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ABSTRACT

This study deals with the scarce chlorite schists scattered through 
the Ronda peridotites (Betic Cordilleras, Spain) related to the intru-
sion of granite dykes. Chlorite schists field data and the petrography, 
geochemistry and geothermometry of the extracted zircon crystals, 
point to late magmatic melts for the zircon origin. Moreover, LA-ICP-
MS analyses reveal that trace and rare earth elements alone could 
not be indicative for the magmatic or hydrothermal origin of zircon. 
Therefore, the combination of that information with zircon morpho-
logy, melt inclusions, geothermometry, and structural data, when 
possible, is crucial in the correct zircon origin identification.
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RESUMEN

Este trabajo se centra en los escasos esquistos cloríticos, aso-
ciados a la intrusión de diques graníticos, que se encuentran en las 
peridotitas de Ronda (Cordilleras Béticas, España). A partir de los 
datos de campo de los esquistos y de la petrografía, geoquímica y 
geotermometría de circones extraídos, se concluye que su origen 
está ligado a fluidos magmáticos tardíos. Además, la información 
obtenida mediante LA-ICP-MS confirma que los elementos trazas y 
las tierras raras por sí solos no son determinantes acerca del origen 
magmático o hidrotermal del circón.  Por tanto, la combinación de 
dicha información con la morfología de los circones, inclusiones de 
fundidos, geotermometría y el estudio estructural, en el caso de ser 
posible, es crucial para la correcta identificación del origen del circón.

Palabras claves: Cordilleras Béticas, peridotitas de Ronda, esquis-
tos cloríticos, circón, REE.

Introduction

Most publications about the Ronda 
peridotites (Betic Cordilleras, southern 
Spain) have focused in geochemical, 
petrological and structural topics but is-
sues related to its serpentinization and 
rodingitization processes have passed 
almost unnoticed. The term rodingite 
(Bell et al., 1911) refers to Ca-enriched 
and SiO2-undersatured metasomatic 
rocks rich in Ca-Al and Ca-Mg silicates, 
products of the metasomatism of silicate 
rocks in contact with or within serpen-
tinized ultramafic rocks. These rocks are 
commonly wrapped by chlorite shells, 
which are referred to as blackwalls or 
chlorite schists (e.g., Dubinska et al., 
2004), formed from the alteration of the 
ultramafic rocks.

During decades zircon has been 
considered to be a rare or absent mi-
neral in ultramafic rocks due to the 
low Zr content and Si activity of these 
rocks. However, zircon is being increa-
singly reported within mantle-derived 
xenoliths, mafic granulites, peridotites, 

pyroxenites, rodingites and blackwalls. 
This work reports a geochemical and 
petrographical study of zircon crystals 
from chlorite schists in the Ronda peri-
dotites. These chlorite schists outstand 
by its high zircon content and have 
been described as blackwall zones for-
med, during the serpentinization of the 
ultramafic rocks, by interactions be-
tween the ultramafic rocks and granite 
dykes (Esteban et al., 2007). However, 
although the chlorite schist formation 
is linked to peridotite serpentinization, 
the origin of the zircon crystals is still 
unclear.

Geological setting

The Ronda peridotites are the largest 
orogenic lherzolites massifs in the world 
and correspond mainly to spinel and 
plagioclase peridotites with subordinate 
mafic layers (Obata, 1980). These massifs 
are tectonically sandwiched into the mid-
dle continental crust of the metamorphic 
Internal Zone of the Betic Cordilleras 
(Tubía, 1994).

The studied area is located in the 
south-western part of the Sierra Ber-
meja massif (Fig. 1), where the peri-
dotites, displaying a dominant NNE 
foliation parallel to the mafic laye-
ring, are traversed by granite dykes 
(Cuevas et al., 2006). The peridotites 
are weakly to strongly serpentini-
zed around the dykes. These dykes 
have great textural and mineralogi-
cal variations enhanced by the late 
formation of amphibole and other 
calcium-rich minerals during rodingi-
tization events (Esteban et al., 2003). 
These dykes have been linked to a 
short-lived event of partial melting of 
the crustal rocks underlying the Ron-
da peridotites during their hot empla-
cement. 

Metric-sized layers and pods of zir-
con-bearing chlorite schists, parallel to 
granite dykes and normal to the mafic 
layering, are present. Their structural re-
lationship precludes an origin from older 
mafic layers and link the chlorite schists 
to the granite dyke intrusion (Esteban et 
al., 2007). 
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La)N > 5000], a large Ce positive anomaly 
(Ce*= 11 - 278, mean of 110) and a smaller 
negative Eu anomaly (Eu*= 0.24 - 0.35, 
mean of 0.31), suggesting a common ori-
gin for all the zircons. Measured Th/U ra-
tios display an average value of 0.15 (Fig. 
3B). 

Zircon crystallization temperature 
was calculated according to the Ti-in-
zircon content calibration of Watson 
et al. (2006). The activity of SiO2 and 
TiO2 was considered to be 1 due to the 
presence of quartz and rutile inclu-
sions within zircon. The measured Ti 
concentration ranges from 3.21 to 5.32 
ppm, with a mean value of 3.9 ppm. The 
application of the Watson et al. (2006) 
geothermometer yields mean tempe-
ratures from 672 ± 6 to 658 ± 4 ºC for 
the analyzed samples. A pressure co-
rrection for the Ti-in-zircon thermome-
ter has to be also taken into account, as 
such temperature values are estimated 
for a pressure of 10 kb but temperature 
drops 50 ºC at pressure conditions of 1 
kb (Watson et al., 2006). A pressure of 
4.2 kb proposed for dyke intrusion by 
Tubía et al. (1997) was considered. The-
refore, assuming a linear temperature/
pressure dependence in the Ti-in zir-
con geothermometer, the temperature 
would be ca. 20 ºC below the calculated 

peraluminous ([SiO2] > 70 %; ASI > 1) 
compositions. All these features are con-
sistent with silicate melt inclusions (e.g., 
Thomas et al., 2003).

Cathodoluminescence images of zir-
cons from four granite dykes were also 
taken at the VSEGEI of Saint Petersburg 
(Russia), in order to show the micros-
tructural differences between the zircon 
crystals from the dykes (Fig. 2D) and the 
chlorite schists (Fig. 2A). In contrast with 
the chlorite schist zircons, the granite 
ones have inherited oscillatory zoning 
cores and peripheral growth rims asses-
sing multigrowth stages. Therefore, the 
lack of inherited cores of the chlorite 
schist zircon crystals indicates that they 
cannot be interpreted as xenocrysts dra-
gged from the granite dykes.

Zircon trace and rare earth elements 
(REE) geochemistry 

Trace and REE were analyzed by La-
ser Ablation ICP-MS at the University of 
the Basque Country (IBERCRON - SGI-
ker). REE abundances were normalized 
to C1-chondrite of McDonough and Sun 
(1995). All chondrite patterns (Fig. 3A) are 
quite similar and are strongly depleted in 
light REE (LREE) content, display a very 
steep positive slope from La to Lu [(Lu/

Chlorite schist zircon crystals

Petrographic features	

Zircon crystals were separated by 
conventional mineral separation te-
chniques from three chlorite schists 
samples. Crystals are idiomorphic and 
display sub-equant habits with a mean 
long axis ranging between 80 and 230 
μm. Prismatic zircon crystals (ca. 200 
μm long and 100 μm wide), while less 
common than idiomorphic, are also 
present. Back-scattered electron (BSE) 
images obtained by using a scanning 
electron microscope (JEOL 6400-JSM) 
reveal idiomorphic zircon crystals with 
dominant sector zoning and weak os-
cillatory zoning. No inherited cores 
were detected (Fig. 2A).

Zircon crystals often contain inclu-
sions with ovoid, hourglass, droplet and 
irregular shapes (Fig. 2B). Their size ran-
ges from a few to a few tens of micro-
meters. Tiny gas bubbles and primary 
decrepitation textures are also identified. 
These inclusions are frequently formed 
by two-contrasted glasses and include 
small idiomorphic white mica, apatite, 
quartz, feldspar, rutile, phlogopite and 
thorite (Fig. 2C). The qualitative EDX 
analyses yield mostly strong silicic and 

Fig. 1.- Geological location of the chlorite schists within the Ronda peridotites. Petrographic zonation from Obata (1980).
Fig. 1.- Localización geológica de los esquistos cloríticos en las peridotitas de Ronda. Zonación petrográfica según Obata (1980).
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logaritmic plots of Hoskin (2005) also 
agree with zircons being of magmatic 
origin (Figs. 3E and F).

Three different origins could be 
considered for these zircons: early 
magmatic, late magmatic and hydro-
thermal. The finding of melt inclusions 
and the high Ti-in-zircon crystalliza-
tion temperatures discard the hydro-
thermal origin. Alternatively, an early 
magmatic origin directly coupled with 
the intrusion of the granite dykes could 
be considered from the structural rela-
tionships between the dykes and the 
chlorite schists. However, the huge mi-
crostructural contrast between the zir-
cons extracted from the granite dykes 
and the chlorite schists also rules out 
the interpretation or zircons being xe-
nocrysts dragged from the neighbour 
granite dykes. An additional option 
arises when different types of data are 
combined. Taken together, the “mag-
matic-like” REE patterns, crystalliza-
tion temperatures, melt inclusions and 
lack of fluid inclusions point to late 
(highly-differentiated) melts sourced 
from the dykes. In this regard, the geo-
chemistry of zircon crystals from the 
Ronda chlorite schists is consistent with 
previous results (Pettke et al., 2005) in 
the Mole Granite, showing that high 
temperature hydrothermal zircon crys-
tals have similar REE patterns than late 
magmatic ones.

chanisms or even accidental sampling 
of REE-bearing micro-inclusion, among 
others (e.g. Chapman et al., 2016). In spi-
te of displaying clear magmatic affinity, 
the geochemistry of the studied zircon 
crystals has been tested against zircon 
compositions from some hydrothermal 
environments with either “hydrother-
mal-like” (Fig. 3A) or “magmatic-like” 
(Fig. 3B) REE patterns (Hoskin, 2005; Pe-
ttke et al., 2005; Guo et al., 2011;  Fuku-
yama et al., 2014; Zhu et al., 2016; Hu et 
al., 2017). The analyzed zircons can be 
also classified as hydrothermal zircons 
with “magmatic-like” REE patterns (Fig. 
3A). This ambiguity states that the REE 
patterns alone are not indicative of their 
origin. 

In the U vs. Th or U/Ce vs. Th bilo-
garithmic diagrams (Castiñeiras et al., 
2011), the studied samples plot in the 
field of magmatic rocks (Figs. 3C and 
D). The Ta/Nb and HfO2/Y2O3 ratios are 
commonly used to discriminate the na-
ture for early magmatic zircons from 
late magmatic or hydrothermal (Pettke 
et al., 2005), as early magmatic zircons 
do show lower Ta/Nb and HfO2/Y2O3 
ratios (usually < 1). The mean value (≈ 
1) of the Ta/Nb in the analyzed zircon 
crystals prevents its use as a possible 
discrimination parameter. In contrast 
with the high HfO2/Y2O3 values (from 
1.45 to 7.86) that are consistent with a 
late magmatic origin of the zircon. Bi-

values. Therefore a range between 630 
and 655 ºC can be considered as a good 
approximation to the crystallization 
temperature of the analyzed zircon. 
These temperatures are significantly 
higher that those (289-322 ºC) repor-
ted previously for the chlorite schists 
formation (Esteban et al., 2007), but are 
consistent with the thermal conditions 
proposed for the emplacement of the 
granite dykes in the Ronda peridotites 
(Cuevas et al., 2006). 

Discussion: Zircon origin

According to the literature, magma-
tic and hydrothermal zircon crystals can 
display distinct REE and trace elements 
patterns that can be used as discrimina-
tion criteria for their origin. While hy-
drothermal zircons commonly display 
REE distribution patterns characterized 
by flat or slight slopes from La to Sm 
and steep ones from Sm to Lu with and 
small Ce anomalies, the magmatic ones 
display steeper slopes from La to Lu and 
large Ce anomalies. However, some hy-
drothermal zircons can show “magma-
tic-like” REE patterns. In fact, the REE dis-
tribution in zircon, apart from its origin, 
can be a function of the crystallization 
sequence of accessory minerals (apatite, 
xenotime, monazite, allanite, ilmenite), 
the temporal changes in the magma 
composition, complex substitution me-

Fig. 2.- A) Photomicrographs and backscattered electron images of chlorite schist zircon crystals. B) Photomicrographs of melt inclusions 
with hourglass, droplet-shaped and bubbles bearing inclusions. C) Backscattered electron images of melt inclusions. Note two differentia-
ted colored glasses and light color idiomorphic crystals of white mica. D) Cathodoluminescence images of granite dyke zircon crystals that 
show clear core and rim microstructure.
Fig. 2.- A) Microfotografías e imágenes de electrones retrodispersados de los circones de los esquistos cloríticos. B) Microfotografías de inclusiones 
de fundidos con geometrías en gota, en reloj de arena y con burbujas. C) Imágenes de electrones retrodispersados de inclusiones de fundidos. Véase 
la diferencia de color entre los dos vidrios y los cristales idiomorfos de mica blanca. D) Imágenes de catodoluminiscencia de circones de los diques 
graníticos, donde se observa la presencia núcleos y bordes.
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Conclusions

(1) The REE patterns by themselves 
are not diagnostic tools for deciphering 
the magmatic or hydrothermal origin of 
zircon, as “magmatic-like” REE patterns 
can be found in both magmatic and hy-
drothermal zircons.

(2) The presence of silicate melt-in-
clusions confirms the magmatic nature 
of chlorite schist zircons.

(3) Ti-in-zircon geothermometry 
yields temperatures of 630-655 ºC for 
zircon crystallization.

(4) A late magmatic melt is proposed 
for the zircon origin.
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Fig. 3.- Comparative normalized REE diagram (C1 Chondrite; McDonough and Sun, 1995) of chlorite schist zircons to “hydrothermal” (A) 
and “magmatic-like” (B) hydrothermal zircon crystals. U vs. Th (C), U/Ce vs. Th (D), (Sm/La)N vs. La (E) and Ce/Ce* vs. (Sm/La)N (F)
discrimination diagrams for metamorphic, hydrothermal and magmatic zircon crystals.
Fig. 3.- Diagramas normalizados de REE de circones de los esquistos cloríticos (Chondrito C1; McDonough y Sun, 1995) comparados con circones 
hidrotermales con patrones de REE de afinidad hidrotermal (A) y magmática (B). Diagramas U vs. Th (C), U/Ce vs. Th (D), (Sm/La)N vs. La (E) y Ce/
Ce* vs. (Sm/La)N (F) de discriminación entre circones metamórficos, hidrotermales y magmáticos.


