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Evolution of the middle crust of the Pyrenees during the Paleozoic:
new data on the plutonic rocks from the North Pyrenean Agly Massif

B. Tournaire Guille’ - Ph. Olivier>3® . J. -L. Paquette* - V. Bosse* - D. Guillaume®

Abstract

The Variscan middle crust of the eastern Pyrenees is represented by the Bélesta and Caramany gneissic units of the North
Pyrenean Agly Massif. In this study, we date and reinterpret the orthogneisses and granites composing these units. We charac-
terize a recurrent plutonic activity spanning all the Paleozoic in this part of the Pyrenean crust. The Bélesta unit (amphibolite
facies) is mainly composed of sills of (Latest Ediacaran)-Earliest Cambrian (542 +4 and 540 + 4 Ma) orthogneisses (70%
of the series), almost unknown in the Pyrenees until now, and Latest Carboniferous—(Earliest Permian) (307 +3-298 +3 Ma
time span) granites (15% of the series). These plutonic rocks were emplaced in probably Ediacaran aluminous pelites later
transformed into paragneisses (15% of the series). The Caramany unit (granulite facies) is mainly composed of Precambrian
aluminous paragneisses migmatized during the Latest Carboniferous—(Earliest Permian) (299 +4 Ma), sills of Earliest
Cambrian (529 + 5 Ma) orthogneisses and sills (about 30% of the series) of Late Carboniferous (308 +3-299 + 3 Ma) opx-
bearing and opx-free granodiorites, grt-bearing leucogranites and norites. Among these last rocks, the Ansignan charnockite,
forming a 800 m-thick laccolith near the base of the Caramany unit, and previously dated at 314 +6/7 Ma (Respaut, Lan-
celot, Neues Jahrbuch Miner Abh 147-1:21-34, 1983), is refined at 307 +3 Ma. Our results confirm the importance of the
Late Carboniferous plutonism in deep levels of the Pyrenean crust, which largely resulted from recycling of older para- and
orthoderived rocks of this crust. The emplacement of hundreds of metres in thickness of granites and other plutonic rocks
in the Variscan Pyrenees occurred in a rather short time both as sills in these deep levels and as large plutons in shallower
levels, a fact which necessarily had consequences on the HT-LP Carboniferous metamorphism.

Keywords Variscan Pyrenees - North Pyrenean Agly Massif - Orthogneiss - Granite - Ediacaran - Earliest Cambrian - Late
Carboniferous - Crust recycling - Partial melting

Introduction

The evolution of the deep parts of modern chains may hardly

be studied, because the crust cannot be observed directly and
the stages of this evolution, for instance the emplacement
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of plutonic rocks, are very slow phenomena. Only ancient
chains, deeply eroded, may provide specific data related to
their evolution (e.g., Linnemann et al. 2008; Lardeaux 2014;
Couzinié et al. 2017). Even when such data are available,
unraveling the various events which characterized this evo-
lution is complicated, because precise ages of all the rocks
constituting the crust are often unknown. Another problem is
to determine the volume balance between the initial state of
the crust and the final state, i.e., whether the plutonic rocks
were emplaced directly from the upper mantle and/or were
fed by recycling parts of the crust itself, for instance between
the lower crust and the middle crust (e.g., He and Santosh



2014; Moyen et al. 2017; Safonova 2017). This question
needs detailed chemical analyses whose interpretation is
often questionable.

The Pyrenean range (Fig. 1a) was formed by the Late
Cretaceous—Eocene collision of the Iberian and European
plates, but a large part of this chain is constituted by Precam-
brian and Paleozoic metamorphic and plutonic rocks which
represent remnants of the upper and middle crust of the West
European Variscan orogen. These formations are particularly
suitable for addressing the question of the crust evolution by
successive emplacements of plutonic rocks. In this paper,
we characterize and date the various plutonic events which
occurred not only during the Variscan orogeny but during all
the Paleozoic times, taking the North Pyrenean Agly massif
as a case study, because Paleozoic rocks are largely exposed
and represent a natural cross section from the base of the
middle crust to the upper crust.

Geologic setting

The Pyrenees are classically subdivided into three main
E-W-trending zones, mainly on the basis of their contrast-
ing Cretaceous evolutions. From north to south these zones
are the North Pyrenean Zone, the Axial Zone and the South

Pyrenean Zone. The North Pyrenean Zone and the Axial
Zone are separated by the North Pyrenean Fault, a major
crustal-scale fault (Fig. 1a).

Owing to the formation of gneiss domes by the end of the
Carboniferous time, and more recent tilting, Paleozoic and
Precambrian formations may be widely observed in various
parts of the Pyrenees, especially in the North Pyrenean Agly
Massif (Eastern Pyrenees) (Fonteilles 1976; Delay 1990;
Fonteilles et al. 1993; Berger et al. 1993) (Fig. 1b), which
displays a cross section from the upper crust to the base of
the middle crust (Olivier et al. 2008).

In the Agly Massif, three main lithologic units are
observed, from top to bottom (Fig. 2, cross sections AA’
and BB'):

A low- to medium-grade metasedimentary unit (green-
schist to amphibolite facies), the ‘Caladroy-Forca Real
unit’ (‘Col de la Bataille’ and ‘Forca Real’ units in
Berger et al. 1993), whose protolith is essentially Cam-
brian (?) to Ordovician (up to reduced Carboniferous
formations) in age, and composed of metapelites and
metagraywackes. This series was intruded by a probably
Ordovician granitic laccolith (Rivérole orthogneiss), a
Late Carboniferous granitic pluton (Saint-Arnac pluton)
(Olivier et al. 2008) and pegmatite dykes;
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Fig.1 a Variscan Pyrenees. b Agly Massif, with location of the
studied samples (AG) and of the two cross sections AA' and BB’ of
Fig. 2. Metamorphic zones: a=chlorite, b=biotite, c=-cordierite,
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2. A high-grade (amphibolite facies) unit, the ‘Bélesta unit’
[= ‘Gneiss de Bélesta’ in Berger et al. (1993)], which
consists of partly migmatized paragneisses and orthog-
neisses, intruded by granitoids and pegmatites;

3. A low-pressure, high-grade (granulite facies) unit, the
‘Caramany unit’ [= ‘Gneiss de Caramany’ in Berger
et al. (1993)], which consists of paragneisses, marbles,
orthogneisses and various granitoids, the most mafic
granitoids containing hypersthene (charnockites). Sills
of norite are locally associated with the charnockites.

These three units were variously mylonitized at high tem-
perature, possibly by the end of the Variscan orogeny, after
the emplacement of the youngest plutonic rocks (pegma-
tites). Because of this mylonitization, the present thickness
of the massif (8—9 km) could be less than half the initial
thickness (i.e., 20-23 km) if the estimations of the pres-
sure conditions of the deepest rocks (Ansignan charnockite)
are correct (Andrieux 1982: 6 + 1 kb; Vielzeuf 1984, 1996:
5+0.5 kb). This strong thinning of the series, which has
brought closer the isograds, may partly explain the very high
temperature gradient described in the metamorphic rocks of
this massif, which consequently is only an apparent gradient.

The Variscan deformation of the Agly massif has been
studied by Olivier et al. (2004, 2008) who have described
the half-dome structure of the massif and determined

the characteristics of the main pervasive deformation
(WNW-ESE-trending foliation, NNE-SSW stretching lin-
eation indicating a top-to-the-south movement), related to
the D1 event known in the whole Pyrenees. The magmatic
fabrics of the Ansignan charnockite and the Saint-Arnac
granitic pluton are characterized by NE-SW-trending line-
ations likely related to the D2 dextral transpressive event.
The HT mylonitic deformation, irregularly distributed in the
Agly massif, is characterized by generally flat-lying folia-
tions and NNE-SSW stretching lineations corresponding to
both northward and southward movements. Dates of various
plutonic rocks of the Agly massif were published by Res-
paut and Lancelot (1983) (314 +6/7 Ma for the Ansignan
charnockite) and by Olivier et al. (2004, 2008) (308 + 1 Ma
for the diorite forming the base of the Saint-Arnac pluton;
304 +5 Ma and 307 Ma for two granodiorites forming the
main part of this pluton; 317 +3 Ma for a granitic sill from
the upper part of the Bélesta unit).

This study is based on new dating of granitoids and
orthogneisses of the Bélesta and Caramany units. We have
especially studied in great detail a 50 m-long continuous
cross section from the Bélesta unit, with rocks particularly
fresh because of excavation works made for a dam on the
Agly river in the 1990°. This cross section allows the obser-
vation of the various rocks of this unit, their relationships
and their respective ages and proportion. Our results from



the Caramany and Bélesta units allow the characterization
of the various stages of plutonic inputs in this part of the
Pyrenean crust during the whole Paleozoic.

The Bélesta unit

According to Berger et al. (1993) this unit would be mainly
composed of a 1000 m-thick series of quartzofeldspathic
paragneisses, Late Proterozoic in age. However, we show
below that the nature and age of these gneisses must be
deeply reconsidered.

Petrostructural description of the Agly dam
cross section (AG210 samples in Fig. 1b)

From north (upper part) to south (lower part) this cross
section shows an alternation of sub-vertical E-W trend-
ing (azimuth N65-NOS5E, dip 70 to the north, to vertical)
decimetre- to pluri-metre-thick sheets of gneisses and gran-
itoids, precisely measured perpendicularly to the bounda-
ries between the various sheets (Fig. 3). The series is not
affected by visible folds. The contacts between the different
rock types are either progressive from one to another type
of orthogneiss, or sharp and magmatic between the granites
and the orthogneisses or paragneisses. The paragneisses

do not display evidences of partial melting, whereas the
orthogneisses do display such evidences, characterized by
disorganized foliations, near the granitic sheets (photo 6b in
Fig. 3). At a distance (some dcm) from the granitic sheets the
orthogneisses of this cross section display a regular gneissic
foliation. The granitic sheets correspond to intrusions within
these orthogneisses and not to in-situ leucosomes, because
the contact between both rock types is sharp and not pro-
gressive. However, these granitic intrusions might have been
produced by partial melting of rather neighbouring similar
orthogneisses, as suggested by the granitic “bubble” shown
on photograph 6b of Fig. 3 which was probably produced
in-situ (fuzzy contacts with the orthogneiss). Note that the
dark streaks within the granitic intrusion AG210I are not
schlieren (i.e., flow-induced trains of biotite), but non-dis-
placed fine remnants of the orthogneiss within which the
granite was intruded.

Three main types of rocks constitute this cross section:
(1) probable paragneisses (ca 15% of the cross section)
characterized by continuous thin layers of millimetre- to
centimetre-scale crystals of quartz, K-feldspar, plagioclase
and biotite, in various proportion, containing also abundant
aluminous minerals (sillimanite, garnet, cordierite); (2)
orthogneisses (ca 70% of the cross section), generally con-
taining centimetre- to pluricentimetre-scale porphyroclasts
of K-feldspar with the Carlsbad twin, the gneissic foliation
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Fig.3 Agly dam cross section in the Bélesta unit (samples AG210A-J, AG210X1 to X14, AGOSE, I and T). To be read from north (top left) to
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being underlined by continuous layers of biotite; (3) bio-
tite £ muscovite granites (ca 15% of the cross section) with
a magmatic foliation, marked by discontinuous alignments
of biotite, parallel to the foliation of the gneisses. Some of
these rocks are slightly mylonitized but the series has not
been significantly thinned by late deformation on this cross
section (no mylonitic band was observed), and the contacts
between the various rock types have not been affected by
this mylonitization.

A first set of samples is labelled AG210A-AG210J. Two
complementary sets of samples are labelled AG210X1 to
AG210X14 and AGOSE, AGO5I and AGOST (Fig. 3).

A brief description of most of the samples, from thin
sections, is given in Table 1, and representative micropho-
tographs of the orthogneisses (AG210B and AG210J) and
granites (AG210E and AG210G) are presented in Fig. 4.
The phase assemblages of both the orthogneisses and the
granites are rather similar, only the textures being different.
In the orthogneisses, which show well defined foliations and
lens-shaped K-feldspars on the outcrop, the biotite is recrys-
tallized and forms more or less continuous levels; quartz is
largely recrystallized into small grains. The granites display
typical magmatic to submagmatic textures, and the mica
flakes are generally scattered; muscovite is secondary, as
well as a unique crystal of andalusite observed in AG210G;
sillimanite and garnet may be found in these granites but
are rather rare, especially compared to the paragneisses. An
incipient solid-state deformation, especially characterized by
recrystallization of quartz grains, may be observed on these
granites but the primary texture is generally still visible.
The paragneisses are characterized by a very conspicuous
foliation, especially marked by thin bands of biotite and sil-
limanite, and the quartz is completely recrystallized.

Chemical composition of gneisses and granites
of the Agly dam cross section

Five samples from this cross section (two granites, two
orthogneisses, one paragneiss) were analyzed for major and
trace elements (Table 2). On a Shand diagram (Fig. 5), both
the orthogneisses (AG210B and AGOST (= AG210J)) and
the granites (AG210E and AGOS5I (= AG210G)) are peralu-
minous and plot around the I-type/S-type granites boundary
(A/CNK=1.1). On a Na,O +K,O vs. SiO, diagram (Fig. 6),
the orthogneisses and granites belong to the calc-alkaline-
(subalkaline) domain. These orthogneisses and granites
show very similar multi-element mantle-normalized spec-
tra with Ta—Nb, Sr, P and Ti negative anomalies (Fig. 7a).
The REE patterns (Fig. 7b) are fractionated, and similar for
AGO5I granite and AG210B and AGO5T orthogneisses ([La/
Yb]y = 12.14, 10.35 and 15.45, respectively), with a clear
negative Eu anomaly. However, heavy REE are more frac-
tionated for the AG210E granite sample ([La/Yb]y = 29.56).

The paragneiss (AGOS5SE) is more peraluminous
(Al,05=15.88%) and poorer in CaO (0.55%) and Na,O
(1.89%) than these granitoids, as expected from its paragen-
esis; it displays FeO and MgO contents (3.45% and 1.05%)
similar to the AG210B orthogneiss (3.81% and 1.10%), and
higher than the other granitoids; it displays [La/Yb]y = 8.33
lower than the granitoids (see Table 2).

U/Pb dating of rocks of the Agly dam cross section
Analytical procedure

Approximately 50 zircons per sample were mounted in
epoxy disks and ground and polished to expose crystal inte-
riors. U-Th-Pb isotope data were measured by laser abla-
tion inductively coupled mass spectrometry (LA-ICP-MS)
at LMV (Clermont-Ferrand, France). Zircons were ablated
using a Resonetics Resolution M-50 equipped with a 193 nm
Excimer laser system coupled to an Agilent 7500 cs ICP-
MS. Helium carrier gas was supplemented with N, prior to
mixing with Ar for sensitivity enhancement (Paquette et al.
2014). The laser was operated with a spot diameter of 26 um,
arepetition rate of 3 Hz, and a fluence of 3.5 J/cm?. The ICP-
MS was tuned to maximize the >**U intensity and minimize
ThO*/Th* (< 1.5%) using the NIST SRM 612 glass stand-
ard. The signals of 2*Pb (+Hg), 2°Pb, 2*7Pb, 208Pb, 23°Th,
and 238U were acquired during each analysis (Hurai et al.
2010). Background levels were measured on-peak with the
laser off for ~30 s, followed by ~60 s of measurement with
the laser firing and then ~30 s of washout time. Reduction
of raw data was carried out using the GLITTER® software
package of Macquarie Research Ltd (van Achterbergh et al.
2001). Isotope ratios were corrected for laser-induced and
instrumental mass fractionation via sample-standard brack-
eting using the GJ-1 zircon standard (Jackson et al. 2004)
which was analyzed four times at the beginning and end
of each analytical session, and twice after each set of eight
samples. Concentrations of U, Th, and Pb were calculated by
normalization to the certified composition of GJ-1 (Jackson
et al. 2004). Data are not corrected for common Pb. Tera-
Wasserburg 2’Pb/2%Pb vs. 238U/2%Pb diagrams were gener-
ated for each sample using the Isoplot/Ex v. 2.49 software
of Ludwig (2001). Error ellipses for each point are shown
at the 20 level and incorporate both internal and external
uncertainties. Data points were pooled to calculate a date
and associated 2¢ error for each sample using Isoplot. The
Harward 91500 zircon (Wiedenbeck et al. 1995) was ana-
lyzed along with the samples, to independently monitor the
external precision and accuracy of the measurements. The
Concordia age for 38 analyses of 91500 conducted over the
course of the study was 1064.9 +4.5 Ma [2¢ including decay
constant errors; MSWD ¢ , g, =0.40].
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Fig.4 Microphotographs of the
dated orthogneisses (AG210B
and AG210J) and granites
(AG210E and AG210G) of

the Agly dam cross section in
the Bélesta unit. In AG210B
and AG210J orthogneisses the
biotite is recrystallized and
forms continuous bands and the
quartz is largely recrystallized
forming continuous bands of
small grains. In AG210E granite
the magmatic to submagmatic
texture is well preserved, the
biotite flakes are scattered and
not recrystallized, the quartz
displays undulatory extinctions
or is locally recrystallized into
tiny grains. In AG210G granite
the quartz is more deformed
(incipient mylonitization) but
the other minerals are unde-
formed and a secondary par-
agenesis with mu+ and appears.
and andalusite, bt biotite, Kfs
K-feldspar, mu muscovite, pl
plagioclase, gtz quartz

For the Bélesta unit, the dated samples were chosen
on the basis of their petrographic aspect, either orthog-
neissic (AG210B and AG210J) or granitic (AG210E and
AG210G), to date the main facies of this cross section. No
attempt of dating the paragneisses was made, because the
zircons they may contain could just reflect the sedimentary
history which is out of the scope of this paper.

Geochronological results

The results are reported in Fig. 8 and Table 3. AG210B
and AG210J orthogneisses yield similar Concordia ages:
541.8 £3.7 Ma (Fig. 8a) and 539.8 £3.7 Ma (Fig. 8b),
respectively, i.e., (Latest Ediacaran)—Earliest Cambrian.
Four analytical points of AG210B were affected by Pb-loss



g6'C or'l Lo ce'l ILe 860 SLT 9LC LL'Y ce'6 e SL'S €19 n
8E'LT 00°ST 96 SI'lvy ¥9°6S 080 86'¢ 8'9¢ 9S' 11 8EVE 0S°ST 99°81 €0°0C UL
€0'1 0€0 €00 geo 80°0 140! €90 (430! Y0'1 S6'0 L6°0 6¥°0 SL0 EL
c6'eCe 69'1CC 65°08 (404 or'cse 05961 00°16C 0c'1ce 01°091 0L°0¢T 9¥9cl  09°991 SL8IT IS
- - - - 8L°0 €L’o 901 801 144 09°¢ 66'¢ ere STy us

€10 - co'0 L00 - - - - - - S1'o - ¥1°0 qas
or'e S0'LT 8Y'v 8°0¢ 60'1¢ ¥6'6C ¥8°01 y0°S 1611 LT'S €59 6€Y ey EN
9I'9LT 8S°LS IS8 L8'18 01°8ST cres 09° 11 0¢'I81 0L €ST 0¥'9¢I YOcrl  007C91 [44:14! Gk
¥6°0¢C oIyl LE8T 7881 £8°¢9 1911 6L°¢E 9T LY Ieee evIe IS¢ 61ty 1rve qd
LS'6¢ 06'6¥ - 89'1¢ Y6'€C 0y'€9 sy L6'0Y €0°¢l S1'8¢ 42! wes 9¢’L IN
clee 9’8 80 88 IL0 v6'S1 el el €T’ 0’6 YO'T1 (487 6CL IN
ceee 008 L8T1 88'L1 €9y 9¢' 11 81y 69°¢ 860 Ly Iv'Le 48! L6'61 O
LO0 L00 €00 LO0 - 600 - - - - co'0 - S0'0 Uy
798 L89 9¢'c 088 8S11 £6'¢c vL'L 299 6L'¢ 1440 LS o'y Sy JH
Syl 0T 801 LT LT Se'l Se'l ee’l 22! LT1 8C'1 vl Se'l °D
8C°9¢ LT'61 [eaq! 9¢vC 6v'91 §0°0¢ £8°¢C §see 9¢°LI 6961 6781 99Vl 99°L1 €D
7061 9°¢¢e - (4 ¥ or'¢ [4 ¥4 1s°€c ev'el 868 - 169 - - ny
geT €e’0 I€°0 290 980 801 L6T Sre 19C 86'¢ Sre 0€C LEE SO
vyl 96°C1 9¢'1 LS°61 8¥'c 1€°6¢ VLTI 90°01 £€°9 or'e 681 LST 6l'¢ )
01o 00 00 81°0 LSO 8C°0 €e0 670 o (430 80°0 IT0 60°0 PO

- - - - - - - - - - 600 - 600 d

€e’l 144\ €e’0 8¢'1 88°0 6£C L6'1 0re 99y w0 6L'1 901 €L’0 od
Srevel 8I°ELS 99°60S L9°8901 00vL91 00°90v 0¥°S6S 00°SLOT 09°088 081y S9'er9  00°6101 or'vey ed
10°66 $9'66 16'66 18°86 89'66 ¥'66 CL'66 586 99'66 61°66 9001 ¥0°66 6L'86 [e10L
[{n! 980 IS0 $9'0 6£0 8¥°0 6L°0 90 €9C 9C'1 87’1 6¢'1 960 1071
9€'0 - - - €0 €50 v20 €20 170 020 - L10 - ‘0d
'y (7! LSV ¥0'¢ 909 40! gee oSy 86°C vi'e ey 879 l6'v o
ere ¥9°C Ire ¥8'C Iv'C vTe 9¢'¢ 90°¢ 68’1 81y 98¢ 8LC 90°¢ 0%N
¥9'C 0r'c 98°0 LLe LS'T 68'8 Ire 994 §S°0 69'1 el €60 'l oD
60°¢ e 8¢°0 9¢v 18°0 €e’s 6£C 81C SO'1 880 o1t €50 09°0 OSIN
¥0°0 S0 €00 600 0ro ¥1°0 ¥0°0 00 900 00 €00 00 100 OUN
N2Y €C6 651 6S°L YTe 459 or'v 19°¢ Sv'e €T 18°¢ 7'l 91C fo%a
LE9T 8791 yoel 86°Cl 81°Cl S0'81 86°Cl €96l 88°Cl vl 69°¢l [Tyl 8¢l f0fv
L80 160 - 060 00 €CC 080 €L°0 LEO 9¢'0 Sv'o LT°0 1€°0 ‘oL
6519 819 w9SL ¥'6S LS°69 0€°0s LOS9 ¥€°¢9 0089 08°0L 60°1L 9TIL 8CIL fors
13 souSesse) Yool xdo+11H ssouioyliQ Ieyd "UOAN  1300n9[-11D) QUION  djoourey) dryoourey) ssoudered SSIQUSOYNIQ  SSIOUIOYIIQ  9)UBID anuern  adA) Yooy
0€TOV 8CC-DV VIIZT-DV d681-OV T110-DV  DC0-OV Ud20-Ov UD10-dv H50-DV L1S0-DV d012-OV  1S0-OV  d0IT-DV ojdureg

jiun Auewere))

JIun eIso[eg

sjun Auewere)) pue elso[og ay) woij sopduwres jo ‘A[oanoadsar ‘(eouel

“KoueN ‘SUND-DIID) SIN-dOI PuE SHY-dDI £q pazATeue sjuowrafe ose1) pue Jofew j001-o[0yA\ ¢ 3|qelL



LT°0 (! €50 €ro 40! LEO 920 600 8¢°0 6v'0 £€0 0€0 cl'o g
(4! IS°L 8L'¢ LLO 80'8 0sC SL'T §so 86T 0ce 1ce 86’1 L80 9A
61°0 Y0'1 860 480 €Tl 8¢€°0 620 010 LEO LSO €0 6C0 1°0 wr
8L'1 859 66'¢c 960 8T8 ¥8°C 0T'c £€6°0 6£C (404 ev'e S6'1 40! o
¥6°0 €T el 0¥°0 €8'C 40! 060 87°0 ¥8°0 06'1 06°0 L0 0 OH
089 6101 LSS 19C 8¥'Cl 9¢°¢ 1443 Ly'e LLe 06'6 LSV £8'¢ 6C¢c £a
'l S €L’0 19°0 L8] 16°0 Y0'1 6L°0 650 L91 L9°0 0L°0 L9°0 qL
91°01 106 oL'e Sv'9 Socl <9 €8'L 819 6L'¢ S0'01 8¢€°C 66t 88y PO
191 9¢'1 6L°0 P81 16°1 L8] vl 191 651 €1 860 (! £8°0 nq
0eCl 006 86'¢ €601 6191 9 [{UnN! 68'8 SLy 8S°T1 879 LEOS 899 ws
ITLS €991 80°L1 9L SL 80°88 17'8¢ £9°8¢ YL 9Y YSve CLLS 8¢°0¢ ¥$6¢ eL'le PN
(Y (4! oLy 1£0c YTve ¥9°9 ¥6°S1 (444! 0L9 LT'91 88°L £0'8 998 d
19921 9¥"801 LTIy Co'6L1 00°61T S6'61 0¢°LET 06011 SL'8S 08°evl LT'L9 6169 09°vL D
8’19 £6°¢¢ 9°0c 9r'€6 0I'v01 6S°1C ¥S'L9 [ANYY 26'6C YO'IL 06°1¢ Svee CcLSE el
L6'€Ce 6L99¢ [440! 01°0LE 0ovy  OLTLI 06°L8C 08°SvC 0S°I€l 0s'9ve 08c0C  0T¥SI 0eST 1z
6v'SCl LE86 €C6 v 1vi L6°81 0156 89°L9 9¢°LL L9t L1°6C (45083 oLVl Ieee uz
LSVT clres LT'LE 896 SE'6L 1L°8¢ 8T1C 6LCl 88'CC [4: 539 10'v¢ £€0°0C 00vI A
SETo 091 (AR €6°CI1 98¢ 0v'L9l 9889 0829 9¢°0¢ LL9T (A% 0C'T1 6L°0¢ A
13 souSesse) Yool xdo+11H ssou3oyliQ Ieyd UOAN  1300n9[-11D) QUION dyoourey) ryoourey) ssoudered SSIQUSOYNIQ  SSIOUIOYIIQ  9)IUBID anuern  adA) Yooy
0€COV 8CC-DV VIIZT-DV de81-DV T10-DV  DC0-DV Ud20-dv UoI10-dv HS0-DV LS0-DV d01¢-DV  1S0-DV  HOIZ-DV ordureg

jiun Auewere))

Jiun e1sa[eyg

(ponunuoo) zsjqey



1.3 T
< | >« S >
1.6 1 peraluminous granites
I
metaluminous | m
141 granites Wk
A I
% 121 *
I
I
I.O I
peralkaline |
0.8 1 . !
granites :
0.6 S ——
05 06 07 08 09 1.0 1.1 12 13 14
A/CNK
Granites: + AG210E 4 AGOSI
Orthogneisses: W AG210B O AGOST
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K: K,0
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Fig.6 Na,0+K,O vs. SiO, diagram of granites (AG210E and
AGOS5I) and orthogneisses (AG210B and AGOST) of the Bélesta
unit; and of opx-bearing granodiorites (charnockites) (AGO1Ch,
AGO02Ch, AG185B), a grt+opx quartzofeldspathic fine-grained rock
(AG228), an opx-free granodiorite (AG230), a grt-bearing leucogran-
ite (AGO1L), a norite (AG02G) and an orthogneiss (AG211A) of the
Caramany unit

10

(open ellipses). Some zircons of AG210J display thin
overgrowths yielding Latest Carboniferous ages (at about
300 Ma). In these rims, Th/U ratios are very low, lower than
0.01, demonstrating their recrystallization, whereas other
analyses have mostly typical magmatic Th/U ratios higher
than 0.1.

AG210E and AG210G granites have yielded Concor-
dia ages of 298.1 +3.0 Ma (Fig. 8c) and 306.9+2.7 Ma
(Fig. 8d), respectively, i.e., Latest Carboniferous—(Earliest
Permian). It is noteworthy that both granites AG210E and
AG210G also contain zircon cores and grains yielding con-
sistent Concordia ages at 535.5+6.6 Ma and 533.8 +7.2 Ma,
respectively. These ages are very similar to those of the
neighbouring orthogneisses. A few older inherited zircons
have been also characterized. A previous dating obtained
by multigrains zircon ID-TIMS from a granite of this cross
section (AG202 = AG210G) provided an age of 317 +3 Ma
(Olivier et al. 2004). Inheritance and core—rim relationships
provided heterogeneous mixed zircon fractions resulting in
too old ages. Consequently, this 317 Ma date is meaning-
less. Another important noticeable point is the lack of any
post-Carboniferous overgrowth for all the studied zircons.

The Caramany unit

According to Berger et al. (1993) this unit, 1200-1500 m
thick, is also mainly composed of Late Proterozoic
quartzofeldspathic paragneisses (‘Caramany gneisses’),
with the exception of two plutonic intrusions, the ‘Ansignan
charnockite’ (Fonteilles 1976; Andrieux 1982; Respaut and
Lancelot 1983; Delay 1990; Althoff et al. 1994; Vielzeuf
1996; Olivier et al. 2008) and the ‘Cassagnes granite’
(Berger et al. 1993), both attributed to the Carboniferous.
The following data will provide new constraints to discuss
this interpretation.

Petrostructural description of the Caramany unit

It is difficult to observe continuous cross sections in the
Caramany unit (Fig. 2). The following lithological column
may be reconstituted: the clearly paraderived formations are
represented, in the basal parts, by some tens of metres of
marbles and calc-silicate-bearing paragneisses, which may
be attributed to the Canaveilles series, dated as Ediacaran in
the easternmost part of the Pyrenees (Castifieiras et al. 2008;
Casas et al. 2015; Padel et al. 2017). Some tens of metres of
a leucocratic orthogneiss with abundant lens-shaped K-feld-
spars (AG211A, AG211B) also constitute the lower part of
the unit. Grt +bt+ opx-bearing quartzofeldspathic fine-
grained rocks generally strongly foliated and/or mylonitized
(AG228), the so-called ‘Caramany gneisses’ (Fonteilles
1976; Delay 1990; Fonteilles et al. 1993), form, at various
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(Wood et al. 1979) for the granite (AG210E and AGOS5I) and orthog-
neiss (AG210B and AGO5T) samples of the Agly dam cross section
in the Bélesta unit. b REE patterns normalized to chondrite (Sun and

levels, a large part of the Caramany unit and are more dif-
ficult to interpret and to date (“Discussion”). An 800 m-thick
laccolith of hypersthene-bearing granodiorite (Ansignan
charnockite) (AG36, AGO1Ch, AG02Ch) and generally
concordant metre-thick sills of a garnet-bearing leucogran-
ite (AGO1L, AG37) with no or rare solid-state deformation
represent most of the western part of the unit. Locally, some
metres to tens of metres (up to 90 m near Trilla) of a fine-
grained, generally concordant, norite (AG02G) are associ-
ated with these rocks. The contact between the laccolith
and its country rock, especially the orthogneisses and the
calc-silicate-bearing paragneisses, is intrusive magmatic.
A few km to the east of Ansignan, in the Caramany area,
some metre-thick sills of charnockite (AG185B, AG185D)
and grt-bearing leucogranite (AG185E) may represent the
lateral equivalent of the Ansignan laccolith but, although
the magmatic texture is still visible, these rocks are rather
strongly mylonitized. Lastly, a porphyritic granodiorite with-
out opx (AG230), more or less mylonitic, the ‘Cassagnes
granite’, forms a pluri-metre-thick sill in the upper part of
the Caramany unit.

A brief description of the thin sections corresponding
to the samples dated in this study, and some other samples
typical of this unit, is given in Table 1. Microphotographs of
Fig. 9 show the main facies of the Caramany unit. AG211A
orthogneiss shows a typical gneissic texture with recrystal-
lized quartz, eventually with chess-board extinction, biotite
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McDonough 1989) for the granite (AG210E and AGOS5I) and orthog-
neiss (AG210B and AGOST) samples of the Agly dam cross section
in the Bélesta unit

is also recrystallized and forms rare continuous bands or
is located in pressure shadows at the extremities of the
stretched garnets. The AG228 rock shows quartz ribbons
and more or less strongly stretched K-feldspars, garnets and
orthopyroxenes due to the mylonitization. AG36 charnockite
displays a magmatic texture with undeformed minerals. In
AG185B charnockite the quartz forms small ribbons typical
of mylonitic deformation and all minerals are more or less
deformed. AG230 granodiorite shows recrystallized bio-
tite forming continuous bands, stretched porphyroblasts of
K-feldspars and small ribbons of quartz indicating a strong
mylonitization.

Chemical composition of gneisses and granitoids
of the Caramany unit

Eight samples (see location in Fig. 1b) from this unit were
analyzed for major and trace elements (Table 2). The orthog-
neiss (AG211A) plots, on the Shand diagram (Fig. 10) in the
peraluminous rocks area, near the peraluminous/metalumi-
nous boundary (A/CNK =1), and around the I-type/S-type
granites boundary (A/CNK =1.1), like the orthogneisses and
granites of the Bélesta unit (Fig. 5). The magmatic charnock-
ite (AGO1Ch, close to AG36, and AG02Ch) and a leucogran-
ite (AGO1L) associated with this charnockite, the myloni-
tized charnockite (AG185B) and the Cassagnes granodiorite
(AG230), plot near the same boundaries but with higher A/
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the Agly dam cross section in the Bélesta unit

Table 3 Summary of the
datings obtained in this study

Sample Coordinates Rock type Age (Ma)

Bélesta unit AG210E 42°44'43"N, 2°35'15"E Granite 298.1+3.0; (535.5+6.6)
AG210G 42°44'42"N, 2°35'16"E Granite 306.9+2.7; (533.8+7.2)
AG210B 42°44'43"N, 2°35'15"E Orthogneiss 541.8+3.7
AG210J 42°44'42"N, 2°35'17"E Orthogneiss 539.8+3.7

Caramany unit AG36 42°45'12"N, 2°29'48"E Charnockite 306.9+2.5
AG185B 42°44'05"N, 2°34'09"E Charnockite 298.6+2.7;(313.9+2.9)
AG228 42°43'59"N, 2°34'35"E Paragneiss 299.0+4.3
AG230 42°43'19"N, 2°35'48"E Granodiorite 308.1+3.4
AG211A 42°45'18"N, 2°31'30"E Orthogneiss 528.5+4.7

Bélesta unit: AG210E and AG210G granites; AG210B and AG210J orthogneisses; Caramany unit: AG36
magmatic charnockite; AG185B mylonitic charnockite; AG228 partially melted and mylonitic grt+ opx-
bearing quartzofeldspathic rock; AG230 mylonitic opx-free granodiorite (‘Cassagnes granite’); AG211A

orthogneiss
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Fig. 9 Microphotographs of the
dated rocks of the Caramany
unit : the orthogneiss (AG211A)
shows a typical gneissic texture
with recrystallized quartz, even-
tually with chess-board extinc-
tion, and recrystallized biotite;
the mylonitized grt+ opx
quartzofeldspathic rock
(AG228) shows quartz ribbons
and rather strongly deformed
Kfs, grt and opx; the charnock-
ite (AG36) displays a mag-
matic texture with undeformed
minerals; in the charnockite
(AG185B) the quartz forms
small ribbons typical of mylo-
nitic deformation and all miner-
als are more or less deformed;
the opx-free granodiorite (‘Cas-
sagnes granite’) (AG230) shows
recrystallized biotite forming
continuous bands and small
ribbons of quartz indicating a
strong mylonitization. bt biotite,
grt garnet, Kfs K-feldspar, opx
orthopyroxene, pl plagioclase,
qtz quartz

NK ratios. Other samples of the charnockite analyzed by
Vielzeuf (1996, p. 459) and Touil et al. (1996) have very
similar compositions. The grt+ opx-bearing quartzofelds-
pathic fine-grained rock (AG228) does not plot in the same
area and displays much higher A/CNK and A/NK ratios,
because of a rather high content in Al,O; (16.28%); it also
shows very low K,O content (1.72%) and high FeO content
(9.23%). The norite AGO2G is characterized by a low A/
CNK ratio and a high A/NK ratio. The multi-element man-
tle-normalized spectra (Fig. 11a) are rather similar, how-
ever, with stronger negative anomalies in Ta, Nb, P and Ti
for the orthogneiss and the grt leucogranite and a negative
anomaly in Th for the norite. The REE patterns (Fig. 11b)
show two groups of rocks, one group (the orthogneiss, the
grt-bearing leucogranite, the norite and the grt+ opx-bear-
ing quartzofeldspathic rock) with moderately fractionated
REE ([La/Yb]y ratios of 3.91, 9.24, 6.20 and 5.31, respec-
tively) and flat heavy REE patterns ([Gd/Yb]y = 0.82,
1.24, 2.03 and 1.00, respectively), and the other group (the
three charnockite samples and the Cassagnes granodiorite)
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characterized by more fractionated patterns with [La/Yb]y
ratios between 27.72 (one of the two magmatic charnockite)
and 87.08 (the mylonitized charnockite), and low concentra-
tions in heavy REE (Yby between 3.21 for one magmatic
charnockite and 10.28 for the other one).

On a Na,0 +K,0 vs. SiO, diagram (Fig. 6), all the plu-
tonic rocks of the Caramany unit here analyzed belong to the
calc-alkaline-(subalkaline) domain, like the plutonic rocks
of the Bélesta unit.

U/Pb dating of rocks from the Caramany unit

The U-Pb diagrams are reported in Fig. 12. Samples AG36
(magmatic charnockite), AG185B (mylonitized charnock-
ite), AG228 (mylonitized grt+ opx-bearing quartzofelds-
pathic rock), and AG211A (porphyritic orthogneiss) have
been dated by U/Pb on separated zircons. AG230 (‘Cassa-
gnes granite’) has been dated by U/Pb on zircons in petro-
graphic thin section during the same session.
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Fig. 10 A/NK vs. A/CNK diagram for an orthogneiss (AG211A),
two magmatic charnockites [AGO1Ch (1), AGO2Ch (2)], a mylo-
nitized charnockite (AG185B), a magmatic grt-bearing leucogran-
ite (AGOIL), a norite (AG02G), a partially melted and mylonitized
grt+ opx-bearing quartzofeldspathic rock (AG228) and a mylonitized
opx-free granodiorite (‘Cassagnes granite’) (AG230) of the Car-
amany unit. A: Al,O;, C: CaO, N: Na,O and K: K,0

The AG211A orthogneiss displays a Concordia age of
528.5+4.7 Ma (Early Cambrian) (Fig. 12a). A few zircons
from this sample show Late Carboniferous overgrowths.
The magmatic charnockite (AG36) yields a Concordia age
of 306.9 +2.5 Ma (Late Carboniferous) (Fig. 12b), accord-
ing to a very homogeneous population of zircons charac-
terized by magmatic 0.1-0.7 Th/U ratios and without any
inherited zircons. The dating of the mylonitized charnockite
(AG185B) allow us to distinguish two close age populations,
with zircon cores dated at 313.9 +2.9 Ma (Late Carbonifer-
ous), and a few older inherited zircons, on one hand, and
mostly rims or grains dated at 298.6+2.7 Ma (Latest Car-
boniferous—Earliest Permian) on the other hand (Fig. 12c¢).
Combining analyses altogether do not allow the calcula-
tion of any age, which agrees with the occurrence of two
age populations. Both ages obtained on the charnockites,
306.9+2.5 and 298.6+2.7 Ma are close together, even
though the uncertainties of AG36 and AG185B do not over-
lap. The ‘Cassagnes granite’ (AG230) was dated (Concor-
dia age) at 308.1 + 3.4 Ma (Late Carboniferous) (Fig. 12d).
This sample is also characterized by a few inherited zircons
dated between 333 and 463 Ma. The zircon population of the
grt+ opx-bearing quartzofeldspathic rock (AG228) is rather
complex with many cores and isolated zircons of various
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ages mostly between 1000 Ma and about 300 Ma and gener-
ally discordant. Two discordant cores provide apparent ages
as old as 3.4 Ga and 1.8 Ga. Moreover, the zircons of this
sample are not euhedral but rounded. Considering the young-
est analytical points, a Concordia age at 299.0 +4.3 Ma can
be calculated (Fig. 12e). The latter is similar to the ages of
the plutonic rocks mentioned above. This dating result and
the chemical composition of this sample (see above), lead
us to interpret this rock as a partially melted paragneiss. The
peraluminous granites above dated which form a large part
of the Caramany unit probably derived from the recycling
and remelting of older sources such as this paragneiss.

Discussion

Reinterpretation of the composition of the Bélesta
and Caramany units

Our new data, mostly the geochronological dates (summa-
rized in Table 3), lead us to deeply reinterpret the composi-
tion and significance of the two units constituting the deepest
part of the Agly massif. We especially show the importance
of the Cambrian and Carboniferous plutonisms which are
illustrated in Fig. 13, a crucial point for reconstructing the
crustal evolution of this part of the Pyrenees during the
Paleozoic.

The cross section of the Bélesta unit displays about
the same proportion (ca. 15%) of paragneisses and Late
Carboniferous granites, whereas the Earliest Cambrian
orthogneisses are dominant (ca. 70%). The paragneisses
may be interpreted as the country rocks of the orthog-
neisses and consequently they are Precambrian in age. All
these rocks display parallel contacts, undisturbed by the
slight mylonitization of the unit, and consequently both the
orthogneisses and granites may be similarly interpreted as
sills. Our results about the nature and relative proportions
of the rocks were obtained from a 50 m-long cross section
only. However, the orthogneisses are generally dominant
everywhere in this unit, the amount of granite is limited
and the paragneisses are only represented by few metre-
thick sillimanite-rich thin gneisses. Very locally, the Pre-
cambrian paraderived rocks are also represented by some
metres of calc-silicate-bearing paragneisses (and not many
levels of such paragneisses as represented erroneously,
instead of mylonitic bands, on the Rivesaltes geological
map, Fonteilles et al. 1993). The series is locally migma-
tized, as it is in the dam cross section, but in most places
the various rock types may be unambiguously identified.
Consequently, we consider that the cross section studied
here gives a good approximation of the relative propor-
tion of the three main rocks constituting the Bélesta unit.
The thickness of the Bélesta unit (1000 m) estimated by
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Fig. 11 a Multi-element patterns normalized to the primitive man-
tle (Wood et al. 1979) for an orthogneiss (AG211A), two magmatic
charnockites [AGOICh (1) and AGO2Ch (2)], a mylonitized char-
nockite (AG185B), a magmatic grt-bearing leucogranite (AGOIL),
a magmatic norite (AGO02G), a mylonitized grt+ opx-bearing
quartzofeldspathic rock (AG228) and a mylonitized opx-free grano-
diorite (‘Cassagnes granite’) (AG230) of the Caramany unit. b REE

Berger et al. (1993) seems to be slightly underestimated
as our cross section (Fig. 2, cross section AA’) indicates a
thickness of 1200 m. Consequently, the Earliest Cambrian
orthogneisses represent more than 800 m, and the Carbon-
iferous plutonic rocks represent a present-day thickness of
about 200 m in the Bélesta unit.

The proportion of the various rocks constituting the Car-
amany unit is more difficult to estimate, because continu-
ous cross sections are rare. The Precambrian calc-silicate
paragneisses and marbles crop out in many places but they
are never thicker than some tens of metres, as are the Early
Cambrian augen-orthogneisses. The grt+ opx-bearing
quartzofeldspathic rocks, that we have interpreted as par-
agneisses, could be hundreds of metres thick. They must be
Precambrian in age, because the paragneisses of the overly-
ing Bélesta unit are Precambrian. The Carboniferous plu-
tonic rocks, the opx-bearing granodiorite, i.e., charnockite,
the grt-bearing leucogranite, the norite and the Cassagnes
granodiorite, represent about 900 m. The thickness of the
Caramany unit (1200-1500 m) given by Berger et al. (1993)
seems to have been underestimated by these authors. From
the cross sections AA’ and BB’ drawn in Fig. 2a present-
day total thickness of 3000 m seems to be more correct, the
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patterns normalized to chondrite (Sun and McDonough 1989) for an
orthogneiss (AG211A), two magmatic charnockites [AGO1Ch (1)
and AG02Ch (2)], a mylonitized charnockite (AG185B), a magmatic
grt-bearing leucogranite (AGO1L), a magmatic norite (AG02G), a
mylonitized grt+ opx-bearing quartzofeldspathic rock (AG228) and a
mylonitized opx-free granodiorite (‘Cassagnes granite’) (AG230) of
the Caramany unit

Carboniferous plutonic rocks representing about 30% of this
unit, especially in its lower part.

Timing and mode of emplacement of plutonic rocks
during the Paleozoic in the Pyrenean crust

The following stages of plutonism have been identified in
this part of the Pyrenean crust, either from the data obtained
in this study or from previous studies. This is schematically
represented in Fig. 13 which was not drawn to scale, because
we cannot estimate the original volume of the granites con-
stituting the protolith of the orthogneisses, nor the propor-
tion of the orthogneisses and paragneisses recycled to form
the Carboniferous granitoids.

Earliest Cambrian

Numerous metre-thick sills of calc-alkaline porphyritic
granites, representing hundreds of metres of present-day
total thickness, were emplaced at about 540 Ma in the
Precambrian metasedimentary series of the future Bélesta
unit. Pluri-metre thick sills of porphyritic granites were
emplaced at about 530 Ma at the base of the Precambrian
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neiss (AG211A), a magmatic charnockite (AG36), a mylonitized
charnockite (AG185B), a mylonitized opx-free granodiorite (‘Cas-
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Fig. 13 Schematic evolution of . .
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metasedimentary series of the future Caramany unit.
Because of the analytical uncertainties, we are not able to
determine whether theses ages correspond to a single or sev-
eral plutonic events.

Cambrian plutonic rocks were almost unknown in other
North Pyrenean massifs, except a mylonite possibly derived
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from a granitic rock dated at 526 +7 Ma and an augen gneiss
dated at 506 + 12 Ma from the St-Barthélemy North Pyr-
enean massif (Delaperriére et al. 1994).

In the Aston gneiss dome, located in the central part of
the Axial Zone of the Pyrenees, Mezger and Gerdes (2016)
have dated a Latest Neoproterozoic (ca. 545 Ma) biotite



metagranite, in an unclear position among orthogneisses of
Middle Ordovician age (ca. 467 Ma) constituting the major
part of the gneiss core. Slightly older plutonism has been
characterized by Castifieiras et al. (2008) from the eastern
part of the axial zone of the Pyrenees, where two Ediacaran
orthogneisses have been dated, the Port gneiss (553 +4 Ma)
and the Mas Blanc gneiss (560 Ma+ 7 Ma). Volcanic events
dated in the 580-530 Ma time span have been characterized
in the same domain (Castifieiras et al. 2008; Casas et al.
2015; Laumonier et al. 2015; Padel et al. 2017). According
to these data it seems that the volcanic activity started ear-
lier and ended later than the plutonic activity in the eastern
Pyrenees. However, our results point to a plutonic activity
longer than the 560-553 Ma time span admitted by Castifiei-
ras et al. (2008), because it lasted at least until about 530 Ma
and was particularly important in volume at the beginning
of the Cambrian time. The previous data also support the
conclusion of Laumonier et al. (2004) and Castifieiras et al.
(2008) that no Cadomian basement could be characterized
in the Pyrenees.

Though Cambrian plutonic rocks are well characterized
in the Pyrenees only in the Agly North Pyrenean massif
through our study, various Cambrian plutonic rocks are
known in the neighbouring French Massif Central, espe-
cially in the 520-530 Ma time span (Ducrot et al. 1979;
Melleton et al. 2010; Faure et al. 2010), i.e., coeval with
the porphyritic granites of the Caramany unit. 545-540 Ma
old orthogneisses, i.e., coeval with the orthogneisses of the
Bélesta unit, have been recently characterized in the eastern
Massif Central (Chelle-Michou et al. 2017; Couzinié et al.
2017). The Agly Massif is located in the North Pyrenean
zone, which shows many similarities with the axial zone of
the Pyrenees and also with the Montagne Noire (southern
part of the Massif Central) which could have been rather
close at the Precambrian—Cambrian boundary, probably on
the northern Gondwana margin (e.g., Raumer et al. 2015).
Was all this magmatism related to the southward subduction
of the Panthalassic ocean under this margin, or to a back-arc
activity is a question still unresolved.

Ordovician (?)

We have not characterized any Ordovician plutonic rock
in the Caramany and Bélesta gneissic units. However, the
protolith of the Rivérole orthogneiss emplaced as a ca.
800 m-thick laccolith at the base of the probably Cam-
brian—-Lower Ordovician micaschists overlying these units,
and consequently younger than these micaschists, could be
Ordovician in age by comparison with several Early to Mid-
dle Ordovician (mostly in the 477-467 Ma time span) more
or less similar orthogneisses (e.g., the Peyregrand orthog-
neiss in the Aston massif) that have been dated in the Pyr-
enees during the past decades, as for example in the Canigou
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dome (Barbey et al. 2001; Deloule et al. 2002; Cocherie
et al. 2005), in the Roc de France/Frausa dome (Cocherie
et al. 2005), at the Cap de Creus (Castifieiras et al. 2008)
and in the Aston and Hospitalet domes (Denele et al. 2009;
Mezger and Gerdes 2016). Many Ordovician (471-450 Ma
time span) orthogneisses have also been characterized in the
neighbouring Montagne Noire (Roger et al. 2004; Cocherie
et al. 2005; Pitra et al. 2012).

The Ordovician geodynamic context was characterized
by opening of various oceanic domains to the north of the
Gondwana continent (review in Paquette et al. 2017). The
emplacement of the numerous Ordovician granitic lacco-
liths in the Pyrenees, such as, possibly, the Rivérole one in
the Agly Massif, and in the Montagne Noire was probably
related to these extensional events.

Latest Carboniferous

Various plutonic rocks from both the Caramany and Bélesta
units have yielded Late to Latest Carboniferous ages,
between 298 and 308 Ma. The partial melting suffered
by various rocks of these units was certainly coeval with
this plutonic event as suggested by the 299 Ma+4 Ma age
obtained on a paragneiss from the Caramany unit. No differ-
ence in age appears between the plutonic rocks from one or
another unit, though they are rather different chemically, the
plutonic rocks from the Caramany unit being generally more
mafic and aluminous than the granitoids from the Bélesta
unit.

The new age obtained in this paper on the magmatic
charnockite (307 +3 Ma) is close to the ages (308-304 Ma
time span) obtained for the crystallization of the Saint-Arnac
pluton by Olivier et al. (2004, 2008) (see Geological set-
ting). This indicates that the Carboniferous plutonic rocks of
this part of the Pyrenees crust were emplaced in a restricted
time span, in the order of 10 Ma. The age of this plutonic
event is in good agreement with the mean age, ca. 304 Ma,
calculated by Dentle et al. (2014) from all the published
emplacement ages of the large plutons of the Pyrenees, both
in the Axial and North Pyrenean zones. Therefore, the date
of 314 +7/6 Ma obtained by Respaut and Lancelot (1983)
for the charnockite laccolith appears slightly older although
compatible with the lower limit of the uncertainty.

The plutonic rocks of the Caramany and Bélesta units
have suffered, after their emplacement, a local and variable
HT mylonitization to ultra-mylonitization, as did some rocks
of the overlying Caladroy-Forca Real unit, especially peg-
matites which are the most recent plutonic rocks of the Agly
Massif. These pegmatites have not been dated but similar
pegmatites of the Cap de Creus, in the Axial Zone, have
been recently dated in a 302 +4 to 296 +3 Ma time span i.e.,
Latest Carboniferous—Earliest Permian (Van Lichtervelde
et al. 2017). This HT mylonitization, which produced a



strong thinning of the series, could have occurred shortly
after the emplacement of the pegmatites.

A noticeable point is the lack of any post-Carbonifer-
ous overgrowth for all the studied zircons, either from the
Bélesta unit or from the Caramany unit, this meaning that
these minerals have not registered the Eo-Alpine (Creta-
ceous) HT metamorphism.

The position of the Pyrenees during the Late Carbon-
iferous, and the position of the North Pyrenean domain
with respect to the domain of the future axial zone, are not
clearly established (e.g., Martinez Catalan 2011; Stampfli
et al. 2013; Denele et al. 2014). The origin of the numer-
ous calc-alkaline plutons emplaced at that time in the upper
parts of both domains (Fig. 1a) may be related to a subduc-
tion zone which could correspond to the subduction of the
Paleo-Tethys under the northeastern part of Gondwana, as
represented by Kroner and Romer (2013), and postulated by
Pereira et al. (2014) and Druguet et al. (2014). The structural
studies of these Late Carboniferous granites have shown
that they were emplaced in a dextral transpressional regime
(Gleizes et al. 1998). Our results about the importance of
Carboniferous plutonism in deep levels of the Pyrenean crust
address again the question of the position and significance
of this domain during the Variscan orogeny.

Appraisal of the Paleozoic plutonism in the North
Pyrenean Agly Massif

A precise balance of the Paleozoic plutonic inputs in this
part of the Pyrenean crust from the Earliest Cambrian to the
Latest Carboniferous is difficult to establish. We have seen
that at least three phases of emplacement of hundreds of
metres of plutonic rocks (one—or more?—during the Earli-
est Cambrian, one possibly during the Ordovician, one dur-
ing the Latest Carboniferous) occurred at various levels of
the crust during this 240 Ma period. We have also seen that a
part of these plutonic rocks very likely resulted from a recy-
cling of older partially melted plutonic rocks, as suggested
by the age of zircon cores of the Carboniferous granites of
the Bélesta unit coeval with the Cambrian orthogneisses
constituting the country rocks of these granites, and also
by the very similar chemical compositions of these orthog-
neisses and granites. Recycling of Precambrian aluminous
metasedimentary rocks affected by the migmatization in
the formation of the plutonic rocks is also very likely. In
other words, at each phase of plutonic rocks emplacement
in the lithologic column, a part of the preexisting rocks were
consumed. Because we have not evidenced arguments for a
juvenile crustal growth by a mantle contribution, recycling
of rocks from various levels of the Pyrenean crust would
be the main process for the plutonic evolution of this crust
during the Paleozoic.
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Despite these restrictions for estimating precisely the
plutonic transfers in the Agly crust the following facts have
been evidenced by our study:

e The total thickness of plutonic rocks intruded in this part
of the Pyrenean crust was very important, especially
during the Earliest Cambrian and the Latest Carbonif-
erous. This last event corresponds to the emplacement
in a rather short time of several thousands of metres of
recycled crustal material all along the lithologic column
represented by the three units of the Agly Massif. This
must have induced important constraints on the thermal
evolution of the Pyrenean crust characterized by an HT—
LP metamorphism, the so-called ‘basement effect’ pro-
posed by Fonteilles and Guitard (1964).

e The plutonic rocks were intruded as sills and laccoliths
in the gneissic units and at the base of the Caladroy-
Forga Real micaschist unit during each period. Only the
plutonic rocks of the upper part of the crust have formed
large plutons (Saint-Arnac pluton). This mode of sill
emplacement is also known at the base of the Saint-Lau-
rent-La Jonquera (Olivier et al. 2016) and Mont-Louis-
Andorre (Denele et al. 2014) large plutons in the eastern
part of the Axial Zone of the Pyrenees.

Conclusions

This study provides many new data about the various events
of emplacement of plutonic rocks which occurred during
the Paleozoic in the Pyrenees. We especially show the
importance of the Earliest Cambrian plutonic event, almost
unknown until now, in the formation of the Pyrenean crust,
characterized by multi-injections of metre-scale sills. This
is certainly not a specificity of the Agly Massif and coeval
plutonic rocks will probably be found in other deep domains
of this chain. Our results also confirm the volumetric impor-
tance of the Latest Carboniferous plutonism especially
through sills’ emplacement in the middle crust, coeval with
the emplacement of large plutons in shallower levels.

Dating precisely the Carboniferous HT-LP metamor-
phism will be necessary to know whether it is coeval or not
with the plutonism that we have contributed to character-
ize and to better understand the relationships between both
phenomena.
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