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Abstract The Motru Dyke Swarm intrudes the Pre-
cambrian Danubian basement of the Southern Carpathians
(Romania). It is a marker of a sub-volcanic event that oc-
curred during the early Palaeozoic (Cambrian to Ordovi-
cian). The geographical distribution of dykes on a
~2,000 km? area is heterogeneous; several areas of high
dyke density have been the subject of a detailed petrolog-
ical and geochemical study. Taken altogether, the 150
samples define a single complete magmatic series, from
basaltic andesite to rhyolite. Whole-rock major element
variations show a medium- to high-K, calc-alkaline mag-
matic suite. The compositional variations and the general
decrease of trace element contents (both compatible and
incompatible, including REEs) from basaltic andesite to
rhyolite are consistent with 1) the fractionation of the
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observed phenocryst assemblages, Ca-amphibole (Ti-
pargasite to magnesiohornblende) followed by intermediate
plagioclase, clinopyroxene and accessory biotite and quartz
and 2) the absence of lower and/or upper crustal contam-
ination. Trace elements diagrams display typical arc pat-
terns (LILE, Pb and LREE enrichment and relative
depletion in Nb-Ta, Zr-Hf and Ti). The Th/U, Nb/Ta and
Zr/Hf ratios are constant and close to the mantle values
throughout the whole series, which argues that the parental
magma was generated from a single and homogeneous
enriched lithospheric mantle source. The field regional
evidence implies that melting occurred during a late- to
post-orogenic period of lithospheric extension, and thus
took place quite lately after the cessation of Pan-African
subduction.

Keywords Dyke Swarm - Calc-alkaline - Late- to post-
orogenic - Geochemistry - Romania

Introduction

High-K calc-alkaline suites display a large compositional
range, both in volcanic rocks (basalt, andesite, dacite to
rhyolite and their sub-volcanic analogues, commonly
occurring as dyke swarms) and in their plutonic equivalents
(gabbro, diorite, granodiorite to granite). They are reported
to occur in different tectonic settings, from subduction-
related arcs to post-collisional zones, e.g. the magmatism
of the actual continent—continent collision zone in Turkey
(Akay and Erdogan 2004), Iran (Aftabi and Atapour 2000)
and Tibet (Nomade et al. 2004). It is a common practice to
use geochemical discrimination diagrams (e.g. Pearce et al.
1984) to infer the geotectonic setting during the emplace-
ment of magmatic suites of rocks. In many studies, there
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are no structural data to confirm the conclusion deduced
from geochemistry. We will show in this paper that geo-
chemical data cannot always be used directly and unam-
biguously as geotectonic marker.

In the North-Gondwanian terranes and in Europe, the
Early Ordovician period is classically considered as a per-
iod of extension, illustrated by the expansion of the Rheic
ocean and by the first breakaway of peri-Gondwana terranes
(first stage of Palaeo-Tethys opening: Stampfli and Borel
2002; von Raumer et al. 2003). Nevertheless, the newly
formed small continental blocks at the northern margin of
Gondwana (i.e. Armorica, Avalonia and/or European Hunic
terranes) and the northern margin of the Gondwana mega-
block itself (i.e. Egyptian Sinai) are characterized by a calc-
alkaline magmatic activity (Abdel-Rahman 1995). The
geodynamic interpretation of this magmatism (active mar-
gin and/or extension, rifting) is still debated (Mattauer 2004
for the French Ordovician granitoids).

Palaeozoic (Early Cambrian to late-Ordovician) dyke
swarms have been described in Northern Egypt (Abdel-
Rahman and Doig 1987; Abdel-Rahman 1995) and recog-
nized in the Pre-Variscan (Pan-African) basement of the
Lower Danubian Alpine unit in the Southern Carpathians of
Romania (Berza and Seghedi 1975). The latter gave the first
comprehensive field and petrographic description of what
they called ‘‘The Pre-Silurian Motru Dyke Swarm’’ (MDS).
These dykes crosscut the post-collisional Pan-African
granitoid plutons (Liégeois et al. 1996) and are covered by
anchimetamorphic (=very low metamorphic grade) Upper
Ordovician-Silurian sediments. They were clearly intruded
in a late- to post-orogenic tectonic setting. However, the
regional distribution of the numerous dykes in the field, as
well as detailed petrological and geochemical data, are
lacking, so that the magmatic differentiation processes and
the source of the parental magma have not been discussed
yet. This is the topic of this paper. Our objective is also to
use the Motru Dyke Swarm as a magmatic marker and its
geochemical signature as a geodynamic tracer.

Geological setting
The Southern Carpathians Alpine nappe structure

The South Carpathian Alpine belt (Fig. 1) results from the
stacking of two (Getic and Danubian) major units (com-
posed of a crystalline basement locally covered by Palae-
ozoic and Mesozoic sediments) thrust upon the Moesian
cratonic platform in the Upper Cretaceous to Tertiary
times. These units were partly covered by Cainozoic sed-
iments, marked by a major unconformity. The various
Eoalpine (Cretaceous) Danubian nappes (Fig. 2) have been
subdivided into the Upper and Lower Danubian (Berza
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Fig. 1 Simplified geological map of the pre-Alpine units of the South
Carpathian Mountains (from the IGR 1:50,000 maps) modified after
Berza et al. (1994) and Féménias et al. (2004)
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Fig. 2 Schematic cross-section of the Alpine Danubian nappe system
in the Southern Carpathians of Romania. In the Lower Danubian
nappes, the Motru Dyke Swarm (MDS) crosscuts the Pan-African
basement and granitoids of the Lainici-Pdiug basement in the Lainici
and Schela nappes. In the Lainici Alpine nappe, the MDS is covered
by (Upper Ordovician?) Silurian sediments

et al. 1983, 1994) on the basis of their Mesozoic cover
(Stanoiu 1973; Krautner et al. 1981). The Lower Danubian
nappes of Lainici and Schela-Petreanu (Kréutner et al.
1981, 1988; Berza et al. 1994) contain the same basement
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lithologies (Berza and Seghedi 1983). They consist of two
Pan-African terranes (Liégeois et al. 1996): the Lainici-
Paius (Manolescu 1937) migmatitic unit and the Dragsan
(Pavelescu 1953) amphibolitic unit, intruded by several
post-metamorphic granitoid plutons and covered by Upper
Ordovician-Devonian sediments. The tectonic contact be-
tween these two units has been attributed to the Variscan
orogeny (Berza and Iancu 1994). The Lainici-Paiug unit is
essentially composed of quartzite, biotite gneiss, marble,
graphitic gneiss and leucogranitic bodies, dykes and sills
that form an important migmatitic complex showing Pan-
African ductile deformation. This unit is characteristically
affected by an MP-HT amphibolite metamorphism (Savu
1970; Berza 1978). It is intruded by large, elongated, calc-
alkaline to shoshonitic plutons (i.e. the Tismana pluton
dated at 567 + 3 Ma, Liégeois et al. 1996; Duchesne et al.
1998) and by the high-K, calc-alkaline Motru Dyke Swarm
(MDS; Berza and Seghedi 1975; recently revisited by
Féménias 2003).

The Motru Dyke Swarm (MDS)

This swarm represents the last magmatic event of the area;
locally, Silurian sediments cover it. Contrary to leuco-
granitic dykes, the andesitic to rhyolitic dykes (and sills) of
the swarm crosscut the late-precambrian post-collisional
plutons (Fig. 2). The MDS intrudes the Lainici-Paius
basement at a relatively high crustal level. Structures and
lithologies of the MDS are exceptionally well preserved,
the Alpine deformation being only marked by the devel-
opment of chlorite along decametre- to metre-spaced joints
(lack of a penetrative cleavage). The dykes of the swarm
are not uniformly distributed in the studied area. The
density distribution of the dykes is also quite variable;
some high-density areas have been named (Fig. 3) using
the local toponymy. Generally, the high-density large field
dykes are sub-parallel, following the main structural trends
of the Danubian domain. In a given area, two distinct
populations of dykes have been identified (Féménias et al.
2004) on the basis of their size, mean orientation and
magnetic fabric: (1) narrow dykes (<1 m) with an 80°N
mean wall direction and a symmetrical AMS (anisotropy of
magnetic susceptibility) fabric; (2) thicker dykes (>1 m to
several metres) with an N-S mean wall direction and an
asymmetrical AMS fabric. The two populations have been
related to a common regional stress field during a contin-
uum of brittle emplacement (Féménias et al. 2004).

Analytical methods

During a regional survey of the MDS in a mountainous
area of 2,000 kmz, some 150 dykes have been sampled.
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Fig. 3 Relative distribution of the dykes of the Motru Dyke Swarm
into the Lainici-Paiug basement (after Féménias et al. 2004) and
location of the cited areas

Detailed petrological, mineralogical and geochemical
investigations have been performed on a representative
selection of 54 samples.

Major element compositions of the main mineral phases
have been determined by WDS electron microprobe
(Cameca SX50) at the “‘Centre d‘Analyses par Microsonde
en Sciences de la Terre (CAMST, University of Louvain-
la-Neuve)’’, using a combination of natural and synthetic
mineral standards. Operating conditions were as follows:
accelerating voltage of 15 kV; beam current of 20 nA;
counting time of 10 s for Fe, Mn, Ti and Cr, 16 s for Si, Al,
K and Mg and 24 s for Na.

The samples selected for whole rock major and trace
element compositions were crushed and ground in a
stainless steel mortar. Whole-rock X-ray fluorescence
(XRF) spectrometric analyses of major elements and of Cr
were made on fused glass discs at the University of Liege
(Collectif de Géochimie instrumentale). Some trace ele-
ments (Ni, Cu, Zn, V and Sr) were measured by X-ray
fluorescence spectrometry on pressed powder pellets (Bo-
logne and Duchesne 1991). Other trace elements (Rb, Cs,
Ba, Zr, Hf, Nb, Ta, U, Th, Pb, Y and the rare earth ele-
ments, REEs) were analysed by ICP-MS, also at the
“Collectif de Géochimie instrumentale’’, using the ana-
lytical procedure described by Vander Auwera et al. (1998)
and detailed in Féménias et al. (2003). The whole-rock
geochemical data are reported in Table 1.

Petrography and mineral chemistry
Petrography

The MDS is essentially composed of aphyric to porphyritic
basaltic andesites and basaltic trachyandesites, andesites
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S Bistrita
R622 R623 R624 R632 R633 R635 R637  TJ31  R587 RS589 R590 R591  R592  R594  R595 R597  R598 R601

R620

N Bistrita
R533

Table 1 continued

Area
Sample
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0.16
0.95
0.13

0.12
0.69
0.10

0.10
0.69
0.09

0.15
0.98
0.14

0.31
2.16
0.34

0.14
0.90
0.13

0.27
1.68
0.24

0.16
1.00
0.15

0.32
1.95
0.27

0.32
2.05
0.28

0.31
1.85
0.26

0.28
1.86
0.27

0.24

0.35
2.36
0.35

Tm

1.73
0.25

Yb

Lu

Samples 92R13, 92R10, 92R11F, 92R11G, 92R6, 92R7 and 92R8 came from Duchesne (1997)

and dacites; rhyolites and alkali-enriched lithologies (i.e.
trachyandesites and trachydacites s.s.) are less common
(Fig. 4: TAS classification according to Le Bas et al. 1986;
Le Maitre 2002). The dykes have typical chilled margins
implying a high level (subvolcanic) emplacement and a
flow structure marked by crystal size distribution (CSD;
Nkono et al. 2006), shape preferred orientation (SPD) of
plagioclase and/or amphibole phenocrysts and/or anisot-
ropy of magnetic susceptibility (AMS; Féménias et al.
2004; Nkono et al. 2006). The variation of the modal
proportions of the main phenocrysts during magmatic dif-
ferentiation of the Motru Dyke Swarm is illustrated in
Fig. 5 and discussed below.

12 — MDS Geographic areas

[ | mNorth Bistrita ]
[ | OSouth Bistrita ¢ Buta Retezato Motru - 1
10 F | adiususta  -Tismana  @Motru (BS 1975) AlkaWnE_
0 _.--—‘;_a\“a\l.ne:
-~ F Basaltic ® .su R
S or trachyandesite ]
T 8[ ]
o ]
o B 4
5 6 Rhyolite
é' B Dacite ]
4+ y Andesite -
- // Basaltic E
[ 4" Basalt |andesite ]

2 . y el s e v vl TS A Ll
40 50 60 70 80

%Si0, (Wt%)

Fig. 4 TAS diagram: whole-rock Na,O + K,O versus SiO, (wt%)
plot of the dykes of the Motru Dyke Swarm (BS previous data from
Berza and Seghedi 1975). Nomenclature domains are from Le Bas
et al. (1986); the subalkaline-alkaline boundary is from Irvine and
Baragar (1971)

basaltic
trachyandesite

Phenocrysts relative proportion
along magma differenciation trend

Fig. 5 Sketch diagram illustrating the evolution of the modal
proportions of the main phenocrysts during magmatic differentiation
of the Motru Dyke Swarm (modified from Féménias et al. 2006).
Rocks containing alkali feldspar phenocrysts are relatively rare and
characterize the basaltic trachyandesite-trachyandesite-trachydacite-
rhyolite series
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Fig. 6 Microphotographs of some selected dykes of the Motru Dyke
Swarm (plane-polarised light) illustrating the main lithologies and
textural types. a Microcrystalline intersertal fine-grained basaltic
andesite characterized by a tangle of amphibole and plagioclase laths.
b Aphyric basaltic andesite. ¢ Typically porphyritic andesite with
euhedral amphibole phenocrysts. d Porphyritic (amphibole and ghost

Basaltic andesite

Basaltic andesite is a quite abundant rock by volume in the
MDS; it constitutes a majority of the thick dykes (1-30 m).
Texture progressively evolves from microcrystalline in-
tersertal (characterized by a tangle of brown amphibole and
plagioclase laths) in the core of the dyke (Fig. 6a) to
aphyric at the margins of the dyke (Fig. 6b). The rocks are
generally fine-grained; a few coarse-grained samples with
plagioclase and amphibole crystals of 1-2 mm in length
were found. Rare basalts s.s. have been observed, charac-
terized by higher modal proportions of amphibole and
clinopyroxene. In all textural types, the euhedral brown
amphibole, commonly twinned, is well preserved, whereas
the subhedral plagioclase has suffered a strong deuteritic
alteration and is pseudomorphosed by a white
mica + epidote + albite association. The groundmass con-
sists of tiny quartz, plagioclase, ferromagnesian phases
(amphibole and rare clinopyroxene), oxides and devitrified
glass. Mn-rich ilmenite is the main primary oxide of the
MDS.

Basaltic trachyandesites are less common; they look like
the basaltic andesites but contain a lower proportion of
amphibole (only present in the matrix) and a higher pro-
portion of secondary albite. They display aphyric to glo-
mero-porphyritic  textures in agreement with their
occurrence as thin dykes (<1 m). The Na-rich primary
plagioclase is always albitised. Basaltic trachyandesites
have been observed in the Tismana, Motru and North Bi-
strita areas (Fig. 3).

alkali feldspar replaced by a white mica-albite association) trachy-
andesite. e Porphyritic dacite with euhedral zoned plagioclase and
subhedral to anhedral accessory green amphibole. f Phenocryst-rich
rhyolite with resorbed euhedral quartz and ghost alkali feldspar
replaced by a white mica-albite association

Andesite

With basaltic andesite, it represents the main lithology of
the MDS and is present in the whole studied zone. The
texture is typically porphyritic (Fig. 6¢) with zoned brown
amphibole and/or zoned plagioclase phenocrysts. Euhedral
amphibole is fresh. On the contrary, the plagioclase dis-
plays a deuteritic alteration marked by development of
white mica, epidote and albite (localized in the Ca-rich
zones) and albitization (localized in the Na-rich zones).
Clinopyroxene is rare; some anhedral quartz has been ob-
served. The groundmass is comparable to that of the
basaltic andesites. The thin dykes (<1 m) display a good
SPO, marked by amphibole and plagioclase phenocrysts.
Trachyandesite s.s. (Fig. 6d) is rare (only present in the
Tismana, Motru and North Bistrita areas) and petrograph-
ically characterized by the presence of ghost alkali feldspar
(replaced by a white mica-albite association).

Dacite

It is very fine-grained and shows sub-intersertal to
porphyritic textures with plagioclase, accessory green
amphibole and resorbed quartz. Plagioclase is euhedral,
zoned and rarely altered (Fig. 6e). The amphibole, less
common than in mafic lithologies, is a subhedral to eu-
hedral (prismatic or acicular) green hornblende. The
groundmass is made of quartz, albite, mica and epidote; it
also contains amphibole that is partly transformed to
tremolite and chloritized. Some samples are aphyric and
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only contain small partly resorbed euhedral quartz. The
dacitic dykes appear heterogeneous in the field; they
display locally glomero-porphyritic texture (clots of
quartz and plagioclase phenocrysts) and are cut by sili-
ceous veinlets. Rare ghost phenocrysts of alkali feldspar
(replaced by white mica and albite) characterize the
trachydacite sub-facies. Dacite has not been observed in
the North Bistrita area; by contrast, it represents the main
lithology of the South Bistrita and Jiu areas (see Fig. 3).

Rhyolite

It displays porphyritic (seriate-textured) microcrystalline
textures. Quartz and/or alkali feldspar phenocrysts (acces-
sorily plagioclase) can constitute up to half the volume of
the rock (Fig. 6f). Quartz occurs as phenocrysts (euhedral
with resorption) and/or anhedral to subhedral microcrystals
in the groundmass. Some rhyolites contain two feldspars
and/or green hornblende (more or less altered in chlorite
and/or tremolite), but are often devoid of quartz pheno-
cryst. Rhyolites are heterogeneous, displaying local glo-
mero-porphyritic texture and siliceous veinlets. They occur
as dykes (South Bistrita area; Fig. 3) or sills (Buta-Retezat
area; Fig. 3) and are less common in the other localities.

Mineral chemistry
Magmatic primary phase assemblage

Calcic-amphibole is a ubiquitous phase in all the MDS
rocks; it occurs as phenocryst or as a groundmass phase. It
displays a large compositional range, varying from ka-
ersutite — Ti-pargasite — pargasite — Ti-magne-
siohastingsite — magnesiohastingsite — edenite —
tschermakite — magnesiohornblende, in the differentia-
tion sequence from basaltic andesite to rhyolite (Féménias
et al. 2006). Pargasite-magnesiohastingsite crystals in
intermediate rocks display complex zoning and partial
resorption; these phenomena have been interpreted in terms
of self-organization of oscillatory zoning, without signifi-
cant heating and/or magma mixing (Féménias et al. 2006).
In all rock types, amphibole phenocrysts equilibrated at a
nearly constant pressure of about 0.6 + 0.1 GPa, but their
temperature of crystallization ranges from 1,000 to 900°C
for basaltic andesites to 700-600°C for dacites. In rhyo-
lites, the amphibole (edenite to magnesiohornblende) re-
cords a continuous range of P-T conditions, from 700°C/
0.6 GPa to 600°C/0.1 GPa, in agreement with their change
of habit from euhedral to subhedral (Féménias et al. 20006).
Moreover, the rim of the amphibole phenocrysts was al-
tered during late-emplacement hydrothermal activity.

The zoned plagioclases of dacites and rhyolites are
fresh, but the plagioclases of mafic rocks (basaltic andesite

@ Springer

- andesite) are always strongly altered, so that very few
microprobe analyses were obtained on rare fresh core
areas. To increase the database, plagioclase compositions
were tentatively quantified using BSE (Back-Scattered
Electrons) images that allow us to estimate the modal
proportions of the secondary assemblage albite-epidote-
white mica and the composition of these phases. Broadly
speaking, the composition of the cores of plagioclase only
displays slight variations in the range of Ans3_so. More-
over, there is no systematic and significant correlation
between plagioclase core composition and degree of
magmatic differentiation of their host lava. By contrast, the
compositional variations observed in oscillatory-zoned
phenocrysts of dacites, i.e. Anyg so and Ansz;_go for two
phenocrysts of one sample, overlap with the variation of
the whole differentiation sequence. All the plagioclase
microcrysts from the groundmass have an albitic compo-
sition (Ang_s), resulting from the deuteritic alteration.

Clinopyroxene is present in the basaltic andesites and
andesites. It is often altered (chloritization and/or ouraliti-
zation). Rare preserved crystals have been observed in
chilled margins; they have a diopside to augite composition
and a relatively high Mg* (Mg* = Mg/(Fe + Mg)) of 0.85—
0.87.

Microcrysts and phenocrysts of biotite are ubiquitous in
the marginal zones of numerous basaltic andesite and
andesite dykes. They show a narrow range of composition
(Phls; s Annss 4o Sidg 1,) and have low Fe* (Fe” = Fe/
(Fe + Mg)) values, between 0.34 and 0.43. Using the
experimental fO,—T—Fe” relationship of Wones and Eug-
ster (1965), these compositions correspond to high-T mi-
cas, around 900°C for QFM buffer conditions.

Mn-rich ilmenite (Ilgs_9;Geg3-07 Pyo_14) is the main
oxide; it is prismatic in the core of the dyke and anhedral
and/or acicular near the walls. Comparable manganoan
ilmenite has been observed by Snetsinger (1969) in the
Sierra Nevada adamellite.

Rare spinel (Mg-Al chromite) has been found in the
mafic dykes.

Deuteritic and propylitic secondary phase assemblage

The MDS rocks have been retrogressed by deuteritic
alteration and propylitization processes that occurred dur-
ing (pseudomorphs deformed during flowing) and/or just
after (shape pseudomorphs not affected by flowing) dyke
emplacement. These processes led to low-temperature,
low-pressure secondary paragenesis. The primary Ti-bear-
ing silicate phases (amphibole and biotite) were trans-
formed to leucoxene. Secondary chlorite, calcite, talc,
epidote and pyrrhotite-pyrite (subsequently altered into
goethite and hematite) developed as millimetre-sized eu-
hedral grains in the groundmass or as replacement products
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Fig. 7 Major element Harker plots (oxides versus SiO, in wt%) for the Motru Dyke Swarm. In the K,O versus SiO, diagram, the domain

boundaries are from Rickwood (1989)

of the amphibole. A pseudomorphic replacement of calcic
amphibole phenocrysts by talc suggests a strong propylitic
process (Féménias 2003). Alkali feldspar phenocrysts are
always replaced by a white mica + albite assemblage,
whereas plagioclase is albitized or transformed to white
mica + epidote + albite assemblage. A ferromagnesian
chlorite (0.59 < Mg# <0.71) replaces the clinopyroxene
phenocrysts; a second chlorite (with comparable Mg”, but
lower Cr and Ca content) occurs in the matrix. Using the
chlorite solid solution geothermometer developed by Ca-
thelineau and Nieva (1985) for ferromagnesian chlorites
from the Los Azufres (Mexico) hydrothermal system, the
P-T conditions during the alteration of the MDS rocks
were estimated at 7 = 200-260°C for P ~ 0.1 GPa. These
values are in agreement with a sub-surface hydrothermal
activity that was probably coupled to an aerial volcanic
activity.

The groundmass has recrystallized to a microcrystalline
assemblage dominated by epidote, albite, quartz and white
mica (compositions varying between phengite and
muscovite). Epidote  (Cajo7207 Fedb oss
A3 55 Siz 35 O1(OH)) also occurs with calcite and
apatite in millimetre-sized bubble-shaped areas. Locally, at

2+
Fep.02-0.

the contact with quartz, they display lower Fe content and
higher Si and Al content; the composition evolves to a
prehnite.

Geochemical results
Whole-rock major elements

A total of 54 whole-rock analyses of sub-volcanic rocks
from the main geographic areas of the Motru Dyke Swarm
are listed in Table 1 and plotted together with ten analyses
from Berza and Seghedi (1975) in the total alkali versus
silica classification (TAS) diagram of Le Maitre (2002),
used for volcanic rock nomenclature (Fig. 4). Major ele-
ment compositions (normalized to 100% on a volatile-free
basis) are plotted on Harker-type diagrams (Fig. 7). As
illustrated in the petrographic section, the Motru Dyke
Swarm is characterized by a complete chemical sequence of
lava composition from basaltic andesite to rhyolite, that is
dgrom ~50 up to 71.8 wt% SiO,, respectively. Basaltic
andesites and andesites (52-63 wt% SiO,) are largely pre-
dominant (Fig. 4). The Motru Dyke Swarm magmatic suite
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Fig. 8 Whole-rock calc-alkaline affinity of the Motru Dyke Swarm. a
AFM (Na,O + K,0; FeO, MgO in wt%) diagram, domain boundaries
are from Kuno (1968, hard line) and Irvine and Baragar (1971, dotted
line); b FeO*/MgO versus SiO, (wt%) diagram (FeO* is total Fe
expressed as FeO), the tholeiitic-calc-alkaline dividing line is from
Miyashiro (1974). Symbols as in Fig. 3

is clearly sub-alkaline (Fig. 4) with a clear calc-alkaline
affinity, as shown in the AFM and FeO*/MgO versus SiO,
diagrams (Fig. 8). Three rocks from this study and two
additional rocks from Berza and Seghedi (1975) fall barely
in the alkaline field. Shoshonitic to high-K basaltic ande-
sites and high-K andesites, dacites and rhyolites have been
found in all the field areas, while coeval dykes from the
South Bistrita area are almost exclusively medium-K da-
cites and rhyolites (Fig. 7). Although the syn-emplacement
alteration could partially account for the dispersion of the
data for K,O, Na,O and P,Os5 contents, the variations in
K50 and Na,O contents are clearly correlated with the
variations in the modal abundance of magmatic alkali
feldspar in thin section. In most Harker diagrams (except
K,0), the MDS rocks display a broad common evolution
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trend, with no clear distinctions between the various
areas, except for the dominant lithology, which is basaltic
andesite in the North Bistrita and dacite in the South
Bistrita area. Broadly speaking, Na,O and K,O increase
with SiO,, whereas Al,Os;, MnO and P,0s; show,
respectively, roughly convex upward, flat or slight de-
creases. Total iron (as Fe,03), CaO, MgO and TiO, de-
crease significantly with increasing SiO, content. The
samples do not plot along a well-defined evolution line;
the apparent scatter obviously reflects the mobility of this
element during deuteritization of some samples and var-
iation of the modal proportion of phenocrysts (mainly
plagioclase; locally alkali feldspar), from sample to
sample. Some samples are indeed strongly porphyritic,
while others are almost aphyric. The roughly convex
upward profile of Al,O; versus SiO, allows us to dis-
criminate rocks in which mafic phenocrysts (amphibole
and/or clinopyroxene) are predominant from those that
have felsic phenocrysts (plagioclase and/or K feldspar),
the limit is at ~ 60 wt% Si0O,. Such major element trends
are broadly consistent with fractionation of the observed
phenocryst phases from a basaltic andesite and/or basalt
parent. The composition of these parental magmas did not
vary significantly between areas (or over time?), except
maybe for a significant decrease in potassium in the South
Bistrita area.

Whole-rock trace elements

The trace element compositions of the various MDS rocks
are plotted on multi-element diagrams (Fig. 9, normali-
zation to the composition of Pyrolite = primitive mantle)
and on chondrite-normalized REE diagrams (Fig. 10,
normalizing values from McDonough and Sun 1995). As
the rocks from the different regional zones broadly follow
the same evolution trends in Harker diagrams, the trace
element diagrams are not displayed according to geo-
graphic areas, but instead using the petrographical-
chemical classification, which is in fact the SiO, content.
The Motru rocks are compared to the classical low-K to
shoshonitic calc-alkaline lava suites worldwide: the low-
to medium-K calc-alkaline suite is illustrated by the
Montserrat volcanic series (data from Zellmer et al.
2003), the medium- to high-K suite by the Cainozoic
Central Andes (data from Richards and Villeneuve 2002)
and the high-K to shoshonitic suite by the Tibet volcanic
series (data from Miller et al. 1999). All samples, what-
ever their degree of evolution, are enriched in LILE, Pb
and LREE and relatively depleted in Nb, Ta, P and Tij,
which is a typical feature of arc-related magmas world-
wide (e.g. Gill 1981; Pearce 1982; Pearce and Peate
1995). In the calc-alkaline series used for comparison, the
degree of incompatible element enrichment and the REEs
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and trace element content appear strongly correlated to
the K content of the suites, and by extension to the crustal
thickness. In that sense, the medium- to high-K Motru

et al. 2003)

1999), medium- to high-K calc-
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to high-K calc-alkaline lavas from Central Andes (Richards and
Villeneuve 2002) and medium- to low-K calc-alkaline lavas from
Montserrat (Zellmer et al. 2003)

Rock/Chondrite

Rock/Chendrite

alkaline lavas from Central Andes (Richards and Villeneuve 2002)
and medium- to low-K calc-alkaline lavas from Montserrat (Zellmer

Dyke Swarm patterns are logically closer to the medium-
to high-K Cainozoic Central Andes volcanic suite than to
the low- to medium-K Montserrat suite. Independently of
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Fig. 11 Pyrolite-normalized transition element variation diagrams for
the whole-rock samples of the MDS. Normalizing values from
McDonough and Sun (1995)

the rock types, the REE patterns are all characterized by
LREE enrichment (Lay/Yby = 6.3-27.0; Lay/Smy =
2.3-5.7) and by no or only slightly negative Eu anomalies
(Eup/Eu* = 0.8-1.1). The range of LREE enrichment is
wider than those of the medium- to high-K Cainozoic
central Andes volcanic suites; it is similar to volcanic
suites related to subduction zones with thin continental
crust (6 < Lay/Yby < 27; Kay et al. 1991) for which
magmatic processes do not involve garnet fractionation.
The trace elements contents (including REE) significantly
decrease with increasing SiO, content (Figs. 9, 10). The
mafic and intermediate volcanics (basaltic andesites and
andesites) have the highest trace element content, in
particular, the highest REE (XREE = 103-228 ppm with
the basaltic andesite R592: 378 ppm). The trace element
content in dacites and rhyolites are distinctly lower
(ZREE = 41-156 ppm), but the patterns remain similar.
Some elements (U, Th and Pb) do not show any evolution
trend. Others (Ba, Ga, Sr, Zr and Hf) display trends

comparable to Al,Os; (Fig. 7), which probably results
from the change of the modal proportions of the frac-
tionating assemblage. When the complete set of data (54
samples) is observed, it appears that all the transition
element (major and minor) contents systematically de-
crease during differentiation (Fig. 11); the negative Cr
and Ni anomalies become deeper from basaltic andesite to
rhyolite, which is also characteristic for calc-alkaline arc-
related evolution.

Discussion
Fractional crystallization and magma differentiation

Even if complex processes like crustal melting, assimi-
lation, storage and homogenization (MASH; i.e. Winter
2001) can occur by the underplating of mafic magmas, the
systematic variation of the major and trace element con-
tents of the MDS rocks (Figs. 7, 9, 10, 11) can reasonably
be interpreted qualitatively in terms of fractional crystal-
lization. This is indicated by the curvilinear trends of
some elements in Harker diagrams, especially Fe,O5, CaO
and MgO, and by the turnover or change of slopes of the
trends of Al,O5 versus MgO (Fig. 12), and of Ba, Ga, Sr,
Zr and Hf versus SiO,. These trends can be related to
variations of the modal proportions of the main phases in
the fractionating assemblage (Fig. 12). The trends are
qualitatively consistent with the fractionation of the main
phenocryst phases Ca-amphibole, clinopyroxene and pla-
gioclase. At the beginning of the fractionation process, the
Al,O5 content increases with increasing SiO, (up to 60%;
Fig. 7) and decreasing MgO contents (Fig. 12). The
Fe,03, TiO,, CaO and MnO (Fig. 7) as well as the
transition elements (Fig. 11) contents strongly decrease
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Fig. 12 Al,Oj; versus MgO (wt%) (a) and Fe versus Ti (wt%) (b) diagrams. Mineral compositions correspond to the data obtained by electron

microprobe in the MDS lithologies
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during this stage, which is consistent with the early
fractionation of mafic phases (amphibole, clinopyroxene,
Mn-ilmenite). Then the Al,O; content strongly decreases
with decreasing MgO (Fig. 12) and the LIL elements (Rb,
Sr and Ba) also decrease suggesting that plagioclase (+ K-
feldspar in the most alkaline lithologies trachyandesites
and trachydacites) is the main fractionating phase. K,O
content versus SiO, is complex and scattered involving
locally K-feldspar, and especially biotite fractionation
(pulses), at different stages of the evolution. As the REE
partition coefficients between HT calcic-amphibole and
calc-alkaline magma (i.e. Hanson 1980; Sisson 1994;
Brenan et al. 1995) are higher than 1 (REEs are com-
patible in HT calcic-amphibole in calc-alkaline environ-
ment), the REE content decreases during the magmatic
evolution from the primitive basaltic andesite to the
evolved rhyolite. The same behaviour has been observed
and modelled in the Dokhan-type volcanic rocks of Egypt
(Mohamed et al. 2000). Experimental studies on water-
saturated calc-alkaline magma (Grove et al. 2003) have
shown that calcic amphibole can be the main ferromag-
nesian phase in the absence of olivine. But, unlike olivine,
amphibole remains on the liquidus all along the crystal-
lization interval, from the early basaltic andesite to the
late rhyolites. The amphibole composition varies regularly
from Si-poor, Ti-rich kaersutite in the mafic rocks to Si-
rich actinolite in the felsic rocks (Féménias et al. 2006).

The Ti-pargasite, which is the common phenocryst in the
Motru rocks, controls the Ti/Fe ratio of the whole magma
series (Fig. 12). There is no significant difference in
composition between the small ( < 50x m) and large (up
to 3,000 um) amphibole grains in a given rock, which
excludes the possibility of several generations of crystals.
The different amphibole types of the primary magmatic
sequence have decreasing crystallization temperature from
basalt (~1,000°C) to rhyolite (~650°C). By contrast,
pressure estimate for all amphiboles is nearly constant and
close to 0.6-0.7 GPa. These P-T conditions imply the
existence of monogenic magma chambers in the deep
crust (or in the upper mantle, the crust is very thin) and,
according to phenocryst zoning, an evolution in a closed
system. A single liquid line of descent process thus most
probably controls the rocks of the Motru Dyke Swarm.
This could be checked by the analyses of glassy melt
inclusions trapped by crystallizing phenocrysts (e.g. De-
vine and Sigurdsson 1983; Rutherford and Devine 1988),
but in Palaeozoic volcanic suites like the MDS, these
inclusions have probably completely (re)crystallized.

Parental magma, source and tectonic implications
The trace element contents of the MDS rocks regularly

decrease (Figs. 9, 10, 11) with increasing differentiation
from basaltic andesites to rhyolites. As crustal materials
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generally have higher LIL trace element contents than
mantle-derived magmas, this behaviour rules out the
contamination of the magma by crustal materials during
fractionation, on one hand, and a crustal origin for the
rhyolites, on the other hand. The Nb/Ta, Zr/Hf and Th/U
ratios remain constant throughout the whole MDS suite
(Fig. 13a—). The calculated average values for these ra-
tios (16.5+ 1.8; 38.8+ 2.9 and 3.8+ 0.9, respectively) are
reasonably close to the Pyrolite values (McDonough and
Sun 1995) and imply a single mantle source for the
parental magma of the MDS suite. The high-K calc-
alkaline rocks, in general, and the rocks of the MDS suite,
in particular, are characterized by LILE and LREE
enrichments, combined with relative depletions in HFSE
(Gill 1981; Wilson 1989). These rocks typically display
volcanic arc geochemical signature (Peccerillo 1985;
Rogers et al. 1985) and have been related to subduction
zones; this is also observed for the MDS rocks (Figs. 12,
13). Nevertheless, for old volcanic suites, like the Palae-
ozoic MDS, the use of the geochemical signature to infer
their lost (subduction related? Fig. 11) tectonic settings is
hotly debated (e.g., Rock 1984; Zhou 1985; Sloman 1989;
Turner et al. 1999; Mohamed et al. 2000; Moghazi 2003).
Moreover, emplacement of high-K magmas with typical
arc-type trace element signature can post-date active
subduction episode and occur synchronously with uplift,
extension or strike-slip movement (Rottura et al. 1998;
Wang et al. 1999; Sloman 1989). The large difference in
the K-content of various calc-alkaline series worldwide
has been related to the influence of the variations of
crustal thickness during melting processes (see evolution
from low-K to shoshonitic suites illustrated in Figs. 9,
10). In that sense, the high-K Motru Dyke Swarm suite
could be the geodynamic marker of a thin continental
crust that resulted from the late- to post-orogenic exten-
sion of the Danubian area. It has been suggested by
several authors (e.g., Rogers et al. 1987; Thirwall 1988;
Sloman 1989; Féménias et al. 2003) that geochemical
features of old calc-alkaline volcanic suites could be re-
lated to chemical heterogeneities generated in the mantle
during trace element enrichment events (metasomatism),
in relation with a subduction episode, and that this
enrichment could last for substantial periods of time after
cessation of subduction.

Conclusion

e The Pre-Silurian Motru Dyke Swarm (MDS) outcrops
in the Alpine Danubian nappes of Southern Carpathians
(Romania). It corresponds to a well-preserved sub-
volcanic suite emplaced in a late- to post-orogenic

@ Springer

(Pan-African orogeny) tectonic setting. It is heteroge-
neously distributed on a ~ 2,000 km” area and displays
an extended, continuous lithological sequence formed
of aphyric to micro-porphyritic basaltic andesite,
andesite, dacite and rhyolite.

e The whole suite has a typical high-K calc-alkaline
major and trace element geochemical signature that
results from the fractional crystallization of a basaltic
andesite and/or basalt parent magma; the main
observed phenocrysts being amphibole, clinopyroxene
and plagioclase.

e The transition and trace element contents (LILE and
REE) significantly decrease during differentiation, while
the Zr/Hf, Th/U and Nb/Ta ratios are kept constant and
close to mantle values. These data argue for a cogenetic
relationship between all the lithologies, including rhy-
olites, and suggest that the mantle-derived magma
evolved without significant crustal contamination.

e The petrographical and geochemical data point to a
typical ‘‘arc-related magma suite’’. Nevertheless, like
for other Palaeozoic volcanic series, the tectonic setting
of the MDS is clearly late- to post-orogenic. This could
mean that the melting of an enriched (subduction-
related) mantle source occurred quite a long time ago,
after the cessation of the subduction itself. The
geochemical characteristics of such magmatic series
have to be used with caution to infer the tectonic setting
during emplacement.
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