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ABSTRACT

The opening of the Ionian basin and its internal
differentiation is attested to by lateral facies and
thickness variations of the formations deposited
during the Pliensbachian and Tithonian (synrift for-
mations). The beginning of the synrift sequence is
represented by the Siniais Limestones (Pliens-
bachian) and their lateral equivalent, the Louros
Limestones. The geometric characteristics of the
extensional basin depend on both extension relat-
ed to the latest opening of the Tethys ocean and
halokinesis of the Ionian zone evaporitic substra-
tum. The orientation of the extensional regime is
deduced from the direction of stratigraphic pinch-
outs of the synrift formations, directions of trans-
port of slump features, and direction of movement
on synsedimentary faults observed in the base of
these formations in the half grabens. The postrift
period is marked by an unconformity at the base of
the Vigla Limestones, which represents the early
Berriasian breakup during which sedimentation
was synchronous in the entire Ionian basin.

The accumulation of organic matter in the
“Lower and Upper Posidonia beds” of the Ionian
zone during the Toarcian and Tithonian is directly
related to the geometry of the synrift period of the
Ionian basin. Restricted subbasins were formed
where the geometry of the basin favored stagnation
and consequently the locally euxinic conditions of
bottom waters. Anoxic conditions persisted locally
to the postrift period in areas where the “Upper
Siliceous Zone” (Albian-Cenomanian) of the Vigla
Limestones is well developed; these areas probably
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represent subbasins that were preserved by the
continuation of halokinetic movements during the
postrift period.

During the early Miocene Alpine orogeny, colli-
sion-related compressive stresses on the margin
induced the reactivation of preexisting fractures,
which were responsible for the inversion tectonics
that affected the Mesozoic basin. The geometric
characteristics of the inverted basin were depen-
dent on lithology (evaporites), geometry of the
extensional structures, and direction of the com-
pressional phase. The observed geometries do not
always correspond to the classical scheme of inver-
sion tectonics. The geological evolution in the
Ionian basin is an example of inversion tectonics of
a basin with an evaporitic substratum.

The opening of the Ionian basin and the inver-
sion tectonics influence both the source rocks and
the probable hydrocarbon traps of the Ionian
zone.

INTRODUCTION

It has long been recognized that the stratigraphic
distinctiveness of individual thrust sheets in the
Alpine system (the tectonostratigraphic units of clas-
sic Alpine stratigraphy) is related to the pretectonic
paleogeography. This paleogeography is a reflection
of Mesozoic extensional geometry associated with
the extensional events that preceded the develop-
ment of the Tethys ocean (Triimpy, 1980; Lemoine
et al., 1986; de Graciansky et al., 1989). Inversion
tectonics refers to the control exerted by early
extensional faults on the compressional geometry
developed during later orogenic deformation.

At the scale of hundreds of kilometers, the
whole Alpine belt can be considered as the invert-
ed margin of the Tethys ocean in response to the
collision of Apulia against Europe (de Graciansky
et al., 1989). On a smaller scale of a few tens of
kilometers, the various subbasins of the Hellenic
Tethyan margin have been inverted to produce
the main Hellenic thrust sheets or folded zones.
This occurred successively from inner (eastern)
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Figure 1—Structural map of
western continental Greece.
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zones to external (western) zones. One of the
most representative examples of this inversion is
the Ionian zone of the external Hellenides
(Karakitsios, 1990, 1992).

The Ionian zone of northwest Greece (Epirus
region) constitutes part of the most external zones
of the Hellenides (Paxos zone, Ionian zone,
Gavrovo-Tripolitza zone; Figure 1). The rocks of the
Ionian zone range from evaporites (Triassic),
through a varied series of carbonates and lesser
cherts and shales (Jurassic through upper Eocene),
followed by flysch (Oligocene) (Figure 2).

In the early Liassic, northwest Greece was cov-
ered by a huge carbonate platform (Bernoulli and
Renz, 1970; Karakitsios, 1992). In the Pliens-
bachian, extensional stresses associated with the
opening of the Tethys ocean caused the opening of
the Ionian basin (Bernoulli and Renz, 1970;
Karakitsios, 1990, 1992). Even though the produc-
tion of platform carbonates persisted through the
entire Jurassic in the adjacent Paxos (pre-Apulian)

and Gavrovo-Tripolitza zones, the Ionian basin
became an area of stronger subsidence and fault-
ing. This paleogeographic configuration continued
with minor off- and onlap movements along the
basin margins until the late Eocene, when orogenic
movements and flysch sedimentation began. In the
Gavrovo-Tripolitza and Ionian zones the main oro-
genic movements took place at the end of the
Burdigalian, whereas in the Paxos and Apulian
zones they occurred during the Pliocene-
Pleistocene (AIGRS-IFP, 1966; Bizon, 1967).

This study will show

* that the evaporitic Ionian substratum “haloki-
nesis” (Trusheim, 1957, 1960) influenced the
intense listric block-faulting. The latter affected the
early Liassic shallow platform (Pantokrator
Limestones) and resulted in the formation of sever-
al small, structurally controlled basins

* that the geometric characteristics of these syn-
rift sequences are evidenced by facies and thick-
ness variations in the Pliensbachian to Tithonian
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deposits, and by the direction of synsedimentary
features

* the control of basin geometry in organic mat-
ter preservation

* the reactivation of preexisting extensional
fractures from Pliensbachian through Tithonian
during compressional tectonics of Alpine orogeny
(inversion tectonics of the basin)

* that the geometric characteristics of the invert-
ed basin that depend on the lithology (evaporites)
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and the geometry of the extensional structures do
not always correspond to the classical scheme of
inversion tectonics.

GEOMETRY OF SYNRIFT SEQUENCES
DEPOSITED DURING EXTENSIONAL FAULTING
FROM PLIENSBACHIAN THROUGH TITHONIAN

Stratigraphy of extensional basins, in its simplest
form, may exhibit three distinct sequences
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Figure 3—Schematic diagram of sediments accumulated
before, during, and after extensional fault movement.
The breakup unconformity is shown as a wavy line at
the top of the synrift sequence (after Williams et al.,

1989).

(Williams et al., 1989) (Figure 3): (1) a prerift
sequence that was deposited prior to any exten-
sional fault movement, (2) a synrift sequence
deposited during extensional faulting, evidenced
by marked stratigraphic thickness changes from
footwall to hanging wall indicative of growth fault-
ing, and (3) a postrift sequence deposited after the
cessation of extensional faulting. The postrift
sequence may be deposited after a period of non-
deposition and/or erosion marked by a breakup
unconformity where part of the synrift sequence
has been removed.

In the Ionian zone, the prerift sequence is repre-
sented by the early Liassic Pantokrator Limestones
(Aubouin, 1959; IGRS-IFP, 1966; Karakitsios, 1990,
1992). These shallow-water limestones overlie
Early to Middle Triassic evaporites through
Foustapidima Limestones of Ladinian-Rhetian
age (Renz, 1955; Pomoni-Papaioannou and
Tsaila-Monopolis, 1983; Dragastan et al., 1985;
Karakitsios and Tsaila-Monopolis, 1990). The “sube-
vaporite beds” of the Ionian zone in western
Greece do not crop out, nor were they penetrated
by boreholes (IGRS-IFP, 1966; BP, 1971).

The beginning of the synrift sequence is repre-
sented by the Siniais Limestones and their lateral
equivalent, the Louros Limestones (Karakitsios and
Tsaila-Monopolis, 1988). Foraminifera, brachiopods,
and ammonites in Louros Limestones indicate a
Pliensbachian age (Karakitsios, 1990, 1992). These
formations correspond to the general subsidence of
the Ionian area (formation of Ionian basin), which
was followed by the internal synrift differentiation
of the Ionian basin marked by smaller paleogeo-
graphic units. These paleogeographic units were
recorded in the prismatic synsedimentary wedges
of the synrift formations and include the Siniais or
Louros Limestones, the Ammonitico Rosso or
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Lower Posidonia beds, the “Limestones with
Filaments,” and the Upper Posidonia beds (Figure
4). Stratigraphic sections measured throughout the
study area display abruptly changing thicknesses in
the syntectonic sequences within a few kilometers
(Figures 5-8). The opening of the Tethys ocean was
accompanied by the formation of a series of north-
northwest- and east-southeast-trending conjugate
faults. The early Liassic shallow-marine platform
was affected by listric block-faulting, which was
recorded in the differential subsidence within each
small paleogeographic unit (Bernoulli and Renz,
1970; Karakitsios, 1990). The directions of synsedi-
mentary tectonic features (e.g., slumps and synsedi-
mentary faults; Figures 9A, C, D, E, F) indicate that
deposition was controlled by structures formed dur-
ing the extensional tectonic phase. The sedimenta-
tion style corresponds, in general, to a half-graben
geometry. Prismatic synsedimentary wedges of the
synrift formations in the small paleogeographic
units (in most cases the units did not exceed 5 km
across) vary in thickness east-west. Thus, unconfor-
mities are located on top of tilted blocks (Figure
10B), and complete Toarcian to Tithonian succes-
sions with Ammonitico Rosso or Lower Posidonia
beds at their base are located in the deeper part of
the half grabens (Figures 11A, B, O).

It is theoretically possible that the Ionian zone
evaporitic substratum halokinesis influenced the
synrift mechanism. In fact, in the Pliensbachian,
the accumulated thickness of sediments over the
evaporitic substratum exceeded 1700 m (Fous-
tapidima Limestones: 200 m; Pantokrator Lime-
stones: 1500 m; Siniais or Louros Limestones: more
than 100 m). Under these conditions salt is usually
less dense than its overburden so that the unstable
condition of a density inversion results. The depth
at which the initiation of buoyant rise of the salt
through its denser overburden begins is dependent
on a number of factors. The presence of lateral het-
erogeneities such as thickness changes in the over-
lying sediment or irregularities on the surface of
the salt layer are sufficient to trigger upward move-
ment of the low-density salt at relatively shallow
depths. Structural heterogeneities may also facili-
tate the initiation of diapirism at folds or points of
structural weakness such as faults. In extensional
faulted zones, diapirs tend to form through buoyan-
cy where overburden load is most reduced in the
footwall (Jackson and Galloway, 1984; Jackson and
Talbot, 1986) (Figure 12). Field data support this
mechanism as the most likely driving force behind
diapirism in the Ionian basin. The presence of gyp-
sum elements observed in the conglomerate at the
base of the Lower Posidonia beds (Toarcian) in the
Lithino section (Figure 11E) can easily be explained
by evaporitic substratum halokinesis, which led to
salt injection along listric faults separating tilted
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blocks close to the depression where conglomer-
ates were deposited. The Lithino section located
in the central Ionian zone is more than 70 km
from the adjacent Paxos zone, where the Paxos-1
borehole penetrated anhydrite intercalations in
the Liassic dolomites. It is also more than 50 km
from the Gavrovo-Tripolitza zone, where sub-
Cretaceous formations are unknown and their
presence can only be hypothesized. The assump-
tion that gypsum was transported from these
zones by turbidity currents for such long dis-
tances and was deposited as centimeter-size grains
is unreasonable (Karakitsios, 1990, p. 244-245).
Consequently, theoretical and field data suggest
that the extensional phase provoked halokinesis
in the Ionian zone evaporitic substratum
(Karakitsios, 1988, 1990, 1992); the halokinesis
influenced the synrift mechanism by increasing
the extensional fault throws. The combination of
these factors resulted in the formation of areas
where the evaporitic substratum thickness is

maximal (areas with unconformity of the forma-
tions deposited during the Toarcian through
Tithonian) and areas where the thickness is mini-
mal (areas with Ammonitico Rosso or Lower
Posidonia beds). This thickness distribution may
considerably facilitate the choice of the favorable
locations for boreholes in an attempt to reach, at
shallow depths, the unknown subevaporitic
Ionian substratum, which may have an oil interest
(Nikolaou, 1986).

The stratigraphic relationships of the Upper
Triassic to Lower Cretaceous formations of the
Ionian succession are given in the synthetic dia-
gram of Figure 4. The geometric characteristics of
the beginning of the synrift intrabasinal differentia-
tion into tilted blocks is presented in the paleogeo-
graphic and stuctural map of the Toarcian (Figure
13), reconstructed from the lithostratigraphic anal-
ysis of the Jurassic formations all over the Ionian
zone in the Epirus region (Karakitsios, 1992). In this
map, the stratigraphic pinch-outs of the formations
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Figure 5—Stratigraphic columns of the central Ionian zone of the Epirus region. VL = Vigla Limestones (base: early
Berriasian); UP = Upper Posidonia beds (late Callovian-Tithonian); pl and ml = lateral equivalents of Upper Posido-
nia beds; hg = hardground; LF = Limestones with Filaments (Bajocian—Callovian); AR = Ammonitico Rosso (Toar-
cian—Aalenian); par = Ammonitico Rosso (AR) filling the pockets of Pantokrator Limestones (PL); LL = Louros Lime-
stones (Pliensbachian); SL = Siniais Limestones (lateral equivalent of Louros Limestones); PL = Pantokrator

Limestones (early Liassic); sd = sedimentary dikes.

deposited from the Toarcian through the Tithonian
on each tilted block are parallel to the major faults
bordering the tilted block and to the slumps’ axes
and to minor normal synsedimentary faults
observed in the depocenter of the so-formed half
grabens. The geometry of the basin explains why
the formations deposited from the Toarcian
through the Tithonian are organized in prismatic
sedimentary wedges. This map contributes signifi-
cantly to the estimation of the the volume of the
Toarcian through Tithonian source rocks (“Lower
and Upper Posidonia beds”) and consequently to
the evaluation of the total petroleum potential of
the Ionian basin.

The postrift period was defined by an early
Berriasian breakup that is marked by an unconfor-
mity at the base of Vigla Limestones (Figure 10B).

Sedimentation during the postrift period was syn-
chronous in the whole Ionian basin (Karakitsios,
1990; Karakitsios and Koletti, 1992). The postrift
sequence (Vigla Limestones and overlying Alpine
formations) largely obscures the synrift structures,
and, in some cases, directly overlies the Pan-
tokrator Limestones prerift sequence (Figures 5-7).
The deposits of Vigla Limestones do not corre-
spond to a eustatic sea level rise, but to a general
sinking of the entire basin (Karakitsios, 1992). The
permanence of differential subsidence during the
deposition of the Vigla Limestones, shown by the
strong variation in thickness of this formation, is
probably due to the continuation of halokinetic
movements of the Ionian zone evaporitic substra-
tum (IGRS-IFP, 1966; Karakitsios, 1988, 1990, 1991,
1992).
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Figure 6—Stratigraphic
columns of the central-western
Ionian zone of the Epirus region
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ANOXIC SEDIMENTATION IN THE LOWER
AND UPPER POSIDONIA BEDS

Two coeval facies exist in the Toarcian of the
Ionian zone: an organic-rich black shale known as
Lower Posidonia beds (IGRS-IFP, 1966), and the
pelagic red nodular limestone with Toarcian
ammonites known as Ammonitico Rosso (Renz,
1955). The two facies are confined to the deeper
part of generally different half grabens (Figure 13).
The Lower Posidonia beds are composed of well-
bedded pelagic limestones, marls, and siliceous

argillites and show variations in facies and thickness
(IGRS-IFP, 1966; Walzebuck, 1982) depending on
their position in each half graben (Karakitsios, 1990,
1992). IGRS-IFP (1966) deduced the age of the
Toarcian formation from the stratigraphic frame,
and recent studies on nannofossil assemblages sup-
port that age (Baldanza and Mattioli, 1992).

The total organic carbon of the Lower Posidonia
beds measured in different sections of the Ionian
zone ranges from 0.45 to 3.64% (Jenkyns, 1988) or
from 0.1 to 5% (Baudin and Lachkar, 1990), where-
as unpublished data from Public Petroleum
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Corporation (DEP) places the range from 0.1 to
20.05% (N. Rigakis, 1993, personal communica-
tion). The accumulation of the organic matter was
attributed by Jenkyns (1988) to an early Toarcian
anoxic event that was recorded in the different
deep-marine Tethyan formations from Austria-
Germany, Italy, Greece, Hungary, and Tunisia.
Baudin and Lachkar (1990) attributed the organic
matter accumulation to a particular type of restrict-
ed basin geometry developed during the Toarcian.
The surface occurrences of petroleum in the
Ionian zone are generally attributed to Toarcian
Lower Posidonia beds source rocks (IGRS-IFP,
1966; Nikolaou, 1986; Baudin and Lachkar, 1990);
however, the organic-carbon content in most of
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the Lower Posidonia beds outcrops is immature
(Baudin and Lachkar, 1990). Based on the present
geothermal gradient of the Ionian zone (1.5-
2.3°C/100 m), which is probably lower than the
paleogeothermal gradient, the oil-window depth
is estimated to be more than 3500 m. The Upper
Posidonia beds (Callovian-Tithonian) (Karakitsios
et al., 1988) are generally considered poor in
organic matter. However, the Palimbela section
(Callovian-Kimmeridgian) (Figure 6) is an organ-
ic-rich sequence in which the organic content
ranges from 0.5 to 8.6% (Danelian and Baudin,
1990). Additional data are furnished by an
exploratory borehole drilled to a total depth of
1530 m in Ioannina (Figure 14). The well was
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originally drilled to investigate the feasibility of
safely injecting treated municipal wastewater of
the city of Ioannina at a depth from 1000 to 1530
m. The stratigraphic sequence in the borehole,
determined from cuttings and cores, is as follows:
from O to 300 m Neogene sediments, from 300 to
610 m Vigla Limestones, from 610 to 990 m non-
differentiated Posidonia beds, from 990 to 1150 m

Siniais Limestones, from 1150 to 1250 m Pan-
tokrator Limestones, and from 1250 to 1530 m
“Triassic breccias.” Because the Pantokrator
Limestones thickness is generally more than 1000 m
thick (IGRS-IFP, 1966; BP, 1971), the contact
between Pantokrator Limestones and underlying
breccias might be tectonic. The whole nondiffer-
entiated Posidonia beds are rich in organic matter.



Figure 9—Examples of synsedimentary tectonic features, as seen in outcrop. (A) Synsedimentary normal faults
observed in the lower part of Ammonitico Rosso; south of Ano Kouklessi. (B) Breccia zones with big elements
(derived from Siniais Limestones) at the base of Ammonitico Rosso; south of Ano Kouklessi. (C) Synsedimentary
normal faults observed in the lower part of Ammonitico Rosso; Mikri Vryssi; west of Ano Kouklessi. (D) Slumps

observed in the base of Ammonitico Rosso; Mikri Vryssi; west of Ano Kouklessi. (E) and (F) Slumps at the base of
the Lower Posidonia beds; Varathi.
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The total organic carbon observed in the core
sample at the depth of 960 m is 3% for the lime-
stone and 3.8% for the marl (a direct measure-
ment of dip in the alternating limestone and marl
of the core sample gave a dip of 45°). This organ-
ic carbon appears to be an immature mixture of
marine and continental organic matter.

These observations emphasize the local charac-
ter of anoxic events that occurred in the small sub-
basins into which the Ionian basin was differentiat-
ed during the synrift period. Thus, the anoxic
conditions were selectively created during the
whole synrift period. The organic matter accumula-
tion in the Ionian zone occurred during the entire
Toarcian through Tithonian interval and is directly
related to the geometry of the opening of the
Ionian basin. The particular type of restricted sub-
basins that were formed possessed a geometry that
favored water stagnation and, consequently, the
locally euxinic conditions of the bottom waters. In
these areas, the black shale facies (Lower Posidonia
beds) was preferentially deposited during the
Toarcian. Anoxic conditions were observed locally
even during the postrift period in the areas where
the Upper Siliceous Zone (Albian-Cenomanian;
IGRS-IFP, 1966, and Figure 2) of the Vigla
Limestones is well developed (Karakitsios, 1990,
p. 186-189). In fact, the total organic carbon of the
Upper Siliceous Zone penetrated in the Agios
Georgios borehole (central Ionian zone of Epirus
region), at a depth from 3150 to 3580 m, ranges
from 0.20 to 11.70%, and is mature (N. Rigakis,
1993, personal communication). It is possible that
some subbasins were preserved by halokinetic
movements even during the postrift period.

ALPINE TECTONICS OF THE IONIAN ZONE

Structural analysis of the Ionian zone shows that
orogenesis essentially took place during the major
phase of deformation at the end of early Miocene
(IGRS-IFP, 1966). The Ionian zone was considered
to be the assemblage of anticlines and synclines
pushed against each other by a system of moderate
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westward overthrusts, which were accompanied
by a transcurrent fault system (i.e., Petoussi tran-
scurrent fault and Ziros transcurrent fault; Figure
14) that made the thrust mechanism easier (IGRS-
IFP, 1966). However, even though eastward-direct-
ed thrusts were pointed out by Brunn (1956) and
Aubouin (1959), in the internal (eastern) part of
Ionian zone, subsequent researchers did not pay
attention to these thrust units. Observation of
Ionian zone tectonics shows, in fact, that structures
(folds and thrusts) in its eastern part transported
rocks eastward (Figure 14). This divergence is
clearly illustrated in cross sections through
Mitsikeli (Figure 15). In the central and western
parts of the Ionian zone, structures were displaced
westward (Figures 16-18).

In an attempt to evaluate the displacements and
examine the manner in which a complex stratigra-
phy was deformed, balanced cross sections were
constructed through an intermediate and a more
external part of the basin (Figures 16A and 17A,
respectively). The abrupt variations in both the
thickness and facies of the Ionian synrift sediments
(deposited during the Pliensbachian through
Tithonian) together with the evaporitic substratum
halokinesis make it difficult to apply simple-type
structural analysis because the sedimentary pack-
ages do not correspond to layer-cake stratigraphies.
Vigla Limestones constitute the first postrift sedi-
ments of the basin and consequently were deposit-
ed almost horizontally. Thus, for the construction
of the restored sections (Figures 16B, 17B), the
basal part of the Vigla Limestones has been used as
the datum and was restored afterward to horizon-
tal. The balanced cross sections of Figures 16A and
17A illustrate that several times during the com-
pressional phase, faults related to the extensional
phase did not reactivate as thrusts, as the classical
scheme of inversion tectonics suggests (Figure
19A); but due to evaporitic substratum halokinesis,
the most elevated footwalls have been thrust over
the preexisting hanging walls (Figure 19B). The
amount of shortening (about 20% and 25% in the
intermediate and more external part of the basin,
respectively) involves a westward growth of horizontal

-

Figure 10—Examples of bounding surfaces seen in outcrop. (A) Sedimentary dike near top of the Louros Limestones
(CL) containing Pliensbachian ammonites. The dike is developed along an open normal synsedimentary fault (fault
throw 5 m) (Toarcian—Kimmeridgian); east of Klissoura. (B) The early Berriasian breakup unconformity between
the Vigla Limestones (on top) and the Louros Limestones (CL) (which contain Pliensbachian ammonites in their
upper part). The contact is marked by 3—4 m of pelagic sediments; south of Klissoura. (C) Ammonitico Rosso (AR)
(Toarcian) filling the pockets of Pantokrator Limestones (CP) (early Liassic); east of Ano Kouklessi. (D) Stratigraph-
ic contact between the Upper Posidonia beds (with a thickness reduced up to 3 m) and the Pantokrator Limestones
(CP); east of Ano Kouklessi. (E) Sedimentary dike on top of the Pantokrator Limestones composed of calcareous
breccias of micritic cement with rare filaments, radiolaria, and spicules of Spongiae. The elements are composed of
bioclast lime wackestones with small ammonites, spicules of Spongiae, radiolaria, and rare filaments; east of Ano

Kouklessi. (F) Detail of (E).
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Figure 11—Examples of the different members of the formations deposited during the Toarcian through Tithonian,
as seen in outcrop, and thin section from a sample used in this study. (A) Gradual westward reduction in thickness
of the formations deposited during the Toarcian through Tithonian (AR: Ammonitico Rosso; LF: Limestones with
Filaments); Toka (north of Ano Kouklessi). (B) Lower part of marly Ammonitico Rosso: laminated blue marls (lower
part) and red marls (upper part) affected by a synsedimentary fault; Toka (north of Ano Kouklessi). (C) Laminated
blue marls (organic-rich black shales) at the base of Lower Posidonia beds; Hionistra, and (D) Coniferous branches
(Brachyphyllum nepos saporta) observed in the marls of (C). (E) Thin section from a conglomerate horizon
observed in the base of the Lower Posidonia beds; Lithino. This polygenic conglomerate is composed of marly cal-
careous matrix and three types of elements: the first facies is similar to the Siniais Limestones (lime wackestones
with radiolaria), the second facies corresponds to the Louros Limestones facies (micritic limestones with sections
of small ammonites and brachiopods), and the third facies is composed uniquely of gypsum.



Figure 12—The formation of a salt roller by extensional
faulting may trigger the buoyant rise of salt (after Jack-
son and Galloway, 1984). 1, 2, and 3 are sediment-col-
umn densities, P,, P,, and P; are pressures at three loca-
tions, h is the maximum overburden height (in the
hanging wall of the fault) on the top of the salt (S). Over-
burden pressure is relaxed in the footwall (position P1)
as a result of the extension.

displacement of the Ionian zone. Since the estima-
tion of the shortening is only based on surface geol-
ogogical data, it should be regarded as conserva-
tive. However, in all cases the localization of
reverse faults and thrusts took place in the location
of Jurassic paleofaults. Cross sections mark the
coincidence of structural units that were emplaced
tectonically 15 Ma with the paleogeographic units
that appeared 170 m.y. earlier during the internal
differentiation of the Ionian zone. To observe this
coincidence, one has to compare the paleogeo-
graphic and structural map of the Toarcian (Figure
13) with the map of the present tectonic (Alpine)
lines in the Epirus region (Figure 14). The direction
of major compression (north-northeast-south-
southwest) determined by Cushing (1985) and
Karakitsios (1990) diverges from the normal to the
direction of thrust surfaces. This divergence sug-
gests that the thrusts, as discontinuities, do not
owe their origin to the compressional phase of
deformation. It is more likely that these were pre-
existing discontinuities, which probably originat-
ed as listric faults during the extensional phase of
the Jurassic. The ancient faults were reactivated in
the new compressional state as thrusts with a
major horizontal component (Karakitsios, 1990,
p- 209-210). The double divergence of Ionian
structure (westward in the western and central
parts and eastward in the eastern part, respectively)
is certainly due to the structures inherited from the
extensional Jurassic phase. The extensional Jurassic
faults of the external Ionian zone (Apulian side),
dipping eastward, were reactivated during the
compressional phase as compressional westward
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displacements, whereas those of the internal
Ionian zone (Gavrovo-Tripolitza side), dipping
westward, were reactivated as compressional east-
ward displacements (Figures 13, 14). Listric faults
were transformed entirely into transcurrent faults,
or reverse faults and/or thrusts, which is consistent
with classical inversion tectonics (Figure 19A).
Where halokinesis played an important role in the
development of the structures, the reverse fault
movement occurred only in the upper parts of the
faults (Figure 19B). This phenomenon was facilitat-
ed by diapiric movements through the tectonic sur-
faces of the evaporitic base of the Ionian zone.
Evidence of a moderate decollement in the subsur-
face evaporites, in the external domain of the
Ionian zone, is found in the Filiates borehole (IGRS-
IFP, 1966).

As far as the transcurrent fault system of the
Epirus region is concerned, the sinistral transcur-
rent fault of Petoussi (Figure 14) showed that this
system is later than the folds (IGRS-IFP, 1966;
Karakitsios, 1990), and the direction of compres-
sion related to its activation (northeast-southwest
to east-west) is considered to be different from that
associated with the thrusts (north-northeast-south-
southwest) (Karakitsios, 1990, 1992).

A few seismic lines are available from the Ionian
Sea and in the external Ionian zone, and they show
a westward growth of horizontal displacement of
the Ionian zone, with diapirism expressed more
strongly in the same direction (Karakitsios, 1990,
p- 255). This is in accordance with the balanced
cross sections provided from the field data (see esti-
mated amount of shortening from east to west,
Figures 16, 17). Consequently, a moderate decolle-
ment in the subsurface evaporites is certain, espe-
cially in the external domain of the Ionian zone.
Southward, in the Akarnania region, although BP
(1971) and Jenkins (1972) considered that the evap-
orites played a more extensive role in the tectonics
than in the Epirus region, they did not deduce a
large-scale decollement. However, field data and
available seismic lines indicate that it is out of the
question to assimilate the decollement deduced
here with a major decollement such as that suggest-
ed by Guzzetta (1982) in the Epirus region and by
Sorel and Cushing (1982) in the Akarnania region.

The tectonic evolution of the Ionian basin drasti-
cally affects the probable hydrocarbon traps of the
region. In fact, the most suitable reservoir rock
lithologies of the Ionian succession are the frac-
tured Eocene limestones and the Triassic, Liassic,
and Early Cretaceous dolomites (Nikolaou, 1986).
Furthermore, the most appropriate cap-rock
lithologies of the Ionian succession are the flysch
deposits (Oligocene), the post-Alpine formations
(Neogene), and the evaporites (Triassic) (Nikolaou,
1986). The geometry of these deposits (reservoir
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Figure 13—Paleogeographic and structural map of the Toarcian in the Epirus region, northwest Greece (after

Karakitsios, 1992).

rocks and cap rocks) is dependent on the previous-
ly described inversion tectonics of the Ionian basin.
Consequently, this structural style determines the
location of the probable hydrocarbon traps in the
Ionian basin.

PALEOGEOGRAPHIC AND STRUCTURAL
EVOLUTION OF THE IONIAN BASIN IN THE
ALPINE CONTEXT

The end of favorable conditions for sulfate pre-
cipitation and the beginning of marine sedimenta-
tion in the Ionian area was marked by deposition of
the Foustapidima Limestones during the Late
Triassic (Karakitsios, 1990). During the early

Liassic, a huge carbonate platform bordering the
southern Tethys ocean was established over the
whole of western Greece. This platform was char-
acterized by strong subsidence which was bal-
anced by intensive carbonate sedimentation in a
very shallow water sedimentary environment
(Bernoulli and Renz, 1970; Karakitsios, 1990). The
resulting accumulated carbonate succession, the
Pantokrator Limestones, is more than 1000 m thick
(GRS-IFP, 1966; BP, 1971).

During the early Pliensbachian, the initial shallow
carbonate platform began to break up (Karakitsios,
1990). The first general deepening of the Ionian
area was recorded by the Siniais and the Louros
Limestones deposits. The extension that involved
this deepening was probably expressed by border
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axis, 8 = locations of structural cross sections, 9 = Ioannina exploratory borehole.

faults that separated the Ionian basin from the adja-
cent Paxos (in the west) and Gavrovo-Tripolitza (in
the east) zones where the production of platform
carbonates persisted throughout the Jurassic.
Louros Limestones and their lateral equivalent, the
Siniais Limestones, correspond to the first synrift
sediments of the Ionian series. The Siniais facies
occupied the axial part of the Ionian basin whereas
the Louros facies occupied its bordering areas.
From the end of the Pliensbachian to the end of
the Toarcian, the continuation of extension was
accompanied by intense block faulting that led to
the internal differentiation of the Ionian basin.
Listric faults associated with this phase caused the
separation of the initial basin into a number of
small (2-10 km across) paleogeographic units that
were subjected to differential subsidence. These
paleogeographic units were characterized by tilted
blocks that formed half grabens. In the deeper part

of the half grabens, Ammonitico Rosso (Figure 11A,
B) or Lower Posidonia beds (Figure 11C) were
deposited. These deposits were accompanied by
products of submarine or subaerial erosion derived
from the top of the same tilted block as well as
from the tops of the adjacent tilted blocks. The
deposits derived from the tops of adjacent tilted
blocks consisted of breccia with big elements or
big blocks detached from the fault scarps that fell
into the depressed part of the tilted block (Figure
9B). On the top of the tilted blocks, sedimentary
dikes (Figure 10A, E, F), hardgrounds, and evi-
dence for sedimentary hiatuses are found (Figure
10B, C, D). These tops constitute either a subma-
rine high or, in places, emergent relief. The case of
emergent relief is attested to by the presence of
coniferous branches (Figure 11D) observed in the
base of Lower Posidonia beds (e.g., Hionistra sec-
tion; Karakitsios, 1990, p. 122, 125). The observed
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Mitsikeli and its southern
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Mitsikeli anticline.

(C) Arakhthos anticline.
For locations of sections
see Figure 14 (based on
field data and geological
maps of IGRS-IFP, 1966).
a = Pliocene—Quaternary,
b = flysch, c = Paleocene—
Eocene, d = Upper
Senonian, e = Vigla
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beds, g = Pantokrator
Limestones, h = evaporites.

coniferous branches involve terrestrial drifts that
can be explained only if the area of Lower
Posidonia beds sedimentation was close to an
emergent area favorable to coniferous life. Gypsum
injections into the fault surfaces were possible if
fault throws were strong (i.e., Lithino section and
Figure 11E). The same geometry of the basin per-
sisted, with minor modifications, until the Late
Jurassic with the conditions of sedimentation
becoming more calm with the progressive filling of
the depressed parts by the formations deposited
during the Toarcian and Tithonian.

During the early Berriasian, a general sinking of
the entire basin is attested to by the onset of the
deposition of pelagic Vigla Limestones in the entire
Ionian zone. Apart from halokinetic movements,
which probably caused the variation in thickness of
Vigla Limestones, the pelagic conditions persisted
(pelagic sedimentation continued to accompany
clastic deposition derived from the adjacent
Gavrovo-Tripolitza and Apulian platforms) until the
late Eocene, when flysch sedimentation began.

At the end of the early Miocene, the major com-
pressional phase that affected the Ionian zone

reactivated the preexisting Jurassic extensional
fault system with a reversed sense of motion.
Nevertheless, because of the halokinesis, this reac-
tivation did not always follow the classical scheme
of inversion tectonics. Listric faults were trans-
formed into reverse faults, thrusts, or transcurrent
faults. This phenomenon was facilitated by diapir-
ic movements through the tectonic surfaces of the
evaporitic base of the Ionian zone. A moderate
decollement in the subsurface evaporites, especial-
ly in the external domain of the Ionian zone, is cer-
tain. However, field data and available seismic lines
exclude a major decollement. The symmetry of the
Ionian basin associated with the extensional phase
of Jurassic times is manifest in the double diver-
gence of its compressional structure (westward in
the west and eastward in the east).

CONCLUSIONS

The Ionian zone is a good example of inversion
tectonics in a basin with evaporitic substratum.
Its paleogeographic and structural evolution is
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sufficiently comparable to the Umbria-Marche
zone of the North Appenines (Alvarez, 1989;
Barchi et al., 1989; Cecca et al., 1990).
Halokinesis of the evaporitic substratum of the
Ionian basin has had a considerable influence on
the synrift mechanism since the Toarcian. Two

important results of this influence are that (1) sev-
eral times during the compressional phase, faults
related to the extensional phase did not reactivate
as thrusts, as the classical scheme of inversion tec-
tonics suggests, but the most elevated footwalls
were thrust over the preexisting hanging walls, and
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Figure 19—Examples of inversion
tectonics affecting a half-graben
system with evaporitic substratum
(Ionian zone, northwest Greece).
(A) Classical inversion tectonics.
(B) Particular case of inversion
tectonics observed at locations
where the evaporitic substratum
halokinesis was more expressed
and consequently the footwalls of
the extensional phase were above
average. Therefore, during the
compressional phase these most
elevated footwalls have been
thrust over the preexisting
hanging walls. (A1) and (B1)
correspond to the beginning of
the postrift period; (A2) and (B2)
correspond to the end of postrift
deposition and show the
subsequent inversion geometries.

(2) the locations of maximal evaporitic substratum Toarcian to Tithonian, whereas the locations of min-

thickness are situated below the areas with uncon-
formities of the formations deposited during

imal evaporitic substratum thickness are encoun-
tered below the areas where Ammonitico Rosso or



Lower Posidonia beds are well developed. The lat-
ter may considerably facilitate the location of bore-
holes in an attempt to reach, at lesser depths, the
unknown subevaporitic Ionian substratum, which
may be of oil interest.

The accumulation of organic matter in the Lower
and Upper Posidonia beds of the Ionian zone during
the Toarcian and Tithonian is directly related to the
geometry of the synrift period of the Ionian basin.
The geometry of the restricted subbasins that
formed favored water stagnation and, consequently,
the development of locally euxinic conditions of
the bottom waters. Anoxic conditions occurred
locally even during the postrift period in the areas
where the Upper Siliceous Zone (Albian-Ceno-
manian) of the Vigla Limestones formation is well
developed; these areas probably represent sub-
basins that were preserved by the continuation of
halokinetic movements during the postrift period.

The opening and the inversion tectonics of the
Ionian basin influenced both the source rocks and
the probable hydrocarbon traps of the Ionian zone.

REFERENCES CITED

Alvarez, W., 1989, Evolution of the Monte Nerone seamount in the
Umbria-Marche Apennines: 2. Tectonic control of the
seamount-basin transition: Bollettino Societa’ Geologica
Italiana, v. 108, p. 23-39.

Aubouin, J., 1959, Contribution a I’étude géologique de la Grece
septentrionale: les confins de I’Epire et de la Thessalie: Annales
Géologiques des Pays Helléniques, series 1, v. X, p. 1-483.

Baldanza, A., and E. Mattioli, 1992, Biostratigraphical synthesis of
nannofosils in the early Middle Jurassic of southern Tethys, in
B. Hamrsmid and J. Young, eds., Proceedings of the Fourth
International Nannoplankton Association Conference, Prague,
1991, Knihovnicka ZNP, 14a, v. 1, p. 111-141.

Barchi, M., G. Lavecchia, and G. Minelli, 1989, Sezioni geologiche
bilanciate attraverso il sistema a pieghe Umbro-Marchigiano: 2.
a sezione Scheggia-Serra S. Abbondio: Bollettino Societa’
Geologica Italiana., v. 108, p. 69-81.

Baudin, F., and G. Lachkar, 1990, Géochimie organique et paly-
nologie du Lias supérieur en zone ionienne (Grece). Exemple
d’une sédimentation anoxique conservée dans une paléo-
marge en distension: Bulletin de la Société Géologique de
France, v. 8, tome VI, no. 1, p. 123-132.

Bernoulli, D., and O. Renz, 1970, Jurassic carbonate facies and
new ammonite faunas from western Greece: Eclogae
Geologicae Helvetiae, v. 63, no. 2, p. 573-607.

Bizon, G., 1967, Contribution a la connaissance des foraminiféres
planctoniques d’Epire et des iles Ioniennes (Gréce occidentale)
depuis le Paléogene supérieur jusqu’au Plioceéne: Paris, Editions
Technip, p. 1-144.

BP (British Petroleum Company Limited), 1971, The geological
results of petroleum exploration in western Greece: Institute
of Geology Subsurface Research, Athens, v. 10, 73 p.

Brunn, J. H., 1956, Contribution a I’étude géologique du Pinde
septentrional et d’'une partie de la Macédoine occidentale:
Annales Géologiques des Pays Helléniques, series 1, v. VII,
p. 1-358.

Cecca, F., S. Cresta, G. Pallini, and M. Santantonio, 1990, Il
Giurassico di Monte Nerone (Appennini marchigiano, Italia
centrale): biostratigrafia, litostratigrafia ed evoluzione paleo-
geografica: Atti II Conv. Ins F.E.A. Pergola, 87, Pallini et alli
cur., p. 63-139.

Karakitsios 979

Cushing, M., 1985, Evolution structurale de la marge nord-ouest
hellénique dans I'ile de Levkas et ses environs (Greéce nord-
occidentale): These Doctorat 3e cycle, University of Orsay,
Paris, 297 p.

Danelian, T., and F. Baudin, 1990, Découverte dun horizon carbon-
até, rich en matiere organique, au sommet des radiolarites
d’Epire (zone Ionienne, Grece): le Mebre de Paliambela: Compte
Rendu de I’Académie des Sciences, v. 311, series II, p. 421-428.

de Graciansky, P. C., G. Dardeau, M. Lemoine, and P. Tricart,
1989, The inverted margin of the French Alps and foreland
basin inversion, in M. A. Cooper and G. D. Williams, eds.,
Inversion tectonics: Geological Society of London Special
Publication 44, p. 87-104.

Dragastan, O., D. Papanikos, and P. Papanikos, 1985, Foraminif-
eres, algues et microproblematica du Trias de Messopotamos,
Epire (Greéce continentale): Revue de Micropaléontologie,
v. 27, no. 4, p. 244-248.

Guzzeta, G., 1982, Thin-skinned style of deformation in Epirus:
International Symposium on the Hellenic Arc and Trench
(H.E.A.T.) Proceedings, v. 1, p. 151-175.

IGRS-IFP (Institut de Géologie et Recherches du Sous-sol-Institut
Francais du Pétrole), 1966, Etude géologique de I'Epire (Grece
nord-occidentale): Editions Technip, Paris, France, 306 p.

Jackson, M. P. A., and W. E. Galloway, 1984, Structural and deposi-
tional styles of Gulf Coast Tertiary continental margins: applica-
tion to hydrocarbon exploration: AAPG Continuing Education
Course Notes Series 25, 226 p.

Jackson, M. P. A., and C. ]J. Talbot, 1986, External shapes, strain
rates, and dynamics of salt structures: Geological Society of
America Bulletin, v. 97, p. 305-323.

Jenkins, D. A. L., 1972, Structural development of western Greece:
AAPG Bulletin, v. 56, p. 128-149.

Jenkyns H. C., 1988, The early Toarcian (Jurassic) anoxic event:
stratigraphic, sedimentary and geochemical evidence:
American Journal of Science, v. 288, p. 101-151.

Karakitsios, V., 1988, Sur la différenciation de la zone Ionienne en
Epire (Grece Nord-occidentale): Proc. 3th Congress, Athens,
1986: Bulletin of the Geological Society of Greece, v. XX/2,
p. 181-196.

Karakitsios, V., 1990, Chronologie et géometrie de I’ouverture
d’un bassin et de son inversion tectonique: le bassin Ionien
(Epire, Grece): Thése Doctoral Université Paris VI (Memoire
Sciences Terre Université Curie Paris, 91-4), 310 p.

Karakitsios, V., 1991, Study of Jurassic paleofaults in Ionian zone
(Epirus, Greece): Proceedings of the 5th Congress,
Thessaloniki (May 1990): Bulletin of the Geological Society of
Greece, v. XXV/1, p. 307-318.

Karakitsios, V., 1992, Ouverture et inversion tectonique du bassin
Ionien (Epire, Grece): Annales Géologiques des Pays
Helléniques, series 1, v. 35, p. 185-318.

Karakitsios, V., and L. Koletti, 1992, Critical revision of the age of
the basal Vigla Limestones (Ionian zone, western Greece),
based on nannoplankton and calpionellids, with paleogeo-
graphical consequences, iz B. Hamrsmid and J. Young, eds.,
Proceedings of the Fourth International Nannoplankton
Association Conference, Prague, 1991, Knihovnicka ZPN, 14a,
v. 1, p. 165-177.

Karakitsios, V., and S. Tsaila-Monopolis, 1988, Données nouvelles
sur les niveaux supérieurs (Lias inférieur-moyen) des Calcaires
de Pantokrator (zone Ionienne moyenne, Epire, Gréce conti-
nentale). Description des Calcaires de Louros: Revue de
Micropaléontologie, v. 31, no. 1, p. 49-55.

Karakitsios, V., and S. Tsaila-Monopolis, 1990, Données nouvelles
sur les niveaux inférieurs (Trias supérieur) de la serie calcaire
Ionienne en Epire (Gréce continentale). Conséquences strati-
graphiques: Revue de Paléobiologie, v. 9, no. 1, p. 139-147.

Karakitsios, V., T. Danelian, and P. De Wever, 1988, Datation par
les radiolaires des Calcaires a Filaments, Schistes a Posidonies
supérieurs et Calcaires de Vigla (zone Ionienne, Epire, Gréce)
du Callovien au Tithonique terminal: Compte Rendu de
I’Académie des Sciences, v. 300, series II, p. 367-372.



980

Lemoine, M., T. Bas, A. Arnaud-Vanneau, H. Dumont, T. Gibon,
M. Bourdon, M. De Graciansky, P. C. Rudhiewicz, J. L. Megard-
Gailli, and P. Tricard, 1986, The continental margin of the
Mesozoic Tethys in the western Alps: Marine and Petroleum
Geology, v. 3, p. 179-199.

Nikolaou, K., 1986, Contribution to the knowledge of the
Neogene, the geology and the Ionian and pre-Apulian zone lim-
its in relation to the petroleum geology observations in
Strophades, Zakynthos and Kaphalynia islands: Doctoral
Thesis, University of Athens, Athens, Greece, 228 p.

Pomoni-Papaioannou, F., and S. Tsaila-Monopolis, 1983,
Petrographical, sedimentological and micropaleontological
studies of an evaporite outcrop, west of Ziros lake (Epirus,
Greece): Rivista Italiana di Paleontologia e Stratigrafia, Milano,
v. 88, no. 3, p. 387-400.

Renz, C., 1955, Die vorneogene stratigraphie der normal-sedi-
mentaren formationen Griechenlands: Institute of Geological
Subsurface Research, Athens, 637 p.

Sorel, D., and M. Cushing, 1982, Mise en evidence d’un charriage

ABOUT THE AUTHOR

Vassilis Karakitsios

Vassilis Karakitsios, born in
1952, is associate professor in the
Department of Geology, National
University of Athens. His profes-
sional experience includes stratig-
raphy and tectonics of continental
collision zones of the eastern
Mediterranean and basin analysis of
the external Hellenic zones. His
academic background includes a
Diploma in Geology (1976) from
the National University of Athens, a Diplome d’Etudes
Approfondies (1977) and a Diplome de Docteur de 3e
cycle (1979) in structural geology, and a Diplome de
Docteur (1990) in earth sciences from the Pierre et
Marie Curie (Paris 6) University.

Evolution of the Ionian Basin, Northwest Greece

de couverture dans la zone Ionienne en Grece occidentale: la
nappe d’Akarnanie-Levkas: Compte Rendu de I’Académie des
Sciences, v. 294, tome II, p. 675-678.

Trimpy, R., 1980, An outline of the geology of Switzerland, in
Schweizeriche Geologische Kommission, eds., Geology of
Switzerland: a guidebook: Basel, New York, Wepf and
Company Publishers, G10, Part A, p. 5-105.

Trusheim, F., 1957, Uber Halokinese und ihre Bedeuturng fur die
strukturelle Entwicklung Norddeutschlands: Zeitschrift
Deutchen Geologischen Gesellschaft, v. 109, p. 111-151.

Trusheim, F., 1960, Mechanism of salt migration in northern
Germany: AAPG Bulletin, v. 44, p. 1519-1540.

Walzebuck, J. P., 1982, Bedding types of the Toarcian Black Shales
in NW-Greece, in G. Einsel and A. Seilacher, eds., Cyclic and
event stratification: New York, Springer-Verlag, p. 512-525.

Williams, G. D., C. M. Powell, and M. A. Cooper, 1989, Geometry
and kinematics of inversion tectonics, in M. A. Cooper and
G. D. Williams, eds., Inversion tectonics: Geological Society of
London Special Publication 44, p. 3-15.



