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INTRODUCTION

The problem of the formation of linear folding struc-
tures, which has existed for more than two centuries, has
aspects that are both closely related to each other and inde-
pendent. Of course, the construction of geodynamic mod-
els of such structures, which within the framework of plate
tectonics are traditionally associated with convergent
boundaries, is one of the most important aspects of this
problem. In this investigation, particular attention is con-
centrated on the aspects of structural geology and mechan-
ics. Linear folding structures are usually considered as a set
of folds of several orders arising as a result of buckling.
From the standpoint of structural geology, a complete lin-
ear folding is a complex object, because this structure can-
not be exactly reconstructed (completed) to a large depth or
into its eroded part. There are two possible limiting variants
(see, for example, [Yaroshevskii, 1981]): (1) the use of reg-
ularities of “parallel” folding, which is restricted by the
entire cover thickness and has a free space at the top and a
common detachment at the bottom and (2) the completion
of the structure on the basis of the laws of a “similar” fold-
ing, when the form of minor folds observed in the band of
exposures spreads indefinitely upward and downward. The
spectrum of intermediate variants is wide, and the choice of
one of them or their combination usually depends on the
theoretical position of the researcher. From the standpoint
of mechanics, there are two models, which can be, in prin-
ciple, used for the description of linear folding deforma-
tions: (1) the concept of the description of isometric struc-
tures in terms of the deformation ellipsoid for large defor-

mations and (2) the description of the stability loss and the
stress states of layers for the variants of lateral buckling and
transversal bending. The first model is used within the
framework of strain analysis [Ramsay and Huber, 1987];
the second model is successfully realized for simple struc-
tures, such as folds of a single viscous layer [Hudleston and
Stephansson, 1973]. There are no theoretical descriptions
of large deformations for multilayer structures (with some
exceptions, for example, [Rebetsky and Gushchenko,
1995]).

The use of the well-known foreland tectonotype with its
fold–thrust structures for the interpretation of inner parts of
folding structures (hinterland) is a characteristic feature of
current investigations. Note that such an operation is open
to question, because the layered medium of the latter is
essentially different in its mechanical properties. It is
known that the main methods used for determining the
shortening value, such as the strain analysis, the method of
the “excessive” length of the layer, the construction of bal-
anced profiles, the inclusion of the Ramsay “F factor,” pale-
omagnetic data, etc., either relate to small structures, or do
not ensure the necessary accuracy, or cannot be used in hin-
terland structures.

Thus, investigations of the linear folding, such as the
structural reconstruction and the shortening estimation,
involve serious difficulties in the formulation of the prob-
lem, which are associated with the identification of objects
and the choice of the theoretical model for them on the
basis of mechanics. This paper proposes a new formulation
of these problems and the first solutions for them.
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GENERAL APPROACH TO SOLVING 
THE PROBLEM

Since one of the important aspects of the solution of the
problem of the linear folding formation is associated with
the reconstruction (prediction) of the present-day structure
into its depth and into its eroded part, it is evident that this
can be done only with the use of data on the mechanisms
that acted in natural structures themselves and the strain
values in them. In this case, one should rely on detailed nat-
ural data rather than upon general models; i.e., in the pro-
cedures used for obtaining the result, one should move
from minor structures, whose formation mechanisms and
strain values are known better, toward large objects, whose
present-day structures and formation mechanisms are to be
revealed as a result of investigations. Of course, it is prefer-
able to use the models of structure formation within the
framework of dynamics; however, since, in the general
case, the main parameters (object structure, internal and
external forces, rheology, duration of loads) remain
unknown, kinematic models, in which the measured geo-
metric parameters of the structure are related in one way or
another to the “amount” of the mechanism, can be used as
the first step. From this point of view, geometric properties
of each, even small, fold can contain sufficient information
for the solution of such problems.

The choice of the object of the investigations, more
exactly, the determination of its boundaries is one of the
most substantial parts of the formulation of any problem.
As was shown previously [Yakovlev, 2008a], the use of the
generally accepted notions of structural geology, which
were developed for mapping purposes, is not suitable in
this case, because such objects correspond to precisely
these purposes rather than to the determination of strain
types and values. In this case, one needs to use the hierar-
chy system of linear fold structures [Yakovlev, 1997;
Rebetsky et al., 2004], seven levels of which correspond to
different volumes of the layered medium. In describing
each object it is extremely important that one should try to
provide such necessary and sufficient parameters of its
geometry, which would completely describe its strain state.
Such kinematic models establish mutual relations between
the parameters of the object’s geometry and its strain type
and value (“amount” of mechanism). Below, I list the spec-
ified seven levels: (1) intralayer deformations (distortion of
the shape of grains and inclusions, subject to the strain
analysis); (2) an individual fold (individual layers and pairs
of layers); (3) a fold domain (a series of folds in a numberof
layers, large parts of the sedimentary cover); (4) a structural
cell (structures from a local anticlinorium core to a local
synclinorium core, the sedimentary cover as a whole);
(5) a tectonic zone (traditional structure, encompasses a
part of the crust or the whole crust); (6) a large folding sys-
tem (for example, the megaanticlinorium of the Greater
Caucasus, the level encompasses the whole lithosphere);
and (7) the entire fold–thrust belt (the depth of the structure
probably exceeds the thickness of the lithosphere). Struc-
tures of four levels: domains, structural cells, tectonic
zones, and the folding system (partially), will be invoked

for solving the considered problem of the reconstruction
(prediction) of a folding system structure (proposed for the
first time in [Yakovlev, 2007]). The method will be
described as an algorithm, and these structures will be
briefly described as needed.

The structure of the Northwestern (NW) Caucasus was
chosen as the object for testing the new approach. One of
its important advantages is the fact that detailed structural
profiles were previously constructed for this structure by
T.V. Giorgobiani and E.A. Rogozhin [Giorgobiani and
Zakharaya, 1989; Sholpo et al., 1993] as a result of spe-
cially organized field works (Fig. 1). Note that such inter-
sections most reliably reproduce the structure. Ordinary
geological intersections that are compiled from the data of
geological maps with the purpose of illustratating the latter
merely reflect the most general features of the structure,
whereas “conceptual profiles” that, as a rule, illustrate the
structure of fold systems are highly unreliable [Dotduev,
1986; Robinson et al., 1996].

THE BOUNDARIES AND MEASURED 
PARAMETERS OF A FOLDED DOMAIN

 

Step 1: the identification of domains and measure-
ment of all parameters.

 

 Geometric parameters of
domains, i.e., parts of a structural section, which occupy a
certain volume (isometric in the section) of a deformed lay-
ered medium, are the basic initial data for the proposed
method (Fig. 2). In describing the deformation of domains,
I will use the notion of the ellipsoid of multiplicity, whose
principal axes coincide (postulate of the method) with the
line perpendicular to the axial plane of the folds, the fold
hinge line, and the perpendicular to the hinge line lying in
the axial line. The axial plane is defined as a surface passing
through the places of the largest bend of layers in the fold
of a “similar” type. The plane perpendicular to the axial
plane is the orientation of the axis of the maximum short-
ening of the multiplicity ellipsoid; in the general case, the
intermediate axis is located along the hinge line. The axis
of elongation lies perpendicularly to the hinge line and
along the axial plane; thus, the tilt of the latter is an impor-
tant deformation parameter. The components of the multi-
plicity ellipsoid are defined as 
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 [Rabot-
nov, 1979]. Such a description of the strain state of folds is
sometimes met in the literature ([Nicolas, 1992, p. 120]);
however, it is not widespread and is never used. The rela-
tionship between the shortening and the deformation ellip-
soid itself of the domain and the ellipsoids for the volumes
inside the competent and incompetent layers is described in
[Yakovlev, 2002; Yakovlev and Voitenko, 2005].

Within the domain, the natural structure must unite
folds of about the same shape (Fig. 2), as far as possible,
with identical orientations of axial surfaces, with a rela-
tively common tilt of the envelope plane of folds, and with
relatively equal shortening values. Any significant change
in one of the parameters along the profile is a reason for
drawing the domain boundary. One must be careful that the
domain sizes along the profile line are approximately iden-
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tical. In the prefolded state, the neighboring domains must
be in contact along the vertical boundaries. Since, in the
general case, the initial axial surfaces are perpendicular to
the horizontal layering, domain boundaries in natural struc-

tures are drawn as lines parallel to the axial surfaces. The
domain is related to the space, where it is seen best, i.e., to
the profile line running along the relief. For this purpose,
the points of the section of the profile lines and the lines
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Fig. 1.

 

 (a) Schematic map of the Northwestern Caucasus and (b) example of the detailed structure for the northern half of profile 8
(data of E.A. Rogozhin in [Sholpo et al., 1993]).
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Fig. 2.

 

 Basic parameters of the domain geometry and their measurements. (a) Basic parameters (after [Yakovlev and Voitenko, 2005]
with changes): (1) horizontal plane; (2) folds envelope plane (surface enveloping fold hinges): (3) line of the initial layering and its
dip angle (

 

EN

 

); (4) axial plane of the fold and its dip angle (

 

AX

 

); (5) ellipsoid of multiplicity (shortening of folds in the direction of
the perpendicular to the axial plane); (

 

6

 

) profile line segment, its length (

 

LS

 

) and tilt (

 

TS

 

); 

 

ϕ

 

 is the angle of convergence of fold limbs
used for determination of the shortening (

 

SH

 

). (b) Measurements of parameters in natural structures according to the ACAD pro-
gram. Profile 4 (top) (data of T.V. Giorgobiani) and profile 8 (data of E.A. Rogozhin) are shown for technical reasons in a mirror
reflection; the north is on the left. Gray numerals and subvertical lines are the identified domains and their boundaries. Measure-
ments of the parameters 
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bounding the domain are sought. Therefore, first and fore-
most, the following two parameters are measured in the
domain: (1) the length of the rectilinear segment of the pro-
file 

 

LS

 

 within the domain from its initial point to its end
point, and (2) the dip angle of this segment 

 

TS

 

 (

 

±

 

45°)

 

counted from the horizontal direction chosen for several
parallel intersections (Fig.2b, profile 

 

4

 

). Dip angle of sev-
eral axial planes of folds (from the chosen direction, i.e.,
from 0

 

°

 

 to 180

 

°

 

, respectively) are measured within the nat-
ural domain, and the results obtained are averaged, thus
yielding the third parameter: the dip angle of the axial plane

 

AX

 

. Further, in the structure drawn within the domain, I
choose the layer, which either intersects both its boundaries
or can be easily continued to such boundaries. The straight
line is drawn through the two points formed by the section
of this layer and the domain boundaries, and its dip angle
will be the next, fourth, measured parameter: the dip angle
of the line of the initial layering 

 

EN

 

 (an analog of the folds
envelope plane, 

 

±

 

90°

 

). Note that the special methods based
on models of mechanics (or kinematics), which use param-
eters of the layer geometry as measured parameters [Yak-
ovlev, 1978; 2008b], should be, in principle, used for deter-
mining the shortening of folds. However, if special field
works were not carried out, the simplest method, i.e., deter-
mination of the shortening from the angle between the fold
limbs 

 

ϕ

 

, can be used (Fig. 2b, profile 

 

8

 

):

 

(1)

 

The experience of the use of special methods in the
Caucasus makes it possible to state that in the very first
approximation, such an estimate will be sufficiently accu-
rate. For natural structures, this angle is measured in several
folds, the shortenings are determined for them, and the
result of their averaging will be the last, fifth, parameter
characterizing the ellipsoid: the shortening 

 

SH

 

 in the direc-
tion of the perpendicular to the axial plane. In terms of
mechanics, this parameter corresponds to the ellipse of
multiplicity.

The presence of ruptures is an important feature. Of
course, if a fold medium is disturbed by a fault with dis-
placement, the domain boundaries must go through the
point of section of the profile line and the fault. This will be
the additional, sixth, parameter: the dip angle of the plane
of such a fault 

 

TF

 

, which will be needed for the balancing
of the profile. This parameter is measured in accordance
with the rule for measuring the dip angle of the axial plane
(Fig. 2b, profile 8).

Below, I outline some tasks and assumptions. First of
all, these include the postulate of the volume constancy
within the domain, without which it is impossible to calcu-
late deformations, and the postulate of the existence of a
two-dimensional deformation, or a constancy of area in the
plane of a structural section. Undoubtedly, there is a phe-
nomenon such as the consolidation of sediments in the pro-
cess of lithogenesis. This raises the question of whether this
consolidation will affect the result. Since, precisely the
thicknesses, which can be measured at present, i.e., after
the completion of the lithogenesis of the rocks, are used for
calculating the thickness of the sequence, this process has

SH ϕ/2( ).sin=

 

no influence on the accuracy of the result. Two similar
questions, on the size of the scales of the introduction and
exportation of substance and the role of tectonic flow, are
intensely discussed in the geological literature. Since the
method proposed in this paper is numerical (measurements
of parameters of natural structures and the exact proce-
dures of their transformations are used in this method), any
additional parameters can be included in the procedures
only if these parameters can be measured. I am not familiar
with any published results of such attempts, and the more
so, any detailed data for the NW Caucasus, whose structure
is analyzed here. Without questioning the existence of the
phenomenon of “solution under pressure” for calcite and
quartz grains, note that the dissolved substance is trans-
ferred, as a rule, for short distances of a few meters; there-
fore, on the scale of the domain (linear dimensions of about
0.3–2 km), the balance of the substance must not change.
For the same region, the range of action of “the tectonic
flow” for structures is supposedly a few kilometers, both
along the strike and in the vertical direction [Marinin and
Rastsvetaev, 2008]; however, no reliable data on the indica-
tors, which would testify in favor of the real development
of such processes, were presented.

Running somewhat ahead, note that the vertical posi-
tion of the layering is also digitized: a stratigraphic model
of the sedimentary cover is developed for each domain. In
this model, each layer has its own depth of occurrence.
Accordingly, the profile line, depending on the relief tilt,
the tilt of the line of initial layering, and other parameters,
will be displaced from one depth to another. When the pro-
file line crosses the fault, the depth of the layer must be
determined anew in the next domain.

OPERATIONS FOR RECONSTRUCTING
THE PREFOLDED POSITION OF THE DOMAIN

Step 2: description of kinematic operations for
reconstructing the prefolded position of the domain.
The set of geometric indicators and the postulate of the
constancy of the cross section ensure the unambiguity of
the description of the of the ellipse multiplicity. The orien-
tation of the folds envelope plane is also known as an ele-
ment of the initial position of layering. Using three simple
kinematic transformations, one can find the position of the
profile line segment in the initial horizontally-layered
medium for the zero final deformation (in this case, the
ellipse of multiplicity is transformed to a circle).

The initial parameters will be designated as follows:
AX0 is the dip angle angle of the axial plane; EN0 is the dip
angle angle of the initial-layering line; SH0 is the shorten-
ing of folds in the direction of the perpendicular to the axial
plane; LS0 is the profile segment length; TS0 is the dip angle
angle of the profile segment; and D1 is the layer depth at the
initial point of the domain (remains unchanged and is used
for calculating the depth of the end point D2).

I will follow the parameter changes during three con-
secutive kinematic operations: (1) the rotation of the enve-
lope plane to its horizontal position; (2) the simple shearing
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of the axial plane along the horizon to its vertical position;
and (3) the maximum shortening along the horizon to
reduce the multiplicity ellipse to a circle (through a pure
shearing). The operation of the rotation (Fig. 3a) for the
rotation angle Δα = – EN0:

AX1 = AX0 + Δα, (2)

TS1 = TS0 + Δα. (3)

The shortening of folds and the length of the profile seg-
ment remain unchanged: SH1 = SH0 and LS1 = LS0. 

The operation of simple horizontal shearing
(Fig. 3b) for the angle of shearing Δγ = 90° – AX1:

(4)

(5)

(6)

The operation of horizontal elongation (Fig. 3c) for the
extension (shortening of folds) SH2:

(7)

(8)

After that, the profile segment will occupy the follow-
ing positions in the prefolded medium:

the horizontal position

Lh = LS3cos(TS3), (9)

and the vertical position

Lv = LS3sin(TS3). (10)

Accordingly, the depth of the layer at the end point will
be:

D2 = D1 + Lv (11)

The chosen order of operations is not unique. Other
variants may differ in the amounts of rotation, simple

SH2 SH1/ AX1( )sin= ;

TS2( )tan  = 

AX1( ) TS1( )/ AX1( ) – TS1( )tantan( ),tantan

LS2 LS1 TS1( )sin( )/ TS2( )sin= .

TS3( )tan TS2( )tan SH2
2×= ,

LS3 LS2 SH2 TS2( )/ TS3( )sinsin×= .

shearing, and elongation, as well as in the orientations of
these motions; however, regardless of the order in which
the operations are performed, the result will be unchanged:
for the horizontal layering and in the absence of folds, the
prefolded tilt and the profile segment length will be the
same as in the variant presented above.

Step 3: the reconstruction of dip angles and ampli-
tudes of displacements on faults. If the initial point of the
domain coincides with the fault, the measured dip angle TF
of the fault is subjected to transformations. If TF < 90°, the
working value of the dip angle F will be equal to TF, and if
TF > 90°, then F = TF – 180°. After that, the dip angle of
the fault plane will be expressed in the same way as the dip
angle of the line of the profile segment. Accordingly, all of
the three kinematic operations can be repeated for the ori-
entation of the fault plane with the use of formulas (3), (5),
and (7), in which TS is replaced by F. As a result, I calculate
the initial prefolded dip angle of the fault plane. The verti-
cal displacement is specified by the depth of the layer at the
end point of the preceding domain and by the depth of the
layer at the initial point of the current domain, and then the
horizontal displacement is determined in terms of the tan-
gent of the tilt.

Step 4: the joining of the prefolded states of domains
for the entire profile. Having the individual prefolded
states of all domains and taking into account the displace-
ments on fault planes, it is then easy to splice them together
to form a specific structure, i.e., a horizontally layered
medium, where profile line segments occupy a fully
defined position for each domain. Accordingly, it is possi-
ble to calculate the horizontal shortening SHsec of the entire
profile (or its parts) as the ratio of the position of the
present-day profile LF to that of the prefolded profile LP:

SHsec = LF/LP, (12)

where  and  

For constructing the initial structure from geometric
dimensions of the domains and for the visualization of the

LF LS0i TS0i( ),cos∑= LP Lhi.∑=

a b

c

1

2
3 4 EN

AX

TS

I II III IV

Fig. 3. Kinematic operations for reconstructing the prefolded state of the domain (after [Yakovlev, 2008c], with changes). The figure
shows symbolic presentations of the fold structure of the domain from the present-day state (I) to the prefolded state (IV), defor-
mation ellipses corresponding to the same states of the domain, and the operations: (a) rotation (from state I to state II), (b) simple
horizontal shearing (from II to III), and (c) extension (pure vertical displacement from III to IV): (1) profile line segment; (2) line
of the initial layering (folds envelope plane); (3) axial surfaces of folds; (4) interlimb angle of fold.
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results of reconstruction, I use a computer program in the
DOS format (Fig. 4). The general pattern of present-day
and prefolded structures can be compiled in the graphics
editor from the corresponding display copies. The model
was formed in two stages: (1) the convective stage, which
formed a large structure and (2) the homogeneous twofold
shortening. The result of the reconstruction for ten domains
yielded a calculation error of about 1%. Note that at the
stage of calculations, one can introduce some corrections
for a better correspondence of the pattern obtained for the
stratigraphic model, because deviations from natural val-
ues of orientations of 3°–5° (or up to 5% for the shortening)
can be caused by various factors: from in situ measurement
inaccuracies to errors during the averagings. Such refine-
ments resemble the selection of structure variants during
the standard balancing of structural intersections within the
foreland.

STRUCTURAL CELL AND TECTONIC 
SHORTENING

Step 5: the stratigraphic model of the domain and
the use of objects of the hierarchic level of a structural
cell. The data collection and the formation of the strati-
graphic model for each domain is one of the most impor-
tant stages of reconstruction of the prefolded state, of both
one structural profile and the entire structure. In order to do
this, I use mainly two sources: published data and direct
measurements of the thicknesses of stratigraphic units in

sections on limbs of large folds. Finally, I form a table, in
which the rows located from top to bottom indicate for
each domain the thickness of each stratigraphic unit (from
young to ancient) and the accumulated depth (Table 1).
Deposits of the Toarcian stage of the Lower Jurassic are the
oldest deposits, which are assumed to be widespread in the
entire analyzed volume in the NW Caucasus. The upper
part of the sedimentary cover, namely, the base of the Oli-
gocene (the base of the Maikopian series) is assumed to be
zero, because, up to the first approximation, the main fold-
ing and the horizontal shortening of the structure are con-
fined precisely to the Eocene–Oligocene boundary. The
sedimentary cover’s thickness attains 17 km (at its mini-
mum of 7–9 km).

In order to determine the shortening caused by tectonic
factors, one must take into account the possible influence
of the disharmony associated with deviations of the field of
deformations in local structures. For this purpose, I will
investigate the field of deformations in a “structural cell”
(the term was introduced by M.A. Goncharov [1988]). This
model can be easily transformed into the model of a quasi-
buckling, if an external homogeneous shortening is
imposed (Fig. 5). The horizontal shortening increases the
vertical dimension of the cell, and the shortening size can
be selected in such a way that the length of the middle layer
remains constant. I will now follow the shortening of struc-
tures in this quasi-buckling model using several segments,
laid in the initial undeformed positions of two adjacent
cells, as an example. The structures (segments) located in
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km

0 2.5 5.0 7.5 10.0
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Fig. 4. Computer program of reconstructing the prefolded structure of the section operating in the DOS medium (own), which has
three information fields in the display (after [Yakovlev, 2008c], with changes): (a) table of current values of measured (first six rows)
and calculated (three lower rows) parameters of domains and the total result (last column); (b) model of the fold structure con-
structed from parameter measurements; and (c) reconstructed prefolded structure of the entire section. The error of calculations is
about 1%. The figure is compiled from several display copies. Different speckles in the domains emphasize stratigraphic levels of
the layered sequence; distances are arbitrary.
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different settings have different shortenings. It is segment
(no. 3), which rests on the cell’s boundaries, which has the
tectonic shortening. This means that the influence of the
folding disharmony can be minimized, if structural cells,
approximately isometric in cross section, can be selected
for determining the tectonically-caused shortening, and
precisely their shortening will be measured.

For solving this problem, one must select structural
cells, whose widths across the strike are approximately
equal to the thickness of the entire layer (cover). Techni-
cally it is implemented as a table, where prefolded profile
segments are summarized with allowance for displace-
ments on ruptures. When the accumulated prefolded length
of the section approximately coincides with the layer thick-
ness (Table 2), one should make sure that there is no large
fault or a change in the total tilt of envelope surface of folds;
otherwise the cell boundary must be drawn at such a place.
Comparing the total lengths of the profile segments in the
present-day structure with the prefolded profile length,
one determines the shortening value. The operation is
repeated for the remaining domains the necessary number
of times, until several cells are formed, depending on the
total thickness of the cover and the total length of the pro-
file.

Fault amplitudes are taken into account in the following
way. If the ruptures are located inside the cell, the ampli-
tudes of their horizontal displacements will be summarized
with the total shortening. However, if a fault with a substan-
tial displacement is located at the boundary between two
cells, this displacement will be either related to one of the
cells or will be divided in equal parts between the neighbor-
ing cells. Since thicknesses of sediments sharply change at
the boundaries of tectonic zones, determination of the dis-
placement amplitude is directly related to the two neigh-
boring models of the sedimentary cover (Fig. 6). In this
case, for example, young sediments in the hanging block
(for a thick cover in the hinterland) can correspond to a
thrust over the structure of the median massif with a
reduced section rather than to a normal fault. Additionally,
if the displacements have large amplitudes, there is no
guarantee that the calculations based on measurements in
the local structure (domain 0.3 km) will not distort the gen-
eral structure (cell 7–10 km).

Step 6: construction of the map of shortenings. After
the shortening values are obtained for all of the selected
cells, one can start constructing the map of shortenings and
verify the uniformity of the distribution of this parameter
along the strike of the entire structure of the NW Caucasus.
For this purpose, the northern parts of the intersections are
attached to the same coordinates, because the Akhtyrsk
fault located here serves as a boundary between the fold
structure and the platform structure (the Kuban depres-
sion). Two variants of intersections: in the present-day
coordinates and in the prefolded coordinates, are drawn in
the map (Fig. 7). In accordance with the geological map
and the boundaries of tectonic zones, I performed the inter-
polation of boundaries for all 42 structural cells.

Comments on the subsequent steps of the algo-
rithm. Since I collected the data on the thicknesses of the
entire sedimentary cover (for all 42 cells), and the pre-
folded widths of all cells is known, it is possible to con-

Table 1.  Calculation of the thickness of the sedimentary
cover at the end of sedimentation (stage 1) for two domains
of profile 8; the increase in the average thickness at shorten-
ing 0.66 (stage 2), and the depth (height) after a rise by
12257 m at a relief height of 309 m (stage 3). The thicknesses
of some units and the depths of their bottoms are indicated in
meters

Unit Domain 9 Domain 10 Stage 2 Stage 3

thickness 0 0 0
Pg2–1 + 2 0 0 0 11948
thickness 150 150 227
Pg1-il –150 –150 –227 11721

thickness 150 150 227
K1-al –4850 –4850 –7348 4600
thickness 650 650 985
K1-ap –5500 –5500 –8333 3615

thickness 600 600 909
J3-t –8600 –8600 –13030 –1082
thickness 900 900 1364
J3-km –9500 –9500 –14394 –2446

thickness 800 800 1212
J1-toar –15100 –15100 –22879 –10931
thickness 1000 1000 1515
J1-plin –16100 –16100 –24394 –12446
basement –16100 –16100 –24394 –12446
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2la lc
lb

la1 lc1

lb1

1

1

2

3

4

5

0.87

L1/L0

1.59

0.83

0.35

0.87

0.59

L1/L0
0.87

0.3511 2 3 4 5

(‡)

(b)

Fig. 5. Structural cell as the minimum structure, whose
shortening coincides with the tectonically controlled hori-
zontal contraction of the sedimentary cover (after [Yakov-
lev, 2008a], with changes): (a) two adjacent cells in the ini-
tial state and (b) the same two cells after the action of quasi-
buckling: (1) initial grid and its distortion; the continuous
line connecting the points la, l, and lc retained its length;
(2) symbolic presentation of folds within a conventional
domain; (3) segment and its number; (4) horizontal shorten-
ing for a segment; (5) total shortening for cells.
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struct a model of the prefolded stage of development of the
NW Caucasus (stage 1). In my opinion, at stage 1, the
upper parts of the Eocene are located at the sea level. From
the main angular unconformity, the age of folding was
determined as the boundary between the Eocene and Oli-
gocene (36 Ma) [Milanovskii and Khain, 1963]. It is also

known that the first conglomerates pointing to the begin-
ning of the rise of the mountainous structure appear only in
the Sarmatian deposits (14 Ma). In this connection, a
model, in which the entire shortening of the space in the
cells occurs due to the plunge of the column base of sedi-
ments with a new thickness (stage 2), is proposed as an
extremely simplified variant. After determining the erosion
extent and the corresponding amplitude of the rise of this
column of sediments, it is possible to establish the present-
day depths of the sedimentary cover base within 42 cells.
This is the present-day postorogenic stage (stage 3).

THREE-STAGE QUASI-THREE-DIMENSIONAL 
MODEL OF THE NORTWESTERN 

CAUCASUS STRUCTURE

Step 7: the construction of a prefolded postsedimen-
tation model of the sedimentary cover of the NW Cau-
casus (stage 1). In accordance with the data on the accu-
mulated thicknesses of the sedimentary cover that are aver-
aged for each cell and the width of the prefolded structure
within these cells, I constructed prefolded profiles for all
intersections, including the Jurassic bottom/basement,
Jurassic/Cretaceous, and Cretaceous/Paleogene bound-
aries (Fig. 8a). Then, in accordance with the map showing
the prefolded boundaries of cells, I united these intersec-
tions to form a quasi-three-dimensional model. This model
allows one to see the character of the distribution of the
crust-downwarping amplitudes, i.e., the maximum down-
warpings to 17 km in the western part of the region with the
outlined central axis (the southern wall of the structure is
not seen), smaller downwarpings to 10–15 km along the
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Fig. 6. Determination of the shortenings on faults at the
boundaries of two facial zones with the use of tectonic
structures as examples: (a) initial prefolded state; (b) post-
fold state with a developed thrust; (I) growth ruptures;
(II) cofold ruptures. The figure shows conventional
sequences of different ages, the present-day profile line, and
false and real amplitudes.
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Fig. 7. Map showing the prefolded (stage 1) and present-day (stages 2 and 3) positions of the boundaries of structural cells in the
axonometric projection. The black lines with numerals indicate the present-day positions of structural intersections, and the gray
(longer) lines correspond to the prefolded intersections. The points on the intersections and the subparallel lines connecting them
are the boundaries of cells in the prefolded and present-day coordinates. The coloring with different shades performed for the
present-day coordinates of the cell boundaries emphasizes their configuration and the chosen variant of interpolation.
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central axis in the eastern part, and downwarpings of 7–9
km at the edges of the structure.

Step 8: the determination of the postfolded height
(depth) of the column and construction of a postfolded
preorogenic model (stage 2). From the data on the initial
thickness of the sedimentary cover and the shortening val-
ues for cells, I determined new postfolded thicknesses of
the cover for all cells. Based on these data and the present-
day coordinates of the cell boundaries, I constructed the
prefolded profiles for all intersections, including the same
boundaries of stratigraphic units (Fig. 8b). Further, these
intersections were united within the map to form a quasi-
three-dimensional model. According to the hypotheses for
stage 2, the maximum (by 49 km) subsidence of the base-
ment top took place in cell 5D with an initial thickness of
16.1 km and a shortening of 67%.

Step 9: the determination of the stratigraphic depth
of the present-day section. Since, for each domain, the
layer depths are determined at the initial and end points,
one can determine the mean depth for the profile line seg-
ment, and the mean profile depth for the cell. In addition, I
know the height of the relief of the initial point of each pro-
file and, consequently, can easily calculate the mean
heights of each domain and the entire cell. Thus, within the
framework of my assumptions, I can determine the ampli-
tude of the rise, which will bring the deposits accumulated
in the given cell to the height of the present-day relief. The
mean rise was about 10 km.

After all calculations for all structural cells were per-
formed (Table 3), I calculated the present-day structure of
the surface of the basement at the intersections of all strati-
graphic boundaries under consideration (Fig. 8c) and con-
structed a quasi-three-dimensional model of the whole
structure (Fig. 9).The obtained surface of the basement
forms a complex but quite regular pattern. The depths of
the base vary from 2–5 to 25–30 km, averaging 13 km for
the structure.

DISCUSSION OF THE RESULTS

Let us discuss to what degree the data of the constructed
three-dimensional model of the present-day structure of the
sedimentary cover (stage 3) corresponds to the results
obtained by other researchers and the geophysical data. In
the recent interpretation of the complex geophysical sec-
tion along the Tuapse–Khadyzhensk profile [Shempelev et
al., 2001], the data on the relief of the sedimentary layer
base nearly coincide with the values obtained by me for the
same section (Table 3, profile 5): from north to south, this
boundary decreases from 7–8 to 23–30 km. At the same
time, the “conceptual” structure for the same section shows
the discussed boundary as a surface of the total detachment
at a depth of 5–7 km [Robinson et al., 1996]. It should be
noted that the last section is very schematic; the authors
who compiled it clearly did not try to take into account the

balance of the rock volumes of the sedimentary cover and
to bring it in line with a specific natural structure.

A comparison of the proposed geodynamic models of
the formation of regions with the obtained sufficiently reli-
able three-dimensional structure of folding zones is one of
the progressive results, which can be obtained on the basis
of the proposed algorithm. This comparison makes it pos-
sible to reject as impossible the models, whose geometry
contradicts the balanced structure obtained on the basis of
an understandable algorithm and on the basis of measure-
ments of the natural geometry of the folds. By using the
obtained geometry of the top of the basement, it was estab-
lished that for the formation of a folding, large blocks of the
crust must subsidence to substantial depths, which made it
possible to propose a new geodynamic model of the devel-
opment of the Caucasus [Yakovlev, 2008c].

Table 2.  Procedures of the selection of cells for profile 8 and
the determination of shortenings. The prefolded domain lines
and displacements on ruptures (columns 2 and 3) are summa-
rized, and when they become approximately equal to the cov-
er thickness (9 km for cell 8A and 11 km for cell 8E), the cell
boundary is drawn. The total length of the present-day sec-
tion (columns 5 and 6) are calculated, and the ratio of the
lengths for the cell (column 7) yields the shortening

Do-
main

fault am-
plitude

Do-
main 
dis-

tance

Accu-
mulat-
ed sum

Do-
main 
length

Cumu-
lative 
length

Shorten-
ing

1 0 1377 1377 762 762 8A

2 –147 2731 3961 1199 1961

3 0 1538 5499 988 2949

4 0 2859 8358 881 3830

5 0 979 9337 695 4525

6 0 1171 10508 1102 5627 0.54

23 0 2390 47300 1240 27498 0.77

24 0 2196 49496 1877 29375 8E

25 0 1774 51270 1613 30988

26 0 2153 53423 1672 32660

27 0 2183 55606 1800 34460 0.84
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It is difficult to elucidate the question concerning the
accuracy of the constructions in a single paper, due to the
presence of many steps in the proposed algorithm, and
errors can both accumulate and be neglected. For example,
if a large fault and a layering in one of the blocks are sub-
parallel, the accuracy of in situ measurements of geometric
elements of the structure must be very high, because small
deviations have a substantial influence on the angle of the
prefolded tilt of the fault plane and, consequently, on the
amplitude of the displacement. The accuracy of the strati-
graphic model is an important aspect: the results of calcu-
lations of the depth of the cover base, the volume of eroded
rocks, as well as the calculated displacement amplitudes of
the thrusts at the boundaries of tectonic zones, depend on
this parameter. However, on the whole, one can assume
that the data on horizon depths can differ by 10–15%,
which can be caused by some small deviations in the geo-
metric measurements of domains and their stratigraphic
models, although the general character of the structure and
the mean values of the structural parameters are undoubt-
edly retained.

The proposed approach from the standpoint of mechan-
ics successively combines two different concepts of the
description of the deformation for structures of different
sizes: ellipsoid for intralayer structures, bend for folds,
ellipsoid for domains, and bend for the entire sedimentary
cover in structural cells. This approach makes it possible, at
the level of kinematic models, to decode structures, which
cannot be described as yet at the level of dynamics.

0

–10

–20
0 10 20 30 40 50 60

+
A B C D E

km

N S

+

+

8

ÍÏ

0

–10

–20

–30

–40

–50

A B C D E

+

+

+

+

10 20 30 40
km SN

8
10

0

–10

–20

–30
0 10 20 30 40

A B C D E

20

+

+

+

+

km

8

SN

1 2

3 4

(c)(b)

(a)

Fig. 8. Calculated structures of the surface of the basement
and the main stratigraphic boundaries with the use of sec-
tion 8 for five cells (A–E), as an example. The vertical and
horizontal scales are the same: (a) structure for the pre-
folded state (stage 1), (b) structure for the postfolded preo-
rogenic state (stage 2), and (c) structure for the postorogenic
present-day state (stage 3). Thin lines show the thicknesses
of eroded deposits. In the sections, different shades of gray
color show: (1) Paleozoic metamorphic basement; (2) Jurassic
deposits; (3) Cretaceous deposits; (4) Paleocene and Eocene
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CONCLUSIONS

The method of reconstructing the prefolded structure
from the geometry of domains has made it possible to con-
struct, for the first time, a model of the folding of the hin-
terland (the internal part of folding structures) balanced
over the volume of the entire sedimentary sequence. A
complete description of the deformations with the maxi-
mum possible degree of detail is used for the purpose.

The proposed approach to the problem of folding,
based on the system of the hierarchy of linear folding
objects, each having its own special kinematic model of
formation, allows the solution of this complex problem by
parts. The consecutive increase in the linear dimensions of
the objects under investigation at different stages of analy-
sis makes it possible to obtain quantitative data on large
structures, which are unrelated to any interpretation on the
basis of geodynamic models. The obtained structure of the
surface of the sedimentary cover–metamorphic basement
fully agrees with the latest data of geophysical investiga-
tions. The quasi-three-dimensional distribution of depths
of this surface displays strong but quite regular changes.
Since the most widely used scheme of the thrusting of

southern crustal blocks under the Greater Caucasus contra-
dicts these results, it is evident that the more reliable data on
the real structure obtained in this work, will favor the devel-
opment of new geodynamic models.
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