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L. G. D A N I L O V I C H * 

GEOCHEMISTRY OF TRACE ELEMENTS IN ACID VOLCANIC ROCKS 
OF THE UKRAINIAN CARPATHIANS 

(Fig. 1, 2) 

A b s t r a c t : Resul t s of geochemical invest igat ion of t r a c e e l e m e n t s 
(Rb, P b , Sr, Y, Th, U, Zr) in t h e acid volcanic rocks of t h e T r a n s c a r p a t h i a n 

Deep and change in t h e values of geochemical indices —? , Rb Sr. 
Na^O 

K'Rb. Th U etc. m a k e possible to consider the rocks as ca lcalkal ine series 
and to connect t h e i r format ion w i t h isolated ind iv idua l deep (undercrusta l) 
s l ightly di f ferentiated sources of m a g m a s in t h e subduct ion zone of the 
C a r p a t h i a n i s land-arcs (Late Cretaceous—Neogene). 

P c 3 lo M e: Pe3yjibT3Thi reoxiiMii'iccKiix iicciejionaimíi peÄKHX sjieMenroB 
(Rb, Pb. Sr, Y, Th. U. Zr) B Bv.iKaHHqecKHX oópasoBaimsix Kiicjioro cocTaBa 
3ai<apnaTCKOro nponiúa n inMenenni? BCVMIMIIII reoxiiMimecKiix IIH/U'IO'OB 

-r;—^r , Rb 'Sr , K/Rb, T h ' U ) no3BO.au/io OTUCCTII KIICIUC nv-iKammc-CKiie otma-
Na-jO ' 

30BamiH K 1136CT KOBO-iuejioMiioň cepmi ii cBH3faiBaTb ee c|iopMnpoBaH!ie C OĎOCO-
ĎJleHHblMH rjiyÔHHHHMH (nOilKOpOBWMIl) C.Ta6o/IHCp(t)epCHUIipOBaHIIbIMH HCTOM-
IIHKaMH KHCflMX M3TM B jpcZlC.iaX 30111,1 CVÚHYKLUIII OCTpOBHOH :{\TU KapiKIT 
(no3AM»íi Mci-neorc i i ) . 

T h e r e s u l t s of g e o c h e m i c a l s t u d y of t r a c e e l e m e n t s (Rb, P b , S r , Y. T h . U . Z r ) 
in acid v o l c a n i c r o c k s of t h e T r a n s c a r p a t h i a n D e e p a n d c o r r e l a t i o n of t h e i r 
c o n t e n t s w i t h s o m e p e t r o g e n i c e l e m e n t s w e r e g i v e n i n t h i s p a p e r i n o r d e r to 
f ind o u t t h e t y p e of t h e v o l c a n i c r o c k s , s t r u c t u r e c o n d i t i o n s of f o r m a t i o n s 
a n d p e d o g e n e s i s . Z o n e s of a c i d v o l c a n i s m e x t e n d i n d i f f e r e n t a r e a s of t h e 
C a r p a t h i a n s ( A p u s e n i , H u n g a r y , T r a n s c a r p a t h i a n D e e p etc.) . A c i d v o l c a n i c r o c k s 
a r e m e t i n t h e s e q u e n c e of U p p e r C r e t a c e o u s , P a l e o g e n e a n d N e o g e n e . D i f f e r e n t 
fac ies of ac id v o l c a n i c r o c k s w e r e f o u n d i n m a n y s t r u c t u r e z o n e s of t h e C a r ­
p a t h i a n s a n d a d j a c e n t t e r r i t o r i e s . 

N e o g e n e acid v o l c a n i c r o c k s of t h e T r a n s c a r p a t h i a n D e e p h a v e t h e t h i c k n e s s 
m o r e t h a n 2,5 k m . T h e y a s s o c i a t e w i t h m o l a s s e . A c i d v o l c a n i s m is s e p a r a t e d 
f r o m a n d e s i t e in t h e a r e a (Fig. 1). I t is c o n n e c t e d w i t h t h e z o n e s of t h e C a r p a ­
t h i a n d i r e c t i o n ( N W — S E ) , t h e f u n d a m e n t of w h i c h c o m p r i s e s t h e d e p o s i t s of 
a r c m e l a n g e . I t b e l o n g s t o t h e s u b d u c t i o n z o n e (L. G. D a n i l o v i c h . 1976-). 
Tuff l a y e r s of t h e U p p e r C r e t a c e o u s a n d P a l e o g e n e d e p o s i t s of t h e C a r p a t h i a n s 
(L. G. D a n i l o v i c h . M. B. R i p u n . 1973; L. G. D a n i 1 o v i c h , 1976,) 
m a y b e a s s o c i a t e d w i t h t h e e r u p t i o n i n t h e s o u t h e r n p a r t of t h e C a r p a t h i a n 
i s l a n d a r c . 

A c i d v o l c a n i s m h a d b e e n s t a r t i n g i n t h e W e s t e r n p a r t a n d m i g r a t e d t o t h e 
c a s t a n d s o u t h — e a s t , f o r m i n g v o l c a n i c a r c s : i n t h e N o r t h e r n a r c t h e e v o l u t i o n 
o c c u r r e d in B a d e n i a n . in t h e S o u t h e r n a r c — in t h e S a r m a t i a n . T h e d i s l o c a t i o n 

* L. G. D a n i l o v i c h , k. g. m. n.. Ins t i tu t geologii i geochimii gorjučich i skopae-
mych AN USSR, SSSR, Lvov 47, N a u č n a j a 3a. 
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of the volcanic zones in t ime from nor th to south may be associated with tecto­
nic processes in the Carpathian island arc system (the motion of the European 
plate southwards or the change of subduction velocity of the Tethys oceanic 
plate, which caused the migrat ion of the island arc). Analysing the disposition 
of acid volcanic rocks in Neogene strat igraphic sequence such stages of acid vol-
canism may be noted: the first stage — the formation of the Novoselitsky tuffs 

" M ^ 

Fig. 1. Disposition of volcanic zones in 
the Transcarpathian Deep. 1. NE bounda­
ry of. Neogene deposits distribution. 2. 
boundary of volcanic rocks of Vihorlat-
Gutin ridge. 3. boundary of the acid vol-
canism zones: a) Badenian, b) Sarmatian. 
4. present location of the volcanic zone 
axes and absolute age of rocks: I—I. axis 
of the acid volcanism zone in the Bade­
nian, II—Ilk. axis of Sarmatian acid volca­
nism zone, II—IIa. axis of Sarmatian an-
desite zone, III—III. axis of Pliocene ande-
site — basaltic volcanism zone (Vihorlat-

Gutin ridge). 

with more than 1000 m thickness — Lower Tortonian (Badenian in present inter­
pretation), the second stage — the formation of 5—6 tuff layers wi th thickness 
from 20 to 100 m in the Upper Tortonian, the third stage — formation of Sarma­
tian deposits wi th more than 1000 m thickness, the fourth stage — the forma­
tion of the layer in the Pannonian wi th thickness to 100 m. 

Methods of work 

The contents of impor tant trace elements, expecially Rb, Pb, Sr, Y, Th, U, Zr 
were investigated in the studied rocks (Table 1). Sr, Rb, U, Th and Pb were 
determined in total samples of rocks in the Chemical Analytical Laboratory 
of All-Union geological Inst i tute (Leningrad) using the method of X-ray-spe-
ctrometric fluorescence analysis wi th the spectrometer FRS-2. The sensibility 
limit of determinations is 3—5.10"'1, the reproduction of result determinat ions 
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on the limit level contents is nea r 30 and on the level — 0,01—3. Chemical ana­
lyses of petrogenic element contents were made in the Laboratory of the Insti­
tute of Geology and Geochemistry of Combustible Minerals of the USSR Aca­
demy of Sciences (Lvov). 

Petrologic characteristics of the rocks 

Ignimbri te deposits (cover flood tuffs) predominate in the acid volcanic 
complexes, where air-fall tuffs, flood and extrusive lavas and tufflavas are 
also developed (L. G. D a n i l o v i c h , 1976i). The studied complexes are 
located in two zones: Nothern and Southern. Volcanic rocks have acid compo­
sition (dacite—liparite) wi th predominat ion of dacitic composition rocks. SÍO2 
contents differs from 58 to 75 percent (predominance of the rocks wi th 60—66 % 
of SiOo), AI2O3 contents vary from 11 to 15 % and not more than 17 % the ratio 
0 9 Fe->0'i + FeO 

— from 1,0 to 4,0. The sum 0,9 Fež03 + FeO is almost constant 
MgO 

(3,3—3,7) in all age complexes of the Neogene acid volcanic rocks while the 
total of iron decreases from 3,5—3,7 to 2,1—1,2 in last magmat ic products with 
increasing S i 0 2 and increases in the dacitic rocks (4,1—4,8). To contract the AFM 
diagrams we made use of 150 analyses data. Points of the acid volcanic rocks 
are in the field near the line AF (Fig. 2, 1). The curves for calc-alkaline and alka­
line associations of the Banati t ic province are shown for comparison (Fig. 2, 2— 
4). The field of the Transcarpathian Deep acid volcanic rocks on the AFM dia­
gram shows little or no i ron enr ichment and the tendency to increase in alkaline 
contents. K-alkalinity increases in the last magmat ic products of each volcanic 
stage. 

The sum of normatives of albite, orthoclase, quar tz changes from 75 to 85. 
Everywhere sodium predominates over potassium while contents of K2O increase 
in liparites, completing volcanic activity (domes). The average contents of K2O 
are 2,1—2,5. K2O contents in the Transcarpathian acid volcanic rocks vary close 
to K2O content in the typical dacitic rocks of the Circumpacific island arcs 
(P. J a k e š , A. J. R. W h i t e , 1972). Na 2 0 does not change as much as K2O 
in sequence of rocks with given SÍO2 contents, and consequently the ratio 
K2O 

increases with increasing K.>0 from approximately 0,1 in the low K rocks 
N a : 0 
to 1,0 in high K rocks, but may reach 2 or 4, on an average 0,7 (Table 2, 3). 
These data are similar to — values in the eruptive rocks of the Banatit ic 

NajO 
Province (M. B o c c a 1 e 11 i-P. M a n e 11 i-S. P e 11 z, 1973). Ri t tmann 's serial 
index < 4. 

Some dacitic rocks shows analogies with tholeiitic associations. They are cha­
racterized by low AI2O3 contents (11—12 % ) , K 2 0 contents are less than 1,5 %, 
K-O . FeoOa 

ratio is 0.3 the sum of alkalies is < 5, ratio is low (0,1—0.5), ex t rem-
Na 2 0 FeO • v ' 
ly low are the MgO contents. These rocks belong to the early eruption phases 
of Tortonian and Sarmat ian volcanic stages. 

The majori ty of acid volcanic rocks have the parameters of calcalkaline series 
(Table 1—3, Fig. 2), which makes possible to consider the acid volcanic rocks 
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formation in the island arc as the second type according A. M i y a s h i r o 
(1974). 

The evolution of the Carpathian island arc was of less activity than Japan 
or Kur i l -Kamchatka island arcs where tholeiitic series predominated. 

Minerals of the ear ly stage of crystallization are represented by plagioclase. 
quartz, less by sanidine, biotite, hornblende, hypersthen, garnet , still less by 

Fig. 2. AFM diagram for acid volcanic 
formation of the Transcarpathian Deep. 
1. the field of the Transcarpathian Deep 
acid volcanic rocks, 2. the curve for the 
Apuseni-Timok effusive rocks of calc-al-
kaline association, 3. the curve for effu­
sive rocks of Srednogora calc-alkaline 
association, 4. the curve for effusive 
rocks of Srednogora K-alkaline associa­
tion. 2-4. for M. B o c c a 1 e 11 i. P. M a-

n e t t i a n d S. P e l t z (1973). 

aegirite. Detailed petrographical and petrochemical characteristics of acid volca­
nic rocks were given in the papers of V. S. S o b o l e v e t a l . (1955), V. P. 
R o s t i u k (1961), L. G. D a n i l o v i c h (1976i), etc. All volcanic deposits of 
acid composition (Upper Cretaceous—Neogene) are included in the liparite— 
dacitic formation. 

Distribution of elements 

The contents of Rb, Pb, Sr, Y, U, Th, Zr were investigated in hundreds samples 
of acid volcanic rocks of different ages. Their contents and some geochemical 
indices are shown in Table 2, 3. In order to s tudy the distribution variat ions of 
trace elements the rocks are grouped according to their age wi th the division 
according to the genetical type of f ades : ignimbri te rocks, extrusive rocks, 
tuffs, tuffolavas etc. Elementary contents of trace elements in some sequences 
of bore wells are shown in Table 3. 

Elements in the volcanic rocks and complexes are represented in different 
variations, but the mean values are close to the data given for analogous group 
of rocks by A. P. V i n o g r a d o v (1962). 

Rubidium has very low values and occurs in the range of 2.1 to 38 in indi­
vidual examples (all contents are given in n . l0" 3 %) and in the range of 8.8 to 
18 in average ones (Table 1, 2). Positive correlation between the contents of 
Rb and K 2 0 is established as well as between these elements and Si0 2 , al though 
the degree of accumulation of Rb is not high. It is clearly seen from Table 3 that 
the contents of Rb in all rocks are very low. Rubidium a lithophyllic element 
and a good indicator of the process of differentiation (O. D. S t a v r o v, 1966; 

^ 1 [232 [TZ]3 EH34 
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A. E r 1 a n k, 1972). Therefore the presence of deep source of magma and lack of 
its differentiation is supposed. 

Potass ium contents vary from relatively low (0.7—1.5) to high ones (4.8—5.1 % ) . 
The analysis of data shows the part icular importance of a tendency towards 
K-alkalinity. At the same t ime K / R b decreases and Rb/sr increases. Potass ium — 
rubidium ratios slightly vary wi thin the limits of volcanism zones (Table 2), 
some var iat ions of K/Rb take place apart from the age stages of volcanism (Table 
3). Potass ium — rubidium value (200—500) is the evidence of formation of the 
rocks in island-arc conditions. These values are close to the K / R b values for typi­
cal calc-alkaline and shoshonitic series of the present island-arcs and indicates 
undercrusta l source of m a g m a (L. K. L e o n o v a, N. J. U d a l t s o v a, 1970; 
S. E. D e L o n g , 1974; B. B. D o e , 1968; P. J a k e š ; A. J. R. W h i t e , 
1972). 

S t ront ium fractionates during the crystallization of plagioclase (G. F a u r e, 
R. P o w e l l , 1974) t h a t stipulates contents in rocks. There is a slight correla­
tion of Sr to KjO in the acid volcanic rocks of the Transcarpathian Deep, but 
while S i 0 2 increases the amount of Sr somewhat decreases (Table 3). Isotopic 
composition of Sr was investigated. SrS7/SrSG ranges from 0.705-to 0.707 for 
acid volcanic rocks of the Transcarpathian Deep (E. N. B a r t n i t s k y, L. G. 
D a n i l o v i c h , 1976; L. G. D a n i l o v i c h . 1977) and from 0.702 to 0.706 
for the Tokaj Mountains (K o v a c h et al., 1968) w h a t testifies to the presence 
of undercrus ta l source of acid magmas. The value of R b 'sr ratio differs in the 
range 0.1—1.0, on an average 0,5. 

The distr ibution of lead is characterized by homogeneous and very low abso­
lute concentrations and also occurs in very small amounts (Table 1, 3). The 
lowest lead contents is in Novoselitsky tuffs. Isotopic ratios of lead (V. V. 

206 
N a u m e n k o , 1974) in t h e acid volcanic rocks are similar (Pb = 19.1—19.4, 

208 
Pb — = 37.9). there they are in accordance with the data for rocks with mant le 

204 ' 
source of magma (M. T a t s u m o t o, 1966; B. R. D o e , 1968). 

Zirconium is distr ibuted in the range from 8—41 in individual examples, and 
12—23 on an average (Table 1, 3). The highest contents of zirconium are in the 
rocks of the latest stages of acid volcanism (Sarmatian, Pannonian). 

All studied volcanic acid rocks of the Transcarpathian Deep are characterized 
by extremely low contents of radioactive elements (Table 1—3), especially of 
U. Th. Pb. The same low contents of U and Th can be found only for tholeiitic 
basalts in oceans (E n g e 1 e t al.. 1965). which are considered to be the direct 
product of part ial melt ing of the upper mantle . Average values are as follows: 
u r a n i u m content varies from 0.5 to 2.0, thor ium from 0.5 to 3.5. y t t r ium from 
2 to 7.8. T h/u ratio does not at ta in up to 3. These values are extremely low. 
similar values are typical of the volcanic rocks of the Kuri l island-arc and 
K a m c h a t k a (L. L. L e o n o v a. N. I. U d a 11 s o v a, 1970). some island-arcs 
of the southwestern p a r t of the Pacific ocean and rhyolites of Eastern Slovakia 
(J. F o r g á č, 1975). In liparites u r a n i u m and t h o r i u m are concentrated in the 
matr ix of rocks (glass), only a small quality of them is found in minerals of the 
early crystallization stage (J. F o r g á č, 1975) because the elements yt t r ium, 
u r a n i u m and thor ium have the tendency to accumulate in the residual magmas. 
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U, Th, Y are distr ibuted homogeneously in the rocks of different ages and 
genetical type. During t h e evolution of acid volcanism the lack of U and Th 
enr ichment is m a r k e d on the whole terr i tory of acid volcanic rocks development, 
except l iparites with slight enr ichment in thor ium and u r a n i u m (Table 1—3). 
When comparing the l iparites of Slovakia (J. F o r g á č , 1975) with those in 
the Transcarpathian Deep, correlation relationship between Th, U and Y, Th, 
U, Y and SiOj in t h e lat ter is observed in t h e rocks of one eruption cycle (Table 
3) and the contents of y t t r i u m increase wi th enr ichment of thor ium contents. 

U r a n i u m and thor ium, as well as rubidium, a p p e a r to be indicators of magma 
melt differentiation process. Hence, low concentrations of these elements in the 
acid volcanic rocks of t h e Transcarpathian Deep and low values of T h/u (Table 2) 
are evidence of t h e fact t h a t during volcanism process t h e melt ascended without 
differentiation. 

The analysis of trace elements distr ibution in the part icular sequences (sepa­
rate erupt ion cycles) shows positive correlation of thorium, uranium, lead, ru­
bidium with alkalies (particularly with potassium) and these elements with 
S i 0 2 (Table 3). 

When the obtained geochemical characteristics and the values of geochemical 
indices of the studied acid volcanic rocks (Table 1—3) are compared with volcanic 
rocks of island-arcs and active continental margins (B. D o e , 1968; A. E w a r t, 
- J . J . S t i p p , 1968; L. L. L e o n o v a, .N. J. U d a l t s o v a , 1970; P. J a ­
k e s , A. J. R. W h i t e , 1972; S. D e L o n g , 1974), we see t h a t o u r results are 
similar to geochemical parameter s of island-arcs rocks. Variat ions in SÍO2 and 
potassium contents, alkali sums, predominance of sodium over potassium, the 

value of— rat io m a k e possible to regard t h e Carpath ian acid volcanic rocks 
Na^O 

as a typical series of island-arcs. It is confirmed also by low contents of thorium, 
uranium, by values of T h/u. Rb/sr, K/Rb etc. In t h e rocks studied by us the total of 
iron is somewhat more or similar to the island-arc rocks. 

Summing up the results of geochemical investigations and geological evolu­
tion, la teral zoning of s t ructure a n d magmatic formation distribution (L. G. 
D a n i l o v i c h , 1975 19762), geophysical data (S. J. S u b b o t i n et al., 1968. 
A. V. T s h e k u n o v et al., 1969), and data of deep drillings in the Trans­
carpathian Deep, it m a y be considered t h a t they testify to the formation of acid 
volcanic rocks on island-arcs, but not on the active continental margins. Taking 
into account the petrochemical n a t u r e of the volcanic series of the Transcarpa­
thian Deep and zoning of their distr ibution (V. S. S o b o 1 e v et al.. 1955; V. P. 
K o s t i j u k, 1961; L. G. D a n i l o v i c h , 1976i), the Neogene Transcarpathian 
island — arcs may be considered as the second group according to Miyashiroš 
classification (1974). 

Conclusion 

1. Uranium, thorium, yt tr ium, rubidium, lead distribution is homogeneous in 
the acid volcanic rocks of different ages, w h a t excludes deep differentiation of 
magmat ic melts during the definite stages and assimilation of crustal material . 

2. Transcarpathian acid volcanic rocks have low m e a n contents of potassium — 
type elements for example : Ba, Pb, Sr, Kb, and Zr — type : Zr, Th, U, which is 
similar to the volcanic series of island-arcs. 
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3. Acid volcanic rocks have low absolute u r a n i u m and thor ium concentrations 
in both the volcanic zones. Thor ium constantly predominates over uran ium. The 
mean value of T h/u rat io appears to be extremely low and equals to 2.4. We 
may assume that during the acid volcanism the m a g m a rose from deep zones, 
without differentiation. The values of T h/u, K/Rb testify to this assumption and 
make possible to connect the formation of Carpathian volcanic rocks wi th sub-
duction zones of island — arcs but not with active continental margins. 

4. The constancy of Rb, Pb, Th, U mean contents and their low concentration 
may be an evidence of petrogenesis of acid volcanic rocks from homogeneous 
slightly differentiated independent undercrusta l source of acid magma. Similar 
data suit for andesite formation of the Transcarpathian Deep. The occurrence 
of important trace and minor elements in very small amounts and their com­
mon contents in different andesite fades as mentioned by B. V. M e r 1 i c h et 
al. (1975) is absolutely impossible u n d e r fractional crystallization or pro­
longed differentiation of magma. It appears to be possible only in the presence 
of isolated source of andesite volcanism is connected with different sources of 
magma. Investigation of s t ront ium isotopic composition (E. N. B a r t n i t s k y 
— L. G. D a n i 1 o v i c h, 1976; L. G. D a n i 1 o v i c h, 1977) confirms this notion 
and testifies to undercrus ta l source of magmas. 

5. The comparison of geochemical indices (Table 1—3) of acid volcanic rocks 
of the Transcarpathian Deep and some island-acns of t h e Pacific Ocean showed 
their similarity and t h e contents of studied elements correspond to their quant i­
ties in the calc - alkaline series of present island-arcs. 

6. The results of investigation allow to regard the formation of calc — alkaline 
series in the Transcarpathian Deep as island — arcs products. 
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