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FLLOW PARTITIONING DURING NAPPE MOTION IN THE AGIA
MARBLE, THESSALY, GREECE

I. Koukouvelas”

ABSTRACT

During the Eocene the Agia marble was incorporated in the nappe motion in
East Thessaly. During this motion these marbles suffered normal layer and
parallel layer shortening. Boudinage analysis shows a layer normal shortening
of 30% and the style of folding shows layer parallel shortening balanced from
zero to over than 50%. A partitioning of deformation is expressed by closely
spaced flow domains over the sole thrust and wide spaced flow domains in the
upper stratigraphic level. A mechanism of more rigid parts trailing over more
viscous domains is the prefered style of nappe motion.

LYNOWH

Toa péppopa Aylde xotd tn Sidpkela 1ou Hokaivou oupnepl-AR@Onkoav otnv
kivnon 1ov KeAUpp&iov mou éAafe xOpx otnv AvaToA LKA @scocoAiia. H xivnon auth
nopapdppwoce KAT& tnv oplldviio Kol KaT& 1nv Katokdpueo To pédppapo Ayidc. H
rRataxbOpuen PBpdxuvon pe P&on 1nv avéiuon omno Boudinages Atoav 30% Kot n
opLldviia pe P&on 1o oTUN 1ng¢ niuxwong and 0 éwg 50%. H Siapopomnoinon outh
eixe oov oamotéAecud Tnv dnuiLoupyl{d PEUCTLKOV MeEpLOXOV nou Jlai&ocovial
nukvdteEpeg oINV neploxfy Ing PACLKAG €NO@ONONG Kol apaldTlepeg OTX QAVOTEPN
TUAPOTo TnG okolovBiog. H ouvoAlkh kivnon tou KoAUppatog €yive upe kivnon
n1d &KopNIwv NeIpWP&TV N&VW O MAQCTLKY METPOPNATN.

INTRODUCTION

Lithological variations in layered systems are accompanied by strain dif-
ferentiations during the deformation of these rocks. Such differentiations are
based on the competence contrast and on the preexisting planar anisotropy
which is produced by the bedding planes or the foliation planes.

Normal layer or parallel layer deformation of rocks can be analysed by the
boudinage-analysis and the style of folding respectively.

Several experimental works with rock analogous (SOWERS, 1973, LLOYD &
FERGUSON, 1981, and WOLDEKIDAN, 1982) have been carried out during the last
years. These works have shown that the initial geometrical characteristics and
the material properties of layered systems is of great importance for the
development of the boudinages. Such differentiation in strain is cleavage
refraction (RAMSAY, 1967, TREAGUS, 1983, 1988), amplification of boudinage
formation, fold propagation PRICE & COSGROVE (1990), and strain hardening or
softening WOJTAL & MITRA (1986).

It was shown by COBBOLD (1983) that such strain differentiations are taking
part along the interfaces which are characterized by several properties.

LISTER & WILLIAMS (1983) compared flow partitioning phenomena with the
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preexisting structure of rock and the reflexion of this partitioning in the
strain pattern.

JAEGER (1969) has shown in a mathematical point of view the equations of
materials under strain in response to their properties.

This work is focused on the description of boudinage development and fold
propagation in order to interprate the mechanism of nappe transportation.

GEOLOGICAL SETTING

The area under investigation is a part of the Pelagonian zone. Agia marble
of U. Cretaceous age, (MIGIROS & KATSIKATSOS 1980) (Fig. 1) corresponds to a
part of the complex “Eohellenic nappe” of DOUTSOS et al. (1993), JACOBSHAGEN

et al. (1978).
— i - -

--------- a5 The Agia marble is part of a
: complex lithotectonic unit called
here Agia-Anavra unit consisting
of schists, greenschists,
H amphibolites, serpentinites and
marbles. These marbles are ana-
lysed as the key exposures in
. order to describe the deforma-
— — — tion proceses in this unit.

The main tectonic element of
Fig. 1: Geological map of Agia corridor based the area is the NE - SW trending
on the IGME maps sheet Platycambos Agia corridor (DOUTSOS et al.,
KATSIKATSOS et al. (1981) and Agia- 1993) defining the “basement” for
Panagia gIGIRgs & VIDAKIE (198{). the eastward nappe motion.
Bx. 1: :EQ??Y‘K°¢ xaptne tov 6laap°“9u These marbles are separated
v 1&¢ BaolLouEvog OTOUG YEWAOYLKOUG | K
X&PTEC Tou ITME @UAAG MAXTUXGQUROGC into two subunits, the lower one,
KATEIKATEOE x oA. (1981) xat Ayié- Wwith platy black horizons, and
Navayt& MIPKIPOZ & BIAAKHE (1984). scarce intercalations of schist
layers, passing gradually to the
upper one with massive white recrystallized marbles. The thickness of the
layers in the lower subunit ranges from 5 cm to 80 cm whilst the thickness of
the layers of the upper subunit ranges from 20 cm to 3 m, with a total thickness
of this marble of 250 m.

The existence of granitic pebbles in these marbles with size of 5 x 8 cm,
compined with the finding of Rudistids GODFRIAUX (1968) indicates that these
rocks are deformed reef limestones.

The structural analysis of this area has been carried out by DOUTSOS (1984).

ECHELLENIC @ ~\28LS——— S . - . -
NAPPE

P s asianinmal

NAPPE MOTION

The nappe motion during the Eocene in East Thessaly depends on the existence
of obstacles and corridors DOUTSOS et al. (1993). Thence it is characterized
by a scattering of the mass transportation, from NE to SE direction with
predominance of the eastward direction.

The marble of Hassambali is gliding over its footwall (ophiolithic base-
ment) in a brittle-ductile condition following passively the basement morphol-
ogy (Fig. 2 cross section). During this motion the lower parts of the nappe are
more deformed and the upper part is transported easily.

This work is dealing with the analysis of the two components of the nappe
motion; the layer normal and the layer parallel shortening.

Four sites with excellent outcrops are analyzed parallel to the (XZ) plane
and perpendicular (YZ) plane to the stretching lineation (L2) of DOUTSOS
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L ) (1984) .

[ oonoures
T In these sites the collected data include
g o teut boudinage shape ratio, amount of shortening,

7 minerel ineation
folmtion

line element rotation and interface descrip-
tions.

NORMAL LAYER SHORTENING

The detailed observations of the Hassambali
marbles indicate that the lithological vari-
ations are giving rise to viscosity contrast
through the rock. Fractures and later
of boudinages are produced by such instabili-

Fig. 2: Geological map
Hassambali area modified ties in layered systems SOWERS (1973).
from the Igme map sheet Experimental works have formulated that
Platykampos. in such systems the competence contrast and

B. 2: Tewdoyix6¢ X&PTNG TNG the strain rate determine the shape of the
mepLoxfg  Xooodunmadl yo,9inages (LLOYD & FERGUSON, 1981). Four
tpononolLnpévog omno 1IO0 . .
x&otn tou ITME ¢GAAo groups of experiments, as are reviewed by
IAGT UKAUITOC - PRICE & COSGROVE (1990), are related to the

study of boudinage formation but the most
important type of experiments is using rock analogues.

In the area of Hassambali detailed observations of 210 boudinages indicate
that they are mainly (150 objects) lenticular or barrel shaped, with sharp
boundaries. The statistical analysis of these boudinages (Fig. 3a) indicates
an optimum aspect ratio a/b = 3.062. The prepared histogramm (Fig. 3a) is quite
similar with the experimentally produced histogramm by WOLDEKIDAN (1982).

The least boudinages (60 ob-

% jects) are subdivided in two

50 4 . classes. The firts class (24 ob-

* w0 jects) are boudinages with one

b main body and one or two second-

% a 301 ary bodies. The second class (36

20 201 objects) is characterized by vari-

" vl able territories with embayments
or apophyses in the matrix.

[ This subdivision is produced

1 2 3 a s e 7 Wb 1 2 3 4 s W/N
i during the progressive deforma-

Fig. 3: a.Statistic analysis of a/b ratios tion of the marble. Field obser-
of 150 objects in the area of Fig.2. yations and statistical analysis
b.Statistic analysis showing the W/ (24 objects Fig. 3b) show that
N (wide/narrow) ratios for 25 sub- the majority of these boudinages

divided boudinages under progres- i | i
sive deformation. are divided by a ratio {(Wide/Nar-
rowj W/N = 1.5.

Ex. 3: o.3tatiorikh ové&iuon tou Adyou a/b
yia 150 boudinages oinv mneploxh tou Otherwise the boudinages are

TX. 2. B.Statiotixf avéduon tou Adyou incorporated into the folding

tng ditxipeong peydAwv boudinages during progressive simple shear.

crnv dLapxe Lo npoodevtixAg The critical dimensions are a =

nopauépewong. 12 cm and b = 7 cm, boudinages

with smaller a,b number are folded while bigger boudinages are acting as rigid
bodies.

These observations show that normal layer shortening is taking part during

the first stages of the nappe gliding. The normal layer shortening of the

sucession is estimated to the amount of 30%. The marbles deformed under a
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Vertical structural pro-
files, in the area of
Hassambali columns 1,2 and
3 and in the Anavra vil-
lage column 4. Horizontal
axis represents flow do-
mains (not in scale). At
the upper left corner it
is graphically represented
the percentage of the col-
umn which belongs to each
flow class.

KatakOpupeg TEKTOVLIKECQ

Topécg, otnv nepLoxfh
Xoaoodunakt xoldveg 1,2,
xat 3 KL O10 Xweld Av&ppa

koAdva 4. O optldviiLog
&fovag QAVILOTIOLXEL OtTL¢
ratnyopiec napa- udpewong
0, 1, 2, 3 xaL 4 zTnv
ave aptotepl yvevia tou
oxfuatog¢ mnoapovol&letal uno
HOEPH YPaPLXAG nap&otaong
10 nocootd k&Be xainyoplag
napopbppwong oe x&be
oThAn.

homogenous progressive deformation as in-
dicated by the continous separation of the
boudinages. The amplification of boudinage
formation observed in parts of rock with
thickness 30 cm and rapid lithological al-
ternation. The existence of barrel shaped
boudinages indicates that the boudinage
bearing layers possess the same competence.

PARALLEL LAYER SHORTENING

The movement of the marble nappes in the
study area is accomplished by the deforma-
tion of the rocks in a variable degree as it
is expected in multilayer systems (TREAGUS
1988) . In such multilayers the deformations
are balanced, from layer to layer, from
zero up to a maximum in relation to the
competence contrast.

The following data come from well ex-
posed sections in the area of Hassambali
(Fig.2, sites 1,2,3), and Anavra village
(Fig.l site 4). The composite structural
profiles (Fig.4 and Table I) are recon-
structed 20-50 m above the sole thrust which
is exposed in the contact zone between the
marble and the basement. This sole thrust
is defined as an intensely deformed of 15 m
thickness, into the marble.

In the area of Hassambali mesoscopic
analysis (Fig.4 columns 1,2,3) indicates
that the whole rock is separated in flow
domains which are defined as lithotectonic
successions.

The detailed observations of these cross
sections define five flow classes, each one
expressing the following elements.

Flow domain 0 : A lithological succes-
sion consisted of thick bedded marble hori-
zons with dark grey colour. The parallel
layer shortening is zero.

Flow domain 1 A lithological succes-

sion consited of dark grey horizons alternated with light grey marble hori-
zons. The thickness of the dark and light marbles is equal to each other.
The parallel layer shortening of this category is estimated to the price of

the 5% according to the HANDIN et al.

are totally undeformed.

Flow domain 2

(1972) . The boudinages in these domains

: A lithological succession guite similar with the domain 1,

deferentiated in that the light and dark horizons are not of equal thickness.
The parallel layer shortening of these domains are estimated at about of 10-
15%. The boudinages in these domains are slightly folded.

Flow domain 3 :

A lithological succession consisted of rapid alternations

of dark and light grey marble horizons and scarse intercallations of schist
horizons.
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The parallel layer shortening according to the
AL method of RAMSAY (1967) is estimated at about 40%.
.« o The vergence which is indicated by the short limbs
. of the observed folds is SE ward. The boudinages in
these domains are partly deformed depending on the

a,b dimensions of each boudinage.

N _,4(\./\ Flow domain 4 : A lithological succession con-
N A d . - .
W sisted of rapid compositional alternations as the
domain 3.

Fig. 5: Graphical repre- The parallel layer shortenlfxg J:S estlmated.to
sentation of the over than 50%. The style of folding in these domains
ratio (Tn/Tn-1) 1indicates that the majority of these folds are de-
{(Thickness of the veloped as sheath folds. Fold analysis shows a south-
overlain domain/ eastward sence of movement although some scarse
thickness of the b . ai h a £
wnderlain do- observations display a northwestward sence of move-

ment (site 1, Fig.2). Boudinages observed in these

main). This pres- . : ‘
entation is ex- domains are intensively deformed.

pressing the pro- Ratio (Tn/Tn-1l) (thickness of overlain/thickness
duced separation of under-lain) (Fig. 5) in the sites 1,2 and 3 shows
during the flow - that the deformation tends to separate the moving
partitioning.

., mass in domains of equal thickness.

Ex. 5: TITOXT LOT L XE R R i
aVGAUGT TOU AGYOU From the detailed analysis and the above descrip-
(Tn/Tn-1) (m&xoc tion it is observed that the more inhomogenous the
vnepxetpévovu/ lithology the most intensive the deformation.
n&X0G UNOKELHPE-
vov). H ovadvon INTERFACE DESCRIPTION
fz:nafgﬁgyﬁ;agzs Each flow domain is separated by singular sur-
pEVOT KGOV mepiLo- Laces or by material surfaces according to the no-
XOvV xatd méxoc. menclature presented in COBBOLD (1983). Such bounda-

ries between the overlain and the underlain flow

domain is a zone of strain transition. Through this zone is taking part a

“Jjump” in the amount of shortening according to the theoretical prediction by

COBBOLD (1983).

Four types of transition zones are observed:

The type 1 transition zone is compined with thin cataclasites parallel to
the bedding planes.

The type 2 transition zone is taking part on phyllosilicate rich horizons.
In these types of transition finally the phyllosilicate rich horizons are
separated in lenticular bodies with C and S surfaces.

The type 3 transition zone is expresed by one singular surface. Typically
this surface is exposed as a plane truncating the internal structure of both
domains. ’

The type 4 transition zone is characterized as a complex zone defined by
3 to 15 singular surfaces. These surfaces are symmetrically arranged
around a main surface with a maximum thickness of 20 cm. Typically such
zones are defined by 3 to 5 surfaces lumbricated by philosilicates.
Detailed observations in the four sites (Fig.4) indicates that the most
complex transition zones are observed in sites with abrupt transition in
the amount of shortening.

Finally these material surfaces are incorporated in the folding of the whole
rock during the climping up of the nappe or interlocked of the horizontal shear
zones (called here flow domain 4).
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STATISTICAL DATA FOR THE ANALYSED STRUCTURAL PROFILES

flow domain Lx(em) x 0 % Ex x n % Ix X n % Lx N n [ 3
0 428 357 | 12 | 39.8 | 278 19.8 | 14 | 21.1 | 260 32518 13.7 1525 | 125 13 | 31.2
13 114 285 [ 4 106 | 84 2] 4 6.3 214 535 | 4 11.2 | 546 109 5 11.2

2 179 298 | 6 16.6 | 362 258 | 14 | 27.5 | 488 81316 25.6 313 53 6 6.4
3 127 254 | 5 11.8 | 78 19.5 | 4 5.9 219 312 | 7 11.5 506 | 168 3 10.4
4 226 251 | 9 21 511 268 | 19 ] 389 | 711 39.5 | 18 | 37.5 1980 | 111 17 | 40.7
1074 289 {36 {998 | 1313} 225 | 55 199.7 | 1892 ]| 476 | 43 | 995 4870 | 113 4 | 99

Table 1:Statistical parameters for the columns refered in the Fig. 4. Ox= sum
thickness of all mesured flow domains. X= mean thickness for each flow
domain. n= sample size (number of separate flow domains). %= percent
against to the total thickness.

Niv. 1: ZtattoTikl avdAuon Twv nopapftpwv nopopndpewong K&OE& TEXKTOVLKAC OTAANG
nou ovopépetat oto IX. 4. Ix= &Bpoiopx TOU n&Xoug ITwv NEPLOXOV OGpoLag
nopopdppwong. xX= néco ndxo¢ k&Be mnepLoxA¢ kKat& xatnyopia. n= opLodpdg
Twv dLakenTtOv mepLoxdv k&Be koatnyopiag. %= gratooTiaio avodoyia kKatd
otAAn kot xatnyopla moupapdpewong.

CONCLUDING REMARKS

In the study area several separated outcrops of platy dark grey to light
grey marbles are considered to be the most representative rock types in order
to analyse the deformation of the upper part of the Eohellenic nappe. Pure
shear and simple shear deformation is taking part during this nappe motion. The
pure shear deformation is producing boudinages during a normal layer shorten-
ing of 30%. The simple shear deformation is remarked by the existence of flow
domains with variable degree of deformation. The boundaries defining each flow
domain are acting as interfaces and later are incorporated in the folding of
the marble unit.

The most intensive shear deformation is taking part in the flow domain 4
defined by sheath folding. In these flow domains the outer part of the domain
is described as a shear zone while the inner one is deformed by rotational or
pure shear deformation. Detailed observations shows that

1) The most rapid alternation of thin highly deformed domains are exposed
closer to the sole thrust while intensively deformed domains are wide spaced
in upper stratigraphical positions.

2) Pure shear and simple shear mechanisms of deformation are spatially
linked with the ability of the mass to glide above ramps. So the pure shear is
observed as more intensive in areas easy to move while the simple shear is the
prominant mechanism before the ramp.

3) Based on the above analysis, more rigid parts of rock are trailing over
more viscous flow domains lumbricated by phylosilicates.
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