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Abstract

A 75 m thick volcanic succession of the Borovnik Member, Mohorje Formation in the Bloke Plateau area con-
sists of dacitic and rhyolitic rocks deposited in a shallow-marine environment. Volcanic activity begun with lava
flows that underwent extensive disintegration, autobrecciation and mixing with the underlying unconsolidated
fine-grained clastic sediments producing dacite/rhyolite-siltstone peperites. Peperites are very rich in fractured
plagioclase phenocrysts, and owing to the incorporation of clastic material, they are commonly depleted in silica.
The overlying fining-upward pyroclastic sequence is monotonous. Basal parts mainly consist of coarse-grained
vitric tuffs that may contain some smaller pumice lapilli. The overlying volcaniclastics are fine-grained vitric tuffs,
and in the uppermost parts of the sequence, they are interbedded with cherts.

The study confirms the existence of primary volcaniclastic succession in the Bloke Plateau area and excludes its
epiclastic or reworked origin.

Izvleéek

75 m debelo vulkansko zaporedje Borovniskega ¢lena Mohorske formacije na obmocju Bloske planote sestoji iz
dacitnih in riolitnih kamnin, ki so ekstrudirale v plitvo morsko okolje. Vulkanska aktivnost se je pricela z izlivi
lave, ki so se zaradi ohlajanja mo¢no drobili, avtobrec¢irali in me$ali z drobnozrnatim sedimentom podlage ter ust-
varjali peperite dacita/riodacita in meljevca. Peperiti so bogati z vtrosniki plagioklazov, ki so mo¢no razpokani,
zaradi vsebnosti klastiénega nevulkanskega materiala pa so pogosto revnejsi s kremenico. Nad peperiti lezi za-
poredje monotono debelozrnatih in drobnozrnatih tufov z zmanjSevanjem zrnavosti navzgor. Spodnji del zapored-
ja sestoji iz debelozrnatih vitri¢nih tufov, ki vsebujejo tudi manjse lapile plovca, nad njimi pa leze drobnozrnati
vitriéni tufi, ki se proti vrhu menjavajo z roZzenci.

Nase delo potrjuje izvor primarnega vulkanoklastiénega zaporedja na obmocju Bloske planote in izkljucuje
njegov epiklasti¢en oziroma presedimentacijo.

Introduction

The Borovnik Member, assumingly Carnian in
age (Dozet 1979, 2002, this volume), forms a part
of the Mohorje Formation (Fig. 1) which has been
subdivided into four lithostratigraphic mem-
bers, namely: Boste Member, Borovnik Member,
Rupe Member and Selo at Rob Member (Dozet
1979, 2002, this volume). The Mohorje Formation
consists of carbonate, clastic and volcaniclastic
rocks, and is underlain conformably by thickly-

bedded and massive, mainly light grey carbonate
rocks with numerous dasycladacean.

The Borovnik Member is named according to
Borovnik hillock. The best outcroppings occur in
a small and deep valley, the Borovnik Ravine. The
sequence begins with a small rhyolitic lava flow
that underwent mixing with wet unconsolidat-
ed silt. Overlying pyroclastics consist of bedded
and laminated coarse- and fine-grained rhyolitic
tuffs. The magma underwent strong fractiona-
tion; plagioclase and alkali feldspar phenocrysts
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Fig. 1. Location map

were accumulated in the late volcanic products
and imparted them a dacitic character. The late-
stage dacitic magmas were mainly emplaced as
shallow intrusives and underwent mixing with
unconsolidated surrounding sediments and tuffs
producing dacite/siltstone and dacite/rhyolitic
tuff peperites. The peperite composition depends
on the quantity of admixed sediment and differs
from dacitic composition in the abundance of ma-
jor oxides and trace elements.

On the territory of Slovenia, the Ladinian
epoch was the time of the most intensive volca-
nic activity during the Mesozoic era (GRAFENA-
UER, 1980, 1985; GRAFENAUER et al. 1983). For that
reason, little attention has been paid to volcanic
activity that occurs in Carnian sedimentary suc-
cessions (DUHOVNIK, 1956; BUSER & HINTERLECHNER-
Ravnik, 1972; DozeT 1979, 2002, this volume). Our
study confirms the existence of primary volcanic
activity in the Bloke Plateau area and reveals the
existence some lithostratigraphic types in the se-
quence which have not been identified yet.

Petrology of the Borovnik Member

Volcanic sequence (Fig. 2) is underlain by cal-
carenite composed of slightly recrystallised lime-
stone lithic fragments. Cement is mainly calcite;
besides that, up to 7 vol. % of brownish-yellow
authigenic paragonite occur. Paragonite was se-
emingly developed upon thermal-contact meta-
morphosis related to volcanic activity. The cal-
carenite grades into dacite/siltstone peperite. The
peperite is characterised by fluidal texture that
resembles laminar structure composed of alter-
nating glassy lava and siltstone. Siltstone is ther-
mally metamorphosed and the primary constitu-
ents altered into iron oxides, mixed-layered clay
minerals, quartz and albite. Fluidal texture was
developed by laminar lava flow that incorporated
silt and distributed it along the flow planes. The
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Fig. 2. Cross-section through the Borovnik Member volcanic
and volcaniclastic succession
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contacts of lava-siltstone laminae are commonly
corroded. Authigenic minerals are slightly coars-
er than in the central parts and are up to 60 um
sized. Up to 100 um wide veinlets are composed of
fine-grained quartz.

The overlying pyroclastic sequence consists of
bedded to laminated rhyolitic vitric tuffs rang-
ing in grain-size from coarse- to fine-grained.
In general, the trend of upward fining can be
recognised. Lamination and bedding may be lo-
cally only faintly or vaguely. The tuff consists
of rhyolite glass shards; coarser varieties may
contain subordinate amounts of pumice. Plagio-
clase crystals are rare, too, and amount up to
10 vol. % of the bulk rock. Volcanic glass is ex-
tensively altered into microcrystalline quartz and
albite, and filosilicates — mixed layered clay mine-
rals and chlorite. Pyroclastic sequence terminates
with fine-grained conglomerate. The grains are
well-rounded to subangular and composed of
quartzite. Cement consists of calcite and limonite.
Pyroclastic sequence is intruded by dacite con-
taminated by siltstone. Dacite/siltstone peperite
and dacite/rhyolitic tuff peperite developed. All
rock varieties are extremely rich in plagioclase
and potassium feldspar phenocrysts and indi-
cate that they evolved from accumulates formed
by crystal fractionation during magma develop-
ment.

E Nonvolcanic mudstone,
siltstone
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Dacite consists of phenocrysts of zonal, or more
rarely, twinned plagioclases attaining the size up
to 3 mm. They are replaced by fine-grained cloudy
aggregates of albite which is slightly kaolini-
tized and sericitized. Potassium feldspars mainly
belong to sanidine and they are relatively well
preserved. Glassy groundmass is entirely altered
into secondary minerals, mainly chlorite, iron oxi-
des, quartz, albite, epidote, prehnite, and in some
places calcite.

Peperite composition is also dominated by pla-
gioclase and potassium feldspar phenocrysts,
which have the same size and composition as in
dacite. They are commonly corroded and charac-
teristically cut by microfracture systems resulting
from stress during magma intrusion into sediment
and their mixing. The microfracture systems in
phenocrysts are commonly filled by authigenic feld-
spar of the same composition as the phenocryst, or
by quartz or iron oxides. Glassy groundmass and
siltstone are mixed and extensively altered, mainly
into iron oxides, chlorite, paragonite and quartz.
In dacite/rhyolitic tuff peperite epidote, prehnite,
quartz and albite also occur, but iron oxides are
less extensively developed. Zircon grains partially
originate from the zircons magma and partially
from the siltstone. Zircons have broad reaction
rims originating from radioactive decay, and show
roundness, that could have been developed in se-
veral reworking cycles. Apatite originates from the
magma, or partially from authigenic growth as a
consequence of thermal metamorphosis.

Geochemistry of the Borovnik Member

Sixteen representative fresh rock samples were
chosen for chemical analysis, which was per-
formed at X-RAL Activation Services Inc., Don
Mills, Ontario, by combined wet chemical met-
hod, ICP (Inductively Coupled Plasma Source),
XRF (X-Ray Fluorescence), and MS (Mass Spec-
troscopy) to attain high analytical precision and
reproducibility. The content of major and trace
elements is shown in Tables 1, 2, and 3.

Table 1. Major oxides (in wt. %)
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Fig. 3. Classification of the Borovnik Member volcanics in the
alkali-silica diagram after Lt Bas et al. 1986

The rocks have variable silica content ranging
from 65,7 wt. % to 80,2 wt. % (recalculated on
water-free basis). FeO,, varies from 0,94 wt. %
to 5,06 wt. %), and MgO from 0,48 wt. % to
1,39 wt. %; both oxides are appreciably enriched
in contaminated dacite and dacite/siltstone pe-
perite. Similarly broad variation and enrich-
ment have been observed for alkali and alkaline
earth metal oxides — CaO (0,12-4,25 wt. %), Na,O
(3,09-6,03 wt.%) and K,O (0,65-2,82). In the TAS
classification diagram (Le Bas et al. 1986), the
samples are clustered into two groups occupying
the dacite and rhyolite fields (Fig. 3). The majo-
rity of pyroclastic rocks shows rhyolitic affinity.
The dacite composition of some samples arises
from two main processes — fractional crystalliza-
tion that caused accumulation of plagioclases and
accessory minerals like zircon and apatite, and
magma contamination with the sediment during
the peperite formation.

Trace element abundance and some elemen-
tal ratios are displayed in Tables 2, 3 and 4. In-
compatible trace elements range from 108,1-
1118,2 ppm for Ba, 38,1-343,9 ppm for Sr and
14,9-176,6 ppm for Rb. Among compatible trace

g:rl::l/e No. SiO, TiO, ALO, Fe, 0, MgO CaO MnO Na,0 K,0 P,0, TOT/C TOT/S Sum
GGS-10 4 64,53 0,08 18,62 2,776 0,72 3,19 0,04 4,65 1,64 0,08 0,26 1,25 99,81
GGS-11 5 63,69 0,07 18,15 4,45 1,07 3,36 0,06 4,55 1,03 0,07 0,16 1,31 99,8

GGS-12 6 78,07 0,03 12,15 1,42 0,51 0,2 0,01 6,03 0,25 0,03 0,06 0,03 99,76
GGS-13 7 66,31 0,07 18,21 2,48 0,91 3,04 0,03 4,06 1,64 0,07 0,08 0,84 99,75
GGS-14 8 6459 0,07 1865 228 08 425 0,03 495 1,22 0,07 0,38 0,67 99,78
GGS-15 9 72,98 0,04 13,76 1,97 0,99 1,9 0,01 3,09 1,96 0,04 0,18 0,02 99,79
GGS-16 10 79,2 0,02 11,81 1,14 0,58 0,08  <0,01 5,27 0,5 0,02 0,04 0,01 99,89
GGS-17 11 75,69 0,02 13,1 1,88 0,8 0,67 0,01 4,83 1,01 0,02 0,04 0,01 99,85
GGS-19 12 74,06 0,03 14,34 152 071 023 0,01 536 142 0,03 004 001 100,01
GGS-21 13 75,76 0,02 136 137 0,7 0119 0,01 496 1,28 0,02 0,04 0,01 99,88
GGS-22 15 70,1 0,03 15,09 2,97 1,39 1,48 0,01 2,22 2,82 0,03 0,07 <0,01 99,83
GGS-23 16 76,7 0,02 12,83 1,59 0,8 0,12 0,01 5,38 0,74 0,02 0,03 <0,01 99,88
GGS-24 17 76,43 0,02 13,49 0,95 0,65 0,19 0,01 4.8 1,35 0,02 0,07 <0,01 99,88
GGS-28 18 75,89 0,02 13,34 124 0,75 051 0,01 5,23 0,9 0,02 0,12 <0,01 99,89
GGS-29 19 7827 0,02 12,15 1,06 0,49 0,43 0,01 5,43 0,65 0,02 0,11 0,01 99,9

GGS-30A 20 77,59 0,02 12,78 0,84 0,48 0,33 0,01 5,29 0,87 0,02 0,08 <0,01 99,9
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Table 2. Trace elements (in ppm)
Element/

Sample No. Ni Sc Ba Be Co Cs Ga Hf Nb Rb Sn Sr Ta
GGS-10 4 20 13 5364 2 8,6 32 215 59 11,1 553 3 272,6 0,8
GGS-11 5 22 13 450,9 2 14,1 2,3 21,3 5,8 11,3 31,9 2 302,9 0,7
GGS-12 6 11 5 1198,2 1 19,3 0,5 13,1 49 11,5 14,9 7 57,6 1,3
GGS-13 7 11 13 761,1 3 10,5 5,2 21,4 6,4 13,1 70,6 3 311,6 0,9
GGS-14 8 12 15 683,4 3 8,8 2,6 21,2 7,3 14,3 43,8 2 343,9 0,8
GGS-15 9 16 8 639,2 3 6,9 61 165 53 12,3 1165 6 2115 1,0
GGS-16 10 9 4 122,8 2 175 09 13,6 46 10,6 33,8 6 38,3 1,3
GGS-17 11 10 6 324.8 2 104 26 149 54 120 564 6 1182 1,2
GGS-19 12 6 6 284,3 4 7,3 32 18,9 59 133 850 8 575 1,3
GGS-21 13 12 5 269,6 4 144 31 165 50 12,0 816 7 60,5 1,3
GGS-22 15 <5 10 4802 4 45 85 201 62 135 176,6 6 1362 1,1
GGS-23 16 5 169,7 3 152 14 16,6 5,0 11,9 471 7 53,6 1,3
GGS-24 17 5 198,1 3 9,5 22 193 51 12,3 85,0 8 453 13
GGS-28 18 7 5 160,7 4 115 1,7 164 47 122 501 7 39.8 1,2
GGS-29 19 5 4 108,1 2 106 1,2 12,8 43 10,9 373 6 391 1,1
GGS-30A 20 <5 5 133,0 3 21,3 14 152 46 116 493 7 381 1,2
Table 2. — Continuation

Element/ No. Th U w Zr Mo Cu Pb Zn Ni As Hg
Sample

GGS-10 4 17,6 3,1 134,6 221,9 0,7 2,6 22,6 24 0,8 13,3 0,02
GGS-11 5 16,1 2,4 171,3 229,3 0,7 2,4 24,0 30 0,8 13,0 0,06
GGS-12 6 23,7 9,7 252,2 130,2 0,1 1,5 59,4 51 0,6 2,,2 0,05
GGS-13 7 19,9 3,4 159,6 240,6 0,3 2,3 21,0 21 0,8 10,6 0,05
GGS-14 8 18,7 5,2 149,8 285 0,4 2,5 20,2 33 0,7 10,4 0,05
GGS-15 9 23,3 5,1 103,4 171,1 0,1 1,5 42,4 32 0,1 <0,5 0,02
GGS-16 10 22,1 9,2 339,2 115,7 0,1 4.8 6,7 28 0,4 2,5 0,03
GGS-17 11 21,2 6,3 2154 158,8 0,2 3,1 21,8 42 0,3 1,5 0,06
GGS-19 12 27,3 7,5 136,5 159,0 0,1 1,8 2,2 36 0,2 2,5 0,04
GGS-21 13 25,6 8,5 196,2 132,7 0,1 1,7 4,0 36 0,3 1,8 0,06
GGS-22 15 23,5 45 63,0 199,9 <0,1 1,0 3,7 38 0,2 1,6 0,01
GGS-23 16 24 4 6,0 220,1 132,0 0,1 1,3 50,0 50 0,3 2,0 0,06
GGS-24 17 25,2 5,4 181,2 130,9 0,1 2,3 41 19 0,4 2,0 0,05
GGS-28 18 24,1 7,1 157,1  124,0 0,1 8,1 9,4 40 1,2 41 0,05
GGS-29 19 23,7 7,2 173,6 114,7 0,1 43 45 27 0,9 2,8 0,05
GGS-30A 20 22,7 6,1 259,1 1214 0,1 2,4 4.3 23 0,6 2,7 0,05

Table 3. REE elements (in ppm)

El

ement/ G Y La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Sample

GGS-10 229 818 170 17,66 61,9 889 208 540 087 4,03 074 210 032 206 031

4
GGS-11 5 26,0 51,0 110,1 11,46 41,1 6,16 2,09 4,64 084 4,30 0,88 248 038 253 0,39
GGS-12 6 369 363 853 981 367 1743 067 594 1,17 599 1,17 3,46 054 3,63 0,54
GGS-13 7 234 87,0 181,6 19,08 68,0 9,79 220 6,15 1,00 4,62 079 217 031 219 0,32
GGS-14 8 343 926 191,0 20,24 721 1053 253 7,28 1,23 594 1,10 3,09 047 3,10 0,48
GGS-15 9 37,7 585 127,8 14,29 51,0 9,02 1,23 6,78 1,27 627 1,15 321 047 3,22 0,46
GGS-16 10 354 322 759 890 324 670 068 541 1,05 5,61 1,09 3,13 049 327 0,49
GGS-17 11 37,5 46,0 100,9 11,62 422 1791 094 629 122 622 120 3,38 053 345 0,51
GGS-19 12 424 40,3 91,6 10,78 40,9 8,09 065 656 1,31 6,94 1,31 3,97 0,61 4,19 0,62
GGS-21 13 389 377 838 10,12 385 17,60 059 6,05 121 622 123 3,68 059 3,98 0,60
GGS-22 15 387 66,1 137,9 1564 562 990 1,29 753 1,38 7,00 1,23 3,25 048 3,12 0,46
GGS-23 16 386 381 854 994 376 1751 059 621 128 656 125 3,63 055 3,74 0,56
GGS-24 17 381 305 70,6 820 295 624 050 511 1,15 624 1,25 3,72 059 3,99 0,60
GGS-28 18 58,9 495 89,7 1322 522 11,41 094 1022 1,99 951 1,84 5,12 075 5,03 0,76
GGS-29 19 436 374 1781 10,00 387 17,84 065 699 1,37 6,80 1,32 3,84 061 3,99 0,59
GGS-30A 20 379 37,3 751 975 364 7,52 0,67 6,11 124 643 121 351 055 3,67 0,52
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Table 4. Some elemental ratios

g:rl::l/e No. Lapyss/Ybpans Lapyas/Smpyss Gdpans/Ybpass Eu/Eug*  Th/U - Zr/Nb  Lac/Ybe, Lag/Sme, Gde,/Ybe,
GGS-10 4 2,93 1,34 1,59 0,92 5,68 20,01 26,83 6,46 2,12
GGS-11 5 1,49 1,20 1,11 1,07 6,71 20,29 13,62 5,21 1,49
GGS-12 6 0,74 0,71 0,99 0,55 2,44 11,32 6,83 3,08 1,38
GGS-13 7 2,93 1,29 1,70 0,90 5,85 18,37 26,83 5,59 2,28
GGS-14 8 2,21 1,28 1,42 0,92 3,60 19,93 20,19 5,54 1,90
GGS-15 9 1,34 0,94 1,27 0,68 4,57 13,91 12,28 4,08 1,71
GGS-16 10 0,73 0,70 1,00 0,58 2,40 10,92 6,67 3,03 1,34
GGS-17 11 0,98 0,84 1,10 0,63 3,37 13,23 9,01 11,60 1,48
GGS-19 12 0,71 0,72 0,95 0,51 3,64 11,95 6,50 3,14 1,27
GGS-21 13 0,70 0,72 0,92 0,561 3,01 11,04 6,40 3,12 1,23
GGS-22 15 1,56 0,97 1,46 0,66 5,22 14,81 14,32 3,10 1,21
GGS-23 16 0,75 0,74 1,00 0,51 4,07 11,09 6,88 3,19 1,35
GGS-24 17 0,56 0,71 0,78 0,51 4,67 10,64 5,17 3,08 1,04
GGS-28 18 0,73 0,63 1,23 0,51 3,39 10,16 6,65 2,72 1,65
GGS-29 19 0,69 0,69 1,06 0,51 3,29 10,52 6,33 3,00 1,42
GGS-30A 20 0,75 0,72 1,01 0,54 3,72 10,47 6,87 3,12 1,35

PAAS normalization — Post Archean Australian Shale (TavrLor & McLenNAaN, 1985; Ch normalization - chondritic values after

NAKAMURA, 1974)

elements, Ni displays a trend of decrease with the
increasing silica content from maximum 22 ppm
in dacite to <6 ppm in rhyolite. Sc varies from
4 ppm to 15 ppm, and shows similar decreas-
ing trend with increasing SiO, (Fig. 4). V ranges
from 20 ppm in dacites and dacite/siltstone pepe-
rites to <5 ppm in rhyolites. The content of TiO,
ranges from 0,08 wt.% in rhyolites to 0,27 wt. %
in dacites and dacite/siltstone peperites, and this
trend is identical to that for Sc (Fig. 4). There is
a similar, but unexpected trend of decreasing Zr
abundance with increasing silica (Fig. 4) — from
114,7 ppm in rhyolite to 285 ppm in dacite. In
daci-te and dacite/siltstone peperite, zircon grains
are well seen. Some of them seem to have igneous
origin, but the others have broad dark margins
and rounded form, originated very possibly from
sedimentary rocks, maybe from several reworking
cycles even. Nb variations are scattered and range
from 10,6 ppm 14,3 ppm. The shows a consistent
trend of increase with increasing silica (Fig. 4);
for U the trend is about the same but the values
are more scattered than for Th, what can be seen
from the diagram Zr/Nb vs Th/U (Fig. 4).
Chondrite (Ch) normalized abundance (af-
ter NaARAMURA, 1974) of the analysed samples is
about 100 times higher for LREEs, and about
10 times higher for HREEs than chondritic va-
lues. Rare earth elements (REEs) show fractiona-
tion and contamination processes. Fractiona-
tion of plagioclases is reflected in more extreme
negative europium anomalies (Eu/Eu*) for rhyo-
litic rocks (0,51-0,58) than for dacitic rocks
(0,68-0,92). Contamination with the sediment is
best shown in the opposite trends of LREEs and
HREEs with chondrite normalized samples. The
sediment is enriched with LREEs which is the
cause for unusual virtual decrease of LREEs with
increased silica (Fig. 4). That is also reflected in
the Lapyas/Ybpass (PAAS — Post Archean Austra-
lian Shale, after TavLor & McLENNAN, 1985) and

Lac,/Ybg, (Ch — chondrite, after Nakamura, 1974)
ratios (Table 4) which are relatively consistent for
rhyolitic pyroclastic rocks (0,49-0,73), but varia-
ble for contaminated dacites and dacite/siltstone
peperites (1,34 — 2,93). Similar relation can be ob-
served for the Lap,,s/Smpyas and Lag,/Smg, ratios
ranging from 0,63-0,74 for rhyolites and from
0,94-1,29 for dacitic rocks. Yttrium, as expected,
follows the trend of HREEs and increases with
the increase in silica (Fig. 4).

Conclusions

About 230 metres thick Julian and Tuvalian
(Middle and Upper Carnian) Mohorje Forma-
tion in the Bloke Plateau area comprises a 75 m
thick Borovnik Member composed of volcanic and
volcaniclastic rocks deposited in a shallow-ma-
rine environment. Volcanic activity started with
an extrusion of a minor rhyolitic lava flow that
underwent mixing with the enclosing silty sedi-
ment. Rhyolite/dacite peperite with flow structure
developed. The lava extrusion was followed by a
vigorous explosive volcanic activity that produced
coarse- and fine-grained vitric tuffs of rhyolitic
composition. The tuffs are bedded and laminated
and form a fining-upward sequence. Coarser-
grained tuffs commonly contain some pumice la-
pilli.

Magmas producing the pyroclastic sequence
were strongly fractionated, and a great part of
plagioclase and alkali feldspar phenocrysts had
been removed from the melt in the time of extru-
sion. The magma with accumulated phenocrysts
erupted the latest, and was emplaced into wet
unconsolidated sediments and tuffs as a shallow
or subsurface body. The dacite composition is re-
lated to the phenocryst separation from rhyolitic
or rhyodacitic magma. The “dacite” composition
is also observed for the peperite samples, but in a
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Fig. 4. Some elemental (oxide) ratios for the Borovnik Member Volcanics (N-PAAS, normalization to PAAS values, Eu/Eu*
europium anomaly based on chondritic values of Nakamura, 1974, and calculated after proposal of TavrLor & McLENNAN, 1985).
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more extreme way owing to more siltstone com-
ponent admixed. External water originating from
the enclosing sediments and/or tuffs and the heat
from shallow intrusive body developed epheme-
ral hydrothermal conditions reflected in extensive
alteration of the groundmass, tuff and siltstone
peperite matrix. The most abundant authigenic
minerals are iron oxides, filosilicates, quartz and
albite, although epidote and prehnite also occur
particularly in the dacite/rhyolitic tuff peperite.
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