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The ef fu sive rocks of the Ratno Beds of the Volhynian Se ries known from the west ern slope of the Ukrai nian Shield are rep re sented by
lower Vendian flood bas alts whose nor ma tive com po si tion is that of quartz tholeiites. These are plagioclase-pyroxene bas alts dis play ing
inter gra nu lar, intersertal, doler it ic, ophitic and amyg da loid al tex tures; they range from apha ni tic to me dium-grained and con tain about 7
vol. % of palagonite — an al tered glass with a high iron and con sid er able mag ne sium content. The range in com po si tion of plagioclases
(an de sine-bytownite) and clinopyroxenes (augite-ferropigeonite) sug gests that the Ratno Beds bas alts formed by frac tional crys tal li sa -
tion of a par ent magma. Re sid ual magma un der went liquation, pro duc ing a sep a rate acid glass (69–73 wt. % of SiO2) phase within a ba sic
one con sid er ably poorer in SiO2 but rich in iron and mag ne sium. The Ratno Beds bas alts are rel a tively rich in sil ica, iron, ti ta nium and va -
na dium as well as in REE and LREE in par tic u lar but poor in Ni, Co and Cr. Nor ma tive com po si tion, geo chem i cal char ac ter is tics and tec -
tonic po si tion sug gest clas si fi ca tion as con ti nen tal quartz tholeiites. Hy dro ther mal so lu tions are re spon si ble for rich na tive cop per
mineralisation in bas alts of cer tain parts of Volhynia (Ivance and Pol icy). The Vendian vol ca nism of the Volhynian Se ries lithologically
cor re lated with the Sławatycze Se ries of east ern Po land, can be re lated to con ti nen tal rift ing ac com pa ny ing the breakup of Rodinia, with
crustal frac tures mainly run ning con cor dantly with the su ture zone be tween Fennoscandia and Sarmatia, thus al most per pen dic u lar to the
Tornquist rift; other frac ture trends may also have con trolled Vendian vol ca nism.
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INTRODUCTION

In the early Vendian (Late Pre cam brian) wide spread vol ca -
nism took place in east ern Po land, south west ern Belarus, west -
ern Ukraine and north ern Moldavia, over an area of about
140 000 km2 on the west ern mar gin of the East Eu ro pean Craton
— EEC (Biryulev, 1969; cf. Fig.1). The re sult ing lavas and tuffs
are only partly ex posed at the sur face (in the Ukraine and
Belarus). The Late Pre cam brian vol ca nic ac tiv ity on the west ern
flank of the EEC was prob a bly re lated to a fault sys tem (Alenko
et al., 1990), per haps ac tive dur ing the late stages of Rodinia rift -
ing, and pre ced ing the for ma tion of the Tornquist Ocean
(Poprawa et al., 1999). In east ern Po land, Vendian vol ca nic ac -
tiv ity man i fested it self as four suc ces sive erup tive cy cles of vary -
ing in ten sity (Juskowiakowa, 1971; Szczepanowski, 1977). The
ef fu sive-tuffogenic rocks, known ex clu sively from bore holes,
have been named the Sławatycze Se ries (Areń and Lendzion,

1978; Compston et al., 1995). The Volhynian basaltoids of the
Goryn and Styr drain age ba sin we have stud ied have been
lithologically cor re lated with the bas alts of the IVth cy cle of the
Sławatycze Se ries (Szczepanowski, op. cit.).

Studies of the Volhynian bas alts be gan in the 19th cen tury
and were con tin ued by many Pol ish ge ol o gists (Małkowski,
1923, 1926, 1929, 1951; Kamieński, 1927, 1929; Bohdanowicz,
1932; Krajewski, 1935; Janczewski and Samsonowicz, 1936;
Kowalski, 1936; Samsonowicz 1936a, b; Małkowski and
Wojciechowski, 1937; Wojciechowski, 1939); a full list of pub -
li ca tions, to 1960, is in cluded in Lazarenko et al. (1960). Later
stud ies in clude Volovnik (1971, 1975), Semenenko et al. (1976)
and the pa pers ed ited by Semenenko (1972).

How ever, these have in cluded no de tailed mod ern ac count
of min er al ogy and pe trol ogy. The aim of our study was to give 
the petrographic and geo chem i cal char ac ter is tics of the flood
bas alts be long ing to the up per beds of the Volhynian Se ries in
or der to help un der stand their geotectonic set ting and their re la -



tion to the pro tracted breakup of Rodinia, over the 1.0 to 0.5 Ga
interval (Rog ers, 1996).

Field work was car ried out in June 1999 in the west ern
Ukraine. Basaltoid and dolerite sam ples for min er al og i cal and
geo chem i cal anal y sis were col lected from sev eral quar ries in
the Rivne Dis trict, in the Goryn and Styr drain age bas ins near
the vil lages of Pol icy, Ivance and Bazaltovoye (the last one
known in geo log i cal lit er a ture as Janowa Dol ina). Sam ples of
ef fu sive-tuffogenic rocks from bore hole 5879 drilled by the
Geo log i cal Ex plo ra tion Com pany of Rivne on the left bank of
the Styr river near Stary Chartoryjsk were also col lected. All
sam ple lo ca tions are shown in Fig ures 2–4.

GEOLOGICAL SETTING

The East Eu ro pean Craton (equiv a lent to Baltica) con sists
of three large ter ranes: Volgo-Uralia, Fennoscandia and
Sarmatia (Bogdanova and Gorbatschev, 1997). The lat ter two
abut upon the Trans-European Su ture Zone, which orig i nated
from a con ti nen tal rift within the craton (Żelaźniewicz, 1998).
The su ture zone be tween Fennoscandia and Sarmatia was
formed dur ing the Palaeoproterozoic be tween 2.0 and 1.7 Ga

ago (Bogdanova, 1999, 2000). Along the su ture, the
Fennoscandian part con sists of Palaeoproterozoic crustal do -
mains, whereas the Sarmatian part is older, mainly Archean.
Such an old crustal struc ture in the south west ern EEC con -
trolled the lo cal isa tion of fault ing dur ing Neoproterozoic rift -
ing. In EEC, dur ing the 1.3–1.0 Ga pe riod, an aulacogen
sys tem de vel oped, which in clud ing that of Orsha-Volhynia co -
in cid ing with the Fennoscandia-Sarmatia Su ture zone (FSS).
The NW trending Tornquist rift, how ever, was youn ger (ca
0.9 Ga; cf. Żelaźniewicz, op. cit.). On the Rodinia
supercontinent, Baltica was jux ta posed with the Am a zo nian
Craton un til the lat est stages of Rodinia breakup in the
Neoproterozoic (Dalziel, 1997).

The study area lies within the Volhynian-Podolian Block
con sti tut ing the north west ern part of the Ukrai nian Shield, in the
Sarmatian terrane of the East Eu ro pean Craton. Vol ca nic ac tiv ity 
re spon si ble for the for ma tion of the lavas and tuffs in the area
com menced at the turn of the Riphean (Volovnik, 1975; Alenko
et al., 1990). Ero sion of the volcanogenic for ma tions dur ing the
Palaeozoic and Me so zoic re sulted in the mod ern ero sional
bound ary of the vol ca nic suc ces sion in the east run ning roughly
north wards from Chmielnicki (Alenko et al., op. cit.). In the west 
the ef fu sive-tuffogenic for ma tions ex tend out side the Ukrai nian
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Fig. 1. Tec tonic sketch map of the Trans-European Su ture Zone and ad ja cent ar eas, ac cord ing to Pha raoh (1999), mod i fied

Open ticks — oce anic su tures, filled ticks — orogenic fron tal zones; Proterozoic–Palaeozoic tec tonic el e ments: AM — Armori can Mas sif, BB — Brabant
Mas sif, BM — Bo he mian Mas sif, FSS — Fennoscandia-Sarmatia Su ture (Bogdanova, 1999), MH — Mazurska High, PP — Pripyat Trough, RM —
Rhenish Mas sif, SNF — Sveconorwegian Front, S–TZ — Sorgenfrei-Tornquist Zone, T–TZ — Tornquist-Teisseyre Zone, UM — Ukrai nian Mas sif,
USM — Up per Silesian Mas sif; deep yel low color on the west ern mar gin of the EEC stands for the ex ten sion of flood bas alts of the Volhynian Se ries ac -
cord ing to Biryulev (1969); the dot ted line de lin eates the max i mum area of oc cur rence of pyroclastics con nected with Vendian vol ca nic ac tiv ity



ter ri tory into Po land, in the north — into Belarus and in the south 
— into Moldavia (Biryulev, 1969). In the gen er al ised se quence
of the plat form cover of the Volhynian-Podolian Block these
rocks are termed the Volhynian Se ries (Fig. 5; Kosovski, pers.
comm.). Be low the Volhynian Se ries oc cur de pos its of the
Polesie Se ries (mid dle and up per Riphean, cf. Fig. 3). The
Volhynian Se ries is over lain by up per Vendian volcanoclastic
rocks form ing the sep a rate Mohylev-Podolia unit. Thus, the
strati graphic po si tion of the Volhynian Se ries sug gests an early
Vendian age (Alenko et al., op. cit.). The age of the Volhynian
Se ries has been re garded as rang ing be tween 590 and 625 Ma,
whereas the over ly ing sed i men tary rocks yield K-Ar ages rang -
ing from 591 to 546 Ma (Sokolov and Fedonkin, 1990; fide:
Compston et al., 1995). How ever, Compston et al. (op. cit.) ob -
tained  U-Pb ages from zir cons in the up per most tuffs of the
Sławatycze Se ries — lithologically cor re lated with the
Volhynian Se ries of 551±4 Ma. Cur rently (Kosovski, pers.
comm.; cf. Fig. 5) four units are sep a rately dis tin guished in the
com pos ite suc ces sion of the Volhynian Se ries, three of them be -
ing volcanogenic whereas in the fourth, the low er most,
terrigenous ma te rial pre dom i nates. The lavas and tuffs are in -
cluded within the volcanogenic Volhynian Se ries, while the
hypa bys sal rocks are re garded as late Riphean and placed in the
Polesie Se ries (Volovnik, 1975).

Phanerozoic tec ton ics led to ero sion of the up per lev els of
the plat form suc ces sion rest ing on the Ukrai nian Shield in clud -
ing the volcanogenic rocks. As a re sult, the Cre ta ceous ma rine
de pos its cov ered rocks of var i ous age ex posed at the sur face.
The cross-sec tion (Fig. 4) shows that the to tal thick ness of the
Volhynian Se ries in creases grad u ally from the Ukrai nian
Shield to the west. Neotectonic pro cesses led to ex po sure of the 
lavas and tuffs, which can be traced in many quar ries and nat u -
ral ex po sures in the Goryn riverbed — the south ern most in ves -
ti ga tion site.

As these volcanogenic rocks are poorly ex posed, the role of 
frac ture sys tems in the evo lu tion of the Volhynian plat -
form-type magmatism re mains un clear. Such frac tures, reach -
ing deep into the up per man tle, con sti tuted chan nels for the
ba saltic magma pro duced dur ing par tial melt ing of the man tle.
Pre sum ably, the Vendian vol ca nism in volved re ju ve nated frac -
tures of the Fennoscandia and Sarmatia Su ture zone (FSS,
Fig.1) in the Orsha-Volhynia aulacogen and, to some ex tent, of
the abor tive tri ple junc tion of the FSS with the Tornquist rift.
This frac ture sys tem was al most per pen dic u lar to the Tornquist
con ti nen tal rift be fore the Tornquist Ocean opened (Poprawa et 
al., 1999; Bakun-Czubarow et al., 2000). How ever, other frac -
ture sys tems of dif fer ent trends may have played a role in the
Vendian vol ca nism (Alenko et al., 1990).

There are sim i lar i ties be tween the rocks of the Volhynian
Se ries and trap for ma tions oc cur ring else where; Sobolev
(1986) gives gen eral char ac ter is tics of the lat ter. The main fea -
tures of trap for ma tions are: 1 — oc cur rence in plat form ar eas,
2 — co-occurrence of lavas and tuffs with hypa bys sal rocks
and 3 — very small lat eral vari abil ity of min eral com po si tion.

An el e vated cop per con tent, in some places at tain ing eco -
nomic con cen tra tions, prob a bly due to metasomatic-hydro -
thermal pro cesses, char ac ter ises the Volhynian Se ries.

METHODS OF EXAMINATION

Ef fu sive and hypa bys sal rock sam ples of the Ratno Beds
(Volhynian Se ries) were ex am ined un der the mi cro scope both
in trans mit ted and re flected light. In sam ples from bore hole
5879 and the Pol icy, Bazaltovoye 4 and Bazaltovoye 5 quar ries 
the con tents of ma jor and trace el e ments have been de ter mined
us ing ICP and INAA in Ac ti va tion Lab o ra to ries Ltd. in Can ada 
thanks to the Lab o ra tory of Geo log i cal-Min er al og i cal Anal y -
ses in Cra cow. Min eral chem is try was de ter mined by elec tron
microprobe in the Lab o ra tory of Scan ning Elec tron Micro -
scopy and Microanalysis, In sti tute of Geo log i cal Sci ences, Po -
lish Acad emy of Sci ences. A JEOL scan ning elec tron
mi cro scope JSM 840 A equipped with an en ergy dispersive
ana lytical sys tem LINK AN 10000/85 S was used. An a lyt i cal
re sults and val ues of atomic ra tios of se lected pairs of el e ments
in rocks are given in Ta bles 1–3. Rep re sen ta tive an a lyt i cal re -
sults of min er als and glasses se lected from about 500 anal y ses
are given in Ta bles 4–7.
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Fig. 2. Tec tonic sketch map of the west Ukraine

 I — Ukrai nian Shield, II — Volhynian-Podolian Block (west ern slope of
the Ukrai nian Shield), III — Łuków-Ratno horst, IV — Palaeozoic Lviv
Deep, V — Carpathian Foredeep; lo ca tion of the sam ples col lected: 1 —
bore hole 5879, 2 — Pol icy quarry, 3 —Ivance quarry, 4 — Bazaltovoye
(Janowa Dol ina) quarry; rect an gle in di cates Fig. 3



PETROGRAPHY AND MINERAL CHEMISTRY

BOREHOLE 5879 NEAR STARY CHARTORYJSK 

Bas alts and doler ites in bore hole 5879 at depths of 124 to
38 m (Fig. 5) have been ex am ined mi cro scop i cally.

Be tween 124.0 and 118.0 m there are dark grey mas sive
palagonite-bearing bas alts with out any no tice able cop per
mineralisation. A doler it ic tex ture is clearly vis i ble. The main
rock-forming min er als are plagioclases. Scarce plagioclase
pheno crysts (ear lier gen er a tion) dif fer from the re main ing
plagioclase crys tals (later gen er a tion) in the ma trix. Rel a tively
large plagioclase pheno crysts (0.5 x 0.2 mm) have a dis tinc tive
tab u lar habit, with com mon twinning, in dis tinct zon ing and
poikilitic clinopyroxene in clu sions. These crys tals are of
bytownite composition— An76–88. The ma trix is mainly built of
plagioclase laths, clinopyroxene grains and sub or di nate ore
min er als and palagonite. Ma trix plagioclase laths, 0.05 x
0.5 mm in size, are ran domly ori ented. The com po si tion of ma -

trix plagioclase cor re sponds to an de sine and lab ra dor ite
(An38–56). Locally, plagioclase laths are sur rounded by
palagonite. Clinopyroxene in the ma trix forms min ute ag gre -
gates but some times oc curs as in di vid ual grains among
plagioclase laths. Clinopyroxene grains are 0.01–0.02 mm
across, less fre quently 0.04 mm. Al ter ation in clinopyroxene
grains has been lo cally ac cen tu ated by iron ox ides. Some inter -
gra nu lar spaces are filled with green-brown or brown
palagonite. Chal ce dony and chlorite are among the prod ucts of
palagonite al ter ation. The vol ume of palagonite in the rock
does not ex ceed 5–7 vol. %. Il men ite and titanomagnetite rep -
re sent ore min er als. In the up per part of the bore hole core more
in tense al ter ation is ex pressed by the pres ence of amyg dales
filled with a chlorite-goethite ag gre gate, the ap pear ance of ze o -
lite veinlets and sec ond ary ore min er als.

Be tween 118.0 and 111.5 m depth there are green ish-grey,
lo cally amyg da loid al, doler it ic bas alts. Amyg dales range from
0.2 to 1 cm in di am e ter. A ba salt sam ple from 116.9 m depth
was chem i cally ana lysed (Ta ble 1) and ex am ined min er al og i -
cally. This ba salt is com posed mainly of lath-like, less fre -
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Fig. 3. Geo log i cal map of the area of in ves ti ga tions, ac cord ing to Ya. Kosovski (un pub lished)



quently tab u lar, plagioclase and min ute clinopyroxene grains
oc cur ring sep a rately or in ag gre gates un evenly dis trib uted
through out the rock. Two plagioclase gen er a tions have been
re cog nised. Crys tals of the early gen er a tion (pheno crysts) are
chem i cally ho mo ge neous and rich in an or thite (An75). Fine
plagioclase laths of the youn ger gen er a tion are sig nif i cantly
poorer in an or thite (An56). Chem i cal com po si tions of the
pheno crysts and the fine plagioclase laths are given in Ta ble 4.
Clinopyroxene grains within ag gre gates con sis tently show a
com po si tion of: Wo41En35Fs24 (Ta ble 5). The rock also con -
tains rare sil i cates compositionally close to ol iv ine (SiO2:
33.5–34.5, MgO: 10.9–13.3, FeO: 47.9–49.1 wt. %). Ac ces -
sory min er als in clude titanomagnetite (Ta ble 6) and il men ite
con tain ing about 4 wt. % of MnO. Chlorite is also pres ent.

Within the 111.5–107.0 m depth in ter val oc cur green-grey
amyg da loid al bas alts of intersertal tex ture lo cally grad ing into
inter gra nu lar (doler it ic). The ma jor min er als are plagioclase
and clinopyroxene, with sub or di nate iron and ti ta nium ox ides.
Clinopyroxene ag gre gates to gether with ore min er als and glass
fill the space be tween plagioclase laths. The size of these grains 
is from 0.01 to 0.03 mm. Chloritisation of pyroxene and re -
place ment of glass by green-brown ag gre gates of sec ond ary
min er als — palagonite — can be ob served. The glob u lar

amygdales are 1.0–3.0 mm across and are filled with chlorite
ro settes sur rounded by chlorite and goethite rims.
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Fig. 4. Geo log i cal cross sec tion along the line AB on the map (Fig. 3), ac -
cord ing to Ya. Kosovski (un pub lished)

K — Cre ta ceous, Q — Quartenary; ver ti cal scale en larged; other ex pla na -
tions see Fig. 3

T a  b l e  1

Chem i cal com po si tion of the Ratno Beds bas alts from the volcanogenic Volhynian Se ries 
(wt. %) to gether with their CIPW norms

* Ana lysed by M. Kamieński (fide Małkowski, 1951); nd — not de ter mined

    

       

       
       
       
       
       
       

       
       

       
       

       
       
       

       
       

 

       
       
       
       
       
       
       
       
       

       
       

        

 



At the depth of 107.0–100.0 m there oc cur ag glom er ates of
grey-brown tuffs with frag ments of al tered palagonite-bearing
bas alts of doler it ic and amyg da loid al tex ture.

The 100.0–82.0 m depth in ter val is rep re sented by
palagonite-bear ing, doler it ic, lo cally amyg da loid al bas alts.
Petro graphi cally these rocks re sem ble bas alts from the
124.0–118.0 m in ter val, the only dif fer ence be ing a more in ten -
sive al ter ation in the lower por tion of the in ter val de scribed.
Sec ond ary ore min er als and na tive cop per oc cur through out.
The amyg dales are filled with brown fi brous chlorite (Fig. 6a).

At the depth of 82.0–60.0 m there oc cur dark grey,
green-tinged, por phy ritic bas alts (Fig. 6b). The lower bas alts
here are amyg da loid al and con tain sco ria frag ments thus ac -
quir ing the ap pear ance of vol ca nic brec cia. The pre dom i nant
tex ture is hyalopilitic and intersertal. Frag ments of the oxi dised
black-brown sco ria also have a hyalopilitic tex ture. Dis sem i -
nated ore min er als in clude na tive cop per. Amyg dales less than

1 mm across are filled by chlorite-mica ag gre gate with a
zeolitic rim.

Higher up in the suc ces sion (60.0–38.5 m) there are dark
grey mas sive palagonite-bear ing bas alts of doler it ic tex ture
iden ti cal with those of the 124.0–118.0 m in ter val, with
plagioclase and clinopyroxene pheno crysts. A ba salt sam ple
from 56.0 m depth was ana lysed (Ta ble 1) as well as in cluded
plagioclases with the com po si tion of lab ra dor ite and bytownite. 
Tab u lar, in ten sively cor roded plagioclases of an ear lier gen er a -
tion (Fig. 6b) have the com po si tion of bytownite (An79, cf. Ta -
ble 4) while youn ger lath-like ones are of lab ra dor ite
com po si tion. The An con tent in the fin est plagioclase laths is
53. Among the clinopyroxenes, augites rel a tively rich in Ca oc -
cur as strongly cor roded pheno crysts, their com po si tion be ing
Wo45En37Fs18, and as in clu sions in tab u lar plagioclase pheno -
crysts of bytownite com po si tion. The ma trix also in cludes
pigeonite the Ca con tent of which drops to Wo09En57Fs34. The
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Fig. 5. Generalised stra tig ra phy of the lower Vendian Volhynian Se ries on the west ern slope of the Ukrai nian Shield to gether with the geo log i cal sec tion of
bore hole 5879 and lithostratigraphic po si tion of the ba salt quar ries in Pol icy, Ivance and Bazaltovoye, ac cord ing to Ya. Kosovski (un pub lished)



chem i cal com po si tion of se lected clinopyroxene grains is listed 
in Ta ble 5. Il men ite and titanomagnetite (Ta ble 6) rep re sent ore 
min er als. In ad di tion, this ba salt sam ple also con tains about
5 vol. % of palagonite and acid glass con tain ing about 73 wt. %
of SiO2 (Ta ble 7).

QUARRIES AROUND BAZALTOVOYE

In the Bazaltovoye 4 quarry fresh bas alts oc cur with dis tinct 
co lum nar joint ing, the di am e ter of col umns be ing 0.7–0.8 m.
The bas alts have a doler it ic, lo cally por phy ritic tex ture. Among 
the bas alts ap pear dark grey to black palagonite-bear ing dole -
rites. Two sam ples (ba salt and dolerite) were ana lysed (Ta -
ble 1). The ba salt ex am ined com prised plagioclases and
clinopy roxenes, with sub or di nate ore min er als
(titanomagnetite and il men ite). Plagioclase pheno crysts are de -
vel oped as thin laths 0.2–0.3 x 0.8 in size, less fre quently as
plates. These plagioclases have the com po si tion of lab ra dor ite
and bytownite An68–73 and in zoned crys tals the Ca con tent
clearly drops to wards the rim (core — An72, rim — An52; cf.
Ta ble 4). Fine plagioclase laths of the ma trix have a lab ra dor ite
com po si tion (An55). Clinopyroxenes are also rep re sented by
var i ous crys tal gen er a tions (Fig. 6c and d). The larg est in di vid -
u als (about 0.2 x 0.8 mm) of Wo40En39Fs21 com po si tion con tain 
about 2 wt. % of Al2O3 and are thus low-alu mina augites fre -

quently with a zoned struc ture. Com pared with the rims, the
cores of the zoned grains are richer in mag ne sium and cal cium
and poorer in iron. Among the small est clinopyroxene grains
(0.02–0.04 mm) oc cur pigeonites — Wo11En43Fs46 (Ta ble 5, cf. 
Fig. 7a). In ad di tion, bas alts of the Bazaltovoye 4 quarry con -
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T a  b l e  2

 Mi nor and trace el e ment con tents in the Ratno Beds bas alts from the Volhynian Se ries (ppm; Au — in ppb)

X — be low the de tec tion limit

T a  b l e  3

Atomic ra tios of the se lected el e ments in the Ratno Beds bas alts
 of the volcanogenic Volhynian Se ries
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T a  b l e  4

Microprobe anal y ses of plagioclases from the Ratno Beds bas alts
 of the Volhynian Se ries (wt. %)

1 — rel a tively big ho mog e nous plagioclase lath in ba salt SC 56 from bore hole 5879; 2 — the core of the
big plagioclase plate in ba salt SC 116.9 from bore hole 5879; 3 — fine ho mog e nous plagioclase lath in ba -
salt SC 116.9 from bore hole 5879; 4 — big de formed plagioclase lath in ba salt P3 from the Pol icy quarry;
5 — the core of the big plagioclase plate in ba salt JD4b from the Bazaltovoye quarry 4; 6 — the rim of the
plate of plagioclase 5; 7 — plagioclase lath in dolerite JD4d from the Bazaltovoye quarry 4; 8 — the core
of the plagioclase rel ict in ba salt from the Ivance quarry

T a  b l e  5

Microprobe anal y ses of clinopyroxenes in the Ratno Beds bas alts of the Volhynian Se ries (wt. %)

1 — the core of the rel a tively big, strongly cor roded clinopyroxene grain in ba salt SC 56 from bore hole 5879; 2 — the fine clinopyroxene grain in ba -
salt SC 56; 3 — clinopyroxene from the ag gre gate of the grains in ba salt SC 116.9 from bore hole 5879; 4 — the core of the fine clinopyroxene grain in
ba salt P3 from the Pol icy quarry; 5 — the rim of the grain of clinopyroxene 4; 6 — small clinopyroxene grain in ba salt JD4b from the Bazaltovoye
quarry 4; 7 — the core of the big clinopyroxene grain in dolerite JD4d from the Bazaltovoye quarry 4; 8 — the rim of the grain of clinopyroxene 7; 9 —
the core of the clinopyroxene grain in ba salt JD5b; 10 — the rim of the grain of clinopyroxene 9; 11 — the clinopyroxene grain in cluded in mag ne tite
of ba salt from the Ivance quarry

Analysis 
no. 

1  2  3  4  5  6  7  8  

SiO2  53.38  52.50    56.46  52.47  51.26  57.32  56.45  54.71
TiO2    0.26    0.08      0.17    0.12    0.11    0.18    0.19    0.23
Al2O3  27.46  27.91    25.82  27.74  28.17  25.78  25.31  26.78
FeO   1.31    1.35      1.17    1.15    0.94    0.98    1.06    1.22
CaO 13.21  14.15    11.51  14.20  14.73  10.15  10.72  11.96
Na2O   3.89    3.20      4.45    3.53    3.14    4.78    5.03    4.46
K2O   0.31    0.64      0.60    0.33    0.12    0.55    0.47    0.36
Sum 99.82  99.83  100.18  99.54  98.47  99.74  99.23  99.72

cations per 8 oxygens  
Si     2.438      2.409        2.552      2.413      2.376      2.588      2.570      2.489
Al     1.478      1.510        1.375      1.503      1.539      1.372      1.358      1.436
Fe     0.050      0.052        0.044      0.044      0.036      0.037      0.040      0.046
Ti     0.009      0.003        0.006      0.004      0.004      0.006      0.006      0.008
Ca     0.647      0.696        0.557      0.700      0.731      0.491      0.523      0.583
Na     0.345      0.285        0.390      0.315      0.282      0.419      0.444      0.394
K     0.018      0.037        0.032      0.020      0.007      0.032      0.027      0.021
Sum     4.985      4.992        4.956      4.999      4.975      4.945      4.968      4.977
An    64.0     68.3        56.8     67.7     71.6     52.2     52.6     58.4  
Ab    34.1     28.0        39.7     30.4     27.7     44.5     44.6     39.4  
Or      1.9       3.7          3.5       1.9       0.7       3.3       2.8       2.2  

 
          

           
           
             
           
           

           
           

           
             
           

           
           

 
           

            
           
           
             

           
             

           
            

           
              
           

           
            



tain con sid er able amounts (about 5 vol. %) of brown palagonite 
and brown ba sic glass (Ta ble 7). Lo cal acid glass exsolutions
(Ta ble 7) fre quently in glob u lar form are vis i ble in ba sic glass
and palagonite. Some times the acid glass forms rims on
palagonite ag gre gates. A dolerite sam ple (Fig. 8a) from a small
body of un de fined shape oc cur ring among the bas alts (prob a -
bly within a lava cover) con tains large plagioclase laths (up to
2.0 mm) fre quently with a zoned struc ture where the Ca con tent 
drops to wards the rim (from An52 to An47). The com po si tion of
a ho mo ge neous plagioclase lath is given in Ta ble 4. The
clinopyroxenes, sim i lar to those de rived from bas alts of the
same quarry, have a very dif fer en ti ated com po si tion. Be sides
low-alu mina augites the rock con tains ferroaugites, sub-calcic
ferroaugites and ferropigeonites (Fig. 7b). Large clinopyroxene 
in di vid u als of augite com po si tion are fre quently char ac ter ised
by a zoned struc ture. Their cores con tain Wo38En32Fs30 and
their rims Wo30En24Fs46. Thus, the Ca and Mg con tent in these
augites de creases to wards the rims while the iron con tent in -
creases (Ta ble 5). Augite grains in cluded in palagonite were
also noted. Titanomagmetite and il men ite (Ta ble 6) rep re sent
ore min er als. Brown and green in ter sti tial palagonite in the

dolerite ex am ined amounts to about 7 vol. %. As doler it ic
dykes were not ob served within the Ratno Beds, the doler ites
most likely crys tal lised in the cen tres of thick ba saltic lava
flows. One ba salt sam ple from Bazaltovoye 5 quarry was ana -
lysed (Ta ble 1) The pre dom i nant min eral is lath-shaped
plagioclase while clinopyroxene is less abun dant, as well as il -
men ite and titanomagnetite are only ac ces so ries. Fre quently
plagioclases have a zoned struc ture. Their cores con tain An70–74

and their rims An40–58. Most of ten, clinopyroxenes have the
com po si tion of low-alu mina augite. They too of ten ex hibit
zoned struc tures. Their cores have a com po si tion of
Wo27En48Fs25 and their rims of Wo27En40Fs33. Pigeonite in di -
vid u als (Wo09En49Fs42), lo cally rimmed by clinopyroxene
richer in Ca and im pov er ished in iron, are found among
clinopyroxenes. Ox ides are rep re sented by titanomagnetite.
The ba salt de scribed con tains about 7 vol. % of in ter sti tial
chlorophaeite and palagonite (Ta ble 6). Palagonite is brown in
col our (Fig. 8b) or green grad ing into brown in the mar ginal
zones ( Fig. 8c). In the rock acid glass is also pres ent (73 wt. %
of SiO2, cf. Ta ble 6).

46 Anna Białowolska, Nonna Bakun-Czubarow and Yuriy Fedoryshyn

T a  b l e  6

Elec tron microprobe anal y ses of Fe-Ti ox ides from bas alts of the Ratno Beds of the Volhynian Se ries

1 — titanomagnetite in ba salt SC 56 from bore hole 5879; 2 — titanomagnetite in ba salt SC 116.9 from bore hole 5879; 3 — an other
grain of titanomagnetite from ba salt SC 116.9; 4 — rel a tively big grain of titanomagnetite from ba salt P3 from the Pol icy quarry; 5
— small grain of titanomagnetite from the ba salt P3; 6 — titanomagnetite from dolerite JD4d from the Bazaltovoye quarry 4; 7 —
titanomagnetite from the ba salt JD5b from the Bazaltovoye quarry 5; 8 — mag ne tite form ing rim on the il men ite grain from ba salt
from the Ivance quarry; 9 — il men ite from dolerite JD4d from the Bazaltovoye quarry 4; 10 — il men ite rimmed by the mag ne tite 8 in 
ba salt from the Ivance quarry

   

 
          

           
           
            
           
           

           
           

           
           
           

           
           

  

           
           
           
           
           

           
           

           
           
           

           

 



QUARRY NEAR POLICY

The Pol icy quarry has sev eral ex ploi ta tion lev els and its
bot tom is flooded. In its up per part the volcanogenic rocks are
cov ered by Cre ta ceous de pos its rep re sented by a basal brec cia
(up to 0.5 m thick) grad ing up wards into chalk. A se ries of sam -
ples was taken from the north ern face of the quarry. The fol -
low ing rocks can be iden ti fied in the se quence from the wa ter
ta ble up wards: 1 —  vol ca nic ba salt brec cia of por phy ritic and
lo cally amyg da loid al tex ture; 2 — amyg da loid al bas alts of
intersertal tex ture lo cally grad ing into dolerite with no tice able
lo cal por phy ritic tex ture; 3 — doler it ic palagonite-bearing bas -
alts anal o gous to those de scribed from the 124.0–118.0 m
depth in ter val in bore hole 5879.

In the vol ca nic brec cia from the lower level (1) lava frag -
ments and ma trix show an intersertal tex ture. The ma trix is
made up of fine plagioclase laths, glass and its al ter ation pro -
ducts and of ore min er als. The amyg dales are filled with
chlorite-chalcedony ag gre gate with an ox ide ad mix ture.

The ma jor min er als of bas alts of the mid dle level (2) are
plagioclases (mostly lath-shaped) and fine-grained
clinopyroxenes oc cur ring in ag gre gates. Dark brown glass and

Neoproterozoic flood basalts of the upper beds of the Volhynian Series (East European Craton) 47

T a  b l e  7

Microprobe anal y ses of glass and prod ucts of its al ter ation from bas alts of the Ratno Beds of the volcanogenic
Volhynian Se ries (wt. %)

1 — chlorophaeite from JD5b ba salt of the Bazaltovoye quarry; 2 — an other grain of chlorophaeite from JD5b sam ple; 3 —
chlorophaeite from ba salt SC 116.9 from bore hole 5879 near Stary Chartoryjsk; 4 — the cen tre of the brown palagonite in ba salt
JD4b from the Bazaltovoye quarry 4; 5 — the rim of the con cen tra tion of palagonite 4; 6 — the cen tre of an other con cen tra tion
of the brown palagonite in ba salt JD4b; 7 — acid glass in ba salt SC 56 from bore hole 5879; 8 — acid glass form ing small sphere
in palagonite 4; 9 — an other spher i cal acid glass found in palagonite from ba salt JD4b; 10 — acid glass oc cur ring in in ter stices
be tween sil i cate min er als of ba salt JD5b from the Bazaltovoye quarry 5

Fig. 7. Com po si tion of clinopyroxenes in bas alts and dolerite from the
Bazaltovoye quar ries

 a — ba saltic clinopyroxenes from sam ple JD5b and sam ple JD4b; b —
doler it ic clinopyroxenes from sam ple JD4d
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ore min er als are also pres ent. Amyg dales 1.0–3.0 mm in size
are filled with green and brown chlorite ag gre gate rimmed with 
goethite. A ba salt sam ple from this level has been ana lysed (Ta -
ble 1). The pre dom i nant plagioclase grains dif fer be tween each
other in habit, size and com po si tion and prob a bly be long to dif -
fer ent gen er a tions. The tab u lar plagioclases (pheno crysts)
bear ing ev i dence of protoclastic de for ma tion are the larg est and 
have a lab ra dor ite com po si tion An68 (Ta ble 4). The lath-like
plagioclases vary in size. The larg est laths have a zoned struc -
ture, the An con tent in cores reach ing 74, in mar ginal zones
drop ping to 48–60. Clinopyroxenes also show a vari able che -
mical com po si tion. The larger grains are augites con tain ing
Wo39En35Fs26 while the smaller grains have the com po si tion of
pigeonites (Ta ble 5) rang ing as fol lows: Wo09En43–49Fs48–42.
Pres ent in the rock is titanomagnetite (Ta ble 6) and palagonite
(Ta ble 7) to gether mak ing up to about 5 vol. %.

In bas alts of the top part of the up per level (3)
fine-lenticular ag gre gates of ore min er als ap pear im part ing a
lay ered struc ture to the rock. The thick ness of the lay ers is
1.5–2.0 cm.

QUARRY NEAR IVANCE 

The Ivance quarry ex poses doler it ic, lo cally por phy ritic and 
amyg da loid al bas alts show ing a vary ing de gree of al ter ation
and min er ali sa tion, mainly by na tive cop per. Ba salt sam ples
both with and with out cop per min er ali sa tion have been ana -
lysed as re gards min eral chem is try. The prin ci pal ba salt mine -
rals are plagioclases in the form of fine laths and min ute
clinopyroxene grains of ten sur round ing amyg dales filled with
chlorite ag gre gate (Fig. 8d). Iron and ti ta nium ox ides rep re sent
mag matic ac ces sory min er als. Plagioclases have been af fected
by strong al ter ation and most of ten are oligoclase. How ever,
rel ics in di cate that the orig i nal com po si tion of plagioclase was
that of lab ra dor ite An60 (Ta ble 4). In the al tered ba salt pure al -
bite and po tas sium feld spar are com mon. Clinopyroxenes have
a var ied com po si tion — be sides augites (Wo41En39Fs20) con -
tain ing about 2 wt. % of Al2O3 (Ta ble 5) pigeonites are also
pres ent. Augites oc ca sion ally form in clu sions in ore min er als.
Titanomagnetite, il men ite and mag ne tite (Ta ble 6) rep re sent
iron and ti ta nium ox ides. Mag ne tite usu ally forms small grains, 
and lo cally rims around il men ite.

ORE MINERALISATION

In the bas alts and dolerite ex am ined, ore min er als are rep re -
sented chiefly by iron and ti ta nium ox ides and na tive cop per.
Among iron and ti ta nium ox ides, titanomagnetite and il men ite
crystallising from ba saltic magma can be dis tin guished. With
the drop of tem per a ture in the course of exsolution mag ne tite
and il men ite ap peared at the cost of titanomagnetite. Na tive
cop per, on the other hand oc curs in typ i cal hy dro ther mal
paragenetic as so ci a tions.

In the Volhynian bas alts from the Bazaltovoye 4 and 5, Po -
licy and Ivance quar ries, as well as from depths of 56 and
116.9 m from bore hole 5879, titanomagnetite and il men ite oc -
cur in vary ing amounts and pro por tions, the to tal con tent of

these two min er als not ex ceed ing 3 vol. %. In all the bas alts
exa mined and in the dolerite titanomagnetite pre vails over il -
men ite. The high est il men ite con tent has been found in ba salt
sam ples from Bazaltovoye 4 and 5 quar ries and in the dolerite
from the Bazaltovoye 4 quarry. The chem i cal com po si tion of
these titanomagnetites is close to that of titanomagnetites from
bas alts from the depth of 56 m from bore hole 5879 and from
the Pol icy quarry. They con tain more than 20 wt. % of TiO2

(Ta ble 6), which in di cates of a high ulvospinel mo lec u lar con -
tent (up to 74 mol. %). In some titanomagnetite grains il men ite
lamellae or ir reg u lar in clu sions have been noted. Be sides il -
men ite form ing inter growths with titanomagnetite, in di vid ual
elon gated acicular il men ite crys tals are also pres ent.
Titanomagnetites with el e vated ti ta nium con tents and ilmenites 
are usu ally richer in Mn (Ta ble 6). As a rule the mar ginal zone
of il men ite in di vid u als is made up of mag ne tite con tain ing
about 6 wt. % of TiO2 (Ta ble 6). Min ute mag ne tite grains of
sim i lar com po si tion oc cur in the ba salt ma trix. Thus mag ne tite
rims around il men ite grains could have formed si mul ta neously
with the crystallisation of small mag ne tite crys tals. He ma tite
and goethite has been found in al tered ba salt zones.

In some Volhynian bas alts (Pol icy, Ivance, Stary
Chartoryjsk — bore hole 5879, depth 117 m) cop per
mineralisation has been found; re flected light mi cros copy
showes this to have a rel a tively sim ple min eral com po si tion.
The pre vail ing min eral is na tive cop per with ad di tion of chal -
co py rite, chalcosine, covel lite and bornite. Cu prite, prob a ble
tenorite and oc ca sional mal a chite rep re sent ox ides and
oxy-acid salts. Ac cord ing to Y. Kosovski (pers. comm.) bas alts 
of the Ivance area con tain trace amounts of na tive gold, sil ver
and electrum. We have con firmed the pres ence of na tive gold
and sil ver in bas alts of Janowa Dol ina (quarry 4) by elec tron
microprobe anal y sis.

The big gest mas sive cop per ag gre gates are found in
quartz-chlorite veins in the Ivance ba salt quarry where na tive
cop per forms plates in the cen tral parts of the veins and is ac -
com pa nied by chlorite and goethite or fills fis sures in quartz
(Fig. 9). This im plies that fis sures con sti tuted path ways for the
mi grat ing cop per-bear ing flu ids. Usu ally na tive cop per pre cip -
i tated near chlorite and goethite. The size of the larg est cop per
con cen tra tions reach up to sev eral tens of cm in length and
about 1.5 cm in thick ness. The mar gins of na tive cop per plates
have the form of den drites where cop per is partly re placed by
cu prite and mal a chite. 

Abun dant na tive cop per con cen tra tions in the Pol icy quarry 
oc cur as veinlets and in clu sions in vol ca nic brec cias con tain ing
frag ments of por phy ritic ba salt (Fig. 10a). Dis persed na tive
cop per min er ali sa tion oc curs in bore hole core (bore hole 5879).
In this case two cop per gen er a tions are prob a ble: the ear lier one 
rep re sented by equant, fre quently cu prite-rimmed, in clu sions
in pyroxene (Fig. 11a) and the later ones re lated to goethite or
quartz-goethite min er ali sa tion (Figs. 10b and 11b). Usu ally the
cop per con tent does not ex ceed 1% of the rock vol ume but lo -
cally (in the doler it ic ba salt sam ple from the depth of 89.8 m in
bore hole 5879) a 1–2 cm thick min er ali sa tion zone built of
goethite, quartz, chal ce dony and chlorite con tains up to
10 vol. % of na tive cop per. Here cop per grows over he ma tite
pseudo morphs af ter mag ne tite (Fig. 11c), forms fine ag gre -
gates with goethite (Fig. 11d) and nar row rims around quartz
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crys tals (Fig. 12a). Na tive cop per also forms den drites in quartz 
(Fig. 12b). In amyg da loid al bas alts cop per forms rims around
amyg dales filled with quartz, chal ce dony, chlorite, cal cite,
zeolites and goethite (Fig. 12c) as well as veinlets lead ing to the 
quartz con cen tra tions.

In the vol ca nic brec cias of the Ivance quarry chal co py rite
and covel lite rep re sent the cop per sulphides. In some parts of
the quarry only na tive cop per is pres ent. El e vated chal co py rite
con tents (1–2 vol. %) oc cur in con tact zones be tween vol ca nic
brec cias and doler ites. Oc ca sion ally, covel lite pseudo morphs
af ter na tive cop per are noted (Fig. 12d).

The cop per mineralisation of the Volhynian vol ca nic brec -
cias and al tered bas alts is of eco nomic value and so fur ther exa -
minations are ad vis able.

GEOCHEMICAL CHARACTERISTICS

Geo chem i cal anal y sis in cluded bas alts from Bazaltovoye 4
and 5 and Pol icy quar ries as well as from bore hole 5879 (depth
56 and 116.9 m) drilled near Stary Chartoryjsk in Volhynia.
Ac cord ing to the TAS (to tal al kali-sil ica) clas si fi ca tion (Le Bas 
et al., 1986) the chem i cal com po si tion of the rocks ex am ined is
equiv a lent to that of bas alts and some of the pro jec tion points
fall close to the ba saltic an de site field. The rocks are sat u rated
with sil ica and their nor ma tive CIPW com po si tion cor re sponds 
to metaluminous quartz tholeiites (Ta ble 1). The bas alts are
mod er ately dif fer en ti ated in their ma jor, sub or di nate and trace
el e ment con tents (Ta bles 1 and 2).

50 Anna Białowolska, Nonna Bakun-Czubarow and Yuriy Fedoryshyn

Fig. 9. Na tive cop per in quartz-chlorite veinlets: A — platy cop per con cen tra tions in cen tral parts of the veinlets, in the rims of the veinlets goethite is pres -
ent; B — fis sures in quartz are filled with cop per and fine in clu sions of cop per are vis i ble in chlorite; C and D — platy and com pact cop per con cen tra tions,
re spec tively, are vis i ble in the ba salt from the Ivance quarry, nat u ral size

Fig. 10. A — knotty and veinlet-like con cen tra tions of na tive cop per in the ba saltic vol ca nic brec cia from the Pol icy quarry, nat u ral size; B — fine grains of 
the na tive cop per in goethite, sam ple SC 89.8 from bore hole 5879, nat u ral size



The quartz tholeiites ex am ined are rel a tively poor in Ni
(42–56 ppm) and Cr (28–50 ppm) which el e ments con cen trate
in early ba saltic magma dif fer en ti ates. Also the co balt con tent
is low (44–51 ppm). Szczepanowski (1977) notes a strong Cr
con tent de crease with frac tional crystallisation of the ba saltic
magma — the source of the  Sławatycze Se ries rocks found in
bore holes in the east ern parts of Po land.

Bas alts of the Ratno Beds, have high and strongly dif fer en -
ti ated con tents of ti ta nium (9770–16 070 ppm) and man ga nese
(1390–1780 ppm) bound chiefly in iron and ti ta nium ox ides
(Ta ble 5). The stron tium con tent is rel a tively high and lit tle dif -
fer en ti ated (282–352 ppm). The car rier of this el e ment is the
main rock-form ing min eral — plagioclase of lab ra dor ite and
bytownite com po si tion. Bar ium con tent ranges from 299 to
631 ppm. The high est bar ium con tent has been re cog nised in
ba salt from a depth of 116.9 m in bore hole 5879 and, to gether
with the high est ru bid ium con tent found in the bas alts (Ta ble 2) 
may be due to the ef fect of hy dro ther mal so lu tions. This ba salt,
sim i lar to that of the Pol icy quarry, shows an el e vated cop per
con tent (Ta ble 2). Some bas alts from bore hole 5879 and from
the Pol icy and Ivance quar ries have na tive cop per min er ali sa -
tion in the form of veinlets and ir reg u lar con cen tra tions (Figs. 9
and 10a).

The REE — La, Ce, Nd, Sm, Eu, Tb, Yb and Lu — con cen -
tra tions in the Volhynian Se ries bas alts cor re spond to those in
con ti nen tal tholeiites listed by Werner (1984). Dis tri bu tion pat -
terns of REE nor mal ised to C1 chondrite (data by Evensen et al.,
1978) for the Volhynian bas alts in ves ti gated are given in Fig -
ure 13. The ob served REE dif fer en ti a tion is small as the bas alts
exa mined rep re sent a small por tion of frac tional crystallisation of 
magma. How ever, en rich ment in LREE is clearly vis i ble. The
LREE/HREE ra tio ex pressed as LaN /YbN lies within the 4.3–5.6
range and the ex treme val ues cor re spond to the bas alts of bore -
hole 5879 (depth 56 m) and to those of the Bazaltovoye 5 quarry
(Fig. 13). The dis cussed REE dis tri bu tion pat terns of the stud ied
bas alts re sem ble those of the tholeiitic flood bas alts re cog nised
in trap rocks world wide (Camp bell, 1998).

The mea sure of the de gree of frac tional crystallisation is the
pet ro chem i cal ferruginity co ef fi cient ex pressed by the Fetot./Mg
atomic ra tio. This co ef fi cient ranges for the tholeiites ex am ined
from 1.06 to 1.43. The low est co ef fi cient value is re lated to the
bas alts of Pol icy also char ac ter ised by the low est Ni/Mg, V/Fe,
Cr/V, Cr/Ti and Sr/Ca atomic ra tios (Ta ble 3). Among the ba salts
ex am ined they are dis tinc tive also by the high est Co/Ni, Co/Fe and 
Sc/Fe atomic ra tios. High Co/Ni, Co/Fe and Sc/Fe atomic ra tios
and, un like the Pol icy bas alts, also the high est V/Fe, V/Cr and
Cr/Ti as well as V/Ti and Ni/Cr (Ta ble 3) have been found in ba -
salts at the depth of 116.9 m in bore hole 5879. Bas alts from the
Bazaltovoye 4 and 5 quar ries show sim i lar atomic ra tio val ues for
the re spec tive el e ment pairs whereas in sam ples from dif fer ent
depths (56 and 116.9 m) from bore hole 5879 the atomic ra tio va -
lues for the re spec tive el e ment pairs vary.

The geo chem i cal data, par tic u larly the con tents of trace el e -
ments in the Ratno Beds bas alts were also ap plied for rec og ni -
tion of their geotectonic set ting. Three types of dis crim i na tion
di a grams were used for this pur pose (Fig. 14): 1 — the Ti-Zr-Y
di a gram (Pearce and Cann, 1973), where the stud ied bas alts
plot in the field of within-plate bas alts and partly in the field of
MORB and other bas alts; 2 — the Zr/Y ver sus Zr graph

(Pearce and Norry, 1979), where all the sam ples in ves ti gated
lie in the field of within-plate bas alts; 3 — the V ver sus Ti dis -
crim i na tion di a gram (Shervais, 1982), where the rocks stud ied
plot mainly in the field of con ti nen tal flood bas alts.

DISCUSSION OF THE RESULTS

Vendian vol ca nic ac tiv ity in the west ern part of EEC was
prob a bly caused by the rise of a man tle plume and the appea -
rance of con ti nen tal rifts dur ing the late stages of breakup of the 
Rodinia supercontinent.

The lower Vendian ef fu sive-tuffogenic rocks of the
Volhynian Se ries oc curs on the west ern slope of the Ukrai nian
Shield. Within this se ries the fol low ing beds are dis tin guished:
Gorbashi, Zabolottya, Babino and Ratno Beds (Figs. 3–5). The
age of the Volhynian Se ries is prob a bly be tween 590 and
625 Ma (Sokolov and Fedonkin, 1990). Ac cord ing to the new
chronostratigraphic ta ble rec om mended by the In ter na tional
Com mis sion on Stra tig ra phy (Remane et al., 2000) and tak ing
into ac count the Phanerozoic time scale of Gradstein and Ogg
(1996) the Volhynian Se ries should be clas si fied as
Neoproterozoic III (NP3).

Flood bas alts de scribed in this pa per are clas si fied into the
Ratno Beds oc cur ring in the top por tion of the Volhynian Se -
ries. The nor ma tive com po si tion of the bas alts ex am ined (Ta -
ble 1) is equiv a lent to that of metaluminous quartz tholeiites.
The com po si tion of the ma jor min er als, plagioclases and py -
rox enes, sug gests that the par ent magma of the Volhynian ba -
salts un der went frac tional crystallisation. The com po si tion of
plagioclase, the ma jor min eral of both bas alts and dolerite
(50–70 vol. %), var ies from bytownite (An70–74) form ing tab u -
lar pheno crysts of ear lier gen er a tions to an de sine (An49–50) typ i -
cal of late gen er a tions and de vel oped as min ute laths. The
vari a tion in clinopyroxene com po si tion is shown in Ta ble 5 and 
il lus trated in Fig ure 7. In the Ca-Mg-Fe di a grams the pro jec tion 
points for clinopyroxenes of the bas alts from Bazaltovoye 4
and 5 quar ries (Fig. 7a) and of the dolerite from Bazaltovoye 4
quarry (Fig. 7b) show even in in di vid ual sam ples a con sid er -
able scat ter from augite and ferroaugite through augite and
subcalcic ferroaugite to pigeonites and ferropigeonites. The
com po si tion of clinopyroxenes from dolerite (Fig. 7b) in di -
cates that these py rox enes crys tal lised from the most dif fer en ti -
ated magma i.e. that rich est in iron. The dif fer en ti a tion of
pyroxene com po si tion in the course of frac tional crystallisation 
of tholeiitic mag mas is thor oughly dis cussed by Deer et al.
(1978). Fol low ing their stand point it can be as sumed that in the
ear lier dif fer en ti a tion stages of the pa ren tal magma of the
Volhynian bas alts, augites crys tal lised si mul ta neously with
pigeonites while fur ther dif fer en ti a tion and en rich ment in iron
pro duced ex clu sively ferroaugites. The de cline of pigeonite
crystallisation could have been ac com pa nied by the ap pear ance 
of ephem eral ol iv ine rich in iron, a prod uct of re ac tion be tween
clinopyroxene poor in cal cium and magma rich in iron, and
show ing a de crease in sil ica ac tiv ity. Bas alts de scribed in this
pa per do not con tain ol iv ine. Only in one ba salt sam ple SC
116.9, bore hole 5879, ag gre gates, show ing a com po si tion close 
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to ol iv ine (Fo32Fa68) were found. These ag gre gates could form
in the way de scribed above.

The re sid ual magma un der went liquation and so lid i fied as a 
ba sic glass rich in iron, mag ne sium and cal cium and an acid
glass poor in these el e ments. In the ba sic glass chlorophaeite
has been iden ti fied — a mineraloid whose com po si tion is close
to that of chlorite. Usu ally ba sic glass was trans formed into
palagonite while the sub or di nate acid glass forms rims around
palagonite ag gre gates and ba sic glass or dis tinct glob u lar and
oval in clu sions ar moured by palagonite and ba sic glass. The
chem i cal com po si tion of acid and ba sic glasses in clud ing
chlorophaeite and palagonite is given in Ta ble 7. Palagonite has 
been de scribed in de tail by Lazarenko et al. (1960). They have
found palagonite to be com mon in the Volhynian bas alts reach -
ing usu ally up to 10 and less fre quently 12–13 vol. %.
Palagonite fills in ter stices among the rock-form ing in di vid u als
or forms sep a rate rounded con cen tra tions from < 1 mm to se -
veral cm in di am e ter. Lazarenko et al. (1960) en vis age yet ano -
ther pos si ble gen e sis of palagonite — di rect sep a ra tion of gel
from re sid ual magma rich in wa ter dur ing the fi nal stage of so -
lid i fi ca tion. The palagonites are dis tinc tive by their vari able
chem i cal com po si tion and vary ing de gree of hydration re sult -
ing in dif fer ent colour ing — from green-brown to the less com -
mon rusty red. Lit er a ture de voted to liquation in re sid ual
tholeiitic mag mas com monly de scribe ba sic glass in clu sions in
a pre vail ing acid glass (Meyer and Sigurdsson, 1978; Philpotts, 
1979, 1982; Rabov, 1989). Con cen tra tions of acid glass in a
pre vail ing ba sic glass or its al ter ation prod ucts are — with the
ex cep tion of the Volhynian bas alts — con sid er ably less fre -
quently de scribed (Gelinas et al., 1976).

Of par tic u lar im por tance, as re gards al ter ation pro cesses in
the bas alts, is the or i gin of na tive cop per pres ent in bas alts in
some parts of Volhynia (Midtsk Velki, Dovgoye Pole as well as 
Pol icy and Ivance — our study area). Cop per min er ali sa tion in
the Midtsk Velki bas alts has been de scribed by Małkowski
(1929), and in the Janowa Dol ina (Bazaltovoye) by Krajewski
(1935). Ac cord ing to Kowalski (1936), Wojciechowski (1939)

and Małkowski (1951) the source for na tive cop per was the
ba saltic vol ca nic glass from which it was re leased by hy dro -
ther mal so lu tions and pre cip i tated lo cally. But we be lieve that
cop per min er al is ing the ef fu sive-tuffogenic for ma tions might
have been brought by hy dro ther mal so lu tions from out side the
Ratno Beds, as the bas alts in ves ti gated are rel a tively poor in
cop per (Ta ble 2) and weakly al tered as a whole. Most likely
cop per mi grated in the form of chlo ride com plexes. In the vary -
ing pH and Eh en vi ron ments the com plex com pounds de cayed
and cop per was re duced to Cu0. More over, all sim ple salts of
uni va lent cop per can in aque ous en vi ron ment be sub jected to
disproportionation fol low ing the re ac tion 2Cu+– > Cu0 + Cu2+

(Frost and Ebsworth di a gram; fide: Bielański, 1994). Ac cord -
ing to Małkowski (1951) the na ture and mode of oc cur rence of
na tive cop per in Midtsk Velki and Janowa Dol ina
(Bazaltovoye) show many fea tures in com mon. On both sites
cop per crys tal lised in the basal, frac tured part of the ba salt flow
which, ac cord ing to Małkowski (op. cit.) “most prob a bly
formed a strong cover of a seem ingly huge au to clave” pre vent -
ing the hot so lu tions, steam and gases from es cap ing to the sur -
face. The lat ter cer tainly con tained hy dro gen, a com mon
com po nent of man tle flu ids. At high tem per a tures hy dro gen
has strong re duc ing prop er ties, en abling re duc tion of met als to
lower ox i da tion states or to na tive metal. The re ac tion CuO +
H2– > Cu0 + H2O pro ceeds at a rel a tively low tem per a ture (420
K). But tri va lent iron can be re duced by hy dro gen to me tal lic
iron at higher tem per a tures — about 900 K (Bielański, 1994).
El e men tal car bon can also act as a re duc ing agent for iron.
Pedersen (1979) has de scribed such an ex am ple in a Ter tiary
ba salt dyke from the Disko Is land (West Green land). Na tive
iron in the Berestovec ba salt (Volhynia) has been first de -
scribed by Karpinskij (1873) and its con tent has been es ti mated 
by Pfaffius (1886) at 0.04 wt. %. Na tive iron is a strong re duc -
ing agent for cop per, as it re duces Cu2+ to metal at room tem per -
a ture, which could ac count for the oc cur rence of cop per in a
dis persed form in the Volhynian bas alts.

To ex plain the or i gin of cop per-bearing flu ids and the fur -
ther mod i fi ca tion of their com po si tion more de tailed ex am i na -
tion is needed, both of bas alts and of ore min er ali sa tion of beds
older than the Ratno Beds (Babino, Zabolottya and Gorbashi).
Such ex am i na tion is in prog ress.

CONCLUDING REMARKS

1. The bas alts of the Ratno Beds are poorly dif fer en ti ated
and have the com po si tion of metaluminous quartz tholeiites.
On dis crim i na tion di a grams, which may be used to de ter mine
the tec tonic set ting of bas alts, these tholeiites plot mainly in the
fields of within-plate bas alts (Fig. 14). As far as REE dis tri bu -
tion pat terns are con cerned (Fig. 13) these rocks show sim i lar i -
ties to con ti nen tal tholeiitic bas alts of the Deccan, Si be ria and
Karoo trap for ma tions (Camp bell, 1998).

2. We be lieve that the mag mas for the Ratno Beds flood
bas alts were pre dom i nantly de rived from the un der ly ing sub -
con ti nen tal lithospheric man tle melted to a rel a tively high de -
gree dur ing its in ter ac tion with the hot con vect ing,
plume-forming man tle.
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Fig. 13. Chondrite-normalised REE dis tri bu tion pat terns for ba salt sam ples 
of the Ratno Beds of the Volhynian Se ries



3. The min eral chem is try of clinopyroxenes, par tic u larly
their great vari abil ity in in di vid ual sam ples (from augites to
ferropigeonites; cf. Fig. 7) as well as an ephem eral ap pear ance
of faya lite-rich ol iv ine, point to the so lid i fi ca tion and
crystallisation of the rocks stud ied un der con di tions of dis equi -
lib rium. 

4. Two kinds of glass — ba sic and acid — oc cur in the
tholeiitic bas alts of the Ratno Beds prob a bly due to liquation,
which took place in rel a tively small vol umes of re sid ual
magma, on a mi cro scopic scale.

5. Some of the Ratno Beds con tain na tive cop per. Cop per
min er ali sa tion is of hy dro ther mal or i gin and — most likely —
cop per was sup plied from out side the Ratno Beds, prob a bly in
the form of chlo ride com plexes. This hy poth e sis can be sup -
ported by the fol low ing ob ser va tions: 1 — un al tered, fresh bas -
alts and their glass are rel a tively poor in cop per; 2 — the de gree 
of al ter ation of the Ratno Beds bas alts, as a whole, is rel a tively
low; 3 — the na tive cop per min er ali sa tion in the Ratno Beds
has been found, ex clu sively, in strongly hy dro ther mally al tered 
rocks, in parageneses with quartz, chlorite, cal cite and
K-feldspar.

6. The ef fu sions of ba saltic magma of the Volhynian Se ries
were, most likely, mainly fis sure-fed. The or i gin of faults and
deep frac tures con sti tut ing path ways for the magma can be re -
lated to con ti nen tal rifts ap pear ing dur ing the breakup of the
Rodinia supercontinent, that may have started with con ti nen tal
rift ing in South China about 820 Ma ago (Li et al., 1999) and
then con tin ued dur ing mid-Neoproterozoic times (Powell et al., 
1993) when the Pa cific Ocean was formed. Most likely, the
main frac ture trend re spon si ble in the EEC for the Volhynian
flood vol ca nism re lates to the su ture be tween Fennoscandia
and Sarmatia (Fig. 1) i.e. the trend of the Orsha-Volhynia
aulacogen. Al though the Fennoscandia-Sarmatia Su ture was
formed in Palaeoproterozoic, and, later on, at the turn of
Mesoproterozoic times, the abor tive rift (Orsha-Volhynia
aulacogen) formed there, fis sures in this area might have been
re ju ve nated in Neoproterozoic III times. This di rec tion is al -
most per pen dic u lar to the Trans-Eu ro pean Su ture Zone
(TESZ), where the con ti nen tal Tornquist rift was ac tive pre ced -
ing the for ma tion of the Tornquist Ocean.
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Fig. 14. Dis crim i na tion di a grams for the Ratno Beds bas alts of the
Volhynian Se ries

 a — the Ti-Zr-Y di a gram for bas alts ac cord ing to Pearce and Cann (1973):
A — the field of is land-arc tholeiites, B — the field of MORB, is land-arc
tholeiites and calc-alkaline bas alts, C — the field of calc-alkaline bas alts
and D — the field of within-plate bas alts; b — di a gram based upon
Zr/Y–Zr vari a tions in bas alts ac cord ing to Pearce and Norry (1979);
c — the Ti–V dis crim i na tion di a gram for bas alts af ter Shervais (1982),
shaded area is the field of con ti nen tal flood bas alts; filled cir cle — sam ple
SC 56, open cir cle — sam ple SC 116.9 — both from bore hole 5879; cross
— sam ple P3 from the Pol icy quarry; tri an gle — ba salt JD4b, square —
sam ple JD5b — both from the Bazaltovoye quar ries
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