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Tulia (North Dobrogea, Romania): Lower Triassic iron ore of
sedimentary-exhalative origin (Sedex)

Albert BALTRES

Geological Institute of Romania, 1, Caransebes Str., 012271, Bucharest, Romania

Abstract: The iron ore described here is related to Lower Triassic, deep-sea carbonate
rocks and consists of a series of isolated lens-like bodies extended in an over one kilometer
wide syncline. Maximum normal thickness of an individual lens does not exceed a few
meters. The mineralization consists of centimeter-scale shiny bands of hematite, interlayered
with green, dull, fine grained garnetiferous bands. The unusual parageneses, particular garnet
compositional variation and crystal chemistry, and also the presence of abundant clusters of
solid inclusions of halite in lamellar hematite, revealed by SEM, electron microprobe and
XRD, were here interpreted as a result of sedimentary-exhalative processes. Certain features,
such as load casts and centimeter-scale intrastratal slides and recumbent folds, as proofs of
deformation in plastic state, might be attributed to deposition of gravitationally unstable
precipitates on the sea floor. Interlayering of hematite and fine grained garnetiferous bands
suggest alternate environment changes. The ore from Iulia has been formed probably by
deposition on the sea floor, in association with some amounts of chemical sediment, as a
result of hydrothermal activity that accompanied volcanic events at or near the Lower Triassic
sea floor. The nature and origin of the associated carbonate rocks help to establish the
connection between ore and its environment, because these rocks consist of deep-sea debrites,
turbidites and pelagic sediments. Positive evidence of submarine volcanism, such as minor
intercalations of spilitized basaltic magma, was also found, although not in close spatial

relationships with the mineralisation.

Keywords: Iron ore, Garnet, Grandite, Sedimentary-Exhalative (SedEx), North Dobrogea, Romania

1. Introduction

The iron ore described here occurs at
Movila Hill, south-west of Iulia, a small
village in the Tulcea County, North Dobrogea
(Figs. 1, 2). The iron mineralization from Iulia
was first mentioned by Savul (1935). The ore
is related to Lower Triassic deep-sea
carbonate rocks belonging to the Somova
Formation, with a great extent in North
Dobrogea (Baltres 1982, 1994), and consists
of a series of isolated lens-like bodies filling
up an over one kilometer-wide syncline. The
ore occurs not far away from the contact with
a large fault (Cetatuia-Consul Fault) to the

Tel: +40213060400; fax: +40213181326
e-mail: alxbal@yahoo.com

west. The orebody fades out within a distance
of ca. 2 km towards the north. The exploration
of the ore began in 1951 and consisted of open
pits, drill holes and underground mining
works (adits and shafts). As the exploration
evidenced resources that do not exceed three
million tons, with a grade of up to 25.5% Fe,
the mineralization was considered of no
commercial interest, and its investigation was
ended in the early ’90s. In arriving at an
understanding of the ore genesis we produce
new bulk rock and mineral analyses (XRD,
SEM and electron microprobe), reaching the
conclusion that the data obtained argue for the
sedimentary-exhalative hypothesis, as
previously supposed by Constantinescu and
Anton (1979, cited by Constantinescu et al.
1987) and then by Baltres (1984).
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Fig. 1. Structural map of eastern Romania (after Sandulescu and Visarion, 1988, passim), showing the

location of study area.

2. Geologic setting

The Somova Formation, with a large
extent in North Dobrogea and containing in its
lower part the mineralization from lulia, is a
geologic body of limestones, more than 750 m
thick, associated with minor basalt flows,
gabbro intrusions and small stratabound iron,
copper and barite deposits. The lower part of
the formation is transitional with the
underlying Bogza Formation. Somova
Formation ends with a rhyolitic member
(Consul Rhyolite), up to 200 m thick, and is

overlain abruptly by the Nodular and
Bioturbated Formation.
Lithologically, =~ Somova formation

consists of a sequences of dark limestone
beds, 0.5 to 20 cm thick, which are
calcarenites grading to micrite, and large
intervals with up to ten meters thick beds of
limeclast debrites. The limestone layers
exhibit sedimentary and biogenic features
common in turbidites. The micrites commonly
grade vertically into thin, dark shale layers,
interpreted as pelagic successions. The
depositional model proposed to explain these
rocks invoke the emplacement by some type
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of sediment gravity flow (turbidity and debris
flow) (Baltres, 1982, 1994).

The Somova formation has similarities
with the Lower Triassic marine sequence of
Youjiang sedimentary province in southern
China, containing also deep-water clastic and
carbonate rocks, including calcirudites and
pyroclastic  rocks (Luolou and Ziyun
formations) formed at the margins of a deep
basin, in front of a carbonate platform (Tong
and Yin, 2002). Even the macroafaunal and
microfaunal content is closely similar with the
North Dobrogean formation.

As concerns the paleotectonic setting,
in the Early Triassic and later, the North
Dobrogean  subsiding block, receiving
sediments and then volcanics and intrussive
gabbro sheets, was situated in the western part
of an extensional basin located in the
consuming Palaeotethys Ocean. This basin
begins to open as a Late Permian-Early
Triassic back-arc type marginal oceanic basin,
behind the Cimmerian and North Tibet
continental slivers'. Thus, the geological
environment in which the Somova Formation
evolved was a fault-controlled setting resulted
by extensional tectonics. The back-arc basin
was destroyed during the Late Triassic
collision of the Cimmerian terrane with the
Eurasian Margin (Stampfli et al., 2001). The
Lower Triassic sediments, volcanics and ores,
recording distinctive  signature, resulted
somewhere in the mentioned basin,
experienced the Late Triassic processes
associated with the collision, and reached their
present position in the Upper Cretaceous by
far-reaching horizontal translations to west. It
results that the North Dobrogean block, with
its Triassic cover, is a Palaeo-Tethyan remnant
resembling a wedge-shaped sliver forced in a
gap between the Moesian and Scythian
platforms (Fig. 1).

In the Iulia zone, the Somova
Formation is confined to a narrow belt
between two reverse faults running NNV-

' The restored image of the Lower Triassic

palacotectonic  map  are  retrievable on:
http://jan.ucc.nau.edu/~rcb7/paleogeographic_alps.
html (based on Sengor and Natal'in, 1996).

SSE: the steep main fracture named Cetatuia-
Consul Fault (also known as Luncavita-
Consul Fault) in the west and Meidanchioi-
Iulia Fault in the east (Fig. 2). Subsequently,
cross faults have offset the formation in many
places. Southward, the formation is subdued
being covered transgressively by an Upper
Cretaceous sequence. Between these major
faults, the steeply tilted beds were involved in
a series of longitudinal tectonic scales oriented
parallel to the local structural trends. Striking
north, the beds of the Somova Formation dip
up to 80 degrees to the east; therefore, the
oldest beds crop out in the westernmost
outcropping part of the formation. The Lower
Triassic (Spathian) age of these rocks can be

ascertained on (i) conodont species:
Neospathodus collinsoni, Chiosella
timorensis, N. triangularis, N. homeri,

Gondolella jubata, Cypridodella unialata
(Elena Mirauta, cited by Baltres, 2003); (ii)
benthic foraminifera: Meandrospira iulia; (iii)
ammonites: Leiophyllites. Minor igneous
rocks occur as concordant, few meter thick
basalt sheets in the Somova limestones, which
are cropping out northward from Iulia, for
more than 20 km, along the Lozova Valley.

The ore lenses (Fig. 3), localized near
the base of the Somova formation, not far
from the tectonic contact with the
epimetamorphic basement (Boclugea Group),
have been tilted up in the west, follow the
attitude of the enclosing rocks and are
arranged in en echelon configuration, reaching
as north as the midway between Iulia and
Valea Teilor villages, as revealed by old
mining works. The iron ore is outcropping in
the western part of the Movila Hill, less than 2
km south-west from Iulia. The ore is in close
relation with the deep-sea carbonate sequences
of the Somova Formation, being folded and
faulted together with it.

The upper member of the Somova
formation, prominently occurring north-west
from lulia, consists of an up to 200 m thick
mass of effusive igneous rocks, which consist
of graded rhyolitic tuffite beds, sometimes
with abundant limestone clasts, tuffs and
massive, porphyritic rhyolite flows (the
Consul Rhyolite).
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Fig. 2. Geological map of the Iulia zone. Loess cover ignored. 1. Basement (Boclugea Group); 2. Somova
Formation (Spathian); 3. Consul Rhyolite (Spathian); 4. Outcropping iron ore (Spathian); 5. Nalbant
Formation (Upper Triassic); 6. Dolojman Formation (Upper Cretaceous).
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Fig. 3. Map showing the location of iron ore lenses (in gray) at various depths in mining workings
undertook at Tulia. Exploration data.
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In addition, dark Somova-type limestones,
reaching up to 34 m in thicknes, were
concordantly intercalated at various levels in
the Consul Rhyolite. Along the rhyolite
contact with the limestones there is a complete
absence of metamorphic phenomena.

3. Previous work

Two different hypotheses have been
advanced to account for the origin of the ore
from lulia. Vlad (1978) interpreted the ore as a
mineralization of epigenetic origin, which
resulted by fluid-rock reaction of ascending,
iron-bearing hot fluids, with earlier lithified
Triassic limestones. The process acted in the
course of Middle Triassic. The mineralizing
fluids, originating in the crystalline basement,
ascended via Luncavita-Consul Fault and
permeated the limestones, converting them to
metasomatic infiltration skarns, by chemical
interactions. Vlad rejected any connection
between the ore and the magmatic rocks in the
region, based on the lack of evident
association with such rocks that might have
played a part in their origin.

In contrast, Marza et al. (1981) asserted
that the mineralization is genetically
associated with an intrussive center made up
of rhyolites. These authors thought that the ore
from Iulia was formed at first by
pneumatolysis, under the action of hot,
mineralized vapours produced by a solidifying
deep-seated rhyolitic magma, on a Triassic
limestone host. Then, closely related in time, a
hydrothermal phase followed. Contact
pneumatolysis generated a garnetiferous-
vesuvianic  microskarn, fine crystalline
magnetite, and also hematite that commenced
to form in this stage. At somewhat lower
temperature and pressure, hydrothermal
solutions were fed into the limestone resulting
hematite-mushketovite, minor sulphides, and
low-temperature gangue minerals (antigorite,
sericite, epidote, siderite-calcite, quartz-
tridymite). In addition, previously formed
garnet was partly or totally transformed into
epidote, calcite and chlorite. According to the
mentioned authors, the mineralizing solutions,
with great ability to accomplish the
replacement of carbonate country rocks, rose

along the major Luncavita-Consul Fault,
following branched faults oriented NV-SE.

The field conditions alter significantly
the conclusion of Marza et al. (1981). As it
was later evidenced, the fault system was not a
forerunner of the rhyolite emplacement and,
thus, of the iron ore. Folding and faulting was
completed much later so that the Luncavita-
Consul Fault occurred only in the Lower
Jurassic. Both the eruption of the rhyolites and
the formation of the ores took place in the
Lower Triassic but were also separated in
time: whereas the mineralized body is
concordantly interbedded in the lower part of
the Lower Triassic carbonate pile (Somova
Formation), the rhyolites occur in the
uppermost part of this formation (Baltres,
1994). In addition, the rhyolites are not
intrussive bodies but pyroclastic rocks and
submarine flows, with concordant limestone
intercalations (Seghedi et al., 1990).

The weak development of the skarn
minerals was explained by Marza et al. (1981)
by the presence of dominantly acid solutions,
the low content of CaCOs;(!) and a high rate of
garnet nucleation, whereas the sulfide scarcity
was explained as the effect of sulfur-poor
oxidant solutions.

Certain new facts revealed by our study
appear to be significant in explaining another
mode of formation for the ore from lulia.

4. Analytical methods

Mineral compositions were
investigated using a Cambridge Stereoscan
180 scanning electron microscope (SEM)
coupled with energy dispersive (EDAX)
detectors for elemental analysis. An
acceleration potential of 20 kV was used. Bulk
rock samples were analyzed for major
components by wet chemical analyses carried
out using standard methods of quantitative
analysis  (gravimetry, colorimetry  and
absorption spectrometry) following techniques
recommended by Maxwell (1968) and by
Iosof and Neacsu (1980). The Penfield method
was used for water determinations. Some
minerals were identified by X-ray diffraction,
with a Soviet DRON-3 diffractometer using a
Cu-Ka radiation.
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5. Mineralogy and parageneses

The mineralization, preserving the
original bedding, consists of centimeter-scale
shiny bands of hematite, interlayered with
yellow and green, dull garnetiferous bands
(Fig. 4). The lenses maintain characteristic
ore-silicate assemblages along their length and
the properties of the ore are the same over a
wide areal and vertical extent. The hematite
bands are more discontinuous and show
sometimes small-scale structures as load casts,
constrictions, intrastratal slides and folds,
sometimes recumbent folds, all of these being
proofs for deformation in plastic state of these
bands.

The inventory of the minerals in the
ore-bearing  bands  includes  hematite,
magnetite, mushketovite and subordinately
martite. The garnetifeous bands (gangue)
consist of finely crystallized garnets (andradite
and grandite), large quantities of a regularly
mixed-layer mineral (chlorite-swelling
chlorite) resembling corrensite, and aluminous
chlorite-swelling  chlorite, also acicular
hematite, magnetite, quartz, calcite, some
dolomite, talc and montmorillonite. Marza et
al.  (1981) described also antigorite,
vesuvianite, sericite and epidote.

5.1. Hematite

Hematite is by far the most important
constituent of the ore groundmass. This results
also in the larger contribution of Fe,O;
(43.28-64.28%) in bulk rock analyses (Table
1), as compared with the FeO content (up to
8.16%; exceptionally 21.67%). As a rule,
hematite occurs as millimeter- to centimeter-
size, tabular crystals. Rarely, these are
associated with skeletal crystals or fine
lamellar hematite, resembling the ophitic
structure (lanovici et al.,, 1977). Often, the
large lamellae, grouped in fascicles or
wreaths, were bent, folded or broken as a
result of compaction that forced the slender,
brittle hematite crystals to tighten.

Hematite shows partial transformation
to magnetite by pseudomorphic replacement
(mushketovite) as was recognized by
chalcographic study. The mushketovite
contains acicular hematite relics. This

magnetite mineral derives from the iron
released from hematite, in reducing
conditions, and the  pseudomorphic
replacement occurred probably by diffusive
processes instead of solution-precipitation
(Matthews, 1976). It is thus, a secondary
reaction magnetite.

In the silicate bands, hematite occurs as
fine, divergent, acicular crystals embedded in
the mixed-layer clay mineral matrix or
surrounded by quartz.

Frequently, the large hematite tablets
carry minute inclusions of various minerals.
Clusters of solid NaCl as inclusions in
hematite contain subhedral crystals, up to 3
micrometers across, with typical conical
depressions on cube faces (hopper crystals)
(Fig. 5). Other NaCl inclusions are
hemispherical in shape (amorphous?) reaching
only one micrometer in diameter and occur
scattered in hematite tablets.

Garnet inclusions in hematite tablets
are anhedral in shape. Their very irregular
outlines are thought by us to have been
formed as they crystallize from solution
droplets trapped between growing hematite
subcrystals whose endings dictate the ragged
appearance of the garnet inclusions. Such
inclusions were not found in the spaces
interstitial to hematite and are not
interconnected. The largest garnet inclusions
reach 30 micrometers across and their
composition is grandite.

Square shaped, euhedral inclusions of
apatite, up to ten micrometers across, occur
rarely. Their composition was tested by
microprobe. A single Zn sulphide inclusion of
12 micrometers was found in a tabular
hematite sample.

Microprobe analysis of single hematite
crystals detected the presence of manganese in
small amounts, less than in magnetite crystals
and in much lower proportion than in garnet.
The atomic ratio Mn/Fe, deduced from wet
chemical analysis data (Table 1), are small (a
mean of 7.25 Mn atoms for each 1000 Fe
atoms bound in Fe,O;; extreme values
between 3.75 and 12.9) while in the
garnetiferous bands, the mean value for the
same atomic ratio is markedly higher (41).
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Table 1. Variation of the chemistry in the silicate and ore bands. Analyst Rosette Ianc. bdl =

below detection limit

SILICATE BANDS ORE BANDS

wt.% #1 #2 #3 #4 #5 #1 #2 #3 #4 #5

SiO, 43.5 35.7 27.6 30,7 458 169 355 204 217 194
TiO, 0.7 1.4 0.4 0.5 0.7 0.6 0.7 1.1 1.0 1.1
Al,O4 11.2 16.9 3.0 10.4 33 2.0 1.5 4.4 1.0 1.2
Fe,0; 11.5 14.5 20.6 173 113 643 550 63.8 433  56.7
FeO 2.1 34 1.0 6.6 1.1 1.3 0.0 0.4 21.7 8.2
MnO 0.7 0.5 0.7 0.9 0.1 0.3 0.3 0.2 0.5 0.4
MgO 8.4 9.4 2.6 5.8 9.6 2.0 2.0 4.5 1.5 1.9
CaO 11.8 11.3 38.1 239 19.6 6.9 1.8 2.1 7.3 6.0
K,O 0.4 0.8 bdl bdl 1.2 bdl bdl 0.1 0.1 0.1
Na,O 0.1 bdl bdl 0.1 0.1 bdl bdl bdl 0.2 0.1
P,0s 0.2 0.2 0.1 0.2 bdl 0.1 0.1 0.1 0.1 0.1
H,O 4.6 6.0 0.8 1.5 3.8 0.6 0.7 24 0.4 0.8
CO, 4.5 bdl 5.5 2.5 3.0 4.5 1.8 bdl 1.3 3.5
S 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2
Total 99.5 100.3 100.4 1002 997 997 995 99.6 100.1  99.6

Both in hematite and in the garnetiferous
bands the atomic ratio Mn/Fe to Fe,Os;
content apparently shows antipathetic
relationships. In contrast with the magnetite,
hematite does not contain calcium. Table 1
shows comparative analytical data obtained
from silicate bands and iron ore bands.

5.2. Magnetite

On polished surfaces examined by
SEM, the euhedral to subhedral magnetite
crystals, 30 micrometers across, show a
zoning  evidenced by  discontinuities
paralleling structural directions (crystal faces),
marginal corrosions, pits and small dark
inclusions of euhedral garnet. Brittle
fracturing in many magnetite grains results in
a close-fitting mosaic of irregularly shaped

crystal fragments. This may be the response of
a directed stress within the ore body.

The hematite replacing magnetite (i.e.
martite) occurs along the margins of the
crystals forming an amas of minute, skeletal
crystals, 5 to 20 micrometers long and 3-5
micrometers thick, proving that the alteration
proceeded along the margins of the crystals.
Sometimes, martite needles are oriented
parallel with the crystal faces of the replaced
magnetite, suggesting alteration along
predetermined structural directions. The
exsolution crystals of martite resulted by a
solution-precipitation process, in oxidizing
conditions, leaving empty spaces between the
skeletal crystals.

Magnetite can occur in narrow bands
containing virtually no other mineral,
embedded in a garnetiferous groundmass.
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Fig. 4. Typical aspect of the mineralization from Iulia which consists of uneven, centimetric bands and
lenses of hematite alternating with green, garnetiferous bands. Scale bar = 10 cm.

Fig. 5. A cluster of tiny NaCl crystals forming one of many solid inclusions in hematite. Polished surface,
SEM image.

10
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Moreover, magnetite occurs in two other
parageneses: (i) as inclusions in quartz or
calcite which fills the interstitial spaces
between large, tabular hematite crystals in the
bands of ore, and (ii) as inclusions in irregular
calcite patches present in the garnetiferous
bands. Magnetite (mushketovite) can also
pseudomorphically replace large tabular
hematite by a commonly crushed mosaic of
crystals containing acicular hematite relics. It
might be tentatively suggested that
pseudomorphic replacement is the result of the
balance between local oxidizing and reducing
conditions.

In any paragenesis the magnetite
crystals contain small quantities of Si, Ca, Ti,
and Mn, as revealed by microprobe. By
contrast, in hematite calcium is misssing. The
Mn content is always higher in magnetite than
in hematite.

5.3. Garnet

Microcrystalline garnet is the main
component of the yellow and green bands
alternating with hematite bands. It also occurs
in low amounts as inclusions in hematite and
magnetite.

On polished surfaces, the garnet
crystals commonly show hexagonal outlines,
and their size ranges between 30 and 60
micrometers across, rarely up to 100
micrometers. On SEM view (Fig. 6) there is
an obvious variation in electron absorption
between the inner and outer parts of a crystal,
caused by compositional inhomogeneity
(darker areas in inner parts are depleted in
heavy elements, in contrast to outer, lighter
areas where heavy elements are present). This
inhomogeneity can explain the anomalous
anisotropy of the garnets in thin section.
Often, the crystals show evidence of chemical
corrosion ranging from shallow pits to deeply
penetrating irregular hollows. XRD analysis
revealed the presence of andradite and
grandite, and electron microprobe evidenced
the compositional variation of individual
crystals, as shown later in this section.

Hemispherical inclusions, up to 5
micrometers in diameter, are probably
amorphous and consist of Cl and K. These

inclusions are common in garnets and are
similar to those signaled in hematite.

The garnet 1is present in four
parageneses:

(1) Paragenesis tabular hematite-grandite
(as inclusions) was already described in the
Hematite section.

(il)) Paragenesis quartz-grandite (and
andradite)-hematite. Here, the garnets occur as
inclusions in irregular masses of quartz,
interstitial to large hematite tablets of the ore
bands. Commonly, garnet occurs in clusters of
2-3 euhedral crystals, each of these 50-60
micrometers across, and showing internal
inhomogeneity clearly visible as hues of gray
on the compositional images obtaind by SEM
(Fig. 6). Andradite is rarely present, in
contrast with grandite. The occurrence of
composite garnet grains embedded in quartz
indicates that some garnet commenced to form
quite early after hematite crystallization.

(iii) Paragenesis grandite-hematite is
essentially composed of tiny grandite crystals
and disseminated skeletal hematite that occur
in the yellow and green bands.

Fig. 6. Polished surface of a grandite crystal with

an inner, darker part of near-grossularite
composition (g) and a larger outer part with a
near-andradite composition (a). SEM image.

(iiii) The paragenesis quartz-grandite-
pyrite, forming submillimetric, irregular
reflective patches embedded in an apparently
crumbled, amorphous matrix with contrasting
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polishing hardness, is present in the yellow
and green gangue bands.

This matrix will be described in more detail in
another paragraph. In the patches of quartz-
grandite-pyrite, a loose framework of irregu-
lar, ragged grandite crystals was interstitially
infilled by quartz containing minute euhedral
pyrite cubes, not larger than 5 micrometers.

5.3.1. Garnet chemistry

Electron microprobe analysis of a large
number of garnet crystals revealed that
andradite, which occur in minor amounts in
the garnetiferous bands, is relatively depleted
in Fe and Ca and enriched in Si in the core of
all crystals. The grandite, with an intermediate
composition  between  grossularite  and
andradite, is by far the most abundat mineral
of the garnetiferous bands and presents
invariably a compositional inhomogeneity,
with a grossularite-type core and an andradite
outer part, reflecting variation in the physical
conditions of crystallization. The inner, darker
part, with irregular outlines in SEM images
(Fig. 6), contains Al, Si, Ca, and some Fe,
whereas the outer, andraditic part, that always
occupies the largest part of a crystal, consists
of Fe, Si, Ca, and some Al. To illustrate this,
the composition determined on the inner and
outer parts of two grandite crystals are given
here. In the inner parts, the oxide contents
(wt%) are: 15.98-16.47% Al,0O3; 40.89-
54.32% Si0,; 31.75-34.77% CaO, and 2.24-
4.92% FeO. The outer, andradite parts consist
of 0.63-3.24% Al,O3; 40.95-46.03% SiO,;
27.56-28.97% CaO, and 24.99-26.82% FeO.

Typically, the grandite crystals have
irregular cores of near-grossularite composi-
tion (Fig. 6) and a larger, outer andradite part.
The ragged outlines of the cores suggest the
mode of crystal nucleation and growth. Proba-
bly the early nucleation of a cluster of andra-
dite subcrystals, 5-10 micrometers across, was
followed by the growth of an unique, decimi-
cronic andradite crystal. In the inner part,
grossularite formation was delayed. Subse-
quently, grossularite formed from the small
quantity of calcium- and alumina-rich silicate
solution trapped between the merged, andra-
dite subcrystals, in the core of a final andradite
crystal. Early nucleation of andradite caused

12

depletion in Fe in the trapped solution
between subcrystals, from which subsequently
crystallized the inner, xenomorphic part of the
grandite crystal, with a near-grossularite
composition. The xenomorphic shape of the
grossularite part in the core of the grandite
crystals is an effect of moulding between the
early andradite subcrystals. An alternative
hypothesis is that the compositional
inhomogeneity of grandite reflects a variation
of the physical conditions of garnet growth, in
such a manner that the availability of iron was
increased, favouring andradite development at
the expense of grossularite.

Compared with the ideal composition
of grossularite and andradite, our analyses
revealed an excess of SiO, whereas other
oxides occur in lesser amount. For
comparison, are given the compositions of
ideal grossularite (22.7% Al,03; 40.0% SiO,;
37.3% Ca0O) and andradite (36.1% SiO,;
32.5% CaO; 31.4% Fe,0;3). Two analyzed
grandite crystals revealed the presence of Ti
and Mn. TiO, content was 0.02-0.91%, and
MnO content was 0.45-0.95%. Manganese is
more abundant in garnetiferous bands than in
the hematite bearing bands (0.446 and 0.27
wt%, respectively). Also Mn is mainly
partitioned in garnet rather than in hematite.
The atomic ratio Mn/Fe in garnetiferous bands
are significantly higher than in the hematite
bands (a mean of 41 Mn atoms for each
thousand Fe atoms bound in Fe,O;, in
contrast with 7.25 Mn atoms in hematite).
Possibly,  different =~ Eh-pH  conditions
controlled the uneven extraction of manganese
by hematite and garnet. Probably garnet
crystallized in  oxidizing  conditions,
favourable for extraction of Mn from solution.
By contrast, reducing and slightly acid
conditions carried Mn away in solution
(Whitehead, 1973). The atomic ratio Ti/Fe X
1000 follows a similar trend as in the case of
Mn but the values are much lower (1.2 Ti
atoms for each thousand Fe atoms in
garnetiferous bands and only 0.45 Ti atoms in
iron oxide bands).

5.4. Chlorite-swelling chlorite matrix
A regularly mixed-layer clay mineral,
chlorite-swelling chlorite, are always abundant
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in the yellow and green bands, especially in
their soft, friable parts. On polished surfaces,
the apparently crumbling, dull, amorphous or
cryptocrystalline matrix occurs receded
because of contrasting polishing hardness with
the accompanying reflective patches of other
minerals (quartz, grandite, minor amounts of
pyrite, apatite and hematite) (Fig. 7). XRD
analysis carried out on samples of this matrix
revealed the presence of a regularly mixed-
layer mineral, chlorite-swelling chlorite (C-
Cg/R) resembling corrensite, and aluminous
chlorite-swelling chlorite (Al/C-Cg/R), and
also minor amounts of talc and

montmorillonite. Marza et al. (1981) signaled
also the presence of vesuvianite and antigorite
in the matrix. Electron microprobe analysis
indicates the presence of Ca, Si, Fe, Mg, Al,
Mn, Ti, P (in decreasing order of abundance).

Fig. 7. Polished surface of the amorphous or
cryptocrystalline matrix which occurs receded
(m), containing irregular patches of quartz (q)
and minute pyrite crystals (p). The matrix
consists essentially of a regularly mixed-layer
chlorite-swelling chlorite clay mineral. SEM
image.

5.5. Quartz

Quartz is constantly present both in the
hematite and in the garnetiferous groundmass.
It occurs in large proportions (15-34%) as
infillings in the interstitial spaces of tabular
hematite (and mushketovite) and contains
inclusions of euhedral magnetite or grandite.
Another mode of occurrence is as
intercrystalline infillings in garnetiferous
bands or as irregular patches in the mixed-
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layer chlorite-swelling chlorite matrix. The
quartz patches include sometimes fine,
acicular hematite and tiny, euhedral pyrite
crystals.

5.6. Calcite

Calcite occurs in patches in the
garnetiferous bands and contains euhedral
magnetite crystals. In the interstices of tabular
hematite the calcite contains mushketovite
inclusions that resulted probably at the
expense of hematite. In the garnetiferous
bands, the calcite is present in amounts of
5.7% to 12.5%; in the hematite bands the
calcite content varies between 2.95% and
10.23%.

5.7. Sulphide minerals

Sparsely disseminated euhedral crystals
of pyrite, 3-5 micrometers across (rarely 30
micrometers), occur in the chlorite-swelling
chlorite matrix (Fig. 7) but mainly as in-
clusions in quartz patches embedded in the
matrix. Some hematite tablets carry small ZnS
crystals. In small, irregularly shaped inter-
stices of the ore groundmass, rare Zn and Cu
sulphides sometimes occur intergrown with
quartz and calcite in such a manner as to in-
dicate epigenetic infill. Chemical analysis in-
dicates that the S content is lower in the gar-
netiferous groundmass than in the ore (0.06-
0.13wt%, and 0.12-0.18wt% respectively).

6. Discussion on ore genesis

An earlier interpretation of ore genesis at
Iulia was proposed by Marza et al. (1981),
who thought that the garnet and magnetite
were formed early by pyrometasomatosis
whereas the hematite-mushketovite were
generated later, as hydrothermal products in
the skarns at the contact between rhyolites and
limestones. In their interpretation, the authors
avoid to explain some facts such as the banded
appearance of the ore and the exclusively
microcrystalline size of the garnets. However,
they noticed that the host limestone shows no
signs of thermal recrystallization, that most
mineral assemblages are devoid of typical
skarn minerals and hydrothermal sulfide
minerals, and that evidence of pyrometa-
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somatic processes is weak. Also, the intrussive
rocks assumed in their interpretation to be
responsible for contact metamorphic effects,
are in fact alternances of tuffs and graded,
green tuffite beds 0.2 m to 3 m thick, with
decimetric limestone intercalations, massive
perlitic, brecciated and fluidal, green rhyolites,
and also massive, porphyritic rhyolite flows
(Seghedi et al., 1990). These were formed in a
deep marine depositional environment by a
combination of gravity-driven processes such
as debris flows, turbidity currents and
subaqueous emplacement of rhyolitic flows.
The stratigraphic position of the rhyolites is at
the top succession of the Somova Formation
whereas the ore body is located near the base
of this formation. Regarding the tectonic
factor (the Luncavita-Consul Fault) claimed
by Marza et al. (1981), the named fault is
subsequent to ore genesis, being involved only
in post-Triassic block faulting and horizontal
displacements.

A model involving the submarine-
exhalative processes is more compatible with
the specific features of the mineralization
from Iulia. We reached an interpretation
different from that of Marza et al. (1981) be-
cause the overall, laterally persistent alter-
nances of centimeter hematite and garneti-
ferous bands, and certain features as load casts
and centimeter-scale intrastratal slides and
recumbent folds, as proofs of deformation in
plastic state, might be attributed to deposition
of gravitationally unstable precipitates on the
sea floor. The multiple alternation of the
interlayered hematite and garnetiferous bands
suggest repeated environment changes.
Nonetheless, the deposit suffered minimum
post-depositional reconstitution, preserving
the original bedding. On the other hand, it
shows no signs as being produced by
replacing solid rock or filling open spaces in
it. In addition, the ore is in sharp contact with
the overlying and underlying carbonate rocks,
is conformable with the bedding direction of
the Lower Triassic carbonate sequence
(Somova Formation) and was folded together
with this sedimentary sequence. The carbonate
rocks adjacent or intercalated with the
orebodies show mno signs of influence
characteristic for the marginal zones of an
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orebody, being virtually indistinguishable
from those away from contact.

As concerns the nature and origin of the
associated carbonate rocks, these can help to
establish the connection between the ore and
its environment. First, the carbonate formation
(Somova Formation) consists of deep-sea
debrites, turbidites and pelagites. Next,
positive evidences of submarine volcanism
were found in these rocks, as minor
intercalations of spilitized basaltic magma that
extend further on strike, where orebodies no
longer persist. The degree of continuity
between spilitized basalt occurences is low.
Elsewhere, the Somova Formation contains
some intrussive gabbro sheets, up to 106 m
thick, the largest of these showing a narrow
zone (2-5 m) of contact metamorphic deposits
separating the intrusion from the sediments.

The lack of close spatial relationships
of the orebodies from Iulia with basaltic lava
do not preclude that these were derived from a
deeper seated source, in the form of submarine
exhalations. Accordingly, it can be suggested
that the characteristics of the ores might be
directly  attributed to some original
hydrothermal processes although the source
likely to provide the postulated hydrothermal
solutions is apparently absent. Varnavas and
Panagos (1983) emphasized that during the
interaction between oceanic crust and the sea
water near volcanic centers “oxidizing sea
water penetrates and circulates, within the
fractures of the crust, thus becoming slightly
acid and reducing. Such a solution can extract
metals from the basalt, such as Fe, Mn, Cu,
Zn, etc. The continuous reaction between sea
water and basalt, leads to the formation of
metal-bearing hydrothermal solutions, which
discharge onto the ocean floor”.

The ore of Iulia was formed by
sedimentary-exhalative processes, while the
original sediment of the actual garnetiferous
bands was modified in some way by igneous
emanations, in a particular geological

environment, so that both hematite and
garnetiferous bands are cogenetic, being
chemical sediments formed by repeated

gradual environmental changes. Stratabound
ore and gangue mineral interlayering resulted.
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The metals of igneous origin were
probably carried as chloride complexes
whereas the ions necessary for the formation
of new silicate minerals, during sedimentation
and diagensis, were present at the site of
deposition. The buried, semilithified, cohesive
interlayers were gravitationally unstable,
allowing differential loading that produced
deformation structures of the more dense
hematite bands. Compaction of hematite
produced bending, folding and breaking of
brittle hematite fascicles, resulting an uneven,
bumpy surface of the iron ore bands.

The different atomic ratio Mn/Fe in
hematite and garnet may indicate that the
environment was alternatively highly reducing
and acid (Mn was reduced and removed in
solution from metalliferous sediment), and

relatively oxidizing and more alkaline
(extracting Mn from solution where the
solutions encounter excess silicate and

carbonate ions).

The hematite bands were deposited as
metal-rich sediments from iron-charged
outflowing hot springs rising from the depth
or by leaching of extruded basalt. Iron would
be generally oxidized, concomitantly with
gradual neutralization of the acid bottom
water solution, so that uptake of metal by
hematite mineral phase takes place in mildly
oxidizing and less alkaline conditions. Under
these  circumstances  manganese  was
incorporated in hematite in lesser amounts,
remaining longer in solution, until pH reached
the normal value of sea water. Subsequently,
excess silicate and carbonate ions, in a
reducing and more alkaline environment,
favored nucleation of garnet which extracted
more efficiently the manganese from solution.
The hematite layers require the contribution
from a volcanic source as rising hydrothermal
pulses of heated solutions carying leached
metals, mainly iron, as chloride complexes.

That the solutions carying the iron as
chloride complexes were hot and highly saline
is proved by the abundant solid NaCl
inclusions which occur in intimate association
with hematite, as small clusters of tiny,
subhedral crystals or as apparently
amorphous, spherical inclusions. The sodium
and chloride acted as components of a liquid
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richer in these ions than the ordinary sea
water. The poor circulation of sea water at
depth prevent contamination, allowing the
preservation of a stratum of metal-laden hot
brine above the sea floor and the slow
precipitation of the elements it contained.

The thin ore bands suggest that the
hydrothermal fluids with high concentrations
in metal reached the sea floor in small
quantities, but in repeated pulses over
geologically short periods of time (Ridge,
1973).

When the amount of ore-bearing fluid
which entered the sea floor diminished, it
reacted with the carbonate mud which was the
natural sediment of the basin resulting in
silicate minerals, the most interesting of these
being the garnet species grandite and the
regularly interstratified  chlorite-swelling
chlorite resembling corrensite. The
garnetiferous bands, as immediate lithological
associates of the hematite bands, are
interpreted as chemical sediments based on
their similarity to authigenic garnets of the
grandite series occurring in micarb chalk,
above basalt at Site 251 from Indian Ocean
Ridge, described by Kempe and Easton
(1974). As the authors stated “The material
introduced for their formation (SiO,, Al,Os,
Fe,03) was probably transported from the
magma source below the basalt in a highly
alkaline hydrothermal fluid, in which silica
would be in solution and the trivalent oxides
form colloidal gels. Upon introduction into the
ooze, a gelatinous Ca-Al (Fe) complex may
form, which, by a chemical exchange process,
would lead to widespread nucleation of the
garnets”. In these circumstances, “although
the garnets are believed to be metasomatic,
they must be considered in the context of
authigenesis, in which such an occurrence is
extremely rare or even unique”. In the case of
the garnets described here, which possess
several characteristics in common with the
microscopic (2-3 micrometers in diameter)
garnet grains at Site 251, probably the
nucleation proceeded rapidly, in a manner
described in the section refering to garnet
crystal chemistry. Alternatively, an unstable
and reactive initial iron-depleted garnet
species, with near-grossularite composition,
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rapidly evolved to more stable, near-andradite
granet, as the availability of iron increases.

The amorphous matrix occurring in
irregular patches in the garnetiferous bands,
consisting of regularly interstratified clay
minerals  chlorite-swelling  chlorite  and
aluminous chlorite-swelling chlorite, repre-
sents a stage in the transformation sequence of
chlorite through swelling chlorite to smectite,
elsewhere known as a transformation product
due to hydrothermal actions (Veniale and van
der Marel, 1963). Or, the mineral was
neoformed from ionic solutions, on the sea
floor. The tiny pyrite euhedral crystals which
commonly occur in the clay matrix have
probably precipitated before reaching the sea
floor, carried in the ascending brine, and
scattered on the sediment surface. In the
garnetiferous and clay mineral bands the iron
oxides formed a minor portion so that here
only sparse skeletal hematite crystallized.

Particular mention should be made on
the numerous inclusions, especially in
hematite. In the course of hematite
crystallization, garnet occurred sparsely, as
shown by grandite inclusions in hematite and
by grandite crystals interstitial to hematite
lamellae. In the latter case, small clusters of
garnet were cemented by quartz while the
anhedral grandite inclusions in hematite
crystallized from trapped solution droplets
adhering on the growing crystal faces that
enclosed them in the course of growth. These
droplets proceeded from a suspended load of
colloidal material.

The presence of tiny NaCl solid
inclusions, occurring as crystal clusters in
hematite, "implies that the mineralizing fluid
was saturated with respect to halite at the time
of crystal growth" and resulted "from rapid
precipitation of halite from the inclusion fluid
as it escapes from the inclusion" (Campbell et
al., 2001). It is also possible that, from the
saturated fluid, the halite crystals precipitated
on a growing crystal surface of hematite,
causing the host to grow around the foreign
halite crystal, trapping it along with some of
the NaCl saturated fluid, as suggested by
Becker et al. (2008).

As concerns the depth of the sea
receiving the volcanic exhalations, Ridge
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(1973) predicted the behavior of the saline
solutions entering the sea. If the source of the
saline solutions is under an overlying 915 m
of sea water or more, these reach the sea floor
no matter what their temperature is at that
time. At shallower depths, the high
temperature solutions will boil a short distance
beneath the sea floor, causing the sudden
precipitation of all constituents of lower vapor
pressure than water. To avoid boiling, the
volcanic exhalations must reach the sea floor
under sufficient confining pressure, at depths
exceeding 915 m over the area of deposition.
It is highly probable that the carbonate
turbidite sequence and the incorporated ore
body of Iulia were laid down in a deep sea, as
predicted by Ridge.

7. Conclusions

The ore by lulia has been formed by
deposition on the sea floor, in association with
some amounts of chemical sediment, as
evidence of hydrothermal activity that
accompanied the volcanic events at or near the
Lower Triassic sea floor. The minerals that
occur now are not in the form in which they
were deposited. A primary iron sediment
precipitated from hydrothermally derived
saline and metal-rich solutions, in response to
the convergence with the physical conditions
of sea water. The formation of hematite may
be attributed to diagenesis at the sea floor,
which resulted in the iron sediment
progressing toward hematite. Part of the
mineralized hot brines that reached the sea
floor reacted with the sediments, resulting the
occurrence of mineralized carbonate muds and
garnetiferous sediments. The ore may have
been concentrated preferentially along the
general keel direction of a string of small
depressions on the sea floor containing hot
springs, as the result of volcanic processes.
The geological environment where these ores
and chemical sediments were ponded, in
basin-like depressions, was a deep sea, as
suggested by the presence of carbonate
debrites, turbidites and pelagic sediments
associated with some basaltic volcanics and
intrusives (gabbro sheets), in a fault-controlled
setting resulted by extensional tectonics.
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Abstract: This paper provides petrographic and geochemical data (major and trace elements)
on selected Permian intrusions south of Panzhihua municipality: Luobodi (gabbro hosting Fe-
Ti-V oxide ore), Jizicheng (dunitic peridotite and olivine pyroxenite + gabbro),
Gongshangqing (gabbro and peridotite hosting PGE mineralization), one gabbro body and two
picrite dikes intruded in the southern part of the Datian Proterozoic complex. These
intrusions are genetically related to the Permian Emeishan large igneous province. The
attempt to find a geochemical correlation between the investigated intrusions and the high-Ti
or low-Ti Emeishan basalts yielded ambiguous results. Most of the rocks have Ti/Y > 500,
similar to the high-Ti basalts, while Zr/Nb and La/YDb ratios are similar to those of the low-Ti
Emeishan basalts. The ultramafic rocks in the Gongshanqing and Jizicheng intrusions have
Cu/Zr > 1 and Cu/Pd ratios within the mantle range (1000-10000), which suggests their
genesis from magmas fertile in chalcophile elements. The formation of the Gongshanqing

and Jizicheng intrusions in magmatic conduits is inferred.

Keywords: mafic, ultramafic, Emeishan large igneous province, Permian, Panxi rift, China

1. Introduction

The western part of the Yangtze craton
is characterized by the presence of a zone of
crustal extension, known in the Chinese
literature as the Panxi zone or the Panxi rift
(Fig. 1A), named from the two municipalities
of Panzhihua and Xichang (Fig. 1B). The
Panxi rift is located within the Emeishan large
igneous province (Xu et al., 2001), made up of
the Emeishan basalts, ca. 260 Ma in age (Zhou
et al, 2002a), and numerous intrusions
cropping out within the Panxi rift. The
Emeishan basalts were divided in two
geochemical types of low-Ti and high-Ti
compositions (Xu et al., 2001; Xiao et al.,

" Tel: +40213060491; fax: +40213181326;
e-mail address: munteanu.marian(@igr.ro
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2004; Xu et al., 2004; Ali et al., 2005; Zhou et
al., 2008). The low-Ti basalts have
Ti0,<2.5% and Ti/Y<500, while high-Ti
basalts are characterized by Ti/Y>500 and
Ti0,>2.5% (Xu et al., 2001).

Most intrusions of the Emeishan large igneous
province crop out within the Panxi rift, and
contain various rock types (peridotite, pyro-
xenite, gabbro, syenite, alkaline granite). The
Panxi rift is economically important as it con-
tains several ore deposits hosted in intrusive
bodies. These deposits are of two main types:
giant-scale Fe-Ti-V oxide deposits (Panzhi-
hua, Hongge, Baima, Taihe) and smaller Ni-
Cu(-PGE) sulfide deposits (e.g. Yangliuping,
Limahe, Zhubu, Jinbaoshan, Baimazhai). The
Fe-Ti-V oxide deposits are hosted in gabbroic
intrusions, while the sulfide deposits occur in
ultramafic-mafic intrusions. Zhou et al. (2008)
argued for a genetic relation between the high-
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Ti Emeishan basalts and the Fe-Ti-V oxide
deposits, on the one hand, and between the
low-Ti Emeishan basalts and the sulfide
deposits, on the other hand.

MN-CHINA
CRATON

B

50 km @

— 28° 28
Eastern Xichang
Tibet 8 Yangtze
R
Craton
J ‘9 Miyi
Panzhihua

- 26° 262}

102°
l

Fig. 1. A. Location of study area in the Panxi
rift. B. Tectonic sketch map of the western
margin of the Yangtze craton in the south-
western part of the Sichuan Province. The
Proterozoic intrusions are figured in dark grey.

In this paper we report data resulted from
geological observations and geochemical
investigations on samples collected during a
field trip to several intrusions south of
Panzhihua. Based on these data and on the
models and hypotheses in the literature, we
discuss on the formation of the intrusions and
on their Ni-Cu and PGE potential.
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2. Geology of the intrusions

The Datian intrusive complex is located
south-east of the Panzhihua Fe-Ti-V oxide
deposit (Fig. 2). It is one of the many
batholiths with granitic-dioritic rocks within
the late Proterozoic Hannan-Panxi arc (Zhou
et al., 2002b); therefore it belongs to the
basement of the Panxi rift. Its age is ca. 759
Ma (Li et al., 2003). CGGJC (1986) refer to
the Datian complex under the name of Dukou
diorite, with an extent of 55 km x 20 km and a
petrographic composition dominated by quartz
diorite, with variations from hornblende
gabbro to granodiorite. Zhao and Zhou
(2007a) determined the age of two gabbroic
bodies in the north-western margin of the
Datian complex to 746 £ 10 Ma and 738 + 23
Ma. The Datian complex usually displays a
gneissic texture and contains enclaves of rocks
metamorphosed in the granulite facies
(CGGIC, 1986).

Luobodi is a gabbroic intrusion hosting
Fe-Ti-V oxide ore. Among the intrusions
mineralized with Fe-Ti-V oxides in the Panxi
rift, the Luobodi intrusion is located in a
western alignment, together with Panzhihua
and Malong intrusions (Yao et al., 2001).

Jizicheng 1is an ultramafic intrusion
south of Luobodi. Observations and sampling
along a country road that exposes the intrusion
almost continuously, showed a spatial
zonation, with a marginal zone (ca. 30 m
wide) made up of fine-grained peridotite, and
a coarser inner zone made up of olivine
pyroxenite, the latter showing transitions to
more feldspathic compositions (grading to
olivine gabbro) in its central part.

Gongshanging intrusion (ca. 800 m x
500 m) is located at the limit between the
dominant Datian quartz diorites (to the east)
and the Lixidong granodiorite (to the west).
The intrusion is made up of distinct mafic and
ultramafic zones. The ultramafic zone is
poorly exposed but it was investigated with
numerous drill holes and one adit. The
exploration conducted during the 1960s
indicated Pt+Pd contents up to several g/t and
Ni and Cu contents less than 0.5% each.
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Fig. 2. The Datian intrusive complex and the
location of the rocks investigated in this study
(geology simplified after Zhao and Zhou,
2007b).

Two picrite dikes are figured north-east
of the Gongshanqing intrusion on the
exploration maps of the Sichuan Bureau for
Geology and Mineral Resources. These are
limited in their extent (less than 100 m on
strike).

The southern part of the Datian Prote-
rozoic complex was intruded by a gabbroic
body (Fig. 2) of Permian age (Zhao and Zhou,
2007b, Fig. 2). This intrusion will be referred
to hereafter as the south-Datian gabbros.

3. Petrography of the Permian intrusions

Luobodi Similar to the rocks in the
Panzhihua deposit, the gabbros of the Luobodi
intrusion contain olivine. Olivine, pyroxene
and plagioclase may be included in Fe-Ti
oxides (Fig. 3A,B) but commonly are
interstitial to the oxide grains, the latter
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exhibiting occasional euhedral shapes (Fig.
30).

Jizicheng The peridotite from the
marginal zones is dunitic (~ 90% olivine). The
olivine occurs as euhedral crystals (Fig.
3D), commonly less than 1 mm in size
(only exceptionally reaching 2 mm), entirely
altered to serpentine. A serpentinized mass
occurs between the olivine crystals
(presumably dominated by former pyroxene
oikocrysts). The peridotite gradually passes
to pyroxenite, concomitantly increasing its
grain size; the olivine crystals become coarser
(3-4 mm in size), being accompanied by
smaller pyroxene crystals (1-2 mm). Further
away from the margins of the intrusion,
the proportion of modal olivine gradually
decreases to 20-35% in favor of pyroxene,
which generates rare porphyric crystals (ca.
6 mm in size). The increasing frequency of
the porphyric pyroxene crystals toward the
inner parts of the intrusion leads to the
generation of equigranular coarser rocks (Fig.
3E). In the coarse equigranular olivine
pyroxenite, the pyroxene can be oikocrystic,
embaying olivine crystals (Fig. 3F).
Plagioclase occurs as interstitial (anhedral to
subeuhedral) crystals (Fig. 3G), with
increasing proportions in the coarser rocks,
where it can exceed 10% modal. Interstitial
brown hornblende (Fig. 3H) occurs as a minor
phase (2-5%). In the equigranular coarse
pyroxenite, olivine may show interstitial
position (Fig. 3E). The gabbros occurring in
the central part of the intrusion show
mesocratic and leucocratic varieties, made up
of plagioclase and green hornblende, without
pyroxene and olivine.

Gongshanging  Peridotite  is  the
dominant rock type, showing typical cumulate
texture (Fig. 4A). The olivine is cumulus,
commonly included in pyroxene oikocrysts
(Fig. 4B). Brown hornblende and biotite are
also oikocrystic, occurring as skeletal crystals
interstitial to olivine and pyroxene (Figs.
4A,C). The peridotite shows transitions to
pyroxenite. The outcropping mafic rocks are
hornblende gabbros (plagioclase and green
hornblende), commonly leucocratic to
mesocratic.
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The picrite dikes show two facies: (a)
the fine-grained picrite (Fig. 4D) contains
olivine + pyroxene phenocrysts in a matrix of
unoriented plagioclase laths =+ anhedral
plagioclase crystals, with smaller pyroxene
and oxide crystals (magnetite and ilmenite) in
the interstices; (b) the medium grained picrite
(Fig. 4E) is made up of euhedral olivine

embedded in a groundmass of anhedral
plagioclase and euhedral to subeuhedral
pyroxene, hornblende, biotite and Fe-Ti
oxides. Our samples of south-Datian gabbros
show simple mineral assemblages, consisting
of plagioclase, green hornblende and Fe-Ti
oxides. The hornblende may include small
plagioclase crystals and Fe-Ti oxide grains

phenocrysts =+ phenocrysts (Fig. 41).

pyroxene

Fig. 3. Mineral relations in the Luobodi (A-C) and Jizicheng (D-H) intrusions. All microscope images (A-E
and F-H) were taken in transmitted light, with parallel nicols. Symbols: h= hornblende; ol = olivine; ox =
oxide; pl = plagioclase; px = pyroxene; sol = serpentinized olivine. A. Plagioclase crystal included in oxide.
B. Serpentinized olivine included in oxide. C. Euhedral oxide grains. D. Dunitic peridotite of the outer zone
of the Jizicheng intrusion. Serpentinized olivine crystals and interstitial hornblende. E. Olivine pyroxenite
with interstitial anhedral plagioclase. Scanned thin section. F. Pyroxene oikocryst with included olivine
crystals. G. Anhedral plagioclase between pyroxene crystals. H. Hornblende oikocrysts with olivine
inclusions
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Fig. 4. Mineral relations in the Gongshanging intrusion (A-C), in the picrite dikes and in the south-
Datian gabbros (I). The pictures at the microscope (A-C and F-G) were taken in transmitted light with
parallel nicols. Symbols: h= hornblende; ol = olivine; ox = oxide; pl = plagioclase; px = pyroxene. A.
Peridotite with hornblende oikocrysts (dark) between pyroxene oikocrysts (px), both including olivine
crystals. B. Olivine crystals in pyroxene oikocryst. C. Olivine crystals in hornblende oikocryst. D. Fine-
grained facies of picrite, with porphyric olivine and pyroxene in a matrix made up of euhedral
plagioclase laths and interstitial pyroxene. Scanned thin section. E. Medium-grained facies of picrite,
with olivine crystals in a matrix made up of anhedral plagioclase, pyroxene and hornblende. Scanned
thin section. F. Fine-grained facies. Euhedral plagioclase, porphyric pyroxene, surrounded by small
euhedral pyroxene, oxide, euhedral to subeuhedral plagioclase, anhedral hornblende. G. Fine-grained
facies. Euhedral plagioclase, porphyric olivine and interstitial pyroxene, oxide and hornblende. H.
Medium-grained facies. Porphyric pyroxene and olivine with interstitial hornblende and plagioclase. 1.
South-Datian gabbro. Hornblende with inclusions of plagioclase and oxide.
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Table 1. Major and trace element contents of the investigated intrusive rocks. Dt = Datian; gbb = gabbro;
Gg = Gongshanqing; Jzc = Jizicheng; Lbd = Luobodi; mgt = Fe-Ti-V oxide ore; per = peridotite; pxt =
pyroxenite; qd = quartz diorite; sDg = south-Datian gabbro; bdl = below detection limit.

Sample  Dtl Dt5 Dt7 Dt7A  Dt8 Dt9 Dt10 Dtl1 Dtl12
Latitude 26.35968 26.26312 26.26312 26.26438 26.26467 26.26439 26.26378 26.42225 26.42225
Longitude 101.7639 101.6053 101.6053 101.6076 101.6071 101.6071 101.6062 101.6348 101.6348

Lithology qd per gbb per per per per pxt pxt
Intrusion Dt Gg Gg Gg Gg Gg Gg Lbd Lbd
SiO; % 64.78  41.08 5695 4519 4721 40.64  40.38 18.73 19.94
TiO, 0.44 0.81 0.54 2.19 0.9 0.76 0.78 11.45 10.46
Al,O; 17.02 4.32 18.47 7.59 3.94 3.46 3.63 8.51 9.23
Fe,0; 4.17 15.32 5.52 14.7 13.11 15.37 1525  49.13  47.76
MnO 0.05 0.18 0.1 0.18 0.19 0.18 0.18 0.27 0.27
MgO 2.32 26.85 3.82 19.53 2238 2942 2848 5.76 6.7
CaO 4.17 3.82 5.18 591 8.76 2.89 3.1 3.26 2.28
Na,O 3.93 0.51 5.32 1.11 0.51 0.41 0.36 0.53 0.38
K,O 2.32 0.31 1.54 0.24 0.2 0.22 0.23 0.09 0.09
P,O0s 0.13 0.07 0.16 0.16 0.07 0.08 0.09 0.06 0.03
LOI 0.6 5.8 2.3 2.6 1.9 5.5 6.5 2.1 2.6
S bdl 0.11 bdl bdl 0.14 bdl bdl 0.38 0.33
Total 99.94  99.18  99.92 9944  99.31 98.99  99.05 100.27 100.07
Sc ppm 7 14 11 22 33 11 13 27 28
A% 74 133 104 219 167 113 122 1643 1587
Cr 37 357 28 381 253 292 372 0.5 bdl
Co 11 96 11 62 57 107 102 121 137
Ni 21 1297 31 1029 994 1579 1503 29 33
Cu 3 57 10.5 288 245 44 53 69 63
Ga 19 7.2 19 12.2 7.1 5.6 6.7 28.2 28
Rb 92 7.3 422 2.4 5.1 5.1 5.7 2.1 2.1
Sr 476 140 672 240 102 120 106 202 170
Y 5 8.4 11 18.2 10.7 6.5 8 8.1 7.2
Zr 77 49 106 124 47 44 48 34 32
Nb 6.2 6.4 4.5 12.6 4.2 4.7 5.6 6.1 5.7
Ba 494 67 369 78 40 43 48 216 388
Cs 4.1 0.4 0.5 0.8 0.4 0.2 0.3 0.2 0.3
La 10.2 6.1 15.9 12.5 4.9 4.8 5.5 3.1 2.6
Ce 20.3 15.2 34.9 33.2 13 11.8 13.6 8.6 6.9
Pr 2.3 2.0 4.2 4.5 1.8 1.6 1.8 1.4 1.1
Nd 8.6 8.8 17.6 21.5 9.1 7.2 8.5 7.4 6.4
Sm 1.56 1.92 2.83 441 2.11 1.58 1.76 1.71 1.49
Eu 0.62 0.62 0.82 1.4 0.72 0.51 0.56 0.91 0.96
Gd 1.28 1.79 2.26 4.1 2.17 1.49 1.69 1.9 1.67
Tb 0.22 0.33 0.39 0.72 0.41 0.26 0.31 0.34 0.29
Dy 0.85 1.51 1.74 3.34 1.97 1.26 1.37 1.56 1.37
Ho 0.15 0.27 0.33 0.61 0.36 0.22 0.25 0.27 0.24
Er 0.38 0.71 0.88 1.53 0.89 0.58 0.64 0.67 0.59
Tm 0.06 0.11 0.15 0.24 0.14 0.09 0.1 0.09 0.08
Yb 0.36 0.64 0.94 1.36 0.77 0.51 0.58 0.53 0.49
Lu 0.05 0.1 0.14 0.2 0.12 0.08 0.08 0.08 0.07
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Hf 22 1.4 3 3.7 1.5 1.4 1.3 1.2 1.3
Ta 03 0.4 0.2 0.7 0.2 0.2 0.3 0.3 0.3
Pb 108 08 569 104 079 078 09 0.6  0.73
Th 25 0.9 2.7 1.8 0.7 0.8 0.7 0.1 0.2
U 0.6 0.2 0.7 0.4 0.2 0.2 0.2 bdl bdl
Pd ppb bdl bdl bdl 28 36 15 19 bdl bdl
Pt bdl bdl bdl 19 28 15 19 bdl bdl
Ti/Y 528 579 295 722 505 702 585 8481 8717
Zr/Nb 155 58 9.7 6.8 44 6.8 6.0 42 45
La/Yb 283 95 169 92 6.4 9.4 9.5 5.8 53
Cu/Pd 0 0 0 10298 6794 2957 2769 0 0
Cu/Zr 004 1.7 010 232 522 100 111 201 194

Table 1 (continued)

Sample Dt13 Dtl5 Dtl6 Dt17 Dt18 Dt19 Dt20 Dt22 Dt25

Latitude  26.42225 26.38146 26.38153 26.38135 26.38158 26.38195 26.38195 26.38257 26.38657

Longitude 101.6348 101.6145 101.6148 101.6142 101.6138 101.613 101.613 101.6129 101.6132

Lithology mgt pxt pxt pxt pxt pxt gbb pxt pxt
Intrusion Lbd Jzc Jzc Jzc Jzc Jzc Jzc Jzc Jzc
Si0; % 491 38.97 38.94 45.13 43.59 48.36 46.47 44.15 45.68
TiO, 15.82 0.28 0.31 0.71 0.75 0.82 0.62 0.61 0.84
Al,O, 43 1.48 1.74 3.18 3.53 3.37 11.85 2.32 5.83
Fe,03 71.03 12.48 13.35 13.6 15.52 12.03 11.51 14.27 12.36
MnO 0.36 0.14 0.15 0.19 0.21 0.19 0.15 0.19 0.18
MgO 2.84 33.1 32.05 22.58 22.49 19.4 15.65 24.69 18.9
CaO 0.17 0.04 0.07 11.96 10.77 14.88 11.49 10.21 12.99
Na,O 0.01 bdl bdl 0.3 0.33 0.41 1.5 0.25 0.58
K,O bdl bdl bdl bdl bdl bdl 0.11 bdl 0.06
P,05 0.05 0.01 0.02 0.01 0.01 bdl 0.02 bdl 0.02
LOI 0.3 12.4 12.4 1.7 2.2 0.1 0.4 2.7 2.1
S bdl bdl bdl bdl bdl bdl bdl bdl bdl
Total 99.82 98.92 99.04 99.37 99.41 99.58 99.78 99.40 99.56
Sc ppm 18 7 8 42 39 57 31 36 43
\Y% 1760 63 61 167 185 241 156 145 184
Cr 37 314 255 223 321 126 347 201 257
Co 11 113 106 78 91 49 64 97 65
Ni 54 2268 1914 934 1071 480 445 1082 699
Cu 31 14 74 56 37 101 10 14 23
Ga 28.1 3.3 33 52 5.8 59 11.7 44 8
Rb 0.5 bdl bdl 0.5 0.6 0.5 1.2 bdl 1.3
Sr 576 33 6.6 76 101 104 526 57 210
Y 3.7 3 24 9.1 8.1 12.1 7.2 8.5 10.6
Zr 28 11.1 8.3 18.1 15.7 21.9 14.8 15.8 22.8
Nb 5.6 0.6 0.6 0.4 0.3 0.5 0.4 0.2 0.6
Ba 253 bdl bdl bdl 5 bdl 45 bdl 18
Cs 0.1 0.1 0.1 bdl 0.1 bdl 0.2 bdl 0.2
La 2.2 0.9 0.8 1.5 1.3 1.7 1.8 1.2 2
Ce 5.5 2.7 24 54 4.7 6.8 53 44 6.8
Pr 0.8 0.44 0.38 1.03 0.91 1.34 0.93 0.89 1.25
Nd 3.8 2.4 2 5.7 52 8.1 5.4 5.7 7.7
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Sm 0.87 0.62 0.48 1.68 1.56 2.33 1.43 1.56 2.07
Eu 0.36 0.2 0.2 0.59 0.55 0.79 0.66 0.54 0.72
Gd 0.89 0.69 0.54 1.92 1.81 2.59 1.65 1.84 2.2
Tb 0.15 0.12 0.09 0.36 0.34 0.49 0.29 0.32 0.41
Dy 0.67 0.52 0.47 1.77 1.59 2.29 1.41 1.6 1.89
Ho 0.12 0.1 0.08 0.3 0.28 0.41 0.26 0.29 0.36
Er 0.3 0.25 0.23 0.75 0.7 1.03 0.6 0.7 0.84
Tm 0.04 0.04 0.03 0.1 0.1 0.15 0.09 0.09 0.13
Yb 0.24 0.23 0.19 0.59 0.58 0.87 0.51 0.58 0.76
Lu 0.04 0.04 0.03 0.09 0.08 0.12 0.07 0.08 0.1
Hf 1 0.4 0.3 0.8 0.8 1.1 0.8 0.7 1.1
Ta 0.3 bdl bdl bdl bdl bdl bdl bdl bdl
Pb 0.08 3.62 0.53 0.05 0.02 0.11 0.06 0.02 0.2
Th bdl bdl bdl bdl bdl bdl bdl bdl bdl
U bdl bdl bdl bdl bdl bdl bdl bdl bdl
Pd ppb bdl 17 22 15 bdl 17 bdl bdl bdl
Pt bdl 32 17 13 9 17 6 3 2

Ti/’Y 25654 560 775 468 556 407 517 431 475
Z1/Nb 7.6 3.7 35 2.0 1.9 1.8 2.1 1.9 2.2
La/Yb 9.2 39 4.2 2.5 2.2 2.0 3.5 2.1 2.6
Cu/Pd 0 795 3361 3743 0 5963 0 0 0

Cu/Zr 1.12 1.22 8.91 3.10 2.36 4.63 0.71 0.87 1.02

Table 1 (continued)
Sample Dt27 Dt28 Dt29 Dt30 Dt31 Dt32 Dt33 Dt34 Dt35 Dt36

Latitude 26.3865526.3865426.28963 26.28971 26.28958 26.28844 26.28803 26.29106 26.29106 26.29008
Longitude 101.6129 101.6112101.6369 101.6372 101.6373 101.6391 101.6047 101.622 101.622 101.6129

Lithology  pxt per qd gbb gbb gbb  granite picrite picrite  picrite
Intrusion Jzc Jzc Dt sDg sDg sDg Dt dike 1 dikel dike?2
Si0, % 3854 39.78 59.08 45.04 4531 4519 6439 46778 4349  46.57
TiO, 0.32 0.36 0.56 297 3.27 3.45 0.43 1.52 1.12 2.65
Al,O, 2.04 3.44 18.14 1394 1394 1421 1567 1036 6.06 9.2
Fe,0; 18.14  14.67 5.69 17.72 17.58  16.59 4.75 12.19 1248  12.46
MnO 0.21 0.18 0.08 0.17 0.17 0.18 0.1 0.17 0.16 0.16
MgO 30.5 31.01 3.47 5.85 5.82 5.68 2.86 13.61 2581 14.53
CaO 2.57 3.09 6.65 9.23 8.29 9.19 2.48 9.97 5.29 7.73
Na,O 0.07 0.17 4.13 2.44 2.72 2.6 4.53 1.79 1.09 1.59
K,O bdl 0.05 1.14 0.9 1.09 0.89 2.98 0.56 0.47 1.48
P,Os5 0.02 0.04 0.17 0.17 0.16 0.16 0.12 0.15 0.12 0.31
LOI 6.8 6.2 0.8 1.5 1.6 1.8 1.6 2.6 33 2.9
S bdl bdl bdl 0.35 0.29 0.25 bdl 0.1 0.11 0.17
Total 99.22  99.03 99.92 100.28 100.24 100.19 9991 9980 99.50  99.75
Sc ppm 13 10 12 29 29 29 12 33 17 24
\% 94 88 112 628 579 503 85 278 169 245
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Pd ppb
Pt
Ti/Y
Zr/Nb
La/Yb
Cu/Pd
Cu/Zr

91
117
1940
29.6
35
0.5
24
2.2
6.4
0.2

0.1
0.7
1.7
0.29
1.6
0.41
0.16
0.54
0.09
0.44
0.08
0.21
0.03
0.18
0.03
0.3
bdl
5.41
bdl
bdl
bdl
15
873
2.9
39

4.63
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141
109
1659
45.8
4.6
1.1
114
32
15.1
1.1
21
0.1
1.5
3.8
0.57
2.7
0.63
0.26
0.68
0.12
0.54
0.1
0.29
0.04
0.29
0.04
0.4
bdl
1.22
0.1
bdl
14

675

4.7

52
3271
3.03

34
11.0
30
1.5
18.6
279
678
11.5
95
4.2
365

16.2
37
4.38
17.9

0.94
2.5
0.42
1.93
0.36

0.16
0.99
0.16
2.9
0.2
1.63
4.4
0.9
bdl
bdl
292
8.2
16.4

0.02

1.4
40
34
79
22.6
21.8
394
24
111
18.5
207
0.5
17.2
40
5.14
22.8
4.53
1.53
4.59
0.87
4.04
0.79
2.09
0.32
1.96
0.28
33
0.9
2.37

0.6
bdl
bdl
743
4.6
8.8

0.71

0.8
36
11
52
20.7
32.1
412
223
106
18.8
264
0.5
16.4
38
4.86
21.8
4.25
1.42
4.19
0.81
3.89
0.72
1.89
0.29
1.81
0.26
33

3.02
2.9
0.5
bdl
bdl
880
4.8
9.1

0.49

1.5
31
6
44
21.6
20.1
414
25.3
117
222
219
0.3
18.2
42
5.41
24.4
4.81
1.58
4.76
0.89
436
0.81
2.12
0.35
2.03
0.29
3.8
1.2
2.02

0.6
bdl
bdl
818
4.6
9.0

0.38

38
10
31
5.1
16.6
&3
455
21.1
114
7.2
627
23
16
37
4.84
21.3
4.56
0.92
4.18
0.77
3.5
0.67
1.76
0.27
1.64
0.24
3.7
0.3
8.23
4.8
0.5
bdl
bdl
122
54
9.8

0.04

116
42
386
94
14.2
13.6
338
18.8
109
12.3
182
1.1
13.9
34
4.44
20.4
3.95
1.29
3.76
0.69
32
0.62
1.62
0.25
1.53
0.21
33
0.7
1.54

0.4
10

485
5.8
9.1

9362

0.86

290
80
1548
72
8.8
11.2
244
12.3
81
11.3
147
0.3
12.6
29
3.71
16.4
2.98
0.93
2.67
0.47
2.15
0.4

0.16
0.91
0.13
2.5
0.7
1.56
1.6
0.4
bdl

546

6.6

13.8

0.89

206
48
641
103
15.2
315
618
23.5
244
35.2
630
2.7
42.5
96
11.89
50.3
7.78
2.2
591

4.36
0.76
1.89
0.28
1.66
0.23
7.2
1.8
2.75
54
1.2
bdl

677

10.4

25.6

0.42
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4. Samples and analytical methods

The coordinates of each sample are

given in Table 1. Three samples come from
the Datian intrusive complex. Three further
samples were collected from the south-Datian
gabbros. Three samples were taken from a
former exploration site in the Luobodi
intrusion. All of them are mineralized with
Fe-Ti-V oxides (massive to semi-massive
ore). Six samples (one gabbro and five
ultramafic  rocks) come  from  the
Gongshanqing intrusion (from outcrops, adit
and drill cores spread around drill sites). Other
three samples were taken from picrite blocks
occurring on two creeks downstream from the
picrite dikes (one from the fine-grained
variety and two from the medium-grained
type). We also analyzed ten samples from the
Jizicheng intrusion (four from the marginal
dunite, five from the inner olivine pyroxenite
and one gabbro from the central part of the
intrusion).
Bulk rock analyses were performed at the
ACME laboratories in Vancouver. The sam-
ples were mixed with lithium metabo-
rate/tetraborate and fused in a furnace. The
cooled beads were dissolved in ACS grade
nitric acid. Loss on ignition was determined
by weight difference after ignition at 1000°C.
The major elements and Ba were analyzed by
ICP-OES (inductively coupled plasma optical
emission spectrometry) using a Varian
spectrometer. Sulfur was analyzed by
combustion, using a LECO CS-200 analyzer.
Trace elements were analyzed by ICP-MS
(inductively coupled plasma-mass spectro-
metry), using a Perkin-Elmer instrument, after
lithium metaborate fusion and dilute nitric
acid digestion (Cs, Hf, Nb, Rb, Sr, Ta, Th, U,
V, Zr, Y and REE) or after Aqua Regia
digestion (Cu, Pb, Ni, Co, Cr, Pd and Pt). The
accuracy and precision of the trace element
data were about 5%.

5. Results

The mineralogical and chemical
composition of the investigated samples
reflect the diversity of the investigated

28

material (Table 1). In order to characterize the
analyzed samples, we used spider diagrams of
REE (normalized to chondrite) and of the
incompatible elements Cs, Rb, Ba, Th, U, Nb,
Ta, K, La, Ce, Pb, Pr, Sr, P, Nd, Zr, Sm, Eu,
Ti, Dy, Y, Yb, Lu (normalized to the primitive
mantle). The normalizing values for chondrite
and primitive mantle were taken from Sun and
McDonough (1989). The spider diagrams of
the samples from each investigated intrusion
are given in Figs. 5 and 6.

Datian. The large ion lithophile
elements (K, Rb, Cs, Sr, Ba) are enriched
relative to the high field strength elements (Zr,
Nb, Hf, Ta), a feature consistent with the
formation of the complex by arc magmatism.
The Lixidong granite shows incompatible
elements patterns similar to those of the quartz
diorite. The REE show sloped patterns, with
remarkable differentiation between LREE and
HREE (Lan/Luy = 7-22).

Gongshanqing. In general, REE
patterns of peridotites show flat patterns of
LREE and HREE (Lan/Smy 1.1-1.8,
Ern/Luy 1-1.2) relative to MREE
(Smy/Hoy = 2.2-2.7). A saprolitic peridotite
from the adit shows similar trend but
increased REE contents. A steeper descending
pattern is shown by the gabbro (Lan/Luy =
12). The peridotites display small variations of
the normalized values of the incompatible
elements. The saprolitic peridotite shows
negative anomalies of Rb, K and P. The
gabbro exhibits high values of LILE and
negative anomalies for HSFE, similar to arc-
related/crustal magmas.

Jizicheng. The intrusion has lower
contents of incompatible elements, compared
with Gongshanqing. REE are lower in the
peridotites from the marginal zone of the
intrusion than in the pyroxenites of the inner
part, all showing flat trends (Lan/Luy = 1.5-
3). The peridotites show steeper slope between
the MREE and HREE (Tby/Hoy = 1.7-1.8).
Pyroxenites show depletion of LREE and
HREE relative to MREE. The gabbros have
trends similar with those of pyroxenites,
showing no Eu anomaly. This suggests the
formation of the gabbro by the local increase
of the proportion of interstitial melt, with-
out plagioclase fractionation/accumulation,
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Fig. 5. Chondrite-normalized REE patterns for the
values from Sun and McDonough (1989).

in agreement with the petrographic observa-
tions, which indicate plagioclase as an intercu-
mulus phase.

Luobodi. The three ore samples
exhibit similar trends of incompatible
elements, with marked positive anomalies for
Cs, Ba, Sr and Ti, and negative anomalies for
Rb, Th and U. The REE patterns exhibit
positive Eu anomalies. All samples have high
metal contents (33-50% Fe, 6-9.5% Ti, 0.16-
0.17% V).

Picrite dikes show descending REE
patterns (Lan/Luy = 7-20) and relatively uni-
form trends of incompatible elements, only
with small negative anomalies for Rb and P.

investigated intrusions. Chondrite normalization
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The three samples of south-Datian
gabbros show remarcably homogeneous
compositions, with incompatible elements and
REE patterns similar to those of the picrite
dikes, only flatter (Lan/Luy 6.6-6.8),
suggesting less differentiation of the parental
magma.

6. Discussions

Except for the Datian complex, which
is Proterozoic, the investigated intrusions are
Permian, related to the mantle plume
magmatism the other rocks in the intrusion of
the Emeishan large igneous province.
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Fig. 6. Primitive mantle-normalized patterns of the incompatible elements in the investigated intrusions.
Primitive mantle normalization values from Sun and McDonough (1989).

The anorogenic geotectonic setting is
supported by the composition of picrite dikes
and south-Datian gabbros, which have
contents of incompatible elements close to
ocean island basalts, as illustrated in Fig. 7.
The relative depletion of LREE in the olivine
pyroxenite from lJizicheng (Fig. 5) reflects
clinopyroxene accumulation, whereas LREE
have smaller partition coefficients in
clinopyroxene than those of the other REE
(e.g. McKay, 1989; Hack et al., 1994). The
patterns of the incompatible elements in the
ore from Luobodi (Fig. 6) is similar to the
trends of the gabbros in the Panzhihua (Zhou
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et al., 2005) and Baima (Shellnutt et al., 2009)
Fe-Ti-V deposits. The ore in the Luobodi
intrusion displays visible positive Eu anomaly
(Fig. 5), suggesting the entrapment of cumulus
plagioclase in the oxide ore. One problem
recently raised for the intrusions and ore
deposits in the Panxi rift is the correspondence
(genetic affinity) between different types of
rocks/deposits and the two geochemical types
of Emeishan basalts (Zhou et al.,, 2008).
Among the studied rocks, only the picrite
dikes and south-Datian gabbros show
distributions of incompatible elements that
suggest the lack of substantial fractionation
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processes. The Ti/Y ratio is higher than 500 in
most analyzed samples, irrespective of rock
types, which would classify all intrusions in
the high-Ti geochemical type. Xiao et al.
(2004, Fig. 4) show that high-Ti basalts have
La/Yb>10 and Zr/Nb<10, while low-Ti basalts
show La/Yb<10 and Zr/Nb ratios that overlap
the variation field of high-Ti basalts. An
examination of our results shows that most
samples (including gabbros, oxide ore and
ultramafic cumulates) have La/Yb<10, similar
to low-Ti basalts of Xiao et al. (2004). The
Zr/ND ratio is typical for low-Ti basalts (>10)
only in the Jizicheng intrusion, where it can be
correlated with the Ti/Y ratio lower than 500
in the samples from the inner zone made up of
olivine pyroxenite.
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Fig. 7. Spider diagram of the incompatible
elements in the picrite dikes (solid circles) and
south-Datian gabbros (open squares) normalized to
ocean island basalts. Normalization values from
Sun and McDonough (1989).

The presence of economic Ni-Cu and
PGE mineralization in several mafic-
ultramafic intrusions from the Panxi rift is a
main reason for the investigation of the
economic potential of other intrusions. The
genesis of  mafic-ultramafic  intrusions
involves partial melt of the mantle, the ascent
of the resulted magmas and their emplacement
in the crust. Because of their high affinity for
sulfides, the PGE are readily removed from
the magma even at low ratios of sulfide
exsolution and fractionation. Hence, one
critical condition for the occurrence of
mineable PGE mineralization is the absence of
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any pre-emplacement sulfide fractionation
from the parental magma. The PGE contents
in most ultramafic rocks at Gongshanqing and
Jizicheng (22-64 ppb) are similar to or higher
than those of the PGE-undepleted mafic
magmas (Greenough and Owen 1992; Barnes
and Picard 1993; Briigmann et al. 1993).
Considering the cumulate nature of these
rocks and the fact that both Pt and Pd behave
incompatible in olivine and pyroxene, it is
reasonable to consider that the PGE contents
in these rocks indicate the presence of sparsely
disseminated PGE-rich sulfide grains. This is
consistent with the higher sulfur content in the
PGE-rich samples (Table 1).

The Cu/Zr ratio can be used as an
indicator of sulfide fractionation before mag-
ma emplacement. Both Cu and Zr are strongly
incompatible in most silicate phases, but Cu
concentrates in sulfides. It is considered that
magmas which did not experience sulfide
fractionation have Cu/Zr ratios close to 1
(Lightfoot et al., 1994; Li and Naldrett, 1999;
Wang et al., 2006), while in the case of a pre-
emplacement sulfide fractionation, Cu/Zr ratio
would be less than 1, because a significant
part of the Cu fractionated with the sulfides.
The ultramafic rocks from Gongshanging
(Table 1) display Cu/Zr ratios both close to 1
or higher (2.3-5.2). This suggests the absence
of any pre-emplacement sulfide fractionation
and the occurrence of zones with sulfide
accumulation, which induced the increase of
Cu content. A similar situation occurs at Jizi-
cheng, which contains rocks formed from
magmas that did not experience sulfide
fractionation or sulfide accumulation (Cu/Zr
ratios close to 1) and rocks containing accu-
mulated sulfides (Cu/Zr in the range 2.4-8.9).
The gabbro from Gongshanqing, with Cu/Zr =
0.1, would suggest sulfide fractionation, in
contrast with the other rocks in the intrusion.
This feature might indicate a substantial
contribution of crustal material to the genesis
of the gabbros of the Gongshanging intrusion.
A similar spatial association between ultra-
mafic cumulates and crustal melts was
inferred for the Lengshuiqing Ni-Cu deposit in
the Proterozoic basement of the Panxi rift
(Munteanu et al., 2010). In the case of the
south-Datian gabbros, with Cu/Zr ratio be-
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tween 0.4 and 0.7, sulfide fractionation proba-
bly occurred in the parental magma at greater
depth. The picrite dike that shows Cu/Zr ratios
slightly lower than 1, probably formed from
magmas that did not reach sulfide saturation.
The picrite dike having Cu/Zr = 0.4 contains
excess Zr compared with the other dike, a
feature that probably resulted from assimi-
lation of crustal material. This is consistent
with the higher contents of K, P and Rb.

The Cu/Pd ratio in a magma is sensitive
to sulfide fractionation since the Pd partition
coefficient in sulfide is much higher than Cu
partition coefficient. Therefore, in the case of
sulfide fractionation, Pd is removed from the
magma at much higher rate than Cu, inducing
the increase of Cu/Pd above the original ratio,
which is supposed to be within the mantle
range (Barnes et al., 1993; Barnes et al., 2004;
Barnes and Lightfoot, 2005). In this respect,
the Cu/Pd ratios of the ultramafic samples in
our set (Table 1), with values within the
mantle range (1,000-10,000) suggest a
parental magma that did not experience
sulfide fractionation before the formation of
the actual intrusions.

The Gongshanqing and Jizicheng
intrusions, dominated by ultramafic cumulates
were probably generated in wider zones of
magmatic conduits. Similar genesis was in-
ferred for several ultramafic-mafic intrusions
in the Panxi rift, such as Zhubu (Zhu et al.,
2007), Limahe (Tao et al., 2007a), Jinbaoshan
(Wang et al., 2005; Tao et al., 2007b) and
Baimazhai (Wang and Zhou, 2006), based on
their composition different than the normal
compositions of the mafic magmas. In the
petrogenetic and metallogenetic models in-
volving magma conduits, mafic crystals +
immiscible sulfide droplets are transported
from a staging chamber to shallower levels in
the crust. When the section of a conduit in-
creases, the flow of magma is slowed down
and cannot carry the denser mafic crystals +
sulfide melt, which accumulate, generating ul-
tramafic rocks £ Ni-Cu or PGE minerali-
zation. Although the association with magma
conduits seems to be characteristic for Ni-Cu
deposits (Li et al., 2001; Maier et al., 2001), it
facilitates the contact of the immiscible
sulfides with large quantities of flowing
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magma, contributing to their enrichment in
PGE. Such a process was invoked to explain
the genesis of the Jinbaoshan PGE deposit
(Wang et al., 2005; Tao et al., 2007b) and
could be applied in the case of the Gong-
shanqing and Jizicheng intrusions, as well.

7. Conclusions

This work produced and interpreted
data on several intrusions of the two main
petrographic-metallogenetic associations rela-
ted to the Emeishan large igneous province:
gabbroic intrusions with Fe-Ti-V oxides and
ultramafic-mafic intrusions with Ni-Cu(-PGE)
sulfide mineralization. The geochemical in-
vestigation could not evidence a correlation
between the studied intrusions and the high-Ti
and low-Ti Emeishan basalts. The Cu/Pd and
Cu/Zr ratios of the ultramafic rocks investi-
gated here suggest the genesis from Cu- and
PGE-fertile magmas. The Cu/Pd and Cu/Zr
ratios are similar in the Gongshanging and
Jizicheng intrusions, suggesting that the
Jizicheng intrusion could contain a PGE-rich
mineralization like the one discovered in the
Gongshanging intrusion.
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Preliminary data on two tin-sulfosalts (canfieldite and pirquitasite)
from Rosia Montana

Gheorghe C. POPESCU' and Antonela NEACSU'

Department of Mineralogy, Bucharest University, 1, N. Balcescu Blvd, Bucharest

Abstract: During the re-assessment of the collection of ore minerals ‘“N. Petrulian’’ from the
Department of Mineralogy of the University of Bucharest, one sample from Rosia Montana

was investigated by micro-Synchrotron Radiation X-Ray Fluorescence (SR-XRF).

The

results, correlated with microscope study revealed, for the first time at Rogia Montana, the
presence of two tin sulfosalts (canfieldite si pirquitasite), and of two types of gold (Ag-rich
and Ag-poor). Such differences in gold composition are related to temperature and sequence
of formation, as suggested by mineral relations. The Ag-rich gold formed earlier, at higher
temperature, while the Ag-poor gold was generated subsequently, at lower temperature.

Keywords: Rosia Montana, gold, canfieldite, pirquitasite

1. Introduction

Rosia Montand is one of the most
famous gold ore deposit in the Neogene
Province of the Apuseni Mts., and also one of
the oldest historical sources of gold in
Romania and in FEurope. Archaeological
research places the origins of this deposit at
least in the times of the Roman Empire if not
earlier (Cauuet et al., 2003). Together with
Rosia Poieni porphyry copper ore deposit, it
forms a real metallogenetic knot (Fig. 1). The
fame of this deposit has been reactivated
during the last years, mainly due to the mining
project of the Canadian Company Gabriel
Resources Ltd., developed by its Romanian
branch, the Rosia Montana Gold Corporation.

2. Previous research
The mineralogy of Rosia Montana ore

deposit is comparatively less known with
respect to other gold ore deposits in the

"tel: +40721 295833, fax +4021 3112053
e-mails: ghpop@geo.edu.ro, antonela@geo.edu.ro

35

Metaliferi Mts. e.g. Sacaramb, Stanija, Baia de
Aries, all of which are type localities for
several minerals. Yet, native gold and
beautiful, large mineral samples from Rosia
Montana are famous exhibits in various
mineralogical museums around the world.

The mineralogical investigations carried
out during last decade, especially using
scanning electron microscopy (SEM) and
electron probe microanalysis (EPMA), have
revealed numerous metallic minerals in the
Rosia Montana ore deposit. Newly described
minerals such as stephanite, polyargyrite,
achantite, tennantite and also proustite-
pirargyrite, miargyrite and argyrodite (Tamag
et al., 2004), were added to the minerals
already mentioned by Petrulian (1934) e.g.
argentite, proustite, pearceite, polybasite.

Tamas et al. (2006) mentioned several
new tellurium mineral occurrences from Rosia
Montana: altaite, hessite, sylvanite,
cervelleite, petzite which added to the already
rich telluride inventory of the Metaliferi Mts.
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Fig.1. The metallogenetic Neogene Subprovince in the South Apuseni Mts. (after Popescu, 1986)

Chemical micro-analyses suggesting the
presence of tellurium-argyrodite have also
been mentioned. During the last two years, a
series of new investigations of native gold
from classical occurrences in Romania have
been carried out in co-operation with
physicists from the Nuclear Physics and
Engineering Institute in Bucharest, in order to
identify the sources of gold used for ancient
jewelry artifacts.

The origin of gold in various artifacts
was seen as crucial for clarifying some
debates among archaeologists and geologists
on different possible gold sources within the
Romanian territory. For example,
Constantinescu et al. (2008) found traces of
Sn in several gold bracelets of a Dacian
treasure, a feature interpreted as an indicator
of an alluvial origin of gold, which was mixed
with some cassiterite grains during the
panning. Nevertheless, the authors mentioned
trace amounts of Sn in the primary gold
extracted from Rosia Montana and Valea
Morii deposits.
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3. Sample description

Following the research mentioned
above, a polished section of native gold from
Rosia  Montana  (Petrulian  Collection,
Department of Mineralogy, Faculty of
Geology and Geophysics, University of
Bucharest) was chosen for mineralogical and
geochemical investigations.

The investigated sample originates
from a vein-type ore, which is relatively rare
at Rosia Montana, where the gold ore is
commonly located in breccias. Most likely,
the sample was taken from the Cérnic body,
which is the part of the deposit studied by
Professor Petrulian in the 1930s. The sample
represents a typical example of symmetrical
banded texture, where the oldest bands (Fig.
3a - band 1) are disposed in an outer position,
while the youngest are located in the center
(Fig. 3a - band 4). In the present, similar
banded texture can be found at Rosia Montana
in the Mn carbonate-rich veinlets that cross
the black breccia’.
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4. Methods

The sample was first investigated by
micro-Synchrotron Radiation X-Ray
Fluorescence (SR-XRF) at the FLUO-beam
and XRF analyze with a XGT-7000 X-ray
Analytical Microscope (Simon et al., 2003) at
ANKA/ISR in Karlsruhe, we performed 2-
dimensional scans with the beam focused to 7-
10 um2 (Vasilescu et al., 2003). The scan area
could be visualized with an optical
based on various standards and fundamental
parameter calculations.

To clarify the distribution of the
chemical elements have been done some more
detailed XRF analyze with a XGT-7000 X-ray
Analytical Microscope at the University of
Bucharest, Faculty of Geology and
Geophysics.

The acquisition characteristics set on
XGT-7000 were: time - 263 [s], X-ray tube
vol. - 30.00 [kV], Current - 1.000 [mA], XGT
Diameter - 10 [um]. The element maps are
generated by showing X-ray intensity between
a specific energy ranges (corresponding to the
particular XRF lines of an element). Each
pixel of the element map shows the X-ray
intensity at that position.

Subsequently, we have re-examined the
sample by means of reflected light microscopy
in order to identify the minerals that can
accommodate the elements indicated by the
XREF results.

5. Results and discussions

The XRF spectrum of the investigated
sample revealed the presence of Sn and other
less common elements (Fig. 2). Following this
indication, we examined the sample with the
chalcographic microscope and we identified
two tin-sulfosalts intergrown with gold.

A first Sn-phase was the relatively
easily recognizable canfieldite (AgsSnSe), a
member of the isomorphic series with
argyrodite (AggsGeS¢), already identified in
Rosia Montana.

Canfieldite is always associated with
gold and has a light-gray color with a weak
creamy tint, which becomes brown-reddish
due to the oxidizing processes and to the
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microscope and recorded with a camera. The
detector used was an HPGe crystal. The
maximum excitation energy of the X-rays at
both sites was 32.5 keV. The samples were
mounted in air on a dedicated frame, put on a
motorized xyz stage and positioned at an angle
of 45¢ to the primary X-ray beam. The
identification of the peaks and the off-line data
analysis was performed with AXIL software.
Relative concentrations of minor and trace
elements were determined using a procedure
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Fig. 2. The XRF surface analysis on an area of
approx 1| mm by 1 mm of the investigated polished
section from Rosia Montand. Maxima for Au, Ag,
Sn, Te, Cu, Pb, Fe are visible in the spectrum
(analyzed by Angela Vasilescu, from IFIN-HH
Bucharest).

alteration caused by the light. Canfieldite
cross-cuts or partially replaces gold grains
(Fig. 4, a-d).

The presence of tellurium, identified by
the XRF-analysis in the same sample, can
indicate the Te-rich composition of
canfieldite; this is supported by the absence of
any other tellurium-bearing minerals in the
polished section and is consistent with the
presence of tellurium-argyrodite in Rosia
Montana (Tamas et al. 2004). There are places
in the world where tellurium-canfieldite has
been identified e.g. Revelstoke - Canada,
Belukhinskoe - Russia, Tsumo, Kuga and
Nakatatsu - Japan, Zlata Bana - Slovakia,
Cirotan - Indonezia, some authors (e.g., Harris
& Owens, 1971) indicating AggSn(S,Te)s as
the chemical formula.
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Fig. 3. Gold associations in zoned gold ore, Rosia Montand ore deposit. a. Polished section (The
»Petrulian Collection”) through the parallel-textured gold ore from Rosia Montana 1. gold zone; 2. quartz
and carbonate zone; 3. sulfides and gold zone; 4. manganese carbonate zone. b. gold (Au) associated with
sulfides: chalcopyrite (cpy) appears yellowish-green in comparison with the bright yellow gold; g =
galena (parallel nicols). ¢ and d. (parallel nicols): Silver-rich gold (Au,,) is light yellow whereas pure
gold is dark yellow; image ¢ presents the association between native gold and carbonates with a

collophorm texture (cb).

Another discovery is an extremely
rare mineral found in the intergrowth area
between gold and quartz-carbonate gangue.
This is a member of pirquitasite (Ag,ZnSnSy)
— hocartite (Ag,FeSnS,) series. It appears as
clear pleochroic grains, with brown-gray tints
(Fig. 5a,b), with a strong anisotropy in various
colors: brown-reddish-gray to brilliant green
(Fig. 5¢,d). We believe the optical properties
can be assigned to pirquitasite, an observation
sustained also by the frequent red internal
reflections and by the presence of Zn in the
XREF spectral analysis.

In the same gold band, closely
associated with quartz and carbonate gangue
where  canfieldite  appears, achantite
(argentite) - Ag,S and polybasite (Ag,

Cu) 165b,S 1, — pearceite (Ag,Cu) ;sA4s,S;; were
identified. Argentite may be distinctly
observed, in quasi-euhedral gray-green grains,
strongly affected by light and without any
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anisotropy (Fig. 4a, d). All observations
sustain the occurrence of argentite, signifying
a higher temperature phase (179° C). The
central parts of argentite grains, have a purple
tint, are intensely altered by light, and may
represent jalpaite (AgzCuS,) — which is also
sustained by the presence of copper in the
XRF analysis. As far as polybasite-pearceite
is concerned, the optical characteristics and
the presence of Sb in the XRF analyses sustain
mainly the first term of the series (Fig. 5a, b).
Reflected-light microscopy has revealed
another peculiar characteristic, that is the
existence of two types of gold in the analyzed
polish section (Fig. 3, a): the prevalent gold-
type is a light yellow silver-rich variety (Fig.
3, d) which is intergrown with all the minerals
of the ,,gold-related zone”. The second gold
type has a clear yellow color, is less frequent,
and associated with carbonate minerals (see
Fig. 3, d).
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Fig. 4. Silver-rich gold with canfieldite and argentite. Polished section, parallel nicols; a. Tarnished polished
section. Brownish canfieldite (Cf) is cross-cutting a gold grain; zoned argentite (At) is also present. b. The
image of the same visual field after the tarnish was polished away. It is of note the light gray color with
creamy tints of canfieldite and the white-yellowish color of silver-rich gold. ¢ and d. Tarnished polished
section. Gold grain (Au) including canfieldite (Cf). Zoned argentite (At) occurs in image d.

Fig. 5. Silver-rich gold (Au) with pirquitasite (pq) and polybasite-pearceite (pp). Reflected light. a and b:
parallel nicols; ¢ and d: crossed nicols. Microscopic images of intergrowths between silver-rich gold,
pirquitasite and polybasite-pearceite. a. brown-gray colored pirquitasite and zoned polybasite-pearceite
(more tarnished in the central part of grain); a weak-brownish tint can be seen towards the margins, probably
where the pearceitic term occurs. b. The same visual field after a fresh polish: the light color of silver-
bearing gold and the clear brown color of pirquitasite are visible, polybasite-pearceite are recognized by a
standard gray color with a weak creamy tint. c¢. Pirquitasite with brown-reddish color and many internal
reflections. d. The same view with partially crossed nicols, showing a green color of pirquitasite with local
reddish internal reflections.
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The paragenetic relationship suggests that the
first gold type is of older generation, in
association with pyrite, polybasite, argentite,
canfieldite, quartz and ,adularia” gangue,
whereas the second type is younger,
associated only with collophorm carbonates
(Fig. 3, ¢).

6. Conclusions

For the time being, the preliminary data
referring to the genesis of this association are
the following:

- The mineral assemblage of Rosia Montana
probably contains two new tin-sulfosalts:
canfieldite and pirquitasite; the later one is
now mentioned for the first time in Romania.

- The described minerals occur in parallel-
zoned texture, exclusively together with an
intergrowth between gold and quartz -
»adularia” gangue. These are probably
generated in an earlier, higher temperature
mineralization phase.

- Gold intergrown with carbonates represents
a late phase, the latter being newer than
quartz. No tin minerals were found in the
sulfide and native gold band of the
investigated polished section; only silver-rich
gold, galena, chalcopyrite, sphalerite,
tetrahedrite and pyrite occur in that band
suggesting a distinct phase of mineralization.

- These data may prove useful for the
archaeological research, suggesting that the
existence of tin may not be an irrefutable
evidence for the provenance of gold from
placer-type  deposits, as inferred by
Constantinescu et al. (2008). The presence of
canfieldite suggests the primary deposits of
the Apuseni Mts. as another possible source.
This would imply that the Dacian gold was
not necessarily obtained by panning, but also
by mining.
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Geochemistry and origin of two magmatic rock associations
from the banatitic magmatic-metallogenetic province in
Romania

Haralambie SAVU”
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Abstract: Within the Laramian (Upper Cretaceous) continental volcano-plutonic arc from
the western part of the Romanian territory, the Lapugiu Basin and the Vlddeasa Mountains
are two areas with distinct associations of banatitic rocks. The first area is located in the
northeast of Banat and the second is in the northern part of the Apuseni Mountains. These
volcanic associations differ from one another by their general rock composition, since the
rocks from the Lapugiu Basin are more basic, being represented by andesites, while in
the Vlddeasa Mountains the banatitic rocks consists especially of dacites, rhyolites and
related plutonic rocks. All these volcanic and the associated plutonic rocks are calc-alkaline
in composition, with some alkaline tendency, bearing an obvious continental arc signature.
The Lapugiu volcanics differ from the Vlddeasa ones by their high Sr, Ba and Zr contents
and low Y contents, suggesting an adakitic tendency. The trace elements of the Vladeasa
volcanics are within a range normal for arc-related rocks. The andesitic (dioritic) parental
magmas of the Laramian (banatitic) rocks in both areas resulted from the partial melting of a
wedge of metasomatic mantle located above the subduction plane, at a depth of about 100
km. The Paleogene basalts, which cut the Laramian volcanics, are of within-plate type and
their parental magmas resulted from the partial melting of a lherzolitic plume-source at about
50 km depth. The Lapugiu volcanics are associated with Pb-Zn-Cu mineralizations, while
uranium deposits are related to the Vladeasa magmatic rocks.

Key words: Banatitic volcanics; andesites; arc magmatism; felsic rocks; within-plate basalts;
Carpathians, Romania

1. Introduction

The Laramian Banatitic Province
(Cotta, 1864) extends from the north of
Romania through Serbia to the southeast of
Bulgaria. Recently, this province was
described by Berza et al. (1998) and Ciobanu
et al. (2002) as the Banatitic Magmatic and
Metallogenetic Belt, with a length of more

* Tel: +40213060491; fax: +40213181326;
e-mail address: office@igr.ro
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than 1,000 km (Ciobanu et al., 2002). On the
Romanian territory it includes mostly acid
rocks (Giusca et al., 1966). However, the rock
association from the Lapugiu Basin makes an
exception from this rule, consisting mostly of
intermediate (andesitic) rocks. This review
will compare the prevalently intermediate
rocks of Lapugiu Basin with the dominantly
felsic rocks of the Vladeasa region, as the
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geology of the two regions is better known
compared with other banatitic zones in
Romania. Moreover, each of these regions has
its specific metallogeny.

2. Occurrences, petrography and metallo-
genesis

The two Laramian volcanic areas (Fig.
1) are situated on the bent zone of the
Laramian continental volcano-plutonic arc
(see also Radulescu and Sandulescu, 1973;
Savu et al., 1992; Savu, 2005a, Constantina et
al., 2009), but occurring in somehow different
geological setting. The Lapugiu volcanics
were formed near the Mures ophiolitic suture,
whereas the Vladeasa volcanics occurred
within the northern part of the Apuseni
Mountains, formed of old crystalline schists.
Necks and dykes of Paleogene hotspot basaltic
rocks are crossing the banatitic volcanics in
both areas. But these basalts have a different
origin than the banatitic rocks.

2.1. The Lapugiu volcanic rocks

In the Lapugiu Basin the Laramian
volcanics are lining the bottom of the basin,
under the Neogene sedimentary deposits, so
that they outcrop mostly on its margins (Fig.
1). On the northern margin of the basin these
volcanics extend between Grosi, Bulza,
Gurasada and Vorta Valley. Kadi¢ (1906),
Pinkert (1907), Papiu (1954), Gheorghiu and
Mares (1964), Radulescu and Borcos (1968),
lanovici et al. (1976), Peltz et al., (1970), Peltz
and Urcan (1972), Savu et al. (1992, 1994),
Rosu et al. (1993) and, recently, Constantina
et al. (2009) studied these volcanics. The
Laramian volcanics occurring on the southern
margin of the basin, between Pietroasa,
Roscani and Ilia, have been investigated by
Dittler and Kirnbauer (1933), Papiu (1956),
Savu (1962) and Downes et al. (1995).

It is noteworthy that till 1974, in the
absence of any precise dating, the Lapugiu
Laramian volcanics were considered as
Neogene rocks. In 1974 a first Rb/Sr dating of
60 Ma was obtained (Herz et al., 1974) on a
perlite from the Ilteu area. Later, Savu (1984)
presented a K/Ar age of 59.6 Ma, obtained on
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a rhyolite tuff from Vica, and Vijdea
(unpublished data) determined an age of 70
Ma on a rhyolite from the Capriorigsca Valley.
Concomitantly, Popescu (in Borcos et al.,
unpublished report) determined the Upper
Cretaceous age of these volcanics, studying
the microfauna from the associated
sedimentary deposits. These values have
recently been confirmed by Constantina et al
(2009), who obtained ages of 69 to 80 Ma on
the Gurasada volcanics.
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Fig.1. Sketch-map showing the position of the two
areas of volcanics on the Laramian continental
volcano-plutonic arc from the Romanian territory
(after the Geological map of Romania, scale
1:1000000, Geological Institute of Romania, 1966,
with the additions of the author). 1, Neogene
deposits; 2, granodiorites and granites; 3, rhyolites
and rhyodacites; 4, dacites and trachydacites; 5,
andesites and trachyandesites; 6, fault; 7, inferred
Laramian magmatic arc segment (LMA) of the
Banatitic province.
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As shown in Figure 2, in the Lapugiu
Basin the Laramian volcanics consist mostly
of andesites and trachyandesites; the acid
rocks like dacites, trachydacites, trachytes and
rhyolites are scarce. Both the andesites and
acid rocks occur mostly as pyroclastics,
usually stratified. From a lithologic column
made by Savu (1962) on the volcanics from
the base of the Pietroasa volcanic sequence, in
the southern margin of the basin, it results that
the Laramian volcanics lie over a basement
consisting of the Poiana Ruscd crystalline
schists and Upper Cretaceous deposits. On the
northern margin they lie on the Costei Triassic
intra-plate basalts and the Jurassic to Upper
Cretaceous formations of the Mures ophiolitic
suture. They form an important pile of
volcanics consisting of andesitic volcanic
breccias, microbreccias, rarely lavas, and fine-
grained to psammitic tuffs, which are often
bearing plant impressions. The petrographic
types include pyroxene andesites, hornblende
biotite andesites, augite hornblende biotite
andesites, hornblende andesites, hyperstene
augite hornblende andesites and hyperstene
augite hornblende biotite andesites, which are
covered by Neogene gravels. These rock
varieties can be found on both margins of the
basin (Savu, 1962; Savu et al., 1992; 1994,
Constantina et al. 2009). These are often
associated with alkaline rocks such as
trachyandesites (Fig. 2). The volcanic layers
show a thickness of a few centimeters, in case
of tuffs, and of up to 50 meters in case of the
volcanic breccias.

The acid rocks from the Lapugiu Basin,
although rare, can be found on both margins
of the basin, where they are associated with
fine layers of sedimentary deposits.

On the northern margin of the basin
they occur as layers of rhyolite tuffs
intercalated in the lowermost part of the
volcanic pile at Vica, on the Capriorisca
Valley and at Ilteu. At the last locality, the
acid rocks are represented by perlites. On the
Dines creek, south of Mures River, a
trachyandesite dyke intruded Upper Jurassic
limestones. On the southern margin of the
basin, rhyolitic rocks occur in a volcanic neck,
situated on the Bega Valley (Dittler and
Kirnbauer, 1933). The respective rocks
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contain corroded quartz, sanidine and rarely
albite and biotite phenocrysts. South of
Pietroasa, acid pyroclastics are intercalated at
the base of the volcanic sequence.

On the northern margin of the Lapugiu
Basin there are basic rocks, as well, such as
basalts and basaltic andesites (Fig. 2), among
which is the basaltic neck located south of
Petresti (see the map in Savu et al., 1992). The
latter rocks show some geochemical
peculiarities which place them (or at least a
part of them), among the rocks of the
Paleogene necks from the Mures Rift (Savu et
al., 1996), that originate in the Transylvanian
mantle plume (Savu, 2004).
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Fig. 2. Plot of the Laramian volcanics from the
Lapugiu Basin on the Na,O+K,O vs. SiO,
diagram. Fields according to Le Maitre et al.
(1989). Data from Savu (1962), Savu et al. (1992;
1994) and Downes et al. (1995). 1, Lapugiu
volcanics; 2, Paleogene basalts.

2.2. The Viadeasa magmatic rocks

As it was mentioned above, the acid
rocks are prevalent among the Vlideasa
Laramian volcanics. They are associated with
granodiorite and granite intrusions, resulting
in a typical volcano-plutonic complex (Giugca
et al., 1969). Geological data concerning these
volcanics have been presented in numerous
papers, summarized by Istrate (1978) and
Stefan (1980). A more documented paper was
published by Stefan et al. (1992).
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The diagram in Figure 3 shows that
these volcanics are represented especially by
dacites, trachydacites and rhyolites (see also
Fig 1). It is of note that Hauer and Stache
(1863) introduced in geology the term
“dacite”, referring to the rocks from this
region. Intermediate rocks like andesites and
trachyandesites rarely occur. Giugca (1950),
Istrate (1978) and Stefan (1980) distinguished
various types of andesites, dacites and
rhyolites. At the same time, an ignimbritic
formation was evidenced there by Giusca et
al. (1969), extending over an area of about
400 km®. Within the northern part of the
Vladeasa volcanic area, Istrate (1978)
described a similar volcano-sedimentary
formation.

The K/Ar dating (Bleahu et al., 1984)
showed ages of 61 £ 3 Ma and 61.5 + 5 Ma.
These values show that the magmatic activity
in the Vladeasa area started a little later than
in the Lapugiu Basin.
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Fig. 3. Plot of the Laramian volcanics from the
Vliadeasa area on the Na,O+K,O vs. SiO,
diagram. Fields, according to Le Maitre et al.
(1989). Data from Giusca (1950), Istrate (1978),
Stefan (1980) and Stefan et al. (1992).

The rocks occurring in the basaltic and
basalt-andesite fields in Figure 3 are
represented by lamprophyres sensu stricto
(Stefan, 1980) and Paleogene basalts (Istrate,
1978). The basaltic rocks occur as NW-SE
trending dykes within the western part of the
Vladeasa volcanic area, where they are
intruding the ignimbrite formation and the
Senonian deposits (Istrate, 1978). They are
very similar to the rocks from the Paleogene
dyke swarm from the neighboring Bihor
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Mountains, which could originate in a Bihor
mantle plume (Savu, 2005b), occurred during
the extension period that followed the
Laramian compression.

The two study areas are associated with
different types of mineralization. According to
the observations of Ghitulescu and Socolescu
(1941), Savu (1972) and Savu and Nicolae
(1975), the Lapugiu volcanics are associated
with Pb-Zn-Cu hydrothermal mineralizations,
occurring in the Capalnas-Vorta-Nevoiag
metallogenetic district (Savu, 2011).

The mostly acid magmatic rocks of the
Vladeasa area can be related with U
mineralizations, occurring in the Baita-Avram
Iancu (Bihor) metallogenetic district from the
Apuseni Mountains uranium metallogenetic
province. Based on the geological conditions,
in this district there are two types of uranium
mineralization. One is represented by the
concentrations of uranium occurring in the
Upper Paleozoic crystalline schists of the
Paiuseni series, such as the uranium
concentrations occurring on the Paiuseni river
and Ranusa, which are intercalated as lenses
in the crystalline schists (Savu, 1993). The
second one is related to the postmagmatic
solutions released by the Baiita granitoid
pluton (Nitu, 2000). In both cases, the metal
assemblage is U-(Co-Ni) of hydrothermal
origin, being associated with enrichment in
some other elements such as Fe, Pb, Zn, Cu
and Mo. After their emplacement, the uranium
deposits have been affected by the tectonics of
the Apuseni Mountains Neogene rift (Nitu,
2008).

3. Geochemical features and tectonic setting

The average chemical composition of
the Laramian volcanics from the two areas
was presented in Tables 1 to 3. These data
confirm that the Laramian volcanics from the
Lapugiu Basin, where SiO, varies from 50.78
to 68.47%, are more basic than the Vladeasa
rocks, in which this component increases from
49.54 up to 74.50%. The values of FeOqy
decrease from 9.26 to 0.16% in the first rock-
series and from 8.23 to 2.08% in the second
one. MgO varies from 9.76 to 0.66% in the
Lapugiu volcanics and from 7.02 to 0.52% in
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the Vladeasa rocks. The sum of alkalies
increases from 3.48 to 6.74% in the first series
and from 4.29 to 7.55% in the second one,
showing that the rock alkalinity is relatively
higher in the Vladeasa rock-series. Except for
some alkaline and acid rocks, in both areas
Na, O prevails on K,O.

The diagram in Figure 4 shows that in
both volcanic areas rocks with an obvious
alkaline tendency already remarked by Giusca
et al. (1966) on the rocks of the banatitic
province. The Paleogene basaltic rocks from
both regions plot on the diagram in the
tholeiitic field showing a different origin.

The trace elements presented in the
same tables also show some peculiarities of
the Lapugiu volcanics compared to the
Vladeasa ones.Elements like Ni, Co, Cr, V
and Sc have variable contents in both series,
but they are higher in the Lapugiu rocks than
in the Vladeasa ones. Among these elements
Cr and V are remarkable, since in the Lapugiu
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Fig. 4. Plot of the Laramian volcanics on the
FeO-Na,O0+K,0-MgO diagram. Fields
according to Irvine and Baragar (1971) and
Hutchinson (1982). TH, tholeiitic; CA, calc-
alkaline; Alk, alkaline. 1, Lapugiu volcanics; 2,
Vladeasa volcanics, Data from the sources quoted
in Tables 1 and 2.

volcanics Cr varies from 260 to 13 ppm and
from 350 to 0 ppm in the Vladeasa rocks. The
V contents vary from 310 to 32.66 ppm in the
first area and from 190 to 19 ppm in the
second one.

The Zr contents in both series are high
for calc-alkaline volcanics. The average Zr is
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Fig. 5. Plot of the Laramian volcanics and the
Paleogene basalts on the Zr/Y vs. Ti/Y diagram.
Fields according to Pearce and Gale (1977):
PMB, plate margin basalts; WPB, within-plate
basalts. Legend as in Figure 4.

in the Lapugiu rocks of about 125 ppm and of
257.6 ppm in the Vladeasa ones; it is much
higher in the more acid rocks of the second
volcanic series. Accordingly, on the Zr/Y vs.
Ti/Y diagram (Fig. 5) all the Laramian
volcanics plot in the plate margin basalt
(PMB) domain, namely, at higher values of
the Zr/Y ratio. The basaltic rocks from both
areas plot in the WPB field, which supports
their affiliation to the Paleogene volcanic
province.

The Y and Yb contents are variable,
compared with those of the normal island arc
volcanics. The average Y is of about 18 ppm
in the Lapugiu rocks and of 27 ppm in the
Vladeasa volcanics. The low Y content from
the Lapugiu rock series is characteristic for the
volcanics with the adakitic features (Sajona et
al., 2000). It could be supposed that it was
determined by the fact that the Lapugiu volca-
nics occurred within the Mures adakitic
province area (Savu, 2002), situated between
the Southern Carpathians and the Apuseni
Mountains.

The Sr and Ba contents are also variable
in comparison with those from the normal
island arc volcanics. The first element varies
from 720 to 247.5 ppm. It has an average of
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477 ppm in the Lapugiu rocks and of only 113
ppm in the Vladeasa volcanics. Ba presents an
average of 478.5 ppm in the Lapugiu rocks
and of 459 ppm in the Vladeasa ones.

The relationships between Sr and Y
determined the plotting of the volcanics from

both regions in the “Typical arc field” of the
St/Y vs. Y diagram (Fig. 6). Nevertheless, due
to their high Sr and low Y contents, some the
Lapugiu rocks plot on the diagram at higher
values of the Sr/Y ratio, like those of adakitic
rocks.

Table 1. Average chemical composition of the Laramian volcanics from the Lapugiu Basin. Data from
Savu (1962); Savu et al. (1992); 1994) and Downes et al. (1995)*

Element 1 2 3 4 5 6 7 8
Si0, % 50.78 52.90 55.75 58.26 60.33 66.43 66.47  68.47
TiO, 1.50 1.04 0.66 0.88 0.75 0.13 0.27 0.33
Al,O; 15.24 13.92 17.17 16.45 17.10 14.77 18.05 16.05
Fe,0; 4.33 2.63 2.83 3.10 2.53 1.35 0.14 1.70
FeO 5.37 5.67 448 2.94 2.30 1.16 0.04 1.0
MnO 0.17 0.15 0.14 0.12 0.11 0.27 1.84 0.52
MgO 8.18 9.76 4.29 3.40 2.74 1.88 0.75 0.66
CaO 9.21 9.78 7.45 6.70 6.60 0.88 3.57 2.04
Na,O 2.43 2.55 3.03 3..13 3.35 2.33 2.82 2.83
K,O 1.53 0.98 2.80 2.55 2.49 2.48 3.92 3.72
P,Os 0.23 0.11 0.24 0.18 0.19 0.06 0.10 0.05
H,0" 1.05 0.75 0.64 1.54 1.13 1.52 1.95 4.15
CO, - - -.56 0.39 0.44 0.31 - -

S 0.07 0.27 0.20 0.21 0.28 0.4 - 0.18
Total 100.1 100.51 100.24 99.84 100.34 94.01 99.95 100.70
Ni ppm 17 21 46 19 19.24 3.25 7.27 28
Co 34 25 30 16.77 14.26 2 4.7.33

Cr 100 260 116 52.83 137.2 325 48.5 13
A% 300 100 310 184 161.89 61.50 47 32.66
Sc 44 17 29.66 16.22 17.23 3.50 5.75 5.25
Zr 110 75 216.6 162.2 164 42.50 110 104.16
Y 21 121 27 19.88 25.3 15.50 12 13.16
Yb 2.8 1.3 2.56 2.11 2.48 0.75 1.35 1.71
La - - 42.66 32.88 38.73 41.50 41.50 36.83
Ba 280 300 556 494 650 220 650 480
Sr 440 720 496.6 570 642 192.5 470 247.5
Pb 7.5 11 19.66 15.27 35 20.20.5 6.71

Cu 23 80 28 16 233 9.75 17.50 41.08
Zn - - 50 65 25.16 30 83.50 32.66
Ga 13 15 18.33 14.88 20 16 17.50 991
Sn 2 2 2 1.75 2.2 1 2.5 2
Nb 10 10 10 10 24. 16 10.20

Mo - - - - - 30 - 57

* The analyses in the table represent: 1, one basalt; 2, average of 2 basaltandesites; 3, average of 3
trachybasalt-andesites; 4, average of 9 andesites; 5, average of 15 trachyandesites; 6, average of 2 dacites;
7, average of 2 trachydacites; 8, average of 7 rhyolites.

On the contrary, the Vladeasa rocks
have values of the St/Y ratio lower than 10.
The position of the Lapugiu rocks on this
diagram at higher values of St/Y ratio, as well
as the fact that some rocks of this series plot

even in the adakitic rock field (see also Savu,
2002), show their tendency toward rocks with
adakitic characteristics. Therefore, it suggests
that the Mures adakitic province includes
Upper Cretaceous, Paleogene, Neogene and
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Quaternary volcanics. Because of the high Zr
and low Y contents, on the Zr/Y vs. Zr
diagram (Fig.7), most rocks from both study
areas plot within or near the within-plate
basalts field. The high Zr could have been
induced by the contamination of the parental
magmas and seems to be a characteristic of
the rocks erupted along the continental
volcanic arcs. The Lapugiu and Vladeasa
volcanics could not be within-plate rocks as
long as their Ti content is a normal one for the
island arc volcanics (Fig. 5). On the Ti vs. Zr
diagram (Fig. 8) the studied rocks plot within
the IAB field, or near it. However, a
difference occurs between the rocks of the two
volcanic areas. The more basic Lapugiu rocks,
which are richer in Ti than those from the
Vladeasa area, plot on the diagram at values
higher than 5000 ppm Ti, while most of the
Vladeasa rocks are situated at values lower
than 2000 ppm Ti.

The high average contents of Ba and Sr
in the rocks with adakitic tendency from the
Lapugiu Basin show that Ba and Sr usually
make a characteristic pair in such rocks (Savu,
2001). Moreover, both the Laramian volcanics
from the Lapugiu Basin and the Neogene
adakitic volcanics from the Mures adakitic
province have been engendered under the
control of the fluids derived from oceanic
crust slab subducted on the Benioff plane
(Savu, 2001). These fluids generated a
metasomatic wedge in the mantle, above the
subduction plane, which was the source of the
Laramian parental magmas. Other trace
elements like Pb, Cu, Ga, Be and Li have
varied contents in both volcanic series (Tables
1 and 2).

In Table 3, the contents of REE and
other trace elements, as well as the values of
some characteristic ratios from the Laramian
volcanics were presented. The REE show
similar average content in the two volcanic
series. However, in the Lapugiu rocks the
REE values, excepting YD, increase from the
basic to the acid rocks. The REE from the
Vladeasa rocks display varied values within
the range characteristic for the arc volcanics
(Savu et al., 1992).
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Fig. 6. Plot of the Laramian volcanics from both
regions on the Sr/'Y vs. Y diagram. Fields
according to Drummond and Defant (1990),
revised by Sajona et al. (2000). Legend as in
Figure 4.

The chondrite-normalized =~ REE
patterns (Figs. 9 and 10) show some
differences between the two rock series. The
pattern of the acid volcanics from the Lapugiu
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Fig. 7. Plot of the Laramian volcanics on the Zr/Y
vs. Zr diagram. Fields according to Pearce and
Norry (1979): WPB, within-plate basalts; MORB,
mid-ocean ridge basalts; IAB, island arc basalts.
Legend as in Figure 4.
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Basin shows a weak Ce positive anomaly, as
well as a strong Yb depletion (Fig. 9)The
pattern of the acid rocks from the Vlideasa
area (Fig. 10) shows a strong Eu negative
anomaly that is typical for the island arc rocks.

The pattern of the intermediate rocks has the
same significance, but it indicates a Tb
negative anomaly, that is more. obvious at the
Dumbrava hornblende biotite andesite (Stefan
etal., 1992).

Table 2. Average chemical composition of the Laramian volcanics from Vladeasa. Data from Giugca
(1950); Istrate (1978); Stefan (1980) and Stefan et al. (1992)*.

Element 1 2 3 4 5 6 7
SiO;, % 49.56 52.74 59.88 62 65.86 68.63 74.59
TiO, 1.31 0.85 0.18 0.7 0.22 0.25 0.13
Al,O;5 17 15.62 16.72 19.4 15.42 12.51 13.20
Fe,0; 3.70 3.28 2.92 2.43 2.30 1.17 1.14
FeO 5.91 3.87 3.39 1.98 1.47 2.71 1
MnO 0.06 0.03 0.06 0.06 0.07 0.24 0.04
MgO 6.81 7.02 4.36 1.60 1.34 2.04 0.53
CaO 7.73 7.88 4.88 3.04 3.16 2.76 1.40
Na,O 2.59 2.77 3.56 4.40 3.58 3.52 3.27
K,O 0.81 1.52 1.46 3.20 2.93 3.42 4.28
P,0s5 0.34 0.22 0.32 0.17 0.13 0.10 0.15
H,0" 2.58 2.59 1.33 0.88 0.70 0.45 0.53
CO, 1.51 1.41 0.91 0.22 0.83 1.42 0.33
S 0.02 0.04 0.11 0.08 0.41 0.22 0.09
Total 100 99.65 100.08 100.18 98.42 99.46 100.74
Ni ppm 455 72 15 9 5.60 3 4
Co 32 37 14.5 14 7.75 5 -
Cr 250 350 29.5 - 12.25 - -
A% 205 190 99.5 66 25.80 30 19
Sc 30.5 29 18 17 9.10 - 14
Zr 150 120 54 375 126.6 420 450
Y 18 18 22.5 19 33 33 36
Yb 2.8 1.3 2.56 2.11 2.48 0.75 1.35
Ba 220 220 345 380 540 420 850
Sr 130 130 189 95 182 53 28
Pb 30 30 25 30 29.30 30 30
Cu 30 42 17 12 11.66 - 4
Ga 15.5 13 22.5 18 18.80 16.15

Be 1.75 2 2 2 2.66 2 3
Li - - 37.5 43 46 - -

* The analyses in the table represent: 1, average of 4 basalts and lamprophyres; 2, average of 2 basaltic andesites; 3.
average of 10 andesites; 4, one trachyandesite; 5, average of 20 dacites; 6, average of 7 trachydacites; 7. average of 32

rhyolites and rhyodacites

For comparison, the pattern of the
Paleogene basalts is characteristic for within-
plate basic rocks. It is noteworthy that the
relationships between the (Dy/Yb)y and
(Ce/Yb)y ratios determined in a Paleogene
basaltic rock from the Vladeasa area, place it
near the plume-source line on the diagram of
Haase and Devey (1996), which confirms the
supposition that the Paleogene dyke swarm of
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basic rocks from the neighboring southern
area could originate in an inferred Bihor
mantle plume (Savu, 2005b), a rock-series to
which the basic dykes from the western part of
the Vladeasa area belong, as well. Other trace
elements like Th, U, Rb, Hf and Nb (Table 3)
were determined only in the rocks from the
Vladeasa area. It is obvious that the first three
elements have the lowest contents in the basic
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Fig. 8. Plot of the Laramian volcanics from both
areas on the Ti vs. Zr diagram. Fields according
to Pearce (1980): WPB, within-plate basalts;
MORB, mid—ocean ridge basalts; IAL, island arc
lavas. Legend as in Figure 4.
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Fig. 9. Chondrite-normalized REE patterns
(normalized values from Boynton, 1984) of the
Lapugiu rocks. a, basic; b, intermediate; c, acid.
Data from Table 3.

Table 3. The average contents of the REE and of other trace elements from the Laramian magmatic rocks
and the values of some of their characteristic ratios. Data from Savu et al., (1992) and Downes et al.

(1995)*.
Area Lapugiu Basin Vladeasa
Rock-group Basic Inter- Acid Basic Inter- Acid
Mediate Mediate

La 14 22.6 33 27 19.6 33.8
Ce 21 55.8 100 25 30 68.46
Sm 3.85 4.74 4.30 5.6 4.13 7.63
Eu 0.82 1.34 1.70 1.29 1.23 0.87
Tb 2.05 2.06 1.5 32 2.3 3.10
Yb 2.05 2.06 1.5 32 2.3 3.10

Lu 0.21 0.32 0.58 - - -
Th - 9.1 - 6.8 9.04 14.13
U - 2 - 1.4 2.62 4.69
Rb - 7.5 - 43.9 68.8 172.5
Hf - - - 2.6 6.76 4.93
Nb - 7.6 - 23.5 19.28 20.0
Sr/Y 21 29.5 22.38 7.22 6.84 2.57
Rb/Sr - 1.3 - 0.14 0.21 1.75
Th/U - 4.5 - 4.85 2.48 3.32
(La/Yb)n 4.60 7.40 14.83 5.68 5.74 7.34
(La/Ce)n - 1.05 0.85 - 1.70 1.28

* The data in the table represent the averages of 27 analyses of andesites from the Laapugiu Basin and 15 analyses on

the acid rocks from Vladeasa.

rocks and increase in the other rock groups.
Among the ratios presented in Table 3, the
values of Sr/Y ratio from the Lapugiu rocks
are in obvious contrast with those from the
Vladeasa volcanics, which are very low. The
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higher values of this ratio in the Lapugiu rocks
are in accordance with their adakitic tendency,
as shown above. The Lapugiu rocks show
higher values of (La/Nb)y ratio than the
Vladeasa volcanics.
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4. Origin of the magmatic rocks in the
study areas

Referring to the genesis of the Lapugiu
rocks, Savu et al. (1992) and Savu (2005a)
showed that these rocks originated in the
continental volcano-plutonic arc from the
western part of Romania, generated by the
westward subduction of the Moesian Plate
under the Transylvanian units (Savu, 1983).
Indeed, as the diagram in Figure 11 shows, the
Laramian volcanics from both volcanic areas
plot in the “OROGENIC ANDESITE”
domain. Most of these rocks occur in the
High-K field, except for two of them that plot
in the Medium-K field. The genesis related to
subduction processes was also accepted by
Stefan et al. (1992) for the Vlddeasa magmatic
rocks and more recently by Constantina et al.
2009) for the volcanics from the Gurasada
area.
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Fig. 10. Chondrite-normalized REE patterns

(Boynton normalized values, 1984) of the Vladeasa
rocks. a, basic; b, intermediate; ¢, acid. Data from
Table 3.

The parental calc-alkaline magmas of
the Laramian volcanics were intermediate
magmas, likely of andesitic (dioritic)
composition. They were engendered at great
depth in the mantle. According to the Ce/Yb
vs. Ce (A) and Ce/Yb vs. Sm/Yb (B) diagrams
(Fig. 12), these magmas were formed at a
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depth of about 100 km (diagram A) or
shallower (diagram B).
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Fig. 11. Plot of the Laramian volcanics from both
regions on the La vs. Ba diagram. Fields
according to Gill (1981). Legend as in Figure 4.

Accordingly, the fields of the Laramian
volcanics occur near the fields of the Réunion
Island volcanics or overlap them. The fields of
the Paleogene basalts on both diagrams
suggest depths shallower than those of the
Laramian magmas (ca. 50 km or deeper in
Fig. 12A), near the field of the intraplate
Deccan traps or partly overlapping it. This is
consistent with, although somehow different
from the depth of ca. 70 km estimated by
Tschegg et al. (2010), based on
geothermometric  estimations on mantle
xenoliths from the Paleogene mafic rocks. The
origin at different depths and the geochemical
similarities with the Deccan traps supports the
origin of the Paleogene basalts in a
geotectonic setting different from the one
associated with the banatitic intrusions, and a
possible lherzolitic source, as argued by Savu
(2004, 2005b).

There are several models concerning
the genesis of the calc-alkaline magmas in
relation with a subduction plane. Taylor
(1968) supposed that such magmas could have
resulted from the melting of the subducted
ocean crust, an opinion contradicted by Gill
(1981). Other authors like Mysen and
Boetcher (1975) and Green (1976) showed
that the andesitic parental magmas resulted
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from the melting of a hydrated peridotite at a
pressure of about 10 Kbar. Considering these
ideas and those published by Minear and
Toks6z (1970), Mysen (1979), Roden and
Murthy (1985), Savu et al. (1992) and
Kepezhinskas et al. (1995), it is reasonable to
assume that the andesitic (dioritic) parental
magmas of the Laramian volcanics from the
Lapugiu Basin and Vladeasa Mountains were

100
1CelYb

Fig. 12. Plot of the Laramian volcanics on the
Ce/Yb vs. Ce (A) and Ce/Yb vs. Sm/Yb (B)
diagrams. The depth lines and values, and the
Réunion and Deccan rock fields were taken from
Ellam (1992). LA, Laramian arc volcanics; PB,
Paleogene within-plate basalts. Legend as in
Figure 4.

produced by the partial melting of a mantle
source. That mantle source should have been
previously affected by metasomatism and
contamination processes determined by the
very hot fluids carrying various elements
released by the subducted ocean crust slab in
the process of eclogitization. In this respect, it
must be emphasized that the subducted ocean
crust was not a homogeneous basaltic one,
since the Mures ophiolitic suture contains,
beside the ocean basaltic crust, intercalations
of red argillites, limestones and sandstones.
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Moreover, the magmatic minerals from the
ocean floor basalts were in most cases
substituted by secondary minerals like uralite,
chlorite, epidote, calcite and iron hydroxides;
similarly, the plagioclase laths were altered
into argillic minerals, calcite, zeolites and
albite, depending on the temperature that
controlled the process.Such minerals also
occur in the basalt amygdales. All these
materials, along with the water from the
secondary mineral network and the water from
the sediments contributed to the generation of
a wedge of metasomatic and contaminated
peridotite above the subduction plane, from
which the parental magmas of the Laramian
rocks derived by partial melting.

It seems that, before its emplacement in
the wupper crust, the parental magma
underwent an intense differentiation. The low
contents of Ni and related compatible
elements like Cr, V, Mg etc. in the Laramian
volcanics from both regions (Tables 1 and 2)
indicate extensive fractionation of the mafic
minerals during the differentiation of the
parental magma. This process led toward the
formation of a more basic magma/cumulate by
the enrichment in mafic components, and
toward a more acid/evolved magma that
remained after the loss of a part of the mafic
crystals. Concomitantly, an enrichment of the
parental magma in alkalies took place, leading
to the occurrence of some alkaline magma
fractions, from which the alkaline and adakitic
rocks resulted (Defant and Drummond, 1990).
According to the low value of the (La/Ce)y
ratio (Table 3) the metasomatic mantle source
underwent LREE depletion during the
mentioned processes.

The average isotope values of the
Sr¥7/Sr* ratio are of 0.70703 - 0.70704 in the
Lapugiu andesites (Downes et al., 1995) and
of 0.7059 to 0.7084 in the rocks from the
Vladeasa Mountains (Stefan et al., 1992).
These values show  processes of
contamination, both by metasomatism and
contamination of the mantle source, as
indicated by the low values of the ***Pb/**'Pb
ratio (Downes et al., 1995), and assimilation
during the ascent of parental magma through
the crust.



Geochemistry and origin of Lapugiu and Vlideasa banatites

The parental magmas of the Paleogene
tholeiitic basalts resulted from mantle plume
sources, which were not affected by
metasomatic processes (Savu, 2004; 2005b).

5. Conclusions

Two areas with distinct volcanic
products are located along the Romanian
segment of the Laramian (Banatitic)
continental volcano-plutonic arc, extending
from Banat to the Apuseni Mountains. The
volcanics from these areas differ by their
geochemical composition. The Lapugiu rocks
are mostly intermediate, being represented
especially by andesites. The Vladeasa rocks
consist mostly of dacites, rhyolites and related
plutonic rocks. All these igneous rocks are
calc-alkaline in composition, with an obvious
alkaline tendency. The Laramian volcano-
plutonic rocks are bearing a remarkable
continental arc signature, in contrast with the
spatially-associated Paleogene basalts that are
WPB rocks. The Lapugiu volcanics show
higher Sr, Ba and Zr and lower Y contents, in
comparison with the Vladeasa volcanics,
where these trace elements are normal for
island arc rocks. The first rock-series presents
a slight adakitic tendency, consistent with
their eruption within the Mures adakitic pro-
vince. The parental magmas of both Laramian
volcanic series resulted from the partial
melting of a metasomatic and contaminated
mantle source, located at a maximum depth of
ca. 100 km. In conclusion, the petrographic
and geochemical differences between the two
areas of Laramian continental arc rocks have
been determined by several control factors,
among which the most important could have
been the mantle heterogeneity (see also
Ringwood, 1979) and the degree of mantle
source metasomatism and melting, as well as
the magma contamination and differentiation.

The parental magmas of the Paleogene
basalts resulted from the partial melting of a
non-metasomatic lherzolitic mantle plume
source, at a depth of about 50 km, like the
magmas of the Deccan traps. The mineral
deposits associated with the Lapugiu
volcanics are hydrothermal mineralizations of
the Pb-Zn-Cu type, while the Vladeasa
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magmatic rocks are associated with uranium
mineralizations.
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