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Abstract. Folds and fractures are important structures that preserve information on the past stress evolution;
however, folds remain largely unexplored. Studying folds remains challenging, as no simple and unified method
can be used to evaluate fold parameters, which include the fold axis, axial plane, and interlimb angle with depth.
In this study, we propose a method to calculate the fold parameters of cylindrical concentric folds by considering
the point at which the bedding trend changes as an inflexion point of the fold. The inflexion point is identified
from the analysis of bedding orientation, which can be obtained by borehole image log. The orientation of the
fold axis and the axial plane were geometrically calculated based on the inflexion surfaces at both ends of the
folds. The application of this method is illustrated using a simulated fold model. It is shown that these fold
parameters are calculated using the depth of the fold and are reliable to a certain extent, despite the uncertainty
of the inflexion points. Although the extraction method assumes cylindrical concentric folds, it can be applied to
symmetric folds to estimate the orientation of the fold axis and axial planes. The method developed in this study
is expected to have a wide range of applications in structural geology as it can estimate the fold parameters of

each fold traversed by a borehole.

1 Introduction

Borehole imaging is a logging technique for the azimuthal
surface scan of a borehole wall (Zemanek et al., 1969). It
provides information on strikes and dips on features, such as
bedding, lithology, grading, fractures, and breakouts. They
are utilized in a wide range of geological disciplines includ-
ing sedimentology, structural geology, metamorphic and vol-
canic petrology, and geomechanics (e.g. Prensky, 1999). The
structural interpretation using stratigraphic orientation data
is fundamental for the understanding of the geology around
a drilling site. It is a common practice to reconstruct 2D/3D
geological structures from the bedding or fracture orienta-
tion that is obtained from borehole images and compare them
with those obtained by seismic exploration (log-seismic in-
tegration; Goldberg, 1997; Moore et al., 2014). Furthermore,
geological modelling methods that consider structures such

as folds and faults have also been proposed (Etchecopar and
Bonnetain, 1992; Etchecopar and Dubas, 1992; Yamada et
al., 2016). On the other hand, the resolution of borehole im-
ages has developed in recent years, and it is presently pos-
sible to recognize sedimentary facies down to a few cen-
timetres. Hence, a borehole can be regarded as a continuous
outcrop without the influence of vegetation or topography.
This has led to field-like fracture analysis and geological in-
terpretation (Ienaga et al., 2006; Blake and Davatzes, 2012;
Lai et al., 2018). However, as for folds, which record past
and present stresses, as well as fractures, such mesoscale and
outcrop-scale descriptions and analyses have not been com-
monly performed, which is contrary to the aforementioned
extension to large-scale structures.

In borehole images, folded structures are recognized from
eye-shaped structures and continuous changes in the orien-
tation of bedding planes on tadpole plots (Vickerman and
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Spratt, 2011; Crow and Ladeveze, 2015). By extracting this
series of changes in orientation and processing statistically
on stereographic plotting, the orientations of the fold axes
and axial planes can be derived similar to geological outcrop
surveys (Holdsworth, 1988). As the eye mark represents the
hinge of the fold obliquely aligned with the borehole, it is
possible to determine the fold axis azimuth simply by mea-
suring the direction of the eye. Note that this method cannot
be used if the hinge line is parallel to the borehole, as the eye
mark will not appear. The fold axes, axial planes, and inter-
limb angles are measured by these methods; however, these
methods lack information on the depth of each fold and their
spatial variation. Although the small-scale fold is a powerful
indicator of the stress orientation (Ramsay and Huber, 1987,
Mayer and Albat, 1990; Scott and Selley, 2004), this conven-
tional approach does not focus on their location and is not
suitable for investigating local-regional stress evolution. Due
to the limited exposure of continuous folds in the field and the
measurement of fold parameters being time-consuming, it is
important to obtain fold parameters effortlessly in continuous
borehole images.

Therefore, this study aims to develop a simple and contin-
uous method for obtaining fold parameters such as the fold
axis, axial plane, and interlimb angle based on borehole im-
age data. The proposed method was applied to a folded geo-
logical model to examine its effectiveness and feasibility.

2 Method

The fold structure in the borehole image is observed as a con-
tinuous change in the strike and dip of the bedding on the
tadpole plot and eye marks (Fig. 1). Although the eye ori-
entation indicates the azimuth of the fold axis and that the
axis surface is almost orthogonal to the borehole, the plunge
of the axis and the axial plane orientation cannot be obtained.
The bedding dip and strike trend on the tadpole plot represent
more detailed information on the folds. At the point where
one wave of a fold ends and the next one begins (red circle
in Fig. 1), the trend of the strike and dip changes. The key to
obtaining the fold parameters is to describe this point as the
inflexion point of the fold and to identify the inflexion sur-
face at this point. In the case of a symmetric fold, the axial
plane is represented as the bisector of the inflexion surface,
and the interlimb angle is the angle between two bedding
planes at the inflexion point. To formulate them, we consider
a cylindrical concentric fold, as shown in Fig. 2. The top of
the borehole was set to [0, 0, 0] for simplicity. The borehole
and an inflexion point on stratum A of this fold intersect at i s
[x1, y1, z1]. In addition, another inflexion point on stratum B
intersects the borehole at Ig [x7, y2, z2]. The normal vector of
the bedding plane at point i s is n1, and similarly, the normal
vector of the bedding at point /g is n. The normal vector is
expressed as follows, using the strike (/) and dip (¢) of the
bedding planes at the inflexion points that can be extracted
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Figure 1. Example of fold appearance in a borehole wall image.
Bedding planar interpretation, fold inflexion points, and eye marks
are interpreted in the electrical resistivity image of the interior of
the accretionary complex that was acquired from the IODP (Inte-
grated Ocean Drilling Program) Expedition 348 (Tobin et al., 2015).
Green lines in the dynamic resistivity image are fitted using a bed-
ding plane, and its orientations are plotted in tadpole plot. The pink
line in the static image is the shallow resistivity value. The folds ap-
pear as a systematic increase or decrease in the dip of the bedding.
The eye, the hinge of the fold, can also be observed. The orientation
of the fold axis is orthogonal to the eye direction and is indicated by
the dotted line in the lower column.

from the borehole image.
nj= [nxh nyi, nzi]
. TN . i g
= [sm¢>,- cos (9,- + 5) , sing; sin (Gi + E> , —cosqbi]. @))
Note that the normal vector is a unit vector that does not in-
clude the spatial coordinates of the measured point. The di-

rection vector of the fold axis e appears as the intersection of
the following two planes:

e=n| Xn. ()
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= TOB: [0,0,0]

Figure 2. Schematic illustration of a cylindrical concentric fold and
a borehole. TOB is the top of the borehole. A and B represent folded
bedding planes. n and p are the normal vectors of the bedding plane
and inflexion surface, respectively. e is the direction vector of fold
axis. S is the axial plane. i5, I, and Zg are the intersection points
of the borehole and A, B, and the axial plane. 6, ¢, and & indicate
strike, dip, and interlimb angle, respectively.

The interlimb angle of a fold (£), the angle between the bed-
ding planes, can be expressed as follows:

§=arccos< 12 ) (3)

In||nz]

Thus, the fold and interlimb angles can be easily inferred by
identifying the inflexion points on any bedding plane. The
axial plane and its location can be calculated if the inflexion
points are identified on the same bed. However, such cases
can only occur when the axial plane is perpendicular to the
borehole, and it is rarely possible to calculate the axial sur-
face in a simple way. To identify an axial plane, we consider
an inflexion surface p that is perpendicular to the stratum sur-
face at the inflexion point and parallel to the fold axis (Fig. 2).
The normal vector of plane p and the equation of the surface
are expressed as follows:

pi =|Pxi pyi-pzi] =exn; “4)
X —X;

pi-| y—vyi |=0. (5)
z—2z

Due to the assumption of concentric folding, the inflexion
surface p is the plane that passes through the inflexion points
on all bedding planes and not just on bedding planes A and
B. The axial plane is the bisector plane of p; and p;. Thus,
the equation of the axial plane s is expressed as follows:

X — X1 X — X2
tpi-| y=y1 |[+p2-| y=—x2 |=0. (6)
7—21 -2
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The strike (63) and dip angle (¢3) of the axial plane are as
follows:

+p,
63 = arcsin M @)
|s|sings3
+
¢3 = arccos (%) . ®)

Note that there are two bisecting surfaces. One of these is
the axial plane. As the axial plane passes between inflexion
points, it is sufficient to confirm that the intersection point Z;
of the drilled hole and the axial plane are included between
ia and Ig. If the borehole is considered to be vertical (x; =
x3 =0 and y; =y =0 at all times), then the coordinates of
the intersection of the axial plane and borehole (z3) can be
calculated as follows:

i3 = Epz21 +1712Z2' )

Ep:1+p2

The distribution of folds along the borehole can be obtained
by calculating the location of the axial planes in the borehole
for each fold.

3 Example of the application for a simulated fold
model

To check the feasibility of the proposed method, an artifi-
cial fold was created, and the fold parameters were calcu-
lated and compared to a conventional method. A schematic
geological model with loose folds was used to illustrate the
application of the method proposed in this study. The geo-
logical model, including folds, was created based on the arc
method described by Busk (1929; Wojtal, 1988), for map-
ping cylindrical concentric folds, and extended to three di-
mensions. First, we draw several spherical shells, L, centred
at an arbitrary point O in space. The folded stratum surface is
obtained by calculating the tangent surfaces at each intersec-
tion of L and an arbitrary line / and projecting them onto a
line segment that simulates a borehole (Fig. 3). The intersec-
tion of the outermost spherical shell and the inner spherical
shell (L11 and L13 in Fig. 3) with [ becomes the inflexion
point of the fold. For the next deeper fold, the spherical shells
and line are arbitrarily set and projected into the borehole in
the same manner. To simulate the continuous development of
folds, these two folds were set up to share an inflexion point
(the layer enclosed by the square in Fig. 3).

In this study, 10 folds were created to examine the pro-
posed method. In total, seven spherical shells corresponding
to the seven strata were utilized for each fold. There were two
structural units with significantly different trends established
for each of the five folds, and the fold structures were non-
continuous between these units. Figure 4a and b display the
stratigraphic model and the tadpole plot of the bedding strike
and dip obtained from the interpretation of the borehole im-
age logging. In Fig. 4b, the green line in the cross section
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Figure 3. Schematic diagram of the procedure for creating a sim-
ulated fold model. The grey hatch in the figure represents a fold
created based on an arbitrary point O, and the green lines are the
stratigraphic surface projected onto the borehole.

indicates the bedding plane, and the grey dotted line and red
points in the tadpole plot exhibit the inflexion plane and in-
flexion points of the folding strata, respectively. The fold axis
is simply calculated by applying the Bingham axial distribu-
tion method (Fisher et al., 1987) to the unit-by-unit strike and
dip data of this formation. The results of the general calcu-
lation, the azimuth, and plunge of the fold axis for units A
and B were obtained to be 345, 13.3, and 282.1, 27.7, re-
spectively.

The fold axis, axial plane, and interlimb angle were cal-
culated for each fold according to its depth by applying the
proposed method to the model data (red points in Fig. 4c).
The axes calculated by the general Bingham axial distribu-
tion method are also plotted as grey rectangles in the plot
of the fold axis in Fig. 4c. The proposed method provides
considerable information on the fold components than the
previous method. With the availability of axial planes, it is
possible to estimate the stress direction in three dimensions
(Fig. 4d). In addition, the amount of fold shortening can be
determined from the interlimb angle. As each piece of infor-
mation can be obtained continuously in the depth direction,
it can also be used to detect the presence of local stress dis-
tribution or an overprinting fold by capturing changes in the
axis or axial plane in a certain direction, as seen in unit B
(Fig. 4d).

On the other hand, inflexion points do not always appear
on the image log because of missing data or thick strata. For
such cases, we also examined the way the estimated fold in-
formation would be affected by picking incorrect inflexion
points. We performed calculations when the true inflexion
point (red point) in Fig. 4b did not appear in the log, and
the blue point was interpreted as the inflexion point. In this
case, the shifting of an inflexion point causes a certain fold to
contain a shortened section or to include strata of a different
fold trend. The calculation results (blue points in Fig. 4c),
however, exhibit no significant difference between the case
where the wrong inflexion point is identified, and the case
where the true inflexion point is selected. In particular, there
is little change in the trend with depth or the value of the dip
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angle. However, it should be noted that the calculated depth
of the folds may change, the interlimb angle can be overes-
timated (resulting in loose folds), and the observation error
at this inflexion point may be difficult to estimate in practice.
The values of the orientation of the simulated bedding planes
and the evaluated fold parameters in the above calculations
are provided in the Supplement.

4 Discussion

The proposed method focuses only on the inflection points of
the folds (maximum and minimum values in tadpole plots)
and aims to mainly extract the fold parameters along the
borehole. In this respect, it differs from the graphical repre-
sentation of 2D/3D fold structures, including the Busk (1929)
method, which uses continuous bedding data (e.g. Yamada et
al., 2016). The advantage of our method is that, unlike pre-
vious methods aimed at reconstructing structures, it is sim-
ple and allows numerical data on continuous folds in the
direction of the borehole to be calculated, even for small
structures. The proposed method for deriving fold parame-
ters assumes cylindrical concentric folds and can be applied
to other cylindrical folds to some extent. In the case of par-
allel and symmetrical folds, the folding parameters can be
calculated in the same way as for concentric folds, since the
characteristics of the inflectional surfaces are the same as for
concentric folds. In the case of a similar fold, the orientations
of the fold and axial planes calculated by the same process
would be equal to the actual fold parameters. The intersection
of the axial plane and the borehole, corresponding to the cal-
culated location of the fold, will be somewhat off, although it
will be limited to between the inflexion point depths (see the
Supplement). However, most folds in nature are cylindrical
or conical folds, as pointed out by Wilson (1967). When this
method is applied to conical folds, it results in the identifica-
tion of meaningless axes. However, if the fold is symmetric,
it is possible to evaluate a plausible axial plane. Other situ-
ations where this method is difficult to apply include those
where the angle between the axial plane and the borehole is
small, and those where the interlimb is nearly 0°. This is be-
cause the variation in the bedding orientation due to folding
is difficult to capture, and the frequency of crossing inflex-
ion points may decrease. Very fine folds, such as those found
in outcrops (e.g. Alexander and Watkinson, 1989) may be
overlooked, or the heterogeneity of the stratum surface can
be picked up in borehole images. In addition, errors can be
introduced by incorrectly selecting inflection points (Fig. 4),
and pseudo-folds can be identified due to the assumption that
the strata are continuous. Caution should be exercised in at-
tempting to estimate a wide range of precise fold structures
using single borehole wall images. It may be necessary to
identify several folds to focus on trends and perform statisti-
cal processing in these situations.
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Figure 4. Results of applying the proposed method to the simulated fold model. (a) Schematic image of the simulated fold model. (b) Cross
section of the simulated fold model, structural units, and a tadpole plot of the orientation of bedding planes that would be interpreted if the
simulated formation is drilled. Points identified as inflexion points are indicated by red/blue circles. (¢) Fold axes, axial planes, and interlimb
angles obtained by applying the proposed method. The grey squares represent the orientation of the fold axes calculated using the Bingham
axial distribution for each unit. The difference between the red and blue circles is the same as the colour of the inflexion points used in the
calculation. (d) Stereonet of calculated fold parameters. The mean direction (Fisher et al., 1987) of the poles of the axial planes is shown in
red and that of the fold axis in blue, representing the direction of maximum principal stress and intermediate stress during fold formation,
respectively. Curves of the same colour as the mean vector represent 95 % confidence cone for the mean direction (Fisher et al., 1987).

The proposed method will become even more effective for
its use in detailed fold analysis by considering the seismic
images and surrounding tectonics. Seismic imaging, how-
ever, may not be able to illustrate significant geological struc-
tures for the following reasons: lack of resolution, high dip
angle of the bedding planes, and small differences in acoustic
impedance (Serra, 2003). The proposed method using bore-
hole and logging data will also be effective, especially in
such cases, to clarify the invisible formation. The strength of
this method is in the fact that it uses borehole images to quan-
titatively determine the location of the folded structures in
the borehole. This can be utilized to create more realistic ge-
ological models, geological interpretation focusing on struc-
tural changes at depth, and structural geological interpreta-
tion, such as the estimation of present and past stress direc-
tions. Comparisons with other structural exploration meth-
ods, such as seismic reflection methods, and the use of data
from multiple boreholes will enable the above strengths to be
more robustly exploited.
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5 Conclusions

The method described herein enables the determination of
the azimuth and plunge of the fold axis, the strike and dip
of the axial plane, the interlimb angle, and their depths from
the bedding orientation acquired from the borehole image.
To apply this method, we require marking the position of the
inflexion point in the depth profile of the dip/strike of the bed-
ding. It was confirmed that these fold parameters did not vary
significantly, even when the inflexion points could not be re-
liably determined. This method was designed to be applied to
cylindrical concentric folds, and it is also appropriate for the
calculation of the axial plane orientation of symmetric folds.
As it is difficult to limit the type of folds in borehole images,
the method should be implemented with an understanding of
the type of error that will occur if the actual formation is not
a cylindrical fold. This method, which can obtain fold pa-
rameters continuously in the depth direction, will develop a
geological interpretation using borehole image logs. If com-
bined with other methods that can add information from a
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tadpole plot with regards to whether a fold is similar or not,
then the result will be more advanced and user-friendly.

Data availability. All data, including simulated dip and strike data
used for fold calculations and the results of fold parameter evalua-
tions, are shown in Sect. 3 and the Supplement.
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