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S T E F A N BOYADJIEV* 

GEOCHEMISTRY OF RARE-EARTH ELEMENTS IN MIDDLE ALPINE 
PLUTONS FROM THE CENTRAL SREDNOGORIE, BULGARIA 

(Tabs. 1, Figs. 2) 

A b s t r a c t : The complex p lutons studied show a constant deficiency 
in ^ T R — for i n t e r m e d i a t e and acid rock varieties, and resemblence to 
tholeiites — for gabbros. All rocks exibit Ce c h a r a c t e r of the l a n t h a n o i d s 
and negat ive Eu anomaly . In t h e process of f ract ionat ion t h e potentia l ly 
meta l-bear ing p lutons reveal a tendency to re lat ive concentra t ion of 
i n t e r m e d i a t e and heavy lanthanoids . ^ T R m t h e p lutons of the two 
pet rochemica l t rends m a r k a single genetic code w h i c h defines their 
comagmat ic links. T h e pr imary . Ca-alkal ine m a g m a type w a s probably 
formed at a c r u s t a l - m a n t l e level. 

P c 3 io M e: PaccMaTpiiBacMbie KOMruicKCHbie njiyroiibi xapaKTepiwyioTCii noc-
TOSIHHblM HClpHUIITOM Y]TR A.'ltíl CpCAIICOCHOB'M bl.\ II KUC.lblX pa:!IIOI3HÄHOCT0Íi 
iiopo.T., ii CXOÄCTBOM c TO.'R'iiľaMii .'LÍH raóópo. Bee iiopo/u.i OTJiiimaioTCM 
LU'piieBWM xapaK'repoM jiaHTaHOHÄOB íl OTpiinaTe.nbiHoii eeponiieBOii aHOMajiHeň. 
B npouecce (^paKUiioiiiipoBaniisi, noTemiiia.'iMio Mcra/ioiiocnbie luiyTOHbi no-
Ka3bIBalOT TClIfteHUHIO K OTHOCHTejIbHOMy OÓOramcHHlO CpeAHblMH II TÍIMUVlblMn 
.uiiiTaiioiiiiaMii. T)TR Ji.nsi II.IVTOHOB ZIBVX ncrpoxiiMiiMĽCKiix psi.noi! (TPCIIÄOB) 
uaiueiaeT eiinmibiii reneTHMeCKHii KOA, MTO onpcacnier HX KOMar:«iaTiiqHOCTb. 
FlcpBHiHala MarMa Ka.ibu,neBO-me.ioiinoro riina licposnno (popMiipoBa.iacb na 
KOpOBO-MallTlďíHOM ypoBHc. 

Introduction 

T h e s t u d i e s of r a r e - e a r t h e l e m e n t s (REE) i n t h e m a g m a t i c f o r m a t i o n s of 
B u l g a r i a , p a r t i c u l a r l y i n t h e M i d d l e A l p i n e p l u t o n s , d a t e b a c k t o a b o u t 15 
y e a r s ago . A s a r e s u l t s o m e m o r e i m p o r t a n t f e a t u r e s in t h e i r b e h a v i o u r d u r i n g 
t h e m a g m a t i c p r o c e s s h a v e b e e n r e v e a l e d . A r e l a t i v e d e f i c i e n c y of STR a n d 
d o m i n a n t c e r i u m c h a r a c t e r of t h e l a n t h a n o i d s h a s b e e n t r a c e d . C e r t a i n c o r ­
r e l a t i o n l i n k b e t w e e n £ T R a n d t h e t o t a l a l k a l i n i t y of t h e s u b a l k a l i n e p l u t o n s 
( V i t o s h a , R o s e n ) h a s b e e n e s t a b l i s h e d . T h e m a i n f o r m of o c c u r r e n c e of R E E 
is i s o m o r p h i c d i s p e r s i o n i n t h e m a i n r o c k - f o r m i n g m i n e r a l s a n d s u b o r d i n a t e 
a m o u n t s i n o w n a c c e s s o r y m i n e r a l s (A 1 e k s i e v e t al., 1967, 1969 ; A 1 e k s i e v, 
1969, 1974). O n t h e b a c k g r o u n d of a n e g a t i v e a n o m a l y t h e v a l u e s of E u d e c r e a s e 
p a r a l l e l t o t h e g e n e r a l a c i d i f i c a t i o n of t h e m a g m a t i c d e r i v a t i v e s (D a i e v a, 
1980). 

T h e p u r p o s e of t h e p r e s e n t p a p e r is, on t h e b a s i s of a c o n s i d e r a b l y l a r g e r 
n u m b e r of s a m p l e s a n a l y s e d b y m e a n s of m o d e r n m e t h o d s a n d p r e c i s e e q u i p ­
m e n t , t o s t u d y i n m o r e d e t a i l t h e g e o c h e m i s t r y of t h e r o c k v a r i e t i e s i n t h e 
i n v e s t i g a t e d p l u t o n s , t o d e t e r m i n e t h e p a t h of m a g m a t i c d i f f e r e n t i a t i o n a n d t h e 
r e l a t e d l a n t h a n o i d f r a c t i o n a t i o n a n d e v e n t u a l l y t o e v a l u a t e t h e d e p t h of g e n e ­
r a t i o n of t h e r e s p e c t i v e m a g m a s . 

*Prof. St. B o y a d j i e v, Geological Inst i tute . Bulgar ian Academy of Sciences, 
Acad. G. Bončev Str., block 24. 111,3 Sofia. 
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Fig. 1. Geological map of a part of the Central Srednogorie. 
Explanations: 1 — Neozoic sedimentary complexes; 2 — Middle Alpine plutons: Vi-
tosha (A), Plana (B), Gutsal (C). Elshitsa-Boshulja (D). Plovdiv (E). Kapitandi-
mitrievo (F). Medet (G), framework of the plutons; 3 — Upper Cretaceous volcano-
genic-sedimentary complex; 4 — Paleozoic-Mesozoic rock complexes; 5 — granitoid-
-consolidated Precambrian crystalline basement; 6 — structural zones bounding the 
Central Srednogorie; 7 — faults. 

The studies cover representat ives of the two petrochemical (Ca-alkaline and 
K-subalkaline) trends. Seven intrusives from the Central Srednogorie and 
individual representat ives of the accompanying dike formation were studied 
(Fig. 1). A total of 71 samples was analysed by means of neutron-activation 
analysis (NAA). The analysis was carried out by C u b r i e v and M a t a n o v 
to whom I express my deep grat i tude. 

All samples were analysed for La. Ce, Ncl. Sm, Eu, Tb. Yb. Lu. the maximum 
error being below 10 %>. 

The results from single samples were grouped according to fades and re­
calculated into "average" values which eliminate eventual extreme values 
and yield most accurate data for individual elements in the rock type as 
a whole (Table 1). In the computation of the average data results from former 
publications are included (A 1 e k s i e v et al., 1964, 1969 ; A 1 e k s i e v. 1974; 
D a i e v a. 1980). 

In order to elucidate the degree of fractionation of REE the obtained average 
data are chondrite normalised (according to contents given by M a s s u d a 
et al., 1973). The graphs of REE distribution (Fig. 2) are constructed on this 
basis. 
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Brief petrological description of the plutons 

The Middle Alpine (Neointrusive, Late Hercynian, Laramide) intrusive mag-
matism in the Central Srednogorie is represented by Vitosha (D i m i t r o v, 
1942), Plana. Gutsal. Plovdiv (B o y a cl j i e v, 1962, 1971, 1973). Elshitsa-Bos-
hulja (B o y a d j i e v — C i p č a k o v a, 1964), Kapitandimitr ievo (B o y a d-
j i e v — P a n a y o t o v a . 1982) and Meclet (U š e v et al., 1962) plutons 
(Fig. 1). Except for Gutsal and Plovdiv pluton the other bodies are of com­
posite, polyfacies s tructure. Their facies development occurred in three main 
stages. 

According to the results of the former studies the basic, mainly gabbro 
intrusion, was formed during the first stage. As a result dominantly of gravity 
differentiation anorthosites and pyroxenites are locally found in certain cases. 
In the form of relatively small, chain-like bodies the gabbro was intruded 
along a petro-lineament and first marks the Middle Alpine intrusive activity 
in this region. Commonly the gabbro bodies are disrupted and form xenoliths 
in the rock varieties of the next magmatic impulses. This leads to formation of 
hybrid facies of transit ional character : monzogabbro in Vitosha. gabbrodiorites. 
granogabbro, etc. in Plana pluton. These rock varieties show higher content 
of K 2 0 . 

During the second, main intrusive stage, as a result of homodromous de­
velopment, the next, intermediate to acid rock varieties were formed. Two mo­
dels of polyfacies plutons may be distinguished: differentiation and crystalli­
zation "in s i tu" at hypabyssal levels (Plana, Kapitandimitr ievo, etc.), and 
abyssal differentiation with intrusion and crystallization of the magmatic por­
tions at higher levels (Vitosha). 

Most intrusive bodies are cut by vein rocks formed during the third, rela­
tively independent stage. Usually, their facies and mineral composition is 
analogous to that of the representatives of the second magmatic stage. A poor 
aplite-pegmatite phase is related to the plutonic bodies. It contains a rich mi­
neral association including minerals, concentrators of REE — orthite, monazite. 
uranothor i tc (B o y a d j i e v — I v a n o v , 1975, 1982). 

The Middle Alpine intrusive magmat i sm in the Central Srednogorie, and 
in the Srednogorie zone in general, terminates with the so-called "Sredno­
gorie dike formation" (D i m i t r o v, 1959). It is represented by two scries 
which are relatively independed in temporal and petrochemical respect inter­
mediate to acid derivatives of the Ca- and K-alkaline petrochemical series 
and a relatively later lamprophyric association (B o y a d j i e v, 1979). 

In petrochemical respect the Vitosha pluton is a representat ive of the Medi­
t e r r a n e a n tendency (D i m i t r o v, 1942) while the other intrusives bear the 
features of the Ca-alkaline series; in them the alkalization overtakes the 
acidification. 

Distribution of rare-earth elements in the rock varieties of the plutonic bodies 

In accord with the large petrographic variations, 2JTR in the plutons 
under consideration ranges from 46 to 164 ppm and only in Plovdiv pluton 
reaches 235 ppm (Table 1). The following main features are typical of indivi­
dual plutons and their rock varieties. 
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1. Different £ T R in rock varieties of one and the same type from different 
plutons is established. Evidently, this is a result of the relatively independent 
development of each intrusive irrespective of their common comagmatic and 
formational links. The ruptura l predestination of the magmatic chambers, 
the formation of individual part ial magmas as well as the part icular conditions 
of their differentiation and crystallization govern the specific conditions of the 
rare-ear th fractionation. 

2. According to £ T R content the gabbro impulses, with certain quanti tat ive 
variations, show similarity to island-arc (57 ppm) and continental (91 ppm) 
tholeiites (after B a 1 a š o v, 1976). They are also relatively rich in light lan-
thanoicls. UTR is relatively higher in the gabbro from Vitosha and Plana. In 
this case, however, there is a remarkable correlation wi th the higher KjO con­
tent (1.01 and 1.38 respectively) which was evidently supplied by the later 
magmat ic portions. 

In the diagrams showing the lanthanoid fractionation (Fig. 2) and par t i ­
cularly in those which trace the internal distribution of REE in the process 
of magmatic differentiation the gabbro has a specific position with respect to 
the other rock varieties from Elshitsa-Boshulja pluton (Fig. 2 — B); in Vitosha 
and Plana intrusives this feature is masked by the above mentioned assimila­
tion and hybridization processes. The lamprophyres of the dike formation show 
analogous behaviour (Fig. 2 — C). This suggests that the magmas which formed 
the basic rock varieties of the composite plutons and the lamprophyres of the 
dike formation were relatively independent both in temporal and petroche­
mical respect and maybe also in genetic respect. 

3. All other rock varieties of the second and third magmatic stage of the 
two petrochemical series (except for Plovdiv pluton) show a subclark content of 
2JTR and distinct deficiency in respect of the equivalent average rock types 
(after B a l a š o v ) . At the same time the 2JTR content in the subalkaline 
varieties of Vitosha pluton and the in termediate to acid derivatives of the in t ru­
sives of the Ca-alkaline series are relatively equal. This suggests that the mag­
mas of the K-subalkaline plutons in the Srednogorie zone were probably form­
ed as a result of abyssal differentiation of magma of pr imary Ca-alkaline com­
position. 

On the basis of the relatively higher £ T R in Medet pluton A 1 e k s i e v 
(1969) assumed certain relations to its potential metal content. In this respect 
there are certain analogies with Plana, Gucal and Plovdiv pluton (Table 1) whe­
re some hydrothermal mineralizations are also found. 

4. In the rock varieties of the second magmat ic stage in Vitosha pluton the 
normal order of lanthanoid fractionation established by A 1 e k s i e v et al. 
(1964) and D a i e v a (1980) is confirmed: the 2JTR content gradually increases 
towards the later and relatively more acid varieties. There is also a distinct 
relation between the degree of REE fractionation and the development of 
magmatic differentiation in view of the gradual increase of the total and mainly 
of the K-alkalini ty; at the same time the relation between CaO and f m is 
reverse and is due to the considerable decrease of coloured minerals. 

However, this tendency is unstable for the rock varieties of the second main 
magmatic stage of the Ca-alkaline series. In Medet pluton it is not well ex­
pressed, in Plana shows intrafacial variations and in Kapitandimitr ievo in t ru-
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sive it is not expressed at all. On the background of a general tendency for 
a slight but gradual increase of the total alkalinity a part ial variation of the 
behaviour of K-jO in the differentiation process is commonly observed. There 
is also certain relation to the content of hornblende and in parts of biotite. 

Fig. 2. Diagrams showing the fractionation models of light (La—Nd). intermediate 
(Sm—Gd) and heavy (Tb—Lu) lanthanoids in some of the Middle Alpine plutons 

from Central Srednogorie. 
Explanations: A — Vitosha pluton, B — Elshitsa-Boshulja pluton, C — dike for­
mation, D — Plana pluton, E — Kapitandimitrievo pluton. F — Medet pluton. G — 
Plovdiv pluton. rock varieties: 1 — gabbro; 2 — diorite; 3 — monzodiorite; 4 — gra-
nodiorite; 5 — adamelite. granite; 6 — monzonite; 7 — syenite; 8 — vein granitoids. 
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In the group of vein granitoids of the third magmatic stage two tendencies 
in the behaviour of 2JTR are recorded. In Vitosha, Plana and Elshitsa-Boshulja 
pluton, the general regularity of the second stage is still operating — gradual 
increase towards the end facial members . This fact indicates that they are 
formed as a result of a single differentiation series irrespective of their rela­
tive temporal and lateral independence. In Medet and Plovdiv pluton, however, 
the vein granitoids show significantly lower JCTR content which suggests that 
they are better individualized in temporal and possibly in genetic respect. This 
is confirmed by the fact that the vein rocks which are implaced in the Medet 
pluton (sulphide mineralization of areal type) are " b a r r e n " . This suggest a re­
latively independent development of the vein rocks. 

On the basis of isolated data (Table 1) certain instability of IľTR is traced 
also in the dike formation. The behaviour of 2ľTR here may be explained 
by the relatively independent development of the individual magmatic portions 
which were differentiated at abyssal level and were temporal ly and laterally 
individualized. 

5. The variations in the degree of REE fractionation in some of the plutonic 
representatives is of definite interest. In the subalkaline Vitosha pluton and in 
the oversaturated in SiOj Elshitsa-Boshulja pluton as well as in the dike for­
mation (of the Ca-alkaline series) the fractionation is of "one-way" type, show­
ing a tendency to an uninter rupted increase of light lanthanoids (Fig. 2 — 
A, B, C). This co-variant model is assumed as a criterion for the development 
of fractional differentiation in the comagmatic series (A 1 e k s i e v, 1969; B a ­
l a š o v, 1976; D a i e v a, 1980). However, in par t of the plutons under con­
sideration and particularly in the largest and polyphase Plana pluton (Fig. 2 — 
D), there is a distinct inversion in the fractionation during the formation of 
the transit ional granodiorite facies. In this intermediate link of the general 
facial series the content of ,£TR reaches a max imum and after that it de­
creases. The par t of the intermediate and heavy lanthanoids increases corres­
pondingly, mainly at the expense of the considerably decreased content of Ce 
(Table 1). This i rregular distribution of REE in Plana pluton is explained by 

A l e k s i e v et al. (1969) with influence of contamination processes. However, 
as far as such processes have not been proved (B o y a d j i e v, 1971) this 
inversion most probably may be related to the following petrochemical-mi-
neralogical features : the higher ETR content in the diorite depends evidently 
on the relatively higher amount of hornblende (as an active concentrator of 
REE) and in the granodiorite — on the high KiO content; in the quartzmon-
zodiorite where 2JTR is relatively lowest both hornblende and KoO show a re­
latively lower content. 

Consequently, it may be assumed that 2ľTR in the plutons discussed is con­
trolled by a complex of factors: the general petrochemical character of the 
initial — producing magma, the conditions of its deep fractionation and respec­
tively the specific features in the formation of the partial magmas, the con­
ditions of crystallization differentiation in the respective magma chambers, 
an i m p o r t a n t factor is also the quanti tat ive and qualitative composition of 
the rock-forming components — as concentrators of REE in the particular 
rock varieties. 

6. All rock varieties of the two petrochemical t rends are characterized by 
a distinctly expressed cerium character of .£TR which is well demonstrated 



RARE EARTHS FROM CENTRAL SREDNOGORIE 385 

by the ratio ECeASY. A particular relation to the facies conditions, however, 
is not established. The variation of £TR in the rock varieties of the individual 
plutons depends on the content of Ce and in Meclet and Plovdiv plutons — 
also on the content of Nd (Table 1). 

On the background of the distinct Ce character of ZTR in Medet, and Plovdiv 
pluton the processes of REE fractionation in the development of magmatic 
differentiation and crystallization show a tendency towards a gradual increase 
of intermediate and heavy lanthanoids. Similar processes are traced in the 
later stages also for Plana pluton (Fig. 2 — D, F. G). All these plutons show 
a higher metallogenic potential. 

The ratio HCe/UY confirms the opinion of A l e k s i e v (1969) on the relati­
vely higher mobility of the cerium group and on the development of two 
relatively independent tendencies in REE fractionation. Higher i tr ium content 
is recorded in the K-subalkaline Vitosha pluton and in parts in the intrusives 
of the Ca-alkaline group (Plana, Kapitandimitrievo) which show a relatively 
higher potash tendency. The predominant par t of the plutons with distinct 
pacific tendency is characterized by higher cerium content. 

The fact that the dike formation falls within the group of higher i t r ium 
content suggests that , irrespective of the noticable links with some plutonic 
bodies and their probable comagmatic origin, it developed geochemically as 
independent unit. This confirms its relative temporal and lateral individuality. 

7. The ratio La/Yb likewise indicates the predominance of light lanthanoids in 
the process of fractionation. Again, two relatively independent groups of plutons 
may be distinguished. The first group includes the subalkaline intrusives as well 
as representat ives of the dike formation. Here, the above ratio varies between 
8 and 12. This analogous behaviour probably depends on the higher alkalinity 
of the aschistic group of the Ca-alkaline series. The second group, where the 
ratio La/Yb is 11 to 51, covers all rock varieties of the second and third mag­
matic stages of the Ca-alkaline series (Table 1). In accord with the concept 
of L u t z (1974) on the limited variations and the average value of La/Yb 
it may be assumed that the initial magmas of the two petrochemical groups 
were generated at a level of 50—100 km and more. The deep, crustal-mantle 
genesis of the magma is witnessed also by its petrochemical and metallogenic 
features: relatively higher content of MgO, Fe^O;;, CaO and above d a r k back-
round of Cu, Mo, in parts Pb and Zn (B o y a d j i e v, 1979). 

8. In most rock varieties of the studied plutons the content of Eu is in the 
limits of island-arc tholeiites (B a 1 a š o v, 1976). This demonstrat ive fact 
likewise supports the idea on the deep, mant le genesis of the pr imary magmas 
( B o y a d j i e v, 1979). 

The tendency towards a gradual decrease of the relative concentration of 
Eu in the end facies members in the subalkaline Vitosha and Rosen plutons 
(D a i e v a. 1980) may be traced also in the rock varieties of the second mag­
matic stage for the plutons of the Ca-alkaline series. This trend is very distinct 
in the intermediate and acid derivatives of the dike formation (Table 1). Thus, 
there is a reverse correlative link between the gradual acidification and the no­
minal quanti ty of Eu. The increasing deficiency of Eu in the end members of 
the magmatic series is a characteristic criterion for the development of frac­
tional differentiation in comagmatic series as pointed out by B a 1 a š o v (1976) 
and D a i e v a (1980). 
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The lamprophyres, as end members of the dike formation, show higher con­
tent of Eu as compared to the preceeding granite porphyries. This indicates 
that, irrespective of the assumed comagmatic origin, the basic part ial magmas 
have a relative independent geochemical development during their abyssal 
evolution. The reasons for the considerable quantitat ive differences in the 
ZTR content of gabbroids and the following fades varieties are probably very 
similar. In this light the idea of D i m i t r o v a et al. (1983) that the rock 
varieties of the first (gabbroic) and the next magmatic stages in the polyfacies 
plutons belong to one and the same formation is evidently not well grounded. 

All rock varieties of the intrusive bodies under consideration, as well as 
those of the dike formation, show a distinct negative Eu anomaly which may 
be assumed as a criterion for their pr imary magmatic genesis. 

The parallel decrease of the Eu values towards the end and more acid mem­
bers of the K-subalkaline magmas (D a i e v a, 1980) has not been observed 
in the Ca-alkaline series. At the same time there are certain differences in the 
Eu values between the end members of the second magmatic stage and the 
vein granitoids (Table 1). Constant differences are observed also in the Eu 
values of gabbros and the rock varieties of the second magmatic stage for the 
two petrochemical series which usually show identical values. Distinct diffe­
rences are evident also for different varieties of the dike formation. In all 
three cases, however, a co-variant petrochemical relation is not established. 
This internal facies relation in lanthanoid fractionation probably reflects their 
relative petrochemical individuality which is indirectly expressed in their 
temporal and spatial independence. 

Conclusions 

The distribution of REE in the rock varieties of the Middle Alpine plutons 
leads to the following more important conclusions: 

1. A relative deficiency of ETR in respect of the average rock types has 
been established. The 2ľTR content in the basic, gabbroid impulse as well as 
the general subclark content in all rock varieties of the second and third mag­
matic stage indicate a tholeiitic character of the generating magmas. 

The considerable deficiency of £ T R in the subalkaline Vitosha pluton as well 
as its close content in the rock varieties of the Ca-alkaline series suggests 
that they were formed in the process of deep differentiation of magmas of pr i ­
mary pacific character. This evidently points out to the comagmatic links of 
the whole series in the Srednogorie zone. 

Irrespective of certain specific features, most plutons show good correlation 
between the evolution of the homodromous magmatic differentiation and the 
degree of REE fractionation. This is a criterion for fractionated differentiation 
of comagmatic series. 

2. On the background of a distinct Ce character of 2JTR in all rock varieties 
of the two petrochemical series, two relatively independent tendencies of geo­
chemical behaviour may be distinguished: the K-subalkaline plutons show 
higher i tr ium content while most of the intrusives of Ca-alkaline character 
are richer in cerium. In this light the noted intra-formational inversion of the 
REE fractionation in some of the polyfacies plutons is of certain interest. It is 
established that this change in the course of lanthanoid fractionation is a result 
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mainly of the quanti tat ive and qualitative composition of the minerals con­
centrators of REE. 

3. Based on the values of Eu. a threefold internal interruption of REE frac­
tionation in the fades development of the plutons is established. This supports 
the model for the three main stages in the formation of the Middle Alpine 
intrusions in the Srednogorie zone. 

The aplite-pegmatite phase may be divided as an additional stage. This 
phase shows lower 27TR (A 1 e k s i e v, 1969) since at that time independent 
minerals concentrators of REE are formed — thorite, orthite (B o y a d j i e v 
— I v a n o v . 1975. 1982). 

The dike formation is in principle a relatively new, independent stage of 
part ia l magmatic differentiation and lanthanoid fractionation. Typical are con­
siderable variations of the Eu values in individual facies varieties and the 
recurrent fractionation of ĽTR in the latest lamprophyres . 

4. The gabbroids of the first magmatic stage of the composite plutons as 
well as the lamprophyres of the dike formation m a r k a definite interruption 
in the general process of lanthanoid fractionation. Probably this reflects their 
relatively different genesis and to a certain degree their independent geoche-
mical behaviour. 
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