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Abstract The complete shape of an active fold in the western margin of the
South Caspian Basin has been established using a selected seismic section
from a post-stacked seismic cube migrated in depth. The structure is an open
anticline, which deforms a thick sequence (∼7 km) of Late Miocene to Pliocene
sediments: the Productive Series (PS; 5.9 to ∼3.4-3.1 Ma). A major erosive
unconformity separates the most recent sediments with onlap and draping
geometries towards the anticline culmination.

Deformation is reconstructed using the complete fit of numerous seismic re-
flections by the nonparametric regression method. This has been implemented
in the programming language R to estimate for example, the flanks dip, the
folded areas of every deformed horizon, alike their length in both, the deformed
and the pre-fold situation. It is inferred that this fold has a detachment surface
located at 9.6 km depth.

The fold geometry resembles a detachment fold, although it is reconstructed
a long-lived history of basinward tilting accompanying sedimentation and fold-
ing, which accelerated from 0.15◦/Ma to 0.31◦/Ma during deposition of the PS.
Fold growth started at 3.5-3.4 Ma within the upper PS with a shortening rate of
0.2 mm/yr and coinciding with maximum sedimentation rates (3.24 mm/yr).
Folding continued up-to-Present under lower sedimentation rates (av. 0.66
±0.2 mm/yr) and a shortening rate that increased slightly from 0.17mm/yr
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at ∼3.1-to-1.6 Ma to 0.37-0.29 mm/yr during the last 1.6 Ma. The balance
between sedimentation and shortening rates varies during folding, explaining
the contrasting geometries observed in the growth sediments.

It is also inferred that volume was not conserved during deformation, pos-
sibly due to lateral flow of overpressured mud-rich sediments that inflated the
fold core during shortening, similarly to the upwelling processes commonly
described in salt-cored anticlines.

Keywords Detachment fold · shortening · nonparametric regression · local
linear kernel regression · bandwidth.

1 Introduction

Nonparametric regression methods have been recently applied for estimating
the regression function in a wide range of settings and areas of research. They
are an attractive method, because of their flexibility and unlike their para-
metric counterparts, only weak assumptions over the regression function are
made. Nonparametric regression methods do not need the regression model
to be well-specified and a superior efficiency can be gained to the paramet-
ric ones, when the model is misspecified. As the regression model is typically
unknown, the nonparametric smoother is likely to be a convenient choice for
estimating the regression function.

There are several nonparametric regression methods available, such as ker-
nel smoothing (Fan and Gijbels 1996; Ruppert and Wand 1994, among others),
the penalized splines and semiparametric regression (Ruppert et al. 2003),
wavelets (Antoniadis 1997; Percival and Walden 2000), among others. We use
local polynomial regression as method of estimation, since it is well known
for its good practical and theoretical properties (Fan 1992, 1993; Ruppert
and Wand 1994) and can be easily adapted to the presence of discontinuities
(Loader 1999; Sánchez-Borrego et al. 2006, among others).

The novelty of our analysis is that we apply these robust mathematical
tools to characterize the geometry and to reconsturct the deformation history
of a fold section. We use an anticline example from the SW Caspian Sea,
using a 3D seismic dataset where the vertical scale is in depth. The selected
section runs perpendicular to the fold axis and represents therefore a true fold
profile (Ramsay and Huber 1987). To conduct any classification of the fold
structure, to locate the position of the different fold elements, or to estimate
the shortening and deformation histories, it is required a precise reconstruction
of the folded surfaces (Fig. 1). In our case, we have conducted a detailed
interpretation of the seismic image, exporting the position and depth of the
different seismic horizons. We have used different statistical regression methods
to fit the observations.

The studied fold resembles a detachment fold type, which is character-
ized by a competent folded sequence detached above a décollement surface
or a weak layer (e.g., Chamberlin 1910; Dahlstrom 1990; Poblet and McClay
1996). The folding history is commonly reconstructed through the shortening
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magnitude and different geometrical analyses can be done to estimate also
the depth to the detachment surface (Fig. 1). In essence, shortening can be
computed by two methods: (1) comparing the actual length of the folded sur-
face with its original length in the undeformed situation, assuming that rock
volume does not change during deformation (curvimetric shortening, SC , e.g.,
Dahlstrom 1969); and (2) by the relationship between the area of structural
relief of the deformed horizon and the horizon height above a reference surface
(Epard and Groshong 1993). The latter shortening magnitude is commonly
called as planimetric shortening (SA, e.g., Gonzalez-Mieres and Suppe 2006).
The different seismic horizons or reflections interpreted in the selected section
have been fit by nonparametric methods and with these results we compute
subsequently the SC and SA shortening values. We have also calculated how
the shortening estimates, and consequently the folding history, are affected
by the choice of the bandwidth parameter of the nonparametric regression
smoother.

The main goal of our study is therefore to establish the best regression
method for estimating the shortening magnitude in a fold example from the
Caspian Sea depicted by seismic reflection profiling. We believe that this ap-
proach provides robust statistical tools to analyse easily other fold sections
from any geological setting or scale.

2 Geological setting

The South Caspian Basin (SCB) is the southernmost basin of the Caspian
Sea. It is located in South central Eurasia, within the offshore territories of
Azerbaijan, Iran and Turkmenistan (Fig. 2). The SCB is a Tertiary intra-
continental depression floored by a presumable Mesozoic oceanic crust, which
is surrounded by numerous active fold-thrust belts, like the Caucasus, Talesh
and the Kopeh Dagh (e.g., Neprochnov 1968; Berberian 1983; Mangino and
Priestley 1998). The Caspian constitutes an important oil and gas productive
region, representing around 3.4% and 1.8% of World production, respectively
(Smith-Rouch 2006; EIA 2013).

The geodynamic evolution of the SCB is dominated by the Arabia-Eurasia
collision that was initiated during the Late Mesozoic. The uplift of the Cauca-
sus and the simultaneous N-directed thrusting of the northern Iran region are
both responsible for the Pliocene-to-Present deformations that accompanied
the rapid subsidence of the SCB (e.g., Nadirov et al. 1997; Allen et al. 2002;
Brunet et al. 2003; Guest et al. 2007). Most of these deformations in the basin
were accomplished by folding, which produced open anticlines. In the western
margin of the SCB, anticline culminations vary progressively from NW-SE,
in the onshore region, to NNW-SSE along the margin (e.g., Shikalibeily and
Grigoriants 1980; Devlin et al. 1999). Folds show generally curved axial traces
that may reflect strong variations along strike in the displacement and/or
geometry of the associated, buried faults. Overpressured muds, which form
diapiric structures with complex geometries, e.g., Christmas-tree mud diapirs,
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intrude commonly these folds in the offshore regions (e.g., Fowler et al. 2000;
Stewart and Davies 2006; Roberts et al. 2010).

The SCB is a super-deep basin containing around 20 km of sediments,
deposited in a very rapidly subsiding basin from Jurassic to Present (e.g.,
Zonenshain and Le Pichon 1986; Nadirov et al. 1997). In the SCB it is par-
ticularly important the Maykop Formation because it constitutes the source
rock for hydrocarbons. It was deposited during the Oligocene to Early Miocene
(∼36 to 16 Ma) and consists of organic-rich shales (Hinds et al. 2004; Hudson
et al. 2008). Basin subsidence, accompanied by rapid sedimentation, occurred
since the Late Miocene promoting the accumulation of up to 10 km of Pliocene
sediments, deposited in a lacustrine to deltaic environment (Jones and Sim-
mons 1997; Inan et al. 1997; Abdullayev 2000; Morton et al. 2003; Hinds et al.
2004; Abreu and Nummedal 2007). These sediments constitute the so-called
Productive Series (PS), which are formed by alterning sandstones and shales
(5.9 to ∼3.4-3.1 Ma). The top of the PS is characterized by a regional erosional
unconformity. Sediments deposited after the PS correspond to the Akchagyl
(∼3.1-1.6 Ma), Apsheron (∼1.6-0.7 Ma) and Gelasian formations (<0.7 Ma)
(e.g., van Baak et al. 2013; Forte et al. 2014). This latter group represents
the terrigenous input provided to the basin by turbidity currents and slumps
generated in a marginal shelf and are collectively grouped here as the post-PS
series.

Rapid Miocene-to-Holocene burial contributed to the ideal scenario for
the hydrocarbon production and preservation at great depocentres (e.g., Na-
rimanov 1993). Discovered oil and gas deposits are generated in the Maykop
Unit and are sited in the PS reservoirs, sealed by the intercalation of shale
beds in the PS and by the post-PS group. The unconformity of the PS-top
surface and fold culminations constitute also effective traps for hydrocarbons
(e.g., Bagirov et al. 1997; Devlin et al. 1999). High sedimentation rates resulted
in excessive fluid pressure within the undercompacted mud-rich Maykop sed-
iments triggering mud diapirism (e.g., Buryakovsky et al. 1995; Yusifov and
Rabinowitz 2004).

3 Fold section dataset

This contribution is based on the study of a 3D seismic block combined with
the geophysical information obtained from two exploratory wells. REPSOL
Exploración S.A. has provided the complete dataset for this study. The seismic
cube is located in the western margin of the SCB, South of the Kura River
mouth, in offshore Azerbaijan with water depths between 30 and 150 m (Fig.
2).

We have studied an anticline structure cored by mud, through the seis-
mic interpretation of a post-stacked seismic cube migrated in depth. The grid
covers approximately 653 km2 and extends to 9 km depth. 3D seismic inter-
pretation has been conducted with the KingdomSuite software and has been
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correlated with the logging and chrono-stratigraphic information provided by
the nearby wells.

From the resultant 3D interpretation, we have selected a representative
seismic section, which runs perpendicular to the fold axis. This section trends
SW-NE, has a vertical scale in depth (Fig. 3) and corresponds therefore to a
true fold profile (Ramsay and Huber 1987).

Interpretation has been carried through picking several seismic reflections
with contrasting amplitudes and seismic characteristics. We have identified
two major sedimentary sequences, PS and post-PS, separated by a marked
and regional, erosive unconformity (PS-t in Fig. 3). The bottom of the PS
sequences has been placed tentatively according to well information and fol-
lowing a seismic package with high amplitudes (PS-b in Fig. 3). Within the
PS sequences, we have distinguished ten seismic reflections, named as H1 to
H10. Within the post-PS package, the internal structure of the Akchagyl (top
of the unit Ak1) and Apsheron (top Ap1) units has been also characterized
through two additional continuous reflections, which are labelled as Ak2 and
Ap2.

The overall seismic horizons shown in Figure 3 have been fitted in 3D with
the seismic interpretation software. This vertical slice of the resulting grids has
been exported individually as x (longitude)-y (latitude)-z (depth) data. These
distributions have been fitted with different functions, particularly with the
nonparametric estimation method, looking for the best method to reconstruct
the complete shape of the folded horizons.

4 The nonparametric estimation method

Let (xi, Zi) be a set of observations from the tridimensional variable
(longitude, latitude, Z), being Z the depth and X the horizontal distance com-
puted from the latitude and longitude coordinates. If observations satisfy the
regression model

Zi = m(xi) + εi, i = 1, . . . , n, (1)

where m(·) is the unknown regression function defined within the interval [0, 1],
and the errors εi are independent and identically distributed with mean of zero
and constant variance σ2. We assume that the (p + 1)-th derivative of m at
point x exists. The unknown regression function is then locally approximated
by a polynomial of order p. In a neighbourhood of x, we use a Taylor expansion
of m at point x and fit locally the resulting polynomial by solving a weighted
least squares regression problem.

The solution to the above-mentioned problem is given by
β̂ = (XtWX)−1XtWz, where X = [1 (xi − x)]ni=1 is the design matrix,
z = [Zi]

n
i=1 and W = diag{Kh(xi − x)}, where h is the bandwidth parameter

controlling the size of the local neighborhood and Kh(·) = K(·/h)/h with
K a kernel function, usually a symmetric probability density function with
bounded support. Finally the regression function is estimated by

m̂h(x) = et1
(
XtWX + diag{δ/n2}

)−1
XtWz, (2)
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with et1 = (1, 0) and for small appropriate δ > 0. This adjustment was also
used in Breidt and Opsomer (2000) in the survey context and previously in
Fan (1993).

The role of the bandwidth parameter is critical to the performance of the
nonparametric regression estimator. One of the most popular methods for
selecting the bandwidth parameter h is by minimizing the cross-validation
score defined by

CV (h) = n−1
n∑
j=1

(Zj − m̂h,−j(xj))
2,

where m̂h,−j(xj) is the estimator m̂h(xj) where the observation (xj , Zj) is
left-out.

In principle, estimator (2) can be undefined. If there are few observations in
the support of the kernel at some x, then the matrix XtWX will be singular.
This is not a problem in practice, because it can be avoided by selecting a
bandwidth that is sufficiently large to make XtWX invertible at all locations.

This method of estimation works under the assumption that regression
functions are smooth. This assumption results in smooth estimations of the
regression functions, but these tend to show considerable bias if any disconti-
nuities are present.

Sánchez-Borrego et al. (2006) proposed a local linear kernel estimator in the
general infinite population context taking into account jump points. Following
the assumption of finite population, it is proposed an adapted kernel smoother
for estimating the underlying discontinuous regression function of the SCB
depth data.

This method is the result of combining a modified projected observations
procedure, first introduced by Wu and Chu (1993), together with the local
linear kernel smoother. The method of estimation consists of two steps: we first
estimate the jump points, and secondly, the regression function is estimated
using these estimated jump points.

If the regression function m is continuous everywhere but in a finite known
number of jump points q, we write these points as tk (k = 1, . . . , q).

The method of projected observations reuses the available data in order to
add new observations to the jump points, contributing to improve the estima-
tion of the regression function in these regions. To estimate the jump points
we consider the following estimator:

m̂h(x) =

∑
{i:xi∈[−1,2]}Kh(x− xi){sn,2 − (x− xi)sn,1}ZPi∑

{i:xi∈[−1,2]} sn,2sn,0 − (sn,1)2 + δ/n2
, (3)

where K is a kernel function, sn,j =
∑
{i:xi∈[−1,2]}Kh(x− xi)(x− xi)j and xi

is the pseudo-point. This is constructed from the original design point with
the locations of the projected observations at the first projection interval

xi = (−1)x1−i i = 2− n, 2− n+ 1, . . . , 0.
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and

xi = 2− x2n−i+1 i = n+ 1, n+ 2, . . . , 2n− 1,

are the pseudo-points in the second projection region. The corresponding pro-
jected observation ZPi is given by

ZPi =

Z2−i + 2m̂gL(0)(xi) i = 2− n, 2− n+ 1, . . . , 0,
Zi i = 1, 2, . . . , n,
Z2n−i + 2m̂gR(1)(xi − 1) i = n+ 1, n+ 2, . . . , 2n− 1,

where m̂gL and m̂gR are two kernel Priestley and Chao (1972) smoothers which
involve different kernel functions, L and R, given by L(x) = (−6 − 12x) and
R(x) = (−1)L(−x), and a pilot bandwidth, g = 1.572h
We consider the difference function, D(·) = m̂1(·) − m̂2(·), where m̂1(·) and
m̂2(·) are estimators like (3) with the same bandwidth but different kernel
functions, K1 and K2. The common bandwidth is selected by the usual cross-
validation procedure.

Finally the jump points are estimated by

t̂k = max |D(x)| k = 1, . . . , q,
x∈Ak

where Ak is given by

Ak = [h, 1− h]−
k−1⋃
j=1

[t̂j − δ, t̂j + δ] k = 1, . . . , q,

δ being a constant close to zero, and h the bandwidth selected by cross-
validation.

To estimate the discontinuous regression function we consider a modi-
fication of the projected observations mentioned above. We consider that
t̂k−1 ≤ t̂k, for k = 1, . . . , q + 1, defining t0 = 0 and tq+1 = 1. The projected
observations are given by

Zpki = Z2−i + 2m̂gL(x)(xi − t̂k) i = 2− n, 2− n+ 1, . . . , 0

Zpki = Z2n−i + 2m̂gR(x)(xi − t̂k−1) i = n+ 1, n+ 2, . . . , 2n− 1,

(4)

and Zpki = Zi for i = 1, . . . , n. The pseudo-points, the pilot bandwidth g and
the kernel functions m̂gR and m̂gL follow the previous mentioned considera-
tions. Finally, for each k = 1, . . . , q + 1 and x ∈ [t̂k−1, t̂k], we estimate the
regression function by using

m̂h(x) =

q+1∑
k=1

∑
{i:Xi∈[2̂tk−1−t̂k,2̂tk−t̂k−1]}

Kh(x− xi){sn,2 − (x− xi)sn,1}Zpki
sn,2sn,0 − (sn,1)2

,
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where Zpki are the projected data obtained from the original observations Zi
at the design points xi ∈ [t̂k−1, t̂k]. The sn,j are given by:

sn,j =
∑

{i:xi∈[2̂tk−1−t̂k,2̂tk−t̂k−1]}

Kh(x− xi)(x− xi)j .

4.1 Error estimation

We have considered two main methods of estimation: the nonparametric local
polynomial regression and the classical parametric regression. We use m̂np and
m̂par to denote the nonparametric and the parametric estimators, respectively.

The comparison between these methods will be made in terms of the gain
in efficiency through the R1, and R2 percentages, which are given by

R1(m̂np) =


√

1
n

∑n
i=1 (Zi − m̂par(xi))

2√
1
n

∑n
i=1 (Zi − m̂np(xi))

2
− 1

× 100, (5)

and

R2(m̂np) =

(
E2(m̂par)

E2(m̂np)
− 1

)
× 100. (6)

In where E2(m̂np) and E2(m̂par) are the length of the estimated folded surface,

E2(m̂np) =

n−1∑
i=1

|∆1i +∆2i| , (7)

with ∆1i and ∆2i given by

∆1i =
√

(xi+1 − xi)2 + (m̂np(xi+1)− m̂np(xi))2, (8)

and
∆2i =

√
(xi+1 − xi)2 + (Zi+1 − Zi)2. (9)

5 Fold elements

Using the smoothed distribution obtained with the nonparametric regression
method, the geometry of the folded surfaces has been characterized through
the following parameters. They are shown schematically in Figure 4 and their
abbreviations and significance are detailed in 1.

For every surface, we estimate the position and magnitude of the maximum
and minima of the distribution. They correspond to the fold crest domain
in the anticline and the trough domain in the nearby synclines, respectively.
Between them, it has been estimated subsequently the position of the inflection
points, which coincide with the regions with a change in the concavity of the
fold flank. Around these inflection points, we have calculated the best linear
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fit of the distribution and its angle to the horizontal that is considered a good
estimate of the attitude of the fold flank (βi).

For any reconstruction of the folding history, it is crucial to reconstruct
accurately the position of the regional surface (e.g., Fig. 1); i.e., the line in
two-dimensions that constitutes the lower boundary of the fold or the depth of
the lower detachment surface, Hdet. The position of this line will condition the
shortening magnitude (SC and SA) (e.g., Mitra 2002; Wiltschko and Groshong
2012). After exploring different fits to this surface or line in the fold section,
we have found that the best parametric method to estimate the regional is
the linear regression connecting the two extreme domains of the fold (Fig. 4).
For every folded surface, we have established this line, measuring its length
(Lf ), dip (αref ), and registering the coefficient of determination of the linear
regression (r2). The folded areas above and below this regional have been also
measured, alike the total length of the folded surface (Li) (e.g., Figs. 4, 6).

Following Dahlstrom (1969), the curvimetric shortening (SC) associated to
the fold is given by:

SC = Li − Lf . (10)

Additionally, the other magnitude to estimate shortening is given by the plani-
metric shortening (SA), by:

SA =

∑
Ai

Hi
, (11)

where Hi is the relative elevation of the folded horizon above a reference
surface, and

∑
Ai is obtained by subtracting the areas beneath the regional

(A1 and A3 in Fig. 4) to the total area above it (Mitra and Namson 1989;
Epard and Groshong 1993; Mitra 2003; Gonzalez-Mieres and Suppe 2006).
We have used the bottom of the Productive Series (PS-b) as the reference
surface for measuring relative elevations (Figs. 3 and 5). Our analysis follows
the method developed by Gonzalez-Mieres and Suppe (2011) to reconstruct
the growth history of a fold and is summarized graphically in Figure 1. For
the growth section, the equation (11) is modified to the following expression:

SA =

(
dA

dH

)
growth

+Hdet
dS

dH
. (12)

In this case the height should be measured with respect to the detachment
surface (Hdet) and the dS/dH corresponds to the ratio between the shortening
rate (dS/dt) to the sedimentation rate (dH/dt) (Gonzalez-Mieres and Suppe
2011). In these ratios, dS is computed using the SA estimated through the
area-to-depth relationship (Fig. 1).

The overall calculations conducted for this study have been carried out
with the R software. Nowadays, there are some available methods in R for
estimating the continuous regression function. We have written our own code
in R for estimating the discontinuous regression function. Thus, the nonpara-
metric estimation and the overall calculations conducted for this fold dataset
can be routinely computed using this implemented tool. Programming details
are available upon request from the authors.
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6 Results

The complete shape of the studied fold from the South Caspian Basin (SCB)
shown in Figure 3 has been estimated using nonparametric regression, and the
different geological magnitudes computed with our software are listed in Table
2.

Within the studied seismic cube in the western margin of the SCB (Fig. 2),
we have selected this fold profile because it shows a complete and continuous
section of the fold structure, and it lacks of any significant fault and of any
of the abundant mud diapirs occurring in the area. The fold geometry is also
a good representation of the complete structure and corresponds to a box-
like anticline, with a broad anticline crest that narrows downwards, within the
Productive Series (Fig. 3). In the same direction, the interlimb angle diminishes
and the fold becomes more pointed.

The overall geometry of the fold describes, in principle, two major se-
quences with contrasting differences. The complete section formed by the Pro-
ductive Series (PS), from the PS-bottom to PS-top reflections, seems to main-
tain the stratigraphic thickness from one flank to the other. The most recent
sequences, bounded by the PS-top and the seafloor, in the other hand, thin
significantly towards the anticline crest. According to these general observa-
tions, they could mark the pre- and syn-growth epoch of folding, respectively.
Hereafter, our description of the results looks for a better reconstruction of
the folding history and a precise estimate of the shortening magnitude.

The description of our results is divided in two sections. Firstly, we sum-
marize our approach to a better reconstruction by nonparametric estimation
of the fold, and secondly, our results regarding the folding magnitudes and
deformation history.

6.1 Fold reconstruction by nonparametric regression

We have considered three different approaches to estimate the depth data
of the anticlines: the piecewise local linear kernel smoother (Fan and Gijbels
1996; Ruppert and Wand 1994, among others), the adapted to discontinuities
local linear kernel smoother (Sánchez-Borrego et al. 2006) and the classical
parametric regression estimator. We consider the best parametric function
in terms of the coefficient of determination value, making sure that relevant
coefficients involved in the model are significantly non-zero.

The adapted to discontinuities kernel smoother is considered when jump
points are detected. To detect them we have used the method of Bowman et
al. (2006), that is implemented with the package sm in the R software.

Once the discontinuities are detected, the jump points and the discontin-
uous regression function are estimated using Sánchez-Borrego et al. (2006)
method.

Graph on the right hand side of Fig. 5 shows the PS-bottom estimated
surface and two jump points detected by the above-mentioned method. The
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detected jump points are estimated and the discontinuous regression function
is estimated by the adapted to discontinuities kernel smoother, which makes
use of the estimated jumps.

The choice of the bandwidth is a critical issue when smoothing techniques
are considered. Figure 7 illustrates the effect the bandwidth parameter has on
the depth data estimates. Table 3 shows how the shortening magnitude SC
(eq. 10) is affected by the bandwidth parameter. An automated bandwidth
selection method is relevant to balance the fit (getting the best precision for
estimating the depth data) and the variance of the estimates. Cross-validation
bandwidth selection method has been widely used in the infinite population
context. We propose a new method for selecting the bandwidth parameter
by taking into account the square root of the mean squared error (MSE) of
the estimator and the length of the estimated folded surface. We select the
bandwidth parameter h that minimizes the error measurements

E1(h) =

√√√√ 1

n

n∑
i=1

(Zi − m̂np(xi))
2
, (13)

and

E2(h) =

n−1∑
i=1

|∆1i +∆2i| , (14)

over a grid of values of the bandwidth parameter, with ∆1i and ∆2i the above-
mentioned distances.

The cross-validation bandwidth selection method has also been taken into
account for guiding reasons. Selection of the bandwidth parameter by us-
ing these two measurements makes sense from a statistical point of view, as
the bandwidth parameter selected by minimizing the cross-validation function
stays close to the one selected by the above-mentioned scores. This is illus-
trated for the seafloor and PS-b cases in Table 4, reinforcing clearly that the
best bandwidth value in our case is 0.02 (cf., Fig. 5).

The precision on the fit of the underlying regression function is important
from a geological point of view as it compromises fold magnitudes and in
consequence, affects the reconstructed folding history. Table 5 compares for the
different folded reflections the effect of the preferred nonparametric estimate
(h = 0.02) with the best parametric estimator, illustrating how an incorrect
specification of the regression model conditions, for example, the shortening
SC magnitude. We have shown that it has been an improvement over any
handwritten measurement.

The nonparametric regression estimator m̂np is expected to be the preferred
estimator, since it does not place any restriction on the relationship between
the auxiliary and the study variable. Table 6 shows the R1 and R2 values
for the nonparametric regression smoother and the best parametric estimator.
The nonparametric approach clearly dominates the parametric one.
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These observations are also important because the nonparametric estima-
tion conditions any further analysis of the folded surface, as for example the
position of the fold hinge and the inflexion point in fold flanks.

Numerical results support the easy applicability of the method and its
advantageous properties. The proposed method for selecting the bandwidth
parameter seems to work well in this scenario and the kernel smoother adapted
to discontinuities, describes the depth data scatter reasonably well. We may
conclude that the use of nonparametric regression smoothers may be a good
alternative to other classical parametric estimators.

6.2 Folding history

Fold Geometry Variations

The geometrical variation of the folded surfaces in the studied section is
discussed using the relationships between their relative elevation with respect
to the PS-bottom in the left-hand vertical of the profile (Hi) and the dip of
the regional (αi) (Fig. 7A). Additionally, the variations of the fold dip in the
western and eastern limbs (β1 and β2, respectively) have been also plotted
against Hi (Fig. 7B). The difference between both flanks is also included in
this diagram.

The dip of the regional line that better fits the folded distribution dimin-
ishes continuously upward through the Productive Series. The best parametric
fit for this distribution corresponds to a linear regression function (r2 = 0.95),
with a mean rate of 0.42◦/km (Fig. 7A). Conversely, the dip angle for the
youngest sediments, the post-PS sequence, shows a rather fluctuating distri-
bution although it has a mean rate of approximately 0.96◦/km.

According to these results, and using the time interval of both periods,
we interpret that deposition of the Productive Series experienced a rather
constant synsedimentary tilting of 0.15◦/Ma. This process occurred as a subtle
and continuous process in this margin of the SCB and promoted the basin
subsidence of the PS thick sedimentary sequence (4.5 km) towards the East,
where the basin is floored by a presumable oceanic crust (cf., Fig. 2; Berberian
1983; Mangino and Priestley 1998; Allen et al. 2002). During the last 3 my,
coinciding with the deposition of the Akchagyl and Apsheron units, basin
tilting accelerated to be around 0.31◦/Ma.

With respect to the vertical variation of fold dips in the eastern and western
flanks (Fig. 7B), it is inferred the occurrence of some other variations. For ex-
ample, it is observed that the two flanks maintained the same attitude for the
lower part of the PS sequence (from PS-b to H8 reflections), with a slight east-
wards asymmetry or vergence, because the eastern limb dips approximately
10◦ more than the western one. The situation reverses during the uppermost
PS sequences (from H8 to PS-top reflections) and the eastern limb diminishes
progressively its dip, whereas the western limb remains with a constant atti-
tude. During the post-PS sequence, with two clear sedimentary wedges in both
flanks and abundant onlapping geometries (Fig. 3B), the observations depict
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a slightly different scenario. The eastern flank has then a rather constant dip
(∼7-10◦), whereas the western limb tends clearly to smooth upwards (from
30◦ to 4-5◦).

These observations lead us to interpret that the eastern limb acted as a
leading flank at the onset of deformation and during the most recent epochs
(i.e., the post-PS period). It is also inferred that around the H8 reflection it
occurred a change in the deformation history. The inspection of the shortening
magnitudes would help to complement these preliminary interpretations.

Folding History and Shortening Magnitudes

The two shortening magnitudes computed here, the curvimetric (SC ; equa-
tion 10) and the planimetric estimates (SA; equations 11 and 12) are shown
graphically in Figure 8 and their values are detailed in Table 2.

The planimetric shortening is commonly presented in a crossplot of the
relative elevation (Hi) against the areas (Ai), and it corresponds there to
the slope of the line connecting the observations with the inferred depth of
the detachment surface (Fig. 1B). In the studied fold, the resultant Hi-Ai
crossplot is shown in Figure 8A, where it has been also included the best linear
and polynomial fit of the distributions interpreted as the pre- and syn-growth
epochs.

This diagram demonstrates that the folding history is marked by two main
episodes. Most of the Productive Series is a clear candidate to represent the
pre-growth section, because it shows an increasing, and nearly linear relation-
ship between Ai and Hi. This is better reproduced by a polynomial fit, in
agreement to the findings of Gonzalez-Mieres and Suppe (2006). The maxi-
mum of this plot occurs within upper part of the Productive Series; i.e. around
the H8 reflection. Within the overlying sequences, it is inferred the existence
of two periods. Firstly, the slope of the Ai-Hi trend diminishes within the
package formed by the uppermost Productive Series (from H8 to PS-top re-
flections), whereas the post-PS units, up to the seafloor, shows a continuous
and decreasing relationship in the diagram (Fig. 8A).

The pre-growth sequence shows nevertheless an interesting convex shape
in the Ai-Hi plot (Fig. 8A). We can rule out the occurrence of a significant
layer-parallel shear during folding, because this process has been demonstrated
to produce a reverse, concave upward relationship (e.g., Gonzalez-Mieres and
Suppe 2006, 2011). In our case, the convex trend in the diagram might sug-
gest the occurrence of volume changes during folding, due probably to sub-
compaction of the pre-growth sequence during burial or by lateral flow of the
fluid- and shale-rich sediments.

According to the relationships observed in the Ai-Hi diagram, we suggest
that the H8 reflection separate pre- and syn-growth intervals. Although in
some circumstances fold growth could initiate below the maximum point in an
Ai-Hi plot (e.g., Hubert-Ferrari et al. 2007; Gonzalez-Mieres and Suppe 2011),
in our case the lack of a significant variation of the sedimentary thickness in
the pre-H8 sequences between both flanks reinforces this interpretation. In
consequence, and in spite of the clear wedges geometries depicted by the post-
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PS sequences, the fold growth initiated previously, starting just before the age
of the regional unconformity marked by the PS-top reflection. Extrapolating
linearly the age of the PS-top and PS-surfaces; i.e., 5.9 and ∼3.1 Ma, respec-
tively (e.g., Inan et al. 1997; Abreu and Nummedal 2007; Forte et al. 2014), we
estimate that H8 has an approximate age of 3.5-3.4 Ma. In this section of the
studied fold, this is the estimated time for the onset of folding. The syngrowth
folding extends henceforth to Present (Fig. 8A).

The two periods identified within the growth interval are separated by the
regional unconformity corresponding to the PS-top surface. The older growth
episode occurred during deposition of the post-H8 Productive Series; i.e., from
3.5-3.4 to 3.1-3.2 Ma, and it coincides with a sudden increase of the sedimen-
tation rates (av. 3.25 mm/yr). The temporal coincidence between fold growth
and high sedimentation rates would help to explain that these sequences do
not show a marked thinning towards the anticline crest (Fig. 3).

Conversely, the second episode of growth is clearly marked by the progres-
sive thinning, and even the onlap geometries observed in the post-PS sediments
towards the anticline crest. According to the geometries observed in these sed-
iments, the fold uplift rate was nearly equal to the sedimentation rate during
deposition of the Akchagyl Unit; i.e., between 3.1 to 1.6 Ma, because the fold
crest was tapered by a thin sequence of these sediments (Fig. 3B). These
are the common geometries formed when the synchronous sedimentation rate
equals or lowers the fold uplift magnitude (e.g., Poblet et al. 1997). As the
Akchagyl Unit covers always the anticline crest, it has not been necessary to
apply the technique described by Poblet et al. (2004) to correctly estimate
there the SC shortening magnitude. For the post-PS period, we have obtained
an average sedimentation rate of 0.66 mm/yr.

The area-to-depth graph can be also used to estimate the depth of the
detachment surface (Fig. 1). We infer that the detachment surface or layer
is situated at around 9.6 km depth (Fig. 8A), below the maximum depth
illuminated by this seismic dataset. According to the regional knowledge, this
estimate could coincide with the position of the Maykop Unit in this margin
of the South Caspian Basin (e.g., Baganz et al. 2012). This unit is formed by
clay-rich sediments with a high fluid-content (e.g., Buryakovsky et al. 1995;
Hudson et al. 2008), and is known to be the source for the abundant mud
diapirs and mud volcanoes in the South Caspian region (e.g., Stewart and
Davies 2006; Roberts et al. 2010). All these characteristics, alike the seismic
observations conducted in nearby areas (e.g. Fowler et al. 2000), reinforce our
suggestion that the Maykop Unit acted as a mobile and weak unit during
folding in this basin margin.

Regarding our reconstruction of the deformation magnitude in the section,
the planimetric shortening (SA, equations 11 and 12) registered by the pre-
growth section (up to H8) corresponds to the total shortening at the beginning
of fold growth; i.e., where dAi/dHi equals to cero (Gonzalez-Mieres and Suppe
2011). The relationship in this pre-growth section is better fitted by a polyno-
mial function than with a linear regression. Using the polynomial regression
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function, the mean shortening SA for for the top of the pre-growth section
results to be 1.16 ±0.09 km (Fig. 8B and Table 2).

The initial growth, corresponding to the H8 to PS-top interval, has a result-
ing average rate of shortening dSA/dH equal to 0.19. The post-PS sequence has
an associated dSA/dH trend with a linear slope of 0.66 ±0.2 mm/yr. Within
this sequence we have computed individual dSA/dH values for the different
units, resulting average values of 0.77 mm/yr for the Akchagyl Unit (3.1-1.6
Ma), 0.63 mm/yr for the Apsheron Unit (1.6-0.7 Ma), and lowering up to 0.43
mm/yr for the most recent sediments (<0.7 Ma). All these estimates indicate
that the folding rate accelerated during the Akchagyl-to-Apsheron epoch of
fold growth (3.1-0.7 Ma), simultaneously to a decrease in the sedimentation
rates (av. 0.66 ±0.2 mm/yr).

Using our reconstruction of the age of the H8 reflection (3.5-3.4 Ma) and the
values used regionally for the PS-top (3.1 Ma) and the Akchagyl and Apsheron
units (1.6 and 0.7 Ma, respectively), we obtained average sedimentation rates
in the western syncline of 3.24 mm/yr for the H8 to PS-top interval, and a
rather low but increasing sedimentation rate during the second growth episode.
For the latter epoch, it is inferred values of 0.22 and 0.60-0.66 mm/yr for the
Akchagyl and for the Apsheron to Recent units, respectively (Soto et al. 2011).

Combining these estimates with the corresponding dSA/dH values, it is
inferred a punctuated history of deformation with diverse shortening rates
(dSA/dt), although they tend to decrease through the growth period. The
first growth period, from H8 to PS-top (i.e., during 0.3-0.4 my), occurred
under a shortening rate of 0.61 mm/yr, whereas the average rate during the
post-PS epoch was of about 0.30 mm/yr. During the last 3.1 my, fold growth
occurred under variable circumstances. During the first period, with a total
duration of 1.5 my and coinciding with the deposition of the Akchagyl Unit
(3.1-1.6 Ma), the resulting shortening rate (0.17 mm/yr) was rather similar
to the sedimentation rate (0.22 mm/yr). Shortening rates increased to 0.37
mm/yr during deposition of the Apsheron Unit (1.6-0.7 Ma), which has an
average sedimentation rate of 0.60 mm/yr. The situation for the most recent
sediments (<0.7 Ma) shows a decreasing shortening (0.29 mm/yr) and a slight
increase in the sedimentation rate (0.66 mm/yr).

These values explain the contrasting geometries identified within the growth
sediments (Fig. 3); i.e., the imperceptible thinning of the upper PS sequences
towards the anticline (i.e., dSA/dt << dz/dt), the general onlap geometry
identified in the Akchagyl Unit (i.e., dSA/dt ∼ dz/dt) and the drapping rela-
tionships and a smoother fold from the Apsheron to the most recent sediments
(dSA/dt < dz/dt).

The comparison between the shortening magnitudes SC and SA gives fi-
nally some interesting details to the folding history of this structure. In this
case, the curvimetric shortening (SC) is always significantly lower than the
shortening estimated through the Ai-Hi relationships (SA; Fig. 8B). This dif-
ference tends to diminish upwards within the pre- and syn-growth sequences,
varying monotonically from ∼3.5 km in the lower portion of the PS to 0.4-0.1
km in the Apsheron and the seafloor. Similar differences have also been found
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in other folds of this type (Gonzalez-Mieres and Suppe 2006). This is indi-
cating that this fold does not conserve bed length, and certainly suggests the
occurrence of a volume increase during shortening. This process accompanied
the deformation of a thick sequence with interlayered sand and shale intervals,
which could therefore release (or retain) fluids during folding. In this context,
the out-of-plane mobilization of weak layers as the buried Maykop Unit, could
promote an inflation or upwelling of the fold core during shortening. These
types of processes are relatively common in salt-cored anticlines (e.g. Rowan
1997; Rowan et al. 2000), and the studied fold in the South Caspian Basin
constitutes therefore a comparable structure in a case feed by overpressured
shales.

7 Conclusions

(1) The nonparametric regression results to be a powerful technique to re-
construct the complete shape of an active, NW-SE fold in the western
South Caspian Basin (offshore Azerbaijan). Using a detailed seismic inter-
pretation of a depth-migrated seismic line, the different horizons have been
exported and fit with different bandwidth values (h) of the nonparamet-
ric estimate. The studied fold is better smoothed with h = 0.02. We have
demonstrated that this method is able also to work with discontinuities in
the folded horizons and produces always a much better fit than the best
parametric estimate. Additionally, different error measurements have been
developed here to estimate the accuracy of the method.

(2) The complete shape of a numerous set of deformed horizons in the fold
has been characterized by measuring different parameters through a robust
software tool (R). We have implemented our own code in the programming
language R for estimating discontinuous depth data. The main variables
are: the total length of the deformed surface; the position of the maximum
and minima of the distribution, which coincides with the anticline crest
and the syncline troughs, respectively; and the location of the inflection
points and the dip of the fold flanks in their vicinities. We have also es-
timate the best linear fit of the folded surface, the length and dip of this
line of (or regional), alike the areas encompassed by the folded surface and
their regional line. With the latter variables, we have computed the curvi-
metric (SC) and the planimetric shortening (SA), which is based in the
relationships between folded areas (Ai) and their relative elevation (Hi),
using the method of Gonzalez-Mieres and Suppe (2006, 2011).

(3) The overall geometry of the structure corresponds to an active detachment
fold with a buried detachment surface (or layer) situated at about 9.6 km
depth. It is suggested that this level occurs within a weak and mud-rich
layer, which is known regionally as the Maykop Unit. The fold structure
deforms the Productive Series (5.9 to ∼3.4-3.1 Ma) and above a regional
unconformity (the PS-top reflection), it lays a younger sequence of sedi-
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ments that include the Akchagyl and Apsheron units (3.1-1.6 and 1.6-0.7
Ma, respectively).

(4) Some of the observations conducted in this fold describes a geometry that
departs slightly from the detachment fold-type; mainly, because it has been
reconstructed a long-lived history of basinward tilting accompanying sedi-
mentation and folding, which accelerated from 0.15◦/Ma to 0.31◦/Ma after
deposition of the Productive Series. In addition, we have evaluated the ver-
tical variation of the fold vergence and the limb angles, identifying a varied
position of the leading flank. It is interpreted that the leading flank was
mostly the eastern limb, but it loosed prominence and the anticline became
more symmetric during the onset of fold growth.

(5) The relationships between the folded area and elevation (Ai-Hi crossplot)
have demonstrated the occurrence of two growth episodes, and suggest that
the pre-growth sequence correspond to the middle- to-lower PS sequence
(i.e., situated below the H8 reflection; ca. 3.4 Ma). The older one, occurred
just before the regional PS unconformity, from 3.5-3.4 to ∼3.1 Ma and
has an associated shortening rate dSA/dHi of 0.19. The most conspicuous
growth occurred henceforth, during the deposition of the post-PS sequences
(< 3.1 Ma), with an average dSA/dHi rate of 0.58. During this epoch,
dSA/dHi rate varies from 0.77 for the Akchagyl Unit (3.1-1.6 Ma), 0.63 for
the Apsheron Unit (1.6-0.7 Ma), and 0.43 for the most recent sediments.

(6) The age of the different sedimentary sequences have been used to recon-
struct the sedimentation rates during fold growth, resulting average values
of 3.24 mm/yr for the uppermost PS units, whereas within the post-PS
sequences they varied from 0.22 to 0.66± 0.08 mm/yr for the Akchagyl
and the Apsheron to Recent sediments, respectively.

(7) Combining the sedimentation rates and the dSA/dHi values, we have
reconstructed the shortening rate magnitudes (dSA/dt) during the fold
growth. Folding started at 3.5-3.4 Ma with a relatively low shortening rate
of 0.2 mm/yr and an extremely high sedimentation rate (3.24 mm/yr).
During the second stage of fold growth, shortening rate decreased up to
0.17 mm/yr during the deposition of the Akchagyl Unit (±3.1-1.6 Ma)
and a major shortening pulse with a rate of 0.37 mm/yr ocurred during
the deposition of the Apsheron Unit (1.6-0.7 Ma), decreasing afterwards its
magnitude to 0.29 mm/yr up to Recent (i.e., <0.7 Ma). In consequence, the
balance between sedimentation and shortening rates varies during folding,
explaining the contrasting geometries (flank wedges vs. tapering) observed
in the growth sediments.

(8) Curvimetric shortening (SC) is significantly lower than the estimate given
by the area-to-depth relationships (planimetric shortening, SA). This dif-
ference is indicating that this fold does not conserve bed length and volume
during deformation. We postulate the occurrence also of out-of-plane flow
of overpressured mud-rich sediments that inflate the fold core during short-
ening, similarly to the upwelling processes commonly found in salt-cored
anticlines.
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Table 1 List of magnitudes

Zi Horizon depth from the sea surface
Hi Horizon elevation above the PS-b surface
Li Initial length of the estimated folded surface
Lf Final length of the surface in the deformed situation
r2 Coefficient of determination of the fits
α Angle between the regional line and the horizontal axis (regional dip)
β1 Angle between the tangent to the estimated surface at the first inflexion point

and the horizontal axis (dip of the W-fold limb)
β2 Angle between the tangent to the estimated surface at the second inflexion point

and the horizontal axis (dip of the E-fold limb)
SC Curvimetric shortening
SA Planimetric shortening
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Table 2 Magnitudes values of the fold section. Shortening values in m. SA calculated using
the inferred position of the detachment surface (ca. Polynomial fit)

Horizon Zi (m) Hi (m) Li (m) Lf (m) r2 α (◦) β1 (◦) β2 (◦) SC (m) SA (m)

sf 616.5 5955.5 13125.6 13109.5 0.9987 0.940 3.4 6.1 16.11 111.37
Ap1 957.8 5614.1 13162.4 13109.3 0.9992 0.875 10.4 6.2 53.15 249.07
Ap2 1148.4 5423.6 13212.7 13111.5 0.9987 1,372 16.0 7.5 101.25 341.12
Ak1 1398.2 5173.7 13359.8 13112.7 0.9965 1.586 14.9 14.2 247.01 478.22
Ak2 1687.2 4884.7 13464.5 13112.2 0.9974 1.496 28.3 8.4 352.27 678.00
PS-t 1994.4 4577.5 13691.9 13118.6 0.9913 2.338 30.4 6.1 573.23 913.33
H10 2198.4 4373.5 13723.2 13117.7 0.9913 2.239 30.4 13.6 605.43 978.64
H9 2847.1 3724.8 13837.8 13123.5 0.9911 2,808 32.6 23.3 714.32 1095.29
H8 3296.3 3275.6 13939.9 13124.5 0.9903 2.901 31.2 22.7 815.33 1158.15
H7 3749.4 2822.5 14025.4 13126.1 0.9923 3.032 13.3 41.4 899.34 1242.96
H6 3982.9 2589.0 14075.3 13126.4 0.9933 3.056 15.6 29.1 948.94 1277.34
H5 4471.6 2100.3 14151.4 13128.5 0.9925 3.227 30.2 41.6 1022.87 1355.81
H4 4794.0 1777.9 14224.7 13130.9 0.9930 3.405 22.6 45.4 1093.79 1380.86
H3 5236.6 1335.3 14300.8 13132.7 0.9949 3,532 18.3 33.3 1168.16 1427.49
H2 5673.0 898.9 14252.5 13135.0 0.9930 3.692 16.5 34.3 1117.55 1530.17
H1 5985.8 586.2 14365.8 13136.4 0.9932 3.790 21.2 34.5 1229.31 1713.50

PS-b 6571.9 0.0 14241.3 13149.2 0.9944 4.553 22.8 34.4 1092.06 1626.04
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Table 3 Effect of the bandwidth parameter on the curvimetric shortening magnitude SC

for the seafloor (sf) and the bottom of the Productive Series (PS-b) surfaces of the anticline
shown in Figure 3.

sf PS-b

Estimator h SC (m) SC (m)

m̂np 0.02 16.11 1092.06
0.10 12.83 1055.47
0.15 10.51 1052.67
0.20 8.34 1045.35
0.25 6.63 1039.81
0.30 5.47 1033.56

m̂par 1.35 33.06
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Table 4 Bandwidth parameter selection for the seafloor (sf) and the bottom of the Pro-
ductive Series (PS-b) surfaces

sf PS-b

Estimator h E1 E2 E1 E2

m̂np 0.02 2.196 17.393 5.480 348.030
0.03 2.393 17.760 5.737 374.595
0.04 2.660 17.759 10.714 389.783
0.05 3.038 17.970 11.147 400.677
0.06 3.497 18.075 11.535 411.474

m̂par 120.823 23.219 479.167 1274.604
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Table 5 Curvimetric shortening value of estimators m̂np and m̂par for the deformed surfaces
in the anticline shown in Figure 3.

Horizon m̂np m̂par Handwriting

sf 16.11 1.35 25
Ap1 53.15 1.72 0
Ap2 101.25 4.05
Ak1 247.01 5.62 275
Ak2 352.27 6.72
PS-t 573.23 9.77 525
H10 605.43 11.15 525
H9 714.32 18.19 725
H8 815.33 21.09 750
H7 899.34 23.14 925
H6 948.94 25.72 925
H5 1022.87 26.16 1025
H4 1093.79 30.86 900
H3 1168.16 32.50 1100
H2 1117.55 31.93 1275
H1 1229.31 30.48 1150

PS-b 1092.06 33.23 1125
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Table 6 Gain in efficiency in percent R1 and R2 of estimator m̂np to m̂par for the folded
horizons shown in Figure 3.

Horizon R1 R2

sf 5402.95 33.52
Ap1 6609.00 9.68
Ap2 3467.84 28.00
Ak1 5709.34 29.78
Ak2 17251.57 191.93
PS-t 4514.43 162.78
H10 10995.83 291.58
H9 8642.02 240.06
H8 9811.96 513.51
H7 9381.75 513.91
H6 8654.56 419.74
H5 7530.62 545.63
H4 6158.33 240.71
H3 4778.90 447.32
H2 8714.61 204.10
H1 12999.51 300.64

PS-b 8247.86 240.27
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Figure captions

Figure 1: Geometrical estimation of shortening in a detachment fold with
pre- and syn-growth sequences, based on layer length variations and on depth-
to-fold area relationships. Folding has some component of layer-parallel simple
shear in the deeper levels of the pre-growth sequences. This figure is inspired
in Gonzalez-Mieres and Suppe (2006, 2012). (A) Shortening is estimated as
curvimetric (SC) and planimetric (SA), respectively. SC results from the differ-
ence between initial length of the folded horizon (Li) and final length measured
along its regional or undeformed elevation (Lf ). SA is a function of the area of
structural relief of the deformed horizon (Asr) and the horizon height above a
reference surface (Hi), located at depth Zref . Asr is the deflection area of the
folded horizon measured from its regional level, and it is equal to the area of
shortening (As) in ideal folds. (B) Approximate plot of Asr against relative
heights Hi corresponding to the scheme shown in (A), illustrating how SA can
be estimated both in the pre- and syn-growth sequences (following Gonzalez-
Mieres and Suppe, 2012). For simplification, it is assumed that the beginning
of fold growth occurs at the maximum of this plot (see text for discussion).
Along the Asr-Hi trend, Asr = 0 locates the height of the detachment surface
with respect to the reference level (Hdet).

Figure 2: Topographic map of the Caspian Sea and the surrounding mountain
ranges. The red rectangle shows the position of the study area in offshore
Azerbaijan, close to the Iran boundary, in shallow water depths (<100 m).
Surface elevation is taken in onshore regions from etopo1-USGS database and
bathymetry is from GEBCO 2008. Bathymetry contour range from 100 to 600
m below the relative sea level in the Caspian Sea, which is approximately 28 m
below the global sea level. The discontinuous red line marks the oceanic-type
crust in the South Caspian Basin (taken from Berberian 1983).

Figure 3: Non-interpreted (A) and interpreted (B) depth-migrated seismic
section across the studied fold anticline. Seismic horizons correspond to the
seafloor surface (sf), top of the Apsheron (Ap1) and Akchagyl units (Ak1), top
and bottom of the Productive Series (PS-t and PS-b, respectively). Different
seismic reflections identified within the Productive Series are labelled from H1
to H10. Within the Apsheron and Akchagyl units it is identified some internal,
key reflections (Ap2 and Ak2, respectively). Reference vertical is pinned on the
left hand side of the section. Vertical scale is in real depth (in meters) with no
vertical exaggeration.

Figure 4: Scheme showing the fold elements estimated in this study. Ab-
breviations are described in Table 1. It is labelled the areas defined by the
folded surface above (A2) and below (A1 and A3) the regional surface. It is in-
cluded the position of the inflexion points and the mean dip of the fold flanks
(infl1-β1 and infl2-β2), like the maximum and minimum of the distribution,
corresponding with the anticline and syncline crests, respectively.
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Figure 5: Illustration of the effect that different values of the bandwidth
parameter (h) has on the estimation of depth data for part of the seafloor (sf)
and and H3 distributions from the anticline shown in Figure 3.

Figure 6: Examples of nonparametric estimation of selected reference horizons
of the fold structure shown in Figure 3. Symbols like in Figures 1 and 4.
Abbreviations appear listed in Table 1. Reference depth (Zref ) is taken as the
depth of the bottom of the Productive Series (PS-b) at the vertical on the left
hand side of the section (values in Table 2).

Figure 7: Example of the fold elements computed through the nonparametric
estimate of the structure shown in Figure 3. (A) Relationships between the
dip of the regional (α) and the height above the reference level, represented
by the PS-b surface (Hi). The best linear fit of the Productive Series (PS)
is also included. (B) Variation of the limb dips with respect to the relative
depth (Hi). It is compared the dip in the western (βW or β1) and the eastern
(βE or β2) limbs. The difference between both magnitudes is also included to
illustrate subtle variations in the fold style.For the PS sequence, plotted as a
continuous thick line, the best fit corresponds to a polynomial function. The
appropriate coefficient of determination (r2) is included for reference in both
plots. Horizon labels according to Figure 3. Other abbreviations are listed in
Table 1.

Figure 8: Shortening estimates in the studied fold structure (Fig. 3) accord-
ing to the nonparametric estimate for the different surfaces. (A) Relationships
between the structural relief (Asr) and the height above the estimated detach-
ment level. It is also included the linear and polynomial fits of the pre-growth
sequence, within the Productive Series (PS), and the best linear fits for the two
interpreted periods of fold growth. In all the cases it is included their coeffi-
cient of determination (r2). The estimated depth of the detachment surface for
the section is ±9.6 below sea level (bsl; i.e., Hdet= -3.0 km). (B) Plot showing
the variation of the shortening magnitude with the height above the estimated
detachment level. It is also included the sedimentation rates (in mm/yr) calcu-
lated in this study (green, horizontal bars) and the detailed values computed
with the confidential stratigraphic information provided by REPSOL Explo-
ración, S.A. (pale green histogram). It is compared the curvimetric (SC) and
the planimetric (SA) shortening estimates, and the appropriate trends corre-
sponding to the linear and polynomial fits shown in (A). For the latter case, it
is also included the results according to the linear and polynomial fits of the
SA distribution for the PS sequences shown in (A). Horizon labels according
to Figure 3. Other abbreviations are listed in Table 1.
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Table captions

Table 1: List of magnitudes.

Table 2: Magnitudes values of the fold section.

Table 3: Effects of the bandwidth parameter on the curvimetric shortening
magnitude SC for the seafloor (sf) and the bottom of the Productive Series
(PS-b) surfaces of the anticline shown in Figure 3.

Table 4: Bandwidth parameter selection for the seafloor (sf) and the bottom
of the Productive Series (PS-b) surfaces. The nonparametric estimates are also
compared to the best parametric fit. h = 0.02 is selected by minimizing E1

and E2 scores.

Table 5: Curvimetric (SC) shortening value of estimators m̂np and m̂par for
the deformed surfaces in the anticline shown in Figure 3. It is included for
comparison the SC values obtained by handwriting.

Table 6: Gain in efficiency in percent R1 and R2 of estimator m̂np to m̂par

for the fold section shown in Figure 3.


