
cates. The selected samples reflect, as shown below,
important metamorphic gaps.

Dark schists from the westernmost part of the studied
area (Torrox zone, e.g. sample MP-8) show uniform
assemblages, including quartz (Qz), plagioclase (Pl), K-
feldspar (Kfs), red and golden Ann (Fig. 2a and b), Ms,
kyanite (Ky), sillimanite (Sil), staurolite (St), and andalu-
site (And). Minute atoll garnets (Grt) only persisted as
inclusions in Pl, St and And. These schists will be referred
as Ky-schists, although the Ky content is <5%, according
to the XRD estimation. Textural data suggest that red Ann,
unoriented with respect to the main schistosity Sp, formed
during the first metamorphic episode, whereas golden Ann
mainly grew as retrogressive transformation of red Ann. In
addition to Ms, these schists contain relics of Tob, similar
to that found in other areas, and described in previous
papers (Ruiz Cruz and Sanz de Galdeano 2008; 2009b),
also interpreted as formed during the first metamorphic
episode. Moreover schists contain smaller Ann grains,
included in Ky, which also pre-dates the main schistosity
Sp, whereas St and And are later, post-Sp phases. Samples
MP-22 and MP-21 (Cabria zone) show parageneses
similar to sample MP-8, but with lower Ky contents.

Samples MP-26 and RMP-26 (1–5) (Punta Negra zone)
show lower metamorphic grade, being characterized by
lack of red Ann, Sil and Ky in the mineral assemblage.
These samples will be referred as Grt-schists. S1 is hardly
visible in these rocks, but it seems to be defined by aligned
pre-Sp Grt, which follow Qz-rich bands (Fig. 2c), deformed
by Sp. Although red Ann is lacking in these samples, they
contain three well-defined generations of micas, as deduced
from textural relationships: A first generation consists of
Ann, Ms and Ann-Ms parallel intergrowths, all included in
atoll Grt (Fig. 2c and d). The second generation consists of

Table 1 Location and mineral composition of the studied NH4-bearing samples

Sample Coordinates Lithology Mineralogy

MP-8 N36°45’44.3”; W4°57’23.4” Dark, Ky-schist Qz+Pl+Ann+Ms+Tob+Ky+Sil+And+St+Grt+(Chl)

MP-22 N36°44’43.8”-W3°39’10.1” Dark, Ky-schist Qz+Pl+Ann+Ms+Tob+(Ky)+Sil+And+St+Grt+(Kln)

MP-21 N36°44’39.1”-W3°37’18.8” Ann-free, Grt-schist Qz+Pl+Ann+Ms+Tob+(Ky)+And+St+Grt

MP-23 N36°41’43.8”-W3°28’7.9” Ann-free Chl-schist Qz+Pl+Ms+Prg+Chl+(Kln)

MP-24 N36°41’43.8”-W3°28’7.9” Fine-grained Chl-quartzite Qz+Pl+Ms+Pg+Chl

MP-25 N36°44’43.3”-W3°16’51.4” Dark Chl-schist Qz+Pl+Ms+Pg+Chl

MP-26 N36°44’45.4”-W3°12’42.8” Golden Grt-schist Qz+Pl+Ann+Ms+And+St+Grt+(Chl)

RMP-26 N36°44’45.4”-W3°12’42.8” Golden Grt-schist Qz+Pl+Ann+Ms+And+St+Grt+(Chl)+(ML)
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alternating folia of Ms intergrown with Gr and golden Ann
defining Sp (Fig. 2c and d). In addition, a third population
of Ann, cross-cutting the main schistosity, appears exten-
sively replaced by chlorite (Chl) and Ann-Chl mixed-layer
minerals (ML) (Fig. 2e).

Finally, samples MP-23, MP-24 (Cabo Sacratif zone) and
MP-25 (Punta Negra zone), are characterized by smaller
grain-size (Fig. 2f), lack or scarcity of Ann and Grt and by
the presence of the prograde assemblage Ms±Pg+Chl. These
samples will be referred as Chl-schists.

The transition from Ky-bearing to Ky-free samples is
characterized by important changes in mica composition
and in Grt content. Three of these samples were selected for

the detailed study of Grt, which provided important
information about the metamorphic evolution; these results
are presented in a companion paper (Ruiz Cruz 2011).

FTIR and XRD data

The presence of NH4 in the selected samples was firstly
confirmed by FTIR; most studied samples show a charac-
teristic band in the zone of the N-H vibrations (Busigny et
al. 2003; Choubari and Fripiatt 1981). Nevertheless the
NH4 content is variable according to the mica content and
the dominant mica type in each sample. The N-H vibration

Fig. 2 Representative microscopic images of schists. a Red Ann-
grains extensively replaced by Sil, and brown-to-golden Ann (Ky-schist
MP-8, plane-polarized light). Sp is defined by G-Ann and Ms. b Ky
grain post-dating, and partially including R-Ann (Ky-schist MP-8,
plane-polarized light). c Schist with Qz-rich domains containing
abundant atoll Grt, which define a schistosity (S1) previous to Sp (Grt-

schist RMP-26-3, crossed polars). d Graphite-rich Ms domains, and
golden Ann domains, defining the main schistosity Sp (Grt-schist MP-
26, plane-polarized light). e Late And grain and post-Sp intergrowths of
Chl, Ann and Ann-Chl mixed-layers (Grt-schist RMP-26-2, crossed
polars). f pre-Sp and Sp schistosities defined by Ms, Chl and Qz (Chl-
schist MP-23, plane-polarized light)
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band appears at ~1,434 cm-1, showing a shoulder
at ~1,456–1,465 cm-1, or, in some cases, near 1,500 cm-1,
in accordance with the positions observed in natural and
synthetic NH4-micas, and in Suh (Ruiz Cruz and Sanz de
Galdeano 2009a). Maximum NH4 contents are present in
Ann concentrates from samples MP-8 and RMP-26,
whereas the N-H vibration band is notably lower in the
spectra obtained from whole-rocks. In these later spectra
the presence of a weak band at 1,382 cm-1, ascribed to
graphite, is common. The N-H vibration band is very weak
in Chl-schists (Fig. 3).

XRD data of selected whole rocks with decreasing
metamorphic grade (Fig. 4a) confirm the petrographic
observations, showing the prevalence of Ann in samples
with the highest metamorphic grade (except for sample
MP-21, where Ms is the dominant mica), Ann+Ms in
samples with intermediate grade and only Ms (and
occasional Pg) in samples with the lowest grade.

Since in most cases the rocks contain both Ms and Ann
(e.g. MP-26 in Fig. 4a), and since the size of the mica
flakes does not permit the obtaining of pure mica separates,
we have manually obtained some Ms-rich and Ann-rich
concentrates for the elemental analysis of N. The concen-
trates show variable amounts of impurities, and a quanti-

tative determination of the mineralogical composition was
carried out by XRD Rietveld-based method for estimating
the mica content and the Ann:Ms ratio. According to the
XRD patterns, impurities are Qz and minor Pl and Chl
(Table 1, Fig. 4b). Some separates are rich in post-Sp Ann,
and show important amounts of retrogressive Chl and Ann-
Chl ML (sample MP-26, Fig. 4b). ML shows a very
complete series of basal reflections and corresponds to a
structure consisting, in average, of 2 Ann+1 Chl layers.

XRD patterns have been also used for tentatively
estimating the NH4 content in micas, based on the exact
position of the basal reflections (Fig. 4c). These patterns
reveal some new features. For example, samples MP-21
and MP-22 also contain minor amounts of Tob, which was
not identified during the SEM examination. In addition, the
basal spacing of Ms and Ann shows important differences
and permits a clear distinction between Ky- and Grt-schists.
Thus, Ann from Ky-rich schists (MP-22 and MP-8) shows
lower basal spacing than Ann from Ky-poorer (MP-21) and
Grt-schists (MP-26 and RMP-26). These differences are
evident in the zone of the 005 basal reflections (about 0.25°
2θ) and suggest that golden Ann from these later samples is
enriched in NH4 (Fig. 4c), in accordance with the FTIR
data. Some authors have demonstrated that the basal
spacing of illite or illite-smectite mixed-layers from
diagenetic samples can be used for determining the NH4:
K ratio in the interlayer (e.g. Drits et al. 1997; 2005). Based
on this evidence, and taking into account previous data for
Suh with variable NH4 contents (Ruiz Cruz and Sanz de
Galdeano 2009a), the patterns in Fig. 4c would indicate that
the mean NH4 content in Ann increases from <0.07 atoms
per formula unit (apfu) in samples MP-8 and MP-22 to
~0.15 apfu in sample MP-26. In contrast, Ms reflections
show an inverse behaviour, suggesting that Ms from the
highest grade rocks is enriched in NH4 relative to Ms from
Grt-schists. This is, however, very improbable, and the
observed variations in the basal spacing of Ms must have
other chemical or crystallographic explanations.

Chemical composition of micas

Selected EMPA data of the several mica populations are
reported in Table 2. Since N is detectable in the analyses
only when counting times are very low, the error in the
determinations is high. Formulae of micas have been
calculated for O10(OH)2, and assuming that all Fe is
ferrous. This assumption is based on previous data about
the Fe3+/Fe2+ ratio determined in Suh (Ruiz Cruz and Sanz
de Galdeano 2009a), and in the presence of abundant
graphite in all the studied samples. Analyses of Ann and
Ms with high K2O contents (analyses 1–5, 9 and 11, in
Table 2), provide formulae with interlayer occupancies near

Fig. 3 FTIR spectra of samples MP-25, golden Ann concentrate from
sample RMP-26, whole-rock MP-26, and red+golden Ann concentrate
from sample MP-8. The N-H vibration band is very weak in sample
MP-25, and, although present in all Ann-bearing samples, it increases
considerably in golden Ann concentrates from sample RMP-26
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1 atom per formula unit (apfu). Nevertheless, in analyses
with lower K2O contents (and assumed higher NH4

contents) the interlayer occupancies are very low, suggest-
ing an important loss of N. This is especially evident in the
case of Tob analyses (analyses 12 and 13 in Table 2).
Taking into account these difficulties, EDX and EMPA
analyses in which N was not measured (Table 3) were used
for realizing representative chemical plots (Fig. 5). Analy-
ses corresponding to several samples have been plotted
separately to favour the comparison. For sample MP-26 and
similar (series RMP-26) we have also plotted separately
micas included in atoll Grt and micas following the main
schistosity. Similarly, for sample MP-8 we have plotted
separately Ann included in Ky and syn-Sp Ann.

Analytical data indicate that Ms within the atoll Grt from
samples MP-26 and series RMP-26 show rather uniform
composition, with high Al, Si contents ranging from 3.00 to
3.10 apfu (Fig. 5a) and low Fe+Mg contents (Fig. 5b). Tob
from schist MP-8 is clearly differentiated from the other
micas in the Fe+Mg vs. Si diagram (Fig. 5b), where it
shows notably higher Fe+Mg contents. Excluding this mica
population, Ms from the other samples define two main
groups: Ms from Ky-schists (MP-8 and MP-22) shows
relatively restricted compositional fields, with Si content
between 3.00 to 3.13 apfu, Fe+Mg contents <0.15 apfu, and
low Na contents (Fig. 5c). In contrast, Ms from Ky-poorer
and Grt-schists (samples MP-21, MP-26 and similar) shows
wider chemical variations, with Si content up to 3.28 apfu
(Fig. 5a), a phengitic trend (Fig. 5b), and higher Na
contents (up to 0.37 apfu). In these latter samples
(especially in sample MP-26 and RMP-26), three clusters
of compositions are observed in the chemical plots, with Si
content <3.07, between 3.10 and 3.13 and between 3.15
and 3.25 apfu, respectively. The high Na content (Fig. 5c)
could explain the low basal spacing of Ms from these
samples in relation with Ms from samples with higher
metamorphic grade. Tob shows, as expected, very low Na
contents. All these data, as a whole, suggest that Ms
included in Grt and Tob preserve their original chemical
signatures relative to secondary syn-Sp micas. In addition,
the presented data suggest that Ky- and Grt-schists record
different metamorphic patterns.

Ann compositions define two main trends in the VIAl
vs. Si plot (Fig. 5d): A trend with a clear positive
correlation (Ky-schists), and a second trend with a weaker
positive correlation (sample MP-21 and Grt-schists). Ann
included in atoll Gt occupies an intermediate position.
Ann from the several samples defines parallel trends in the
Fe+Mg vs. Si plot, without apparent relation with the
metamorphic grade (Fig. 5e). In contrast, the decreasing
metamorphic grade is evident in Fig. 5f, on the basis of the
Ti contents. Nevertheless, whereas the trends defined by
Ann from samples MP-8 and MP-22 are relatively well

defined, Ann from samples MP-21 and MP-26 shows low
and homogeneous Ti contents. These later contents
probably reflect both lower metamorphic T and the higher
ammonium content in these micas. Indeed, the low Ti
content is a specific characteristic of NH4-bearing Ann
(Ruiz Cruz and Sanz de Galdeano 2009a). Low Ti
contents also characterize Ann included in atoll Grt,
probably recording a higher initial NH4 content and a
lower T of formation.

Considered as a whole, all these data reveal chemical
trends different for Ms and Ann from Ky-schists and
from Grt-schists. In addition, Ms from samples MP-8 and
MP-22 shows overlapping fields, whereas Ann from
these two samples shows important compositional differ-
ences, especially, in the Si and VIAl contents. This fact
suggests that Ms has preserved its original signatures
better than Ann.

TEM-AEM study

The TEM-AEM study was realized with the aim to
structurally characterize NH4-rich Ann from sample MP-
26 and to test the true interlayer occupancy from the AEM
data obtained in unaltered grains. This study showed that
golden Ann is mainly composed of thick packets, where the
presence of polysynthetic twining (with a mean periodicity
of ~60Å) is the most common feature (Fig. 6a). These
packets do not contain Chl layers, which could be
responsible for the low interlayer charge. The SAED
patterns (Fig. 6a, inset) show almost continuous 0kl (with
k≠3) reflections rows. In untwinned packets (e.g. Fig. 6b),
the SAED patterns reveal, however, the presence of one-
layer polytype with low stacking disorder. Isolated Chl
layers were only observed in the most external parts of
some Ann grains (Fig. 6b). Other areas of golden Ann show
broad, damaged, lens-shaped fringes, grouped in subparal-
lel bands of about 200–300Å in thickness, tilted with
respect to the plane (001) (Fig. 6c). This feature is more
abundant in typical Suh (Ruiz Cruz and Sanz de Galdeano
2009a) and resembles the domainal microstructure de-
scribed in intermediate Na-K and Na-Ca micas (Livi et al.
1997; Ruiz Cruz 2008), suggesting that NH4-enriched Ann
forms domains oblique with respect to the basal plane.
Crystal defects are abundant in grains with advanced
retrogression (e.g. Fig. 6d). These include variations of
the basal spacing along the layers, associated to bending of
layers, and presence of Ann-Chl ML areas, with mean
periodicity of 34Å, in accordance with the XRD data. The
AEM data consistently yielded compositions similar to
those obtained at the SEM scale, although defect-rich areas
showed lower K contents, in accordance with the presence
of Chl layers and ML domains.
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NH4 contents and distribution in micas

N and C determination was carried out by elemental
analysis (Schroeder and Ingall 1994; Schroeder and
Mclain 1998). Table 4 shows the C and N contents
determined in mica concentrates and some whole rocks.
Estimation of the average NH4 content in micas has been
based on the assumption that the other phases are N-free.
The possibility that a part of N be associated to graphite
(Van Zuilen et al. 2005) cannot be discarded with the
available data but these rather suggest that N, in the form
of NH4, is mainly present in micas. The graphite content
can be estimated from the C content, since these rocks are
carbonate-free. The C content ranges between 0.2 wt.%
and 1.3 wt.% in the samples analyzed. Nevertheless, no
correlation exists between C and N contents, the highest N
contents (0.18 and 0.25 wt.%) corresponding to concen-
trates of golden Ann, with intermediate C contents.
Moreover, the FTIR spectra (Fig. 3) show the character-
istic bands of the N-H vibrations, suggesting that most N
is in the form of NH4.

Determination of the mica content was realized using
Rietveld analysis and the error estimated is low; neverthe-
less, the content of NH4 and (NH4)2O (wt.%) in mica has
been only calculated in mica concentrates with >50% wt.
mica, and where one mica type is clearly dominant. Some
analyses from gneisses of the same area, taken from Ruiz
Cruz and Sanz de Galdeano (2009b) have also been
included in this Table for comparison. The deduced NH4

contents in Ms from gneisses and schists are low (0.06–
0.09 wt.%) except in Grt-schists. The NH4 content in Ann
shows uniform values ranging from 0.36 in Ky-schists to
0.38 wt.% in Grt-schists. Comparison of NH4 content in
Ms- and Ann-rich concentrates indicates that Ms contains
about 0.25 times as much NH4 as Ann, which is consistent
with the results of other studies of intermineral NH4

partitioning in schists and gneisses (e.g. Boyd and
Philippot 1998; Duit et al. 1986; Honma and Itihara
1981). A NH4 enrichment in Ms and Ann was observed,
however, in Grt-schists. The highest value was measured
in concentrates rich in Ann-Chl ML (Fig. 4b). Estimations
in this sample only can be realized assuming that the NH4

content in Ann is similar to that determined in ML-free

golden Ann concentrates from similar samples (0.38 wt. %).
Hereby we deduce that the NH4 content in the
interstratified structure is about 1.0 wt.%, i.e. the Ann
layers of the ML appear to be notably enriched in NH4

relative to pure Ann.
As a whole, the NH4 contents are higher than those

typical of metamorphic rocks (Boyd and Philippot 1998;
Duit et al. 1986; Mingram and Bräuer 2001). These
determinations do not permit, however, an estimation of
the NH4 content in the several Ms or Ann populations from
each sample. We have realized, with this aim, chemical
plots (Fig. 7) showing the interlayer occupancy in the
several generations of mica which, although imprecise, can
help to understand the NH4 distribution. Indeed, the NH4

contents determined in Ms cannot result in changes
detectable in the interlayer occupancies, except in Grt
schists. In contrast, the (NH4)2O contents determined in
Ann concentrates (>0.50 wt.%) would correspond to about
0.1 apfu, assuming a uniform distribution of NH4 in the
whole Ann populations. The NH4 content in the interlayer
can be, however, higher if several populations of Ann with
different NH4 contents are present.

In the plot of interlayer occupancy vs. Si content
(Fig. 7a), Ms from the several samples shows parallel
trends of decreasing interlayer occupancy, at increasing Si
contents, which could be related simply to a pyrophyllite-
like substitution. Nevertheless, the lowest interlayer
occupancies, probably reflecting the highest NH4 content,
are shown by phengite from sample MP-26, suggesting
that increasing Si and Fe+Mg content in white mica would
favour the entry of NH4 in the interlayer, as previously
suggested by Guidotti and Sassi (1998) on the basis of
crystal-chemical constraints. In contrast, most Ann pop-
ulations show lower interlayer occupancy (Fig. 7b); the
lowest interlayer contents correspond to Ann included in Ky
from the high-grade schists and to syn-Sp golden Ann from
samples MP-26 and RMP-26, in accordance with the FTIR,
XRD and analytical data. A high NH4 content in Ann
included in Ky is contradictory with the relatively high Ti
content of this Ann, as measured at the EMPA or SEM
scales (see Fig. 5f). However, the Ti content measured at the
TEM scale is generally <0.10 apfu, indicating that the EDX
analyses are contaminated by minute rutile (Rt) inclusions.
In addition, some Ann grains from sample MP-8 (not
included in Ky) also show low interlayer occupancies
whereas other grains from this sample show the highest
interlayer occupancies. This suggests that sample MP-
8 contains several incompletely re-equilibrated Ann
populations. High NH4 contents in Ann from the Punta
Negra zone (MP-26 and series RMP-26) could be
tentatively related to a higher initial content in organic
matter in these samples or to the lower metamorphic
conditions that have affected these rocks.

Fig. 4 a XRD patterns of unoriented samples with decreasing
metamorphic grade (MP-8: Ky-schist; MP-26: Grt-schist; MP-24: Chl-
schist). b XRD patterns (oriented samples) of concentrates of golden
Ann from samples RMP-26-1 and MP-26. In the second pattern the
basal reflections of the Ann-Chl mixed-layers have been labelled. c
Selected zones of the XRD patterns of samples MP-22 (Ky-schist), MP-
21 (Grt-schist), and RMP-26-3 (Grt-schist), showing the position of the
001 and 005 basal reflections of white micas (Ms, Tob and Pg) and
Ann. Explanations see text

R
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Discussion

The studied micaschists range in metamorphic grade from
the Chl- to the Ky zone. In addition to the presence or lack
of Ann, the main difference between the studied samples
affects the presence of either red Ann (frequently replaced
by Sil and a first generation of golden Ann) or only of syn-
Sp golden Ann. A key finding for the interpretation of the
metamorphic history of these schists was the presence of
Ann+Ms intergrowths within atoll Grt. These mica inter-
growths were previously interpreted as late replacements of
Grt during Alpine exhumation in both the Torrox area and
in the Alborán domain (García-Casco et al. 1993; Prosser et
al. 1999). However, although late replacement textures are

evident in some Grt grains, textural features, zoning
patterns and electron backscattered scanning diffraction
analyses clearly point to two stages of Grt growth, the first
one followed by the retrogressive replacement of Grt by
mica+Qz intergrowths. During the second stage the rings of
atoll Grt formed (see Ruiz Cruz 2011).

Origin and evolution of NH4-bearing micas in successive
metamorphic stages

It was deduced previously (Ruiz Cruz and Sanz de
Galdeano 2009b) that the first metamorphic assemblage
(M1) in the Torrox schists must have consisted of a four
mica assemblage, with Tob (preserved only as scarce

Table 2 Representative chemical data (EMPA) for the several mica populations

Sample Annite White-micas

MP-8 MP-8 MP-8 MP-22 MP-22 MP-26 MP-26 MP-26 M-22 MP-26 MP-26 MP-8 MP-8
R-Ann G-Ann In Ky R-Ann G-Ann syn-Sp syn-Sp In Grt syn-Sp Syn-Sp In Grt Tob Tob
1 2 3 4 5 6 7 8 9 10 11 12 13

SiO2 36.61 36.16 38.41 36.77 36.77 35.70 33.54 35.63 47.18 47.76 47.76 44.56 45.29

TiO2 4.41 3.33 2.69 4.46 2.66 1.44 1.63 0.54 0.32 0.00 0.90 0.08 0.03

Al2O3 20.85 20.40 22.92 19.99 19.99 20.92 19.76 22.48 37.33 35.25 37.10 32.93 32.47

Cr2O3 0.02 0.04 0.11 0.05 0.05 0.07 0.04 0.05 0.02 0.00 0.04 0.02 0.00

NiO 0.02 0.06 0.00 0.02 0.02 0.14 0.05 0.05 0.00 0.13 0.00 0.07 0.02

MnO 0.14 0.17 0.11 0.21 0.21 0.17 0.17 0.14 0.01 0.06 0.00 0.07 0.02

FeO 18.77 22.04 17.72 20.09 20.09 19.68 18.68 17.84 1.87 0.85 1.16 7.53 7.69

MgO 7.37 6.04 4.11 6.20 6.20 7.24 7.30 8.80 0.57 0.96 0.61 2.31 2.52

CaO 0.31 0.37 0.24 0.05 0.05 0.47 0.39 0.22 0.06 1.20 0.04 1.19 1.09

Na2O 1.05 1.13 0.58 0.43 0.43 0.96 0.93 0.18 0.77 0.38 0.66 0.33 0.35

K2O 7.96 7.10 7.93 9.26 7.72 2.65 2.76 6.94 10.35 6.44 10.00 1.22 1.34

(NH4)2O 0.55 0.81 0.50 0.27 0.71 1.61 0.84 0.50 0.06 0.13 0.02 0.71 0.88

Cl 0.29 0.21 0.41 0.16 0.16 0.49 0.33 0.05 0.03 0.25 0.01 0.12 0.08

Total 98.05 97.64 94.29 97.81 94.90 91.05 86.09 93.30 98.53 93.03 98.29 91.02 91.70

Formulae calculated for O10(OH)2
Si 2.67 2.69 2.85 2.72 2.78 2.74 2.73 2.69 3.04 3.16 3.06 3.05 3.08
IVAl 1.33 1.31 1.15 1.28 1.22 1.26 1.27 1.31 0.96 0.84 0.94 0.95 0.92
VIAl 0.47 0.47 0.86 0.47 0.56 0.64 0.62 0.70 1.87 1.91 1.87 1.71 1.69

Ti 0.24 0.19 0.15 0.25 0.15 0.08 0.10 0.03 0.02 0.00 0.04 0.00 0.00

Cr 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ni 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00

Fe 1.15 1.37 1.24 1.24 1.27 1.27 1.27 1.13 0.10 0.05 0.06 0.43 0.44

Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00

Mg 0.80 0.67 0.45 0.68 0.70 0.83 0.88 0.99 0.05 0.09 0.06 0.24 0.26

∑oct 2.67 2.72 2.61 2.66 2.70 2.84 2.89 2.86 2.05 2.06 2.03 2.39 2.38

Ca 0.02 0.03 0.02 0.00 0.00 0.04 0.03 0.02 0.00 0.09 0.00 0.09 0.08

Na 0.15 0.16 0.08 0.06 0.06 0.14 0.15 0.03 0.10 0.05 0.08 0.04 0.05

K 0.74 0.67 0.75 0.87 0.74 0.26 0.29 0.67 0.85 0.54 0.82 0.11 0.12

NH4 0.09 0.14 0.09 0.05 0.12 0.29 0.16 0.09 0.01 0.04 0.00 0.11 0.14

∑int 1.01 1.00 0.94 0.99 0.94 0.73 0.63 0.80 0.96 0.72 0.91 0.35 0.38
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relics), Ms (also present in underlying gneisses, e.g. Fig. 8a),
Ann (red annite, abundant in gneisses and locally preserved in
schists, e.g. Fig. 8a, b), and NH4-bearing Ann (mainly
preserved as inclusions in Ky, e.g., Fig. 8c). This metamorphic
assemblage must have formed during the first (undated)
diagenetic-to-metamorphic event as a consequence of the
incorporation of N derived from the organic matter in the
structure of the diagenetic phyllosilicates. Data on the C
content in these samples as well as the petrographic evidence
of important amounts of graphite, indicate that the original
protholiths contained high amounts of organic matter, reflect-
ing important biological activity. This event could be
interpreted as Hercynian (Michard et al. 1997) but numerous
data rather point to a pre-Cambrian age. For example,
gneisses from this area contain very characteristic inter-
growths of exsolved Ms+Ann, with important amounts of
NH4 (Ruiz Cruz and Sanz de Galdeano 2009b). Detritus of
these intergrowths, with preserved NH4-mica and the same
exsolution textures have been identified in Paleozoic
sequences from the Maláguide Complex, unambiguously
demonstrating that such formations were exposed in surface

an eroded before the Silurian (Ruiz Cruz and Sanz de
Galdeano 2010).

T estimated from the Ti-in-biotite thermometer (Henry et
al. 2005) is >700°C and minimum P >7.5 kbar for gneisses,
as deduced from the application of the Massone and
Schreyer (1987) barometer (Fig. 9). Data derived from
estimates based on core composition of Grt from Ky-schists
(Fig. 8d) indicate, however, that P and T conditions
probably attained 13 kbar/800°C (Ruiz Cruz submitted)
during the prograde event. A first generation of golden
Ann, unoriented with respect to red Ann, formed in Ky-
schists as a consequence of the replacement of red Ann by
Sil (Foster 1990), during the subsequent retrogressive stage
(Figs. 8b and 9). This first metamorphic event (not
identified previously) appears to be responsible for the
important gaps in metamorphic grade observed in this area.
As a consequence, micas formed during this event are only
recognized in high-grade schists. As a whole, Ann from
Ky-schists contain important amounts of NH4 (0.36 wt.%),
which appear to be concentrated in the golden retrogressive
grains. This means that NH4 persisted in the mica structure

Fig. 5 Selected binary plots showing the most significant chemical
characteristics of white micas a-c and Ann d-f. See text for
explanation. Numbers in f indicate T (°C) deduced from the

application of the Ti-in-Bt thermometer and P (kbar) deduced from
the Si content in adjacent white mica
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at T higher than generally assumed. This first metamorphic
episode was certainly pre-Alpine, but the precise age is yet
uncertain. So far, isotopic dating of these micas have not
been carried out, but the extremely fast rock uplifts and
concomitant cooling rates, which characterize the exten-
sional stage (Neogene) of the Alpine orogeny, make it
difficult to deduce the age of this old stage of mica growth.
Indeed, very precise ages (19-20 Ma) have been obtained
from 40Ar/39Ar data on Amp, Ms, Bt and Kfs from different
tectono-metamorphic units of the Western Alpujarrides (e.g.
Monié et al. 1994) for the rapid rock uplift/cooling, but this
event has hidden the earlier history of these rocks.

A second metamorphic event (M2) is clearly defined by
the first stage of growth of atoll Grt in medium-grade
schists. Thermobarometric data deduced from the Grt study
(Ruiz Cruz 2011), indicate that Grt formed at relatively
high P (9-10 kbar) and maximal T on the order of 550°C.
Nevertheless, the relationships between the first mica
generation described before and the stage of atoll Grt
growth are uncertain since, in Ky-bearing schists, atoll Grt
has been mainly preserved as rare inclusions in Pl and And.
This second event could tentatively be related to the first

HP-LT eo-Alpine episode. Micas formed during this event
have not been identified. Indeed, Ms-Ann intergrowths
pervasively replaced Grt during a subsequent retrogressive
stage (Fig. 8e). Although perhaps re-equilibrated to some
extent during the growth of the Grt rings, Ms and Ann
intergrowths preserve some of their initial chemical
signatures (Fig. 5). A characteristic feature is the low Si
content in Ms, suggesting low P of formation, and the low
Ti content of Ann, defining a low-P retrogressive path in
the P-T space (Fig. 9). We have not precise data about the
NH4 content of this Ann population, except those supplied
by the interlayer charge (Fig. 7b), which suggests interme-
diate NH4 contents.

The second episode of Grt growth in medium-grade
schists originated the Grt rings (Fig. 8e). Thermobarometric
data (Ruiz Cruz 2011) indicate for Grt rings lower P (5–
7 kbar) and higher T (550–580°C) than for the core,
revealing that rings grew during a subsequent and indepen-
dent metamorphic event (M3). Micas defining the main
schistosity must have formed either contemporarily with
Grt rings or during a later stage. These micas have been
previously interpreted as formed during exhumation (Monié

Fig. 6 Lattice-fringe images of golden Ann from sample MP-26. a
Unaltered Ann grain with polysynthetic twinning. Presence of semi-
periodic twinning originates in the SAED pattern (inset) higher-order
reflections in the hkl reflection rows with k≠3n. b Beginning of the
retrogression to Chl in the most external part of an Ann grain. The
SAED pattern (inset) corresponds to one-layer polytype. c Lattice-
fringe image showing sub-parallel bands, oblique to (001), of mica

domains with uniform periodicity and mica domains with light broad
fringes, interpreted as corresponding, respectively, to K-rich Ann and
NH4-rich Ann domains. d Areas of golden Ann grains with advanced
retrogression. These areas show abundant crystalline defects and
domains of Ann-Chl ML with mean periodicity of 34Å. Although
these domains are not abundant in the shown area, the SAED pattern
(inset) shows some stretching parallel to c* of the basal reflections
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et al. 1994; Platt and Vissers 1989; Platt et al. 1998; Vissers
et al. 1995; Zeck 1996). Nevertheless, the chemical
signatures of some of these micas (e.g. the phengitic trend
observed in Fig. 5b for white micas from Grt-schists)
strongly suggest that most of these micas grew during a
prograde event, probably overlapping the last stage of Grt
growth. This event has been unambiguously identified in
Alpujárride formations from other zones, based on the
presence of pumpellyite-bearing assemblages and on the
chemical evolution of zoned amphiboles (Ruiz Cruz 2010;
Ruiz Cruz et al. 2010). Syn-Sp micas define two parallel
trends in the P-T space (Fig. 9): a first trend is defined by
Ms with Si contents between 3.10 and 3.13 apfu, which
could represent partially re-equilibrated micas. The second
trend corresponds to higher-P Ms (phengite) and seems to
define the main stage of golden Ann+Ms growth. Syn-Sp
golden Ann contains important amounts of NH4, clearly
indicating that NH4 was incorporated in the later generation
of Ann. The retrogressive stage (M4) is mainly characterized
by growth of large And porphyroblasts and by retrogression
of golden Ann to Chl and Ann-Chl ML (Fig. 2f), which are
also characterized by high NH4 contents.

Although an approximate estimation of the P-T
conditions of mica growth (based on the Ti content in
Ann and on the Si content in Ms) is indicated in Fig. 9,
more accurate thermobarometric estimates, mainly based
on Grt-bearing assemblages, are reported in a companion
paper (Ruiz Cruz 2011), and schematically reported in
Fig. 9 (inset).

Table 4 C and N contents and deduced NH4 and (NH4)2O contents in micas

C N Micaa Ms+Pg Ann ML Ann Ann ML ML Ms Ms
NH4 (NH4)2O NH4 (NH4)2O NH4 (NH4)2O

Gneisses

MP-2 (Red-Ann concentrate) 0.713 0.043 25 5 20

MP-3 (Ms concentrate) 0.182 0.056 80 75 5 0.09 0.13

MP-4 (Ms concentrate) 0.772 0.054 93 80 13 0.07 0.10

MP-6 (whole rock) 0.431 0.065 40 5 35

Schists

MP-8 (Red+Golden Ann concentrate) 0.801 0.089 50 5 32 0.36 0.52

MP-22 (Red-Ann concentrate) 1.299 0.052 42 8 34

MP-21 (whole rock) 0.302 0.029 41 32 9

MP-23 (whole rock) 0.248 0.028 28 28

MP-24 (whole rock) 0.383 0.021 35 35

MP-25 (Ms concentrate) 0.857 0.036 74 74 0.06 0.09

MP-26 (Ms concentrate) 0.936 0.067 63 55 8 0.16 0.23

MP-26 (Golden-Ann concentrate) 0.783 0.245 62 2 30 30 0.38b 0.55 1.00 1.45

RMP-26-3 (Golden-Ann concentrate) 0.539 0.177 63 3 60 0.38 0.55

All values in wt.%

Micaa : Mica content and composition estimated from the XRD patterns
b Assumed

Fig. 7 Interlayer occupancy vs. Si content (apfu) in Ms a and Ann b
from several samples. Symbols as in Fig. 5
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Factors controlling the NH4 content in micas

It has been postulated that the NH4 content in micas
varies inversely to the metamorphic grade, as shown,
e.g., by Duit et al. (1986) who studied micas from
metapelites at grades ranging from the Bt zone to high-
grade migmatites and granites. They recorded NH4 only
at trace levels for Ms and Bt, but the average values
decreased as a function of grade, from 500 ppm to

120 ppm for Ms, and 1,500 to 300 ppm for Bt. The data
presented here suggest that the NH4 contents in micas is
mainly dependent on the NH4 availability at the time of
mica growth. Data in Table 4 indicate that mean NH4

contents in Ann from schists with variable metamorphic
grade is very similar (0.36 wt.% in Ky-schists, and
0.38 wt.% in Grt-schists). The NH4 contents in Ms are
more variable (0.06–0.16 wt.%), suggesting that this
content is dependent of the organic mater content and of

Fig. 8 Representative
back-scattered electron images
of micas formed in successive
metamorphic stages. a Homo-
geneous Ms (Ms), exsolved Ms
(E-Ms) and homogeneous red
Ann extensively replaced by Sil
(gneiss MP-2). This assemblage
is interpreted as representative
of the first prograde and retro-
gressive pre-Alpine metamor-
phic event. b Red Ann
extensively replaced by Sil
and golden Ann, interpreted as
formed during retrogression of
the first metamorphic event
(sample MP-8). c Small grains
of Ann, included in Ky grains
(sample MP-8). d In sample
MP-22 Grt includes abundant
Qz and Ms, and minor Ann
grains. e Ms+Ann intergrowths
formed from retrogression of the
first Grt generation in sample
MP-26. Note the presence of
Grt islands and that mica inter-
growths preserve the original
morphology of Grt. The second
Grt generation overgrowths the
Ms+Ann intergrowths and is
interpreted as formed during a
later high-P metamorphic event.
Note the presence of Ilm grains
intergrown with golden Ann
defining the main schistosity. f:
Golden Ann domain from
sample MP-26, interpreted as
formed during a later prograde
episode. Ann is intergrown
with Ilm
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the presence of other phases (e.g. Ann) with capacity for
lodging ammonium. The local increase in NH4 observed
in some Grt-schists, appears to be related to the presence
of post-S2 Ann-Chl ML, suggesting the influence of
crystal-chemical constraints.

The possibility of a crystal-chemical control of the NH4

content in Ann can be analyzed on the basis of the chemical
variations observed in the several Ann populations. The
main differences between the chemical trends defined by
Ann with variable NH4 contents are well observed in the
plots of Fig. 10. The interlayer occupancy shows a
negative correlation with VIAl in Ann from all samples,
although this correlation is less clear in Grt-schists. In all
samples, negative correlations between the interlayer
occupancy and XMg are observed (Fig. 10b), whereas a
positive correlation between interlayer occupancy and Ti
for was recorded by the Ky-schists (Fig. 10c). Ann from
sample MP-26, with very low Ti contents does not show a
defined trend. Similar relationships had been previously
described in Ann (e.g. Guidotti 1984) and explained
through the coupled Fe1

2+Mg-1, Mg1Si1
VIAl-1

IVAl-1 and
Mg1Si1

VITi-1
IVAl-2 vectors. However, in Ky-schists, IVAl

and Ti show a clear positive correlation (Fig. 5f), suggesting
the contribution of the Mg1Si1

VITi-1
IVAl-2 substitution. In

contrast, in the NH4-richer Ann from Grt-schists (Fig. 5f), IVAl
and Ti show no correlation, suggesting that Si (or IVAl) is not
involved in the substitutions leading to the impoverishment in

Ti. Chemical formulae suggest that the main vectors
associated to increasing amounts of NH4 are Mg2

2+□Ti-1
4+

and VIAl4
3+□Ti-3

4+ as evident from plotting Ti vs. Mg and
VIAl (Fig. 10d and e). Clearly, these substitutions are
associated with the parallel decrease of octahedral vacancies.

The decrease of Ti content in NH4-rich Ann from
gneisses has been related to exsolution of Rt during the red
Ann-to golden Ann transformation, which remains as
inclusions in Ann (Ruiz Cruz and Sanz de Galdeano
2009b) (Fig. 8a). In schists with lower metamorphic grade
Rt is lacking but Ilm is commonly intergrown with golden
Ann (Fig. 8d and f), suggesting that available Ti and Fe
were only partially incorporated in the structure of the
NH4-rich golden Ann, causing the parallel enrichment in
both VIAl and Mg. This indicates, however, that the
compositional changes are not the cause of the NH4

incorporation, but caused by the entry of NH4 in the
interlayer. Why the entry of NH4 in the interlayer hinders
the entry of Ti in the octahedral sheet, leading to a series
of associated chemical changes is not clear, however.
Structural changes caused by Ti incorporation in the
octahedral sheet of Bt with variable composition have
been studied in natural and synthetic Bt, and the main
vectors causing the entry of Ti have been tested (e.g.
Abrecht and Hewitt 1988; Brigatti et al. 1991; Hewitt and
Abrecht 1986). The evident fractionation of NH4 into Bt
vs. Ms is due to the larger XII site in Bt, which would

Fig. 9 P-T paths defined by the
several mica generations, based
on the Ti content in Ann (Henry
et al., 2005) and Si content in
Ms (Massone & Schreyer, 1987)
from numerous pairs Ann-Ms.
Symbols as in Fig. 5. Paht 1
corresponds to retrogression of
red-to-golden Ann, as observed
in gneisses and Ky-schists
shown in Figs. 2a, Figs. 8a and
b. Path 2 corresponds to Ann
+Ms intergrowths formed from
retrogression of Grt, as observed
in Figs. 2c, d and 8e. Path 3
corresponds to syn-Sp micas
from Grt-schists, as
observed in Figs. 2c-e and 8f.
The phengitic trend defined by
these white micas in Fig. 5b
suggests that these micas mainly
grew during a prograde event.
Inset: Schematic P-T paths
for successive metamorphic
episodes identified in the rocks
studied, as deduced from data in
Ruiz Cruz (2011)

240 M.D. Ruiz Cruz



more easily accommodate the larger NH4
+ ion. It is

possible that decreasing amounts of Ti in the octahedral
sheet, when it is associated with the loss of vacancies, has
a similar effect, i.e., the increasing size of the interlayer
sites, which could explain the observed Ti-NH4 avoidance.

The fractionation of NH4 into Ann-Chl ML vs. Ann is
another curious behaviour, in clear disagreement with
previous observations (e.g. Sadofsky and Bebout 2000),
which indicated that retrogression of Bt to Chl is
accompanied by loss of NH4, related to fluid ↔ mineral
N exchange. The behaviour observed reflects, in contrast,
selective loss of K+ during chloritization, which was
perhaps controlled by hydration energy (Teppen and
Miller 2006) rather than by simple relative cation

concentration, as determined by the laws of mass action.
Another possible explanation is that Ann layers in the ML
structure contain vacancies in the A-site, caused during the
Ann-to-Chl transformation. Presence of vacancies could
result in weaker cohesion between layers, so favouring the
entry of NH4 in these structures.

Conclusions

As suggested in previous works, NH4-bearing white mica
and Ann are widespread in the basement formations of the
Alpujárride complex, revealing that these formations, rich
in organic matter, were deposited during a period of high

Fig. 10 Selected binary plots
showing the most significant
chemical variations associated to
the increase of NH4 (a-c) and
the associated decrease of Ti
(c and d) in Ann
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biological activity. NH4-bearing micas appear to be stable
phases even at T>700°C. The wide distribution of NH4-
mica in the units studied suggests that NH4-mica can also
be widespread in basement formations with similar age
from other Internal-Zone complexes of the Betic-Rif
orogen.

NH4-bearing micas form a part of successive (pre-Alpine
and Alpine) metamorphic parageneses, which had not been
previously identified, indicating that during the several
stages of mica growth, NH4 was not lost, but incorporated
in the newly formed micas. A clear enrichment in NH4 was
observed in retrogressive Ann-Chl ML from Grt-schists,
indicating that during the fluid-rock interactions K was
preferentially lost relative to NH4. Nevertheless, in schists
with the lowest metamorphic grade (Chl-schists), the NH4

content in whole-rocks decreases, probably reflecting lack
of Ann in these samples, since the C content of some of
these samples also indicates high initial contents in organic
matter.

Ammonium-bearing Ms (with maximal NH4 contents on
the order of 0.15 wt.%), is characterized by a clear phengitic
trend (Fe+Mg contents varying between 0.10 and 0.25 apfu),
coupled with decreasing amounts of Na (from 0.25 to 0.10
apfu), at increasing phengitic substitution. As compared with
typical Tob from this area, it is evident that both white mica
populations show different chemical trends, indicating the
presence of a miscibility gap.

Ammonium-bearing Ann shows some clear chemical trends,
at increasing NH4 contents, which include: increase of VIAl
(>0.4 apfu for 11 oxygens), and Mg contents (>0.8 apfu), and
decrease of the Ti content (<0.15 apfu). Differences in chemical
compositions are mainly controlled by the entry of NH4 in the
interlayer, which prevents the entry of the available Ti.

In summary, the NH4 content of Ms might be of concern
only in situations involving very low metamorphic grades
and the presence of large amounts of organic material,
especially if there are indications that the rocks were
deposited in highly reducing or anoxic conditions, in
accordance with Guidotti and Sassi (1998). Nevertheless,
NH4 contents of Ann could be of concern, as one of the
commonly overlooked, but potentially petrologically im-
portant cations, since the associated chemical modifications
notably influence the relative content of cations commonly
used for defining chemical equilibria and for calibrating the
corresponding geothermometers.
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