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Abstract. In the Outer Carpathian flysch the variability of dihedral angle
between transvertse complementary joint sets is stnuctunaMy controlled. In the Kry-
nica tectonic unit the dihedral angle augments gradually ouitwards attaining maxi-
mum values near the overthnust surface. This may be explained toy internal rotation
due to flexiurtal-flow folding.

DIHEDRAL ANGLE BETWEEN COMPLEMENTARY JOINT SETS

The present observations were made in flysch rocks of the Krynica zone
in the valley of the Dunajec (Fig. 1). The Krynica zone is the southern
fairies zone of the Magura naippe which is (the innermost tectonic unit of
the Polish Outer Carpathians. East of the Dunajec, the Krynica zone
farms a seperate tectonic unit thrust northward over the Sacz zone (O sz-
czypko 1973, 1975). Here the values of the dihedral angle between
transverse complementary joint sets are variable (Tokarski 1975).

A variability of this angle was first described by Sheldon (1912)
from the gently folded Appalachian foreland. She believed that the value
of the angle between transverse joint sets (dip joints) depended on the
degree of tectonic shortening (p. 55). Small angles in the environs of Itha-
ca are explained by the absence of more intense folding (p. 76).

It remained for Muehlberger (1961) to show that the value of the
dihedral angle between complementary shear planes is positively corre-
lated with confining pressure, as directly follows from the Coulomfb-Mohr

eory. In the case of minimum critical stresses a single extension set will
ise. Augmenting of angles between comlementary shear planes with
eowing confining pressure has been shown experimentally several times
w. g. Paterson 1958).
Mueh'lberger’s ~iews (L c) were verified in the field by Mue-
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Fig. 1 Structural sketch of the region. 1 — axial surfaces of symclines; 2 — B-axes
of fold structures; 3 — surface of the Krynica unit overthrust; 4 — surface of a se-
condary overthrusts; 5 — joint measurement station; 6 — line of section. EK — Kro-
scienko element; SK — Klodne syncline; AT — Tylmanowa anticline; SRz — Rzeka
syncline; SZ — Sobel-Zabrzez element, ZS — Sgcz zone
Fig. 1 Szkic strukturalny omawianego regionu. 1 — powierzchnie osiowe synklin;
2 — osie B strutkur fatdowych; 3 — powierzchnia nasuniecia jednostki krynickiej;
4 — powierzchnia drugorzednego nasuniecia; 5 — miejsce pomiaru ciosu; 6 — linia
przekroju. EK — element Kroscienka; SK — synklina Ktodnego; AT — antyklina
Tylmanowej; SRz — synklina Rzeki; SZ — element Sobla-Zabrzezy; ZS — strefa
Sadecka

ck.e and Char les worth (1966) in the Rocky Mts. foot-hills and by
Jfa;roszewski (1972) in the north-eastern margin of the Holy Cross Mts.
In both cases the (dihedral angles between complementary joint sets dimi-
nish gradually outwards. An analogous change seems to occur in the verti-
ecal sense, where angles diminish upwards. Thus Moseley and Ahmed
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(1973) suggested that in the English Midlands the complementary shear
system transists upwards in a single 'tension set (cf. also Jaroszewski
1972, p. 120).

It should be .pointed out that the field works by Jaroszewski
(L c) and Muecke and Charlesworth (L e.) were done in gently
folded regions. Possibly dn (more intensely deformed areas the relation of
the dihedral angle between complementary joint sets to the structural set-
ting is more complex.

AGE OF JOINTING

The age and origin of jointing in folded rocks are not clear. This was
discussed by Hancock (1968). Sheddon (1912, Parker (1942),
Nickelsen and Hough (1967), Boretti -Onyszkiewicz (1968),
Wood et al. (1969), Burger and Thompson (1970), MorawsKki
(1972) and Babcock (1973), basing mainly on the geometrical relations
of joints, fold axes and attitude of beds, believed that jointing either pre-
cedes folding or is coeval with its earliest phase. According to M at-
tau er (1967) joint surfaces are displaced due to different movements of
particular beds, which implies a pre-folding jointing. Cook and
Jon son ,(1970) and Gamkrelidze (1976) supplied proofs that the
age of jointing is synsedimentary. Stearns (1969) and TokarsKki
(1975) presented examples of shale that has flowed into the fruotures in
more brittle rocks. The two Ilatter authors believed that it attests that
the rocks fractured during or before folding. On the other hand
Hancock (1964, Muecke and Charlesworth (1969 and
N or ris (1971) put forth several arguments for jointing posterior to fold-
ing. An analogous conclusion as to the main joint system was drawn by
Kibillew ski (1972) on geometrical relations between jointing and fold
structures. Still more radical are the opinions of Ho dg so in (1961, Bab-
cock (1973a) and McQuillan (1973), who believe that jointing is not
genetically related to folding. The last authors,” Gamkrelidze (1976)
and Re ehe s (1976) wrote that jointing is independent of structural
setting, which is an opinion extremely different from that of Harris
et al. (1960) and Grune is en (1972).

Possibly these divergent opinions might be [reconciled by admitting
that the origin and age of jointing is different :in different regions (Jaro-
szewski 1972, p. 87). Price’s hyphothesis (1959) on the post-folding
age of jointing seems an overstatement, because 1° in several regions
a pre-folding age appears to be well shown (Roberts 1961), 2° jointing
occurs in several rocks which were never overlain by a thick cover as
necessary to Price’s hyphothesis (Dennis 1972, p. 229), 3° model
investigations by Dietrich and Carter (1969, fig. 2) and Par-
rish (1973) verified by observations in natural folds, show that in fold
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limbs «1 is parallel to bedding only in initial stage of folding, and
therefore joint surfaces due to residul tectonic stresses may not be
katethally directed, and 4° Pirice (L c.) did not consider pore pressure
which involves even tension fractures at considerable depths (Secor
1965).

FIELD WORK IN THE KRYNICA ZONE

In the Outer Carpathians, according to Ksigzkiewicz (1968),
transverse jointing was formed during folding, the a.ge of jointing being
different depending on depth. The data hitherto obtained fdn the Palaeo-
gene rocks of the Krynica zone imply a pre-folding age of transverse
jointing. There occur two complementary sets of shear-extension origin
(Tokarski 1975).

The rocks exposed in the studied area are exclusively those of Palaeo-
gene age represented by the Magura beds underlain by thin bedded
flysch 1 The character of the Magura beds changes N—S (Fig. 2). Thus,
northwards, the amount of the thick bedded sandstones in relation to thin
bedded flysch decreases from ca. 90% in the Ktodne syncline to ca. 50% in
the Sobel—'Zabrzez element. To the change of ductility involved corres-
pond to the dimensions of folds, their wavelengths and amplitudes dimini-
shing northwards. The tacko beds of the Sgcz zone near the overthrust
consist of thin bedded flysch containing intercalations of the Lgcko marls
and of thick bedded sandstones.

The data presented here concern the Magura beds in the outer part of
the Krynica zone and the tgcko beds in the innermost part of the Sagcz
zone. Only the outcrops or groups of outcrops of monoclinal beds where it
was possible to make at least fifty measurements were taken into account
(Fifg. 3). Measuremenits were made mainly in thick ibedded sandstones. If it
was not possible to make 50 measurements in thick sandstone beds, sup-
plementary measurements were made in thin bedded sandstones. Thus it
became necessary to decide whether the measurements in sandstone beds
of different thickness are comparable. Therefore, measurements were
made in outcrop of monoclinal beds separately in beds 19 cm and
65— 75 cm thick i(Fig. 4). It appeared that the value of the dihedral angle
between complementary transverse sets is 48° for the bed 19 cm thick
and 44° for the bed 65—75 cm thick, and therefore it seems to be
independent of the thickness of the beds.

In the discussed area (Fig. 3) there occur fouir joint sets, namely two
kathetal transverse complementary sets Ti and TZ a sublkathetal longitu-

1 The stratigraphy of this region is still not quite clear It was discussed in
a recent -paper by the present author (Tokarski 1975), aind for the stratigraphy of fche
Zabrzez area see also Oszczypko (1975).
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Fig. 3. Joints. Localisation of joint measurement stations in Fig. 1 Inset semicircles

show the type of plot, while the number inside the semicircles lis the number of

measurements. Bottom right the angle between transverse complementary joint sets.
Other explanations in text

Fig. 3. Diagramy ciosu. Lokalizacja miejsc pomiaru ciosu jak na fig. 1. P6tkole w le-

wym dolnym rogu wskazuje rodzaj projekcji, a liczba weiwnatrz ilos¢ pomiarow.

W prawym dolnym rogu diagramoéw kat pomiedzy poprzecznymi zespotami komple-
mentarnymi ciosu. Pozostate objasnienia w teksdie pracy
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diinal set L, and a subordinate bedding set B subparallel to the bedding..
Same of the diagrams appear ambiguous. This happens if the value of the
angle between complementary transverse sets being low, Tx and T2 are
situated one near another, or if, the value being high, the maximum of
one of the trainsverse set is situated near the maximum L. In extreme ca-
ses both maxima are situated in the same high density field (Fig. 3F, G)..

1-5-9-137. N 19cm 1-5-9- 137, N 65-7Scm

Fig. 4. Joints in monoclinal beds. A — layer 19 cm. thick; B — layer 65— 75 cm.
thick. Denominations as in Fig. 3

Fig. 4. Cios w monokiinalnie utozonych warstwach. A — tawica o migzszosci 19 cm;
B — tawica o migzszosci 65—75 cm. Objasnienia jak na fig. 3

For high angle values, the meaning may be made clearer by noting the
shape of the transverse joint surfaces (smooth) and longitudinal joint,
surfaces (rough or smooth). This was used in interpretation of diagrams E
and F.

The values of the dihedral angle between comlementary transverse
sets change regularly, augmenting from 28° in the central part of the
Krynica zone, in the Rzeka syncline (fig. 3A) to 107° near the overthrust;
(fig. 3F). Further north, on the other side of the overthrust, the value di-
minishes abruptly to 20 to 30° (fig. 3G). Over almost the whole present
area, the bisectrix of the acute angle between complementary transverse
sets is perpendicular to the fold axes. It is only in the area immediately
south of the overthrust that it becomes parallel to the fold axes. In the
same area, the transverse joint surfaces generally smooth in the Magura
flysh (T ok ar sk i 1975), become in plaices undulated.

INTERPRETATION

The dimensions of concentrically folded bed change in different ways.
In normal limbs the bed is shortened, while in overturned limbs it beco-
mes longer. If the maximum lengthening possible in the conditions present
(ductility, pressure and temperature) is exceeded, overthrusting, occurs.
In particular nappes, the smallest shortening is in the inner parts. From
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there it increases outwards to attain maximum just along the overthrust
surface (Crosby 1973, fig. 1).

Transverse jointing in the Krynica zone seems to 'be formed prior to
folding. It may be thought that orgiimally the angle (between transverse
‘complementary sets diminished gradually towards the element initiating
jointing (Muehlberg 1961), and therefore to the North, i. e. towards
the foreland, or to the South, i. e. inwards. This angle probably dimin-
ished gradually also upwards. The pattern actually observed would be thus
a joint effect of primary changes both vertical and horizontal and of latter
different shortenings due to folding. It may be suggested that shortening

a b
Fig. 5 Shortening and accompanying rotation, a — before rotation; b — after rota-
tion. 1 — joints;2— clastic transport indices

Fig. 5. Skrocenie oraz towarzyszgce mu rotacje, a — przed skréceniem; b — po skré-
ceniu. 1 — cios; 2 — wskazniki kierunku transportu

.occurred not exclusively as a result of movements between beds, but also
in the beds themselves. It might .be an effect of a flew of rocks during
flexural-flow folding. Such may have been, et least partly, the mecha-
nism of folding in Outer Carpathians. The flow of rocks would result dn
a rotation of joint surfaces (Fig. 5. Some recent investigations seem to
indicate that such rotation may be caused also by a concentric folding.
Schumacher (1972, pp. 22— 3, fig. 23) found in the Alpes Cottiemnes
rotations of anterior lineatdons by chevron folds or by flattened concentric
folds with exclusively incipient cleavage.

In the area studied, besides the rotation of joints, the flexural-flow
folding is suggested by some mesostructural criteria: 1° striae on the sur-
faces of beds, characteristic for flexural-slip folding are exceptionally
rare, 2° longitudinal tension joints occur in places inside the beds as it is
characteristic for flexural-flow folding '(cf. Gra tier et al. 1973, fig. 36),
and 3° displacements between adjoining beds do not seem to be present
eeverywhere, welded contacts between sandstone and shale layers occurring
in the thin bedded flysch.

It cannot be excluded that the rotation of the surfaces of transverse
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joints was at least partly brittle, analogous to that proved by Freund
(1970) in the case of strike-slip faults in Sdstan, basing on experiments by
Cloos (1955). This would be a cataclastic flow of Stearns i(1969) at the
scale of jointing. It seems however that such a mechanism cannot comple-
tely explain the flow of the Carpathian flysch rocks, as indicated by the
above mentioned scarcity of traces of movement on the surfaces of
layers, the scarcity of striae on the joint surfaces, and the presence of
longitudinal tension joints inside the layers.

IMPLICATIONS OF FLEXURAL-FLOW FOLDING

The abrupt change of the dihedral angle between complementary trans-
verse joint sets from one side of an overthrust surface to the other allows
to trace precisely such surfaces in monotonous rooks. This may help to
map flysch complexes.

Changes in thickness of rock series subjected to flexural-flow folding
may impede structural, paLaeogeographic and pallnspastic reconstructions.
N orris (1971, p. 27) pointed out that the traditional methods of calculat-
ing depth of décollement surfaces involve important errors in the case
of flow along fold axes. Gratier et. al. ,(1973) conclude that in the case
of flexural-flow folding it is not possible to reconstruct the original length
of beds by simple refolding. Gratier (in Gratier etal, 1c, p.
30) thinks that in the west part Céte Alamele ((sedimentary cover of the
Pelvoux Massif) there occurs in spite of gentle folding a 2.5 times shorten-
ing; this he thinks is one of the causes of considerable differences in
thickness in this region, hitherto explained by complex palaeogeograph-
ical models.

In the present case the value of the rotation of joint surfaces does not
probably determine the entire layer shortening. The vavlue of layer short-
ening prior to folding (Miln es 1971) is not clear. In some cases this
component of the shortening may be significant as implied by model
research and experiments (Hudleston and Stephansson 1973)
and by deformations of fossils in seemingly gently disturbed or even undis-
turbed rocks (Bambach 1973, Watkinson 1973).

Flexural-flow folding would imply also a rotation of clastic transport
indices attaining in the Krynica zone some 30° as implied by changes of
dihedral angle between .transverse joint sets (fig. 5). It might be sugge-
sted that palaeogeographical reconstructions of the Outer Carpathians
hitherto made without accounting for horizontal rotations of the indices
should be revised.

It would seem also that tectomical deformations of sedimentary struc-
tures (P ellijohn 1960), and particularly their assymmetry (Talbot
and Hobbs 1969), should be more closely studied.
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CONCLUSIONS

1 In the Outer Carpathians the value of the dihedral angle between
transverse complementary joint sets is structurally controlled.

2. The control is due to internal rotation of rock mass subjected to flex-
ural-flow folding.

3. Overthrust surfaces are indicated by abrupt changes of the values of
dihedral angle between transverse complementary joint sets.

4. A (revision of hitherto accepted palaeogeogiraphical reconstructions of
the Outer Carpathians made without accounting for horizontal ro-
tations of clastic transport indices is suggested.
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STRESZCZENIE

Tresc¢. We flisziu Karpat Zewnetrznych izimiiany wielkosci kata pomiedzy kom-
plementarnym zespotami ciosu poprzecznego sa kontrolowane strukturalnie.
W obrebie strefy kry.ntiokiej wielikos¢ tego kagta rosnie systematycznie (ku zewnatrz
osiggajac maksimum przy powierzchni nasuniecia. Zmiany te powstaiy w wyniku
rotacji wewnetrznej mas skalnych w na&tepsttwie fatdowania ze zginania z ptynie-
ciem.

KAT POMIEDZY KOMPLEMENTARNYMI ZESPOLAMI CIOSU

W strefie krynickiej jednostki magurskiej wielkoS¢ kata pomiedzy
komplementarnymi zespotami ciosu poprzecznego podlega duzym zmia-
nom (Tokarski 1975).

Wedtug Muehlbergera (1961) wielkos¢ kata pomiedzy komple-
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mentamymi zespotaimi ScieC jest zalezna pozytywnie od wielkosci o3 co.
wynika bezposrednio z teorii Coulomlba-Mohra. Koncepcja Muehlber-
gera (L c.) zostata potwierdzona przez terenowe badania Muecke
i Charleswortha (1966) na przedpolu Gér Skalistych oraz Jaro-
szewskiego (1972) w pétnocno-wschodnim obrzezeniu Go6r Swieto-
krzyskich. W obu przypadkach wielikos¢ kata pomiedzy komplementarny-
mi zespotami ciosu maleje na zewngtrz gorotworéw. Zwraca uwage, ze oba
testy terenowe zostaly przeprowadzone w (fagodnie «fatdowanych rejo-
nach. Wydaje sie, ze w terenach silniej izaangazowanych tektonicznie za-
leznos¢ wielkosoi kata pomiedzy komplementarnymi zespotami ciosu od
pozycji strukturalnej moze by¢ bardziej skomplikowana.

WIEK CIOSU

Wiek i geneza ciosu w sfatdowanych rejonach pozostajg ciggle sprawa
dyskusyjng (Hancock 1968). Prawdopodobnie najprostszym wytiuma-
czeniem 'kontrowersyjnych pogladow jest przyjecie réznej genezy i wieku
ciosu dla poszczegoélnych obszarow (J aroszewski 1972). Hipoteza P ri-
c e’a (1959) o pofatdowym wieku ciosu wydaje sie nie mie¢ charakteru uni-
wersalnego.

OBSERWACJE TERENOWE W STREFIE KRYNICKIEJ

Wyniki dotychczasowych badan w utworach paleogenu strefy krynic-
kiej wskazujg na przedfatdowy wiek ciosu poprzecznego. Tworzg go tu
dwa zespoty komplementarne o genezie Scieciowo-ekstensyjnej (Tokar-
ski 1975).

Strefa krynicka na wschod od Dunajca tworzy samodzielng jednostke
tektonicznag nasunieta ku potnocy na strefe sagdeckg (Oszczypko 1973,
1975). Przedstawione obserwacje zebrano w dolinie Dunajca (fig. 1, 2).
w warstwach magurskich zewnetrznej czesSci strefy krynickiej oraz
w warstwach tackich na jej bezposrednim przedpolu. Uwzgledniono jedy-
nie te odstoniecia lub grupy odstonie¢ monoklinalnie utozonych warstw,,
dla ktérych mozna byto dokonaé¢ przynajmniej 50 pomiaréw (fig. 3). Po-
miary wykonano gtownie w piaskowcach gmbotawicowych. Jedynie
w tych przypadkach, gdzie nie byto mozliwe przeprowadzenie 50 obser-
wacji w piaskowcach grubotawicowych, brakujacg ilo$¢ pomiarow uzupet-
niano w piaskowcach cienkotawicowych. Zarysowato sie pytanie, w jakim
stopniu sg poréwnywalne pomiary w tawicach ‘'piaskowcéw o réznych
migzstzosciaioh. Dla rozstrzygniecia tej kwestii przeprowadzono obserwacje,
w odstonieciu monoklinalnie utozonych warstw oddzielnie dla tawic
0 migzszosci 19 cm oraz 65— 75 cm (fig. 4). Okazuje sie, ze wielkos¢ kata
pomiedzy poprzecznymi zespotami ciosu wynosi 48° dla tawicy o migzszo-
Ssci 19 cm oraz 44° dla tawicy 65— 75 cm, czyli zdaje sie byC¢ niezalezna
od migzszosci tawic.
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W omawianym rejonie (fig. 3) wystepuja cztery zespoty ciosu. Dwa
katetakie, poprzeczne zespoty fecmpilementairine Tj i T2 subkatetailny zesp6t
podtuzny L, oraz podrzedny zespo6t pokiadowy B sulbrownolegty do uta-
wicenia.

Zmiany wielkosci kata pomiedzy komplementarnymi zespotami ciosu
poprzecznego zachodzg tu w sposob kierunkowy. Kat ten rosnie syste-
matycznie od 28° w centralnej czesci strefy krynickiej do 107° u czota
nasuniecia krynickiego. Dalej ku poétnocy, na przedpolu nasuniecia, war-
tos¢ kata spada skokowo do 20— 30°.

INTERPRETACJA

Dtugos¢ odcinka warstwy fatdowanej koncentrycznie zmienia sie
w sposob zroznicowany, W normalnych skrzydtach fatdow warstwa zo-
staje skrocona, w skrzydtach odwroconych podlega wydtuzeniu. Przy
mosiggnieciu maksymalnego w danych warunkach wydtuzenia powstaje
nasuniecie. Dla poszczegdélnych plaszozowin skrécenia bedg najmniejsze
w ich czesciach wewnetrznych, skad rosnga na zewnatrz osiggajagc maksi-
mum u czota nasuniecia (Crosby 1973, fig. 1).

Cios poprzeczny w strefie krynickiej zdaje sie iby¢ wieku przedfatdo-
wego. Nalezy sadzi¢, ze pierwotnie wielkoS¢ kata pomiedzy zespotami
komplementarnymi zmniejszata sie systematycznie w kierunku elementu
einicjujgcego ciosiMuehlberger 1961), a wiec bgadz ku potnocy w kie-
runku przedpola Karpat, badz tez ku potudniowi. Prawdopodobnie kat
ten zwiekszat sie rowniez stopniowo w doét profilu. Obserwowany aiktual-
nie obraz bytby wiec tgcznym efektem pierwotnych zmian zachodzacych
:zarbwno w poziomie, jak i w pionie oraz poOzniejszych zrdéznicowanych
.skrocen utworzonych w wyniku faldowa/nia. Nasuwa sie wniosek, ze skro-
cenia zachodzity nie w wyniku ruchu (lub nie tylko w wyniku ruchu)
pomiedzy tawicami, ale wewnatrz tawic. Jest to zapewne efekt ptyniecia
:skat podczas fatdowania ze zginania z ptynieciem. Taki bytby wiec, przy-
najmniej czesciowo, mechanizm faldowania w Karpatach Zewnetrznych.
'Wynikiem ptyniecia skat zdaje sie byC rotacja powierzchni ciosu (fig. 5).

Za zachodzeniem fatdowania z udziatem ptyniecia przemawia ponadto
.Kilka argumentow mezostrukturalnych. Po pierwsze, rysy na powierzch-
niach tawic, charakterystyczne dla faldowania ze zginania z poslizgiem,
wystepuja tu wyjatkowo rzadko. Po drugie, podtuzny cios tensyjny wy-
.Stepuje tu rowniez wewnatrz tawic w sposob charakterystyczny dla fat-
dowania z ptynieciem (Gratier et al. 1973). Po trzecie, przeciwko prze-
sunieciom pomiedzy tawicami przemawia tez przyspojony charakter kon-
taktow pomiedzy tawiczkami piaskowcéw i tupkdédw wystepujacy miejsca-
:mi we fliszu eienkotawicowym.
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KONSEKIWENCJE FALDOWANIA ZE ZGINANIA Z PLYNIECIEM

Gwattowna zmiana wielkosci kata pomiedzy komplementarnymi ze-
spotami ciosu poprzecznego po obu stronach powierzchni nasuniecia stwa-
rza mozliwos¢ precyzyjnego wyznaczania przebiegu tych powierzchni
w obrebie jednorodnych utworow.

Zmiar>y migzszosci serii fatldowanych przez zginanie z ptynieciem
utrudniajg w sposob istotny przeprowadzenie- rekonstrukcji struktural-
nych (Norris 1971) oraz paleogeograficznych i palinspastycznych (G r a-
tier eitaL 1973).

Konsekwencjg fatdowania ze zginania z ptynieciem bytaby rowniez ro-
tacja wskaznikéw kierunkow transportu osiggajgca przy stwierdzonych
w strefie krynickiej zmianach wielkosci kata pomiedzy komplementar-
nymi zespotami ciosu poprzecznego wielkos¢ rzedu 30° (fig. 5). Sugeruje
to celowos$¢ przeprowadzenia rewizji dotychczasowych rekonstrukcji paleo-
geograficznych dla Karpat, ktére nie uwzgledniajg poziomej rotacji wskaz-
nikow kierunkéw transportu.

Nalezatoby rowniez zwroci¢ wiekszg uwage na deformacje tektoniczne
samych struktur sedymentacyjnych (Pettijohn 1960), a w szczegol-
nosci na ich asymetrie (T albot i Hobbs 1969).
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