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Abstract Strike and dip are essential to the description of
geological features and therefore play important roles in
3D geological modeling. Unevenly and sparsely measured
orientations from geological field mapping pose problems
for the geological modeling, especially for covered and
deep areas. This study developed a new method for
estimating strike and dip based on structural expansion
orientation, which can be automatically extracted from
both geological and geophysical maps or profiles.
Specifically, strike and dip can be estimated by minimizing
an objective function composed of the included angle
between the strike and dip and the leave-one-out cross-
validation strike and dip. We used angle parameterization
to reduce dimensionality and proposed a quasi-gradient
descent (QGD) method to rapidly obtain a near-optimal
solution, improving the time-efficiency and accuracy of
objective function optimization with the particle swarm
method. A synthetic basin fold model was subsequently
used to test the proposed method, and the results showed
that the strike and dip estimates were close to the true
values. Finally, the proposed method was applied to a real
fold structure largely covered by Cainozoic sediments in
Australia. The strikes and dips estimated by the proposed
method conformed to the actual geological structures more
than those of the vector interpolation method did. As
expected, the results of 3D geological implicit interface
modeling and the strike and dip vector field were much
improved by the addition of estimated strikes and dips.
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1 Introduction

Strike and dip are essential to the description, analysis, and
modeling of subsurface geological structures. Three-
dimensional geological modeling methods are widely
used in oil and gas fields, groundwater aquifers, and ore
deposits (Perrin and Rainaud, 2013). In most existing
geomodeling methods, strike and dip play an important
role as, for example, the local anisotropy direction in
attribute modeling (Xu, 1996; Mariethoz and Kelly, 2011;
Machuca-Mory and Deutsch, 2013) and the gradient
constraint in implicit surface modeling (Lajaunie et al.,
1997; Hillier et al., 2014; Guo et al., 2018). However, the
spatial distribution of measured strikes and dips is often
sparse and uneven, especially with limited funds and in
areas with inaccessible topography. Therefore, it is often
necessary to estimate and add extra strikes and dips in 3D
geological modeling.

From a computational perspective, existing methods for
adding strike and dip can be broadly categorized into
geometric and interpolation approaches. Geometric
approaches perform geometric operations on points,
lines, and surfaces that are located at the same interface
to calculate the additional strike and dip. The three-point
method (Martinez-Torres et al., 2012), which is the most
popular geometric approach, uses the elevation of three
adjacent points in the same rock interface to calculate an
approximate strike and dip. The three-point method was
used to compute subsurface strike and dip via adjacent
boreholes in densely drilled areas (Bucher, 1943).
Geological maps, orthophotographs, and Light Detection
and Ranging are being used in combination with digital
terrain models to compute strikes and dips of the ground
using the three-point method (Chorowicz et al., 1991;
Banerjee and Mitra, 2004; Yeh et al., 2014; Thiele et al.,
2019); however, the three-point method is unusable in
covered areas. Subsurface strike and dip can also be
calculated from seismic signals by geometric approaches.
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For example, Brown et al. (1971) calculated the strike and
dip of crustal boundaries using seismic cross-profiles.
Dalley et al. (2007) acquired the strike and dip field
through curvature calculations using 3D seismic data.
However, drilling or seismic data that can be used to add
subsurface strike and dip are often lacking.

Interpolation approaches, which are based on the spatial
correlation between the measured strike and dip, can
theoretically add the strike and dip at any position. These
approaches are often used to construct the strike and dip
field (also known as the locally varying anisotropy field),
which is used in geological stochastic simulation modeling
(Xu, 1996; Mariethoz and Kelly, 2011; Martin et al., 2019)
and structure visualization (Hillier et al., 2013). Since the
incoherence of arithmetic means for periodic data cannot
be avoided, the interpolation of angle data has always been
difficult (Grancher et al., 2012). Therefore, the 3D unit
vector instead of dip and strike angles is often used when
interpolating the strike and dip (Young, 1987a, 1987b;
Hillier et al., 2013). However, it is difficult to match the
interpolated strike and dip with the actual geological
structure in complex areas of the structure or where the
measured strike and dip are sparse (Grose et al., 2019).

The aim of this study was to rapidly and automatically
estimate the strike and dip based on structural expansion
orientation (SEO) for 3D geological modeling. SEO is
commonly used in numerous geological applications, such
as local anisotropy direction in 2D interpolation (Boisvert
et al.,, 2009) and tangent constraint in implicit interface
modeling (Lajaunie et al., 1997; Hillier et al., 2014). SEO
is orthogonal to the strike and dip, widely distributed, and
easy to extract in practice (Lillah and Boisvert, 2015). We
proposed a new method to obtain the strike and dip at SEO
points (abbreviated as “SEOSD”) based on two types of
constraints: The first is to guarantee the orthogonality of
SEO and SEOSD through angle parameterization, and the
second is to use the leave-one-out cross-validation
(LOOCV) method, which can apply the spatial correlation
between SEOSDs and measured strikes and dips when the
objective function is optimized.

Since many SEOs can be extracted from a general
scenario, high dimensional optimization problems may
occur when the objective function is optimized. Instead of
using nonlinear optimization methods (such as particle
swarm optimization, PSO) to directly optimize the
objective function, we proposed a comprehensive strategy

that can quickly and accurately optimize the objective
function. In this optimization strategy, the angle para-
meterization method was used to reduce dimensionality
and the QGD method to quickly obtain a near-optimal
solution that can be used as initial solution for further
nonlinear optimization. Finally, the effectiveness and
practicability of the SEO-based addition of strike and dip
was validated using synthetic data generated by the
simulation of a basin fold model and real complex fold-
structure in Australia, of which approximately 28% is
covered by Cainozoic sediments.

2 Methods

From the perspective of optimization problem, the SEOSD
is the parameter to be optimized. As a popular parameter
optimization method, the cross-validation method is often
applied to the selection of parameters, e.g., selecting a
good shape parameter for radial basis interpolation
(Fasshauer and Zhang, 2007; Scheuerer, 2011), super-
parameter in machine learning (Rodriguez et al., 2010),
and variogram models (Marcotte, 1995). We used the
LOOCV method (Rippa, 1999) to select an “optimal”
SEOSD because of its high accuracy. Our method was
divided into the following steps: 1) extract the SEO from
multi-source geological data, 2) build the objective
function based on the LOOCV method, and 3) propose
an optimization strategy to rapidly and accurately calculate
the SEOSD.

2.1 SEO extraction

SEO can be extracted from multi-source geological data.
The common sources and methods for obtaining SEO are
shown in Table 1. In the non-covered surface area of a
geological map, the moment-of-inertia method (Lajevardi
et al., 2015) can be used to obtain the SEO within a layer,
and tangential sampling of a conformable contact bound-
ary line can be used to obtain the SEO at an interface.
Although it is impossible to obtain the SEO of bedrock
from a geological map, the geophysical signals with high
penetration, such as gravity and magnetic signals with high
horizontal resolution, in the covered surface area can be
used to automatically compute the SEO using the
boundary detection method (Archibald et al., 1999),

Table 1 Common data sources and methods for extracting structural expansion orientation

Data sources Data type

Methods

Geological maps and profiles (Boundary) Line

Geological maps and profiles (Region) Categorical variable
Geophysical maps and profiles Continuous variable

Remote sensing images Continuous variable

Tangent of boundary
Moment of inertia (Lajevardi et al., 2015)
Moment of inertia (Lajevardi et al., 2015)
Automatic feature interpolation (Boisvert, 2010)

and boundary detection (Archibald et al., 1999)
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moment-of-inertia method (Lajevardi et al., 2015), or
automatic feature interpolation method (Boisvert, 2010).
Subsurface SEO can be automatically extracted from
geological or geophysical profiles using the above methods
(Scholl et al., 2017).

2.2 Objective function

In this study, the 3D unit vector was used to express the
strike and dip (Hillier et al., 2013) and was called strike and

dip vector V' (Fig. 1(a)). For any strike and dip vector,

v, sin(p—m/2)cos(n/2—-60) 7"
V= v, | = |cos(p—m/2)cos(n/2—-6) | , (1)
v, —sin(n/2—6)

where ¢ and 6 are the strike and dip angles, respectively,
and [e] is the transposed matrix of [e]. The 3D unit vector
was used to express the SEO, which was named SEO

vector E (Fig. 1(a)). The SEO vector is orthogonal to the
strike and dip vector. Supposing that there are m measured

strike and dip vectors yM = [vM ,vﬁ/l ,...,vJ,,V,[ } and n

- — —

SEOSD vectors to be solved I;% = [vf , vf yens vf} at the
SEO points, then all strike and dip vectors are

According to the LOOCV method, the LOOCYV vector
17[,-] can be defined as

— — — — —
5

Vig = V1o Vi1 Vigd oo Vit

if i € [1,2,....m+n]. @)

The LOOCYV strike and dip vector vﬁV interpolated

using the LOOCYV vector V| can then be written as

v
Vi

= interpolater(w;™ V), 3)
where interpolater(e) is the 3D wvector interpolation
function, such as the inverse distance weighting interpola-
tion method (Hillier et al., 2013), the kriging-based
interpolation method (Young, 1987b), and the radial
basis functions interpolation method (Smolik and Skala,
2016), and " is the weight coefficient corresponding to
the data uncertainty (0<w"°<1). The greater the
uncertainty about the strike and dip is, the closer "™ is
to 0. Where the uncertainty of the SEOSD is unknown, the
SEO uncertainty can be used instead. It should be
emphasized that when the LOOCYV strike and dip vector
is calculated by Eq. (3), both the measured strike and dip
and the SEOSD is used. Moreover, the LOOCYV strike and
dip vector needs to be normalized to the 3D unit vector.
In this study, the estimation error was represented by the

included angle between the strike and dip vector 17 and the
LOOCYV vector V<"

—

IA; = arccos(v; - vﬁV), if i e[l,2,..m+n]. (4)

However, since the true SEOSD vector v;(i € [m +
1,m+2,...,m + n|) was unknown, we chose the approx-
imation of the true SEOSD vector as an alternative. For
example, the projection vector of the LOOCYV strike and
dip vector on the plane perpendicular to the SEO vector

e; m(i €[m+1,m+2,..,m+n]) can be regarded as an
approximation of the true SEOSD vector:

o= Strike and dip vector
= SEO vector
o—® SEOSD vector

@

(b)

Fig. 1 (a) Schematic diagrams of strikes and dips at structural expansion orientation points (SEOSD) and (b) its angle parameterization.
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if i € m+1m+2,.,m+n]. 5)

The objective function constructed in this study is given
by
m+n
ObjFunc = Z(a);‘“CIA[)/(m + n)—min,
=1

(6)

where, the weight coefficient "™ corresponding to the

data uncertainty in Eq. (3) is also used.
2.3 Optimization strategy

Numerous SEOs can be extracted from many scenarios
because SEO has a wide range of sources. However, the
optimization algorithm faces problems (Wang et al., 2011)
when there are many parameters to be solved. For example,
many nonlinear algorithms show premature and slow
convergence in high-dimensional complex optimization
questions (Patnaik et al., 2017). Furthermore, because the
computational complexity of the LOOCV operation is

ej"x 2 +ej,y 2 _ej’x/q/ejjx 2 +ej’y 2 0:|, if ej’2¢1
1
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O(N*) (Rippa, 1999), the computational cost is high when
a large number of parameters needs to be optimized.

To improve the efficiency and accuracy of the traditional
nonlinear optimization method, the proposed optimization
strategy was as follows (Fig. 2(a)): First, to reduce the
dimension of the optimization problem, the geometric
properties of the SEO and SEOSD were used to
parameterize the SEOSD vector into the angle parameter.
Secondly, the QGD method was proposed to rapidly obtain
a near-optimal solution (Fig. 2(b)). Finally, if a high-
accuracy solution is required, traditional nonlinear algo-
rithms can be used for further optimization, in which the
near-optimal solution of the QGD method can be used as
initial solution.

2.3.1 Parameterizing strike and dip vector to the angle
For any SEO point, the SEOSD vector vf(j € [1,2,...,n))
is perpendicular to the SEO vector 2(1 € [1,2,...,n])

(Fig. 1(b)). The reference SEOSD vector vf’o is defined
as

VB0 = [ef!y/ . (7
[0 1 0],if ¢, =
Consequently, vf can be regarded as rotating the 1994) using
reference SEOSD vector vf’o about the SEO vector E; = 1;1; — VJZO R(Zj,ej),if je 12,0, (8)

[ejﬁx €y ej,z} by the aﬁgle ¢; (Taylor and Kriegman,

the quasi-gradient
descent method

®

v

measured
strikes & dips

SEOs and measured initial SEOSDs
v strikes & dips and its 0
the quasi-gradient @ ‘
descent method
computer LOOCV
strikes & dips and its 67
high
precision? i
nonlinear _ up ati o [[VvObjFuncll
optimization 0=0-a®-0") < tolerance
N algorithm and SEOSDs
I
SE O'SDs | computer‘ SEOSDs |

@

v

(b)

Fig. 2 Flow chart of optimization strategy. (a) Main steps of optimization strategy. (b) Details of quasi-gradient descent method.
LOOCYV: leave-one-out cross-validation; SEOSD: strike and dip at structural expansion orientation points; SEO: structural expansion

orientation.
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where R(e) is the rotation matrix, written as

e 2(1—cost;) + cost;

e;.e;,(1—cost;) +

“(i9) -

¢zsind; e,
€z (1—cost;) —e;,sinf;

and 0, is the angle parameter defined as

e;ej,(1—cost)) —e; sinf; ;e
2(1—cosb;) + cosb;

e;e;.(1—cost;) + e;,sinf; ¢;
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(1—cost);) + e;,sind;
(1—cost);) —e;,sind; |, ©)]

X

Xz
€)%z

.2 2(1—cosb;) + cosb;

arccos(vjE Vi 0) if (e;.#1 and vJE >0) or (e;. =1 and v-EY>O)
E . EOy : E
6, = 21— arccos(v; ),1f (e, 7#1 ind Viz < 0) or (¢j, =1 and vj, < 0) . . (10)
0, if (e;.#1 and va:O and v]E:vf’o) or (¢, =1 andvE =0 andvE— ) 0y
m, if (¢.#1 and v, =0 and V} = — E0Y or (¢.=1and v/, =0 and V/ = —vf’o)

2.3.2 The QGD method

The LOOCYV SEOSD vector, which is interpolated by the
surrounding strike and dip vectors, can be regarded as an
approximation of the true SEOSD vector. Similar to the
gradient descent method (Snyman, 2005), the difference
between the SEOSD and LOOCV SEOSD vectors was
used as the “approximate” gradient. Accordingly, we
proposed a fast algorithm, namely the QGD method. The
steps of the method are as follows:

1) Initialize the SEOSD vector and its angle parameters
0y using Eq. (10).

2) Calculate the LOOCYV strike and dip vector V
strike and dip vector points using Eq. (3).

3) Compute the projection vector of the LOOCYV strike
and dip vector based on Eq. (5) at the SEO points and
compute the angle parameter #” between the projection
and reference SEOSD vectors using Eq. (10).

4) Update the angle parameter 6 using Eq. (11) and

" atall

compute the updated SEOSD vector V'* according to Eq.
(8). When the kth iteration is performed, the angle
parameter is updated as

O = 01 + 0‘(9CV—9k7|),

where, a is the step length (taken as 1 in this study).

5) Evaluate the objective function using Eq. (6). If the
objective function decreases and does not reach the stop
threshold value, repeat steps (2) to (5); if not, proceed to
the next step.

6) Choose the SEOSD vector VE computed in step (4) of
the last loop as the result.

)]

2.3.3 Nonlinear optimization algorithm

Many traditional nonlinear optimization algorithms can be
used to solve our objective functions, such as PSO (Sammut
and Webb, 2011), genetic algorithms (Haupt and Ellen

Haupt, 2004), and simulated annealing (Wang et al., 2011). In
this study, PSO was selected because of its simple parameter
setting and because it does not easily fall into a local
optimum. The rough solution obtained by the QGD method
was used as the initial PSO solution. After optimization by
PSO, the optimal angle parameter was obtained, and the
SEOSD vector was calculated using Eq. (8).

3 Application

3.1 Synthetic example

A synthetic basin fold model was used to test the proposed
method (Fig. 3(a)). The simulated deposition time function
is T(x,y,2) = 200— /x> +)?+(z—500)> Ma/m. In this
synthetic example, the weight coefficient " in Egs. (3)
and (6) was set to 1, which means that the data uncertainty
was not considered. In addition, the inverse distance
weighted interpolation method, which has a high calcula-
tion speed and is easily implemented (Hillier et al., 2013;
Mariethoz and Kelly, 2011), was chosen to interpolator the
vector in this synthetic example.

3.1.1 Estimate the SEOSD

Ten measured strikes and dips on the ground (surface of
z =0 m) and 50 SEOs in the entire space were randomly
sampled (Fig. 3(b)). Simulated measured strike and dip

vector V™ was computed by V™% = _v71/|VT].

Simulated SEO vector E was randomly selected, which

met VEmd £ — 0 The SEOSD was subsequently

calculated using traditional PSO and our optimization
strategy (Section 2.3). All approaches were based on angle
parameterization. Before the optimization, the initial
SEOSD was interpolated by the inverse distance weighting
interpolation method. The Pearson correlation coefficient
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Fig. 3 Basin fold simulation model and sampling. (a) Multiple formation interfaces (iso-time interfaces, the relationship between the
deposition time of interfaces is S;>S,>S5) of simulated basin fold and the profile AA’. (b) Simulated measured strike and dip points were
randomly sampled on surface z = 0 m, and simulated structural expansion orientation (SEO) points were randomly sampled in whole

space.

between the initial and true SEOSD was small (Fig. 5(a)
and 5(b)); that of the dip angle was especially weak (0.49).
The QGD method was used to reduce the objective
function from 7.37° to 6.19° after only four iterations; the
objective function converged to 6.09° after 12 iterations,
which approached the optimal value (Fig. 4(b)). However,
traditional PSO required 503 iterations to converge to
6.09° (Fig. 4(a)), and the computational cost was about 503
x 100/12=5192 times that of the QGD method. After
optimization with our optimization strategy, the Pearson
correlation coefficient of the strike and dip between the
estimated and true SEOSD was 0.99 and 1, respectively
(Fig. 5(c) and 5(d)).

The strike and dip vector field indicating the anisotropy
direction is widely used in stochastic simulation modeling.
Another important role of the strike and dip vector field is
visualizing the structure to aid geological interpretation, e.
g., Hillier et al. (Hillier et al., 2013) used the strike and dip
vector field to visualize the structure trend by the form line.
Based on these authors’ work, we incorporated the line
integral convolution method (Cabral and Leedom, 1993) to

PSO method

PSO Settings
Population size: 100
Cognitive attraction: 0.5
Social attraction: 1.25

e %th value: 6.09 Final value: 5.95°

Objective function value/(° )
~

0 200 400 600 800 1000

Iteration

(@)

Objective function value/(° )
~

calculate the vector field texture of the structural geometric
contour corresponding to the strike and dip vector field in
the profile. (Appendix A describes the method in detail.)
Since this method can provide detailed visualization of the
strike and dip vector field, it can be used to visually check
whether the strike and dip vector field matches the
geological structure. The vector field textures correspond-

— —

ing to the strike and dip vector sets { ¥}, {¥"™ 7}, and

{yM yEmede of profile AA' are shown in Figs. 6(b)—6
(d). As a comparison, the true strike and dip vector field of

profile AA' was computed by V™% = —VT/||VT||, and
the corresponding vector texture is shown in Fig. 7(a).
Since there were no measured subsurface strike and dip
and strike and dip vector near the A' side of profile AA'
(Fig. 3(b)), the structural vector texture (Fig. 6(b)) obtained
using only the surface measured strike and dip vector

—

{VM } had a significant morphological deviation compared
to the theoretical model (Fig. 6(a)). However, the vector

QGD method PSO method

8- ;
Initial value

/ ;

1 7.37° PSO Settings
' Population size: 100
Cognitive attraction: 0.5

Social attraction: 1.25

I eecsccces

6

4th value:

~ 538th \Qluei 5.95°  Final value: 5.93°

61 Near-optimal value: 60 ' : : : .
0 4 8 120 200 400 600 800 1000
[teration Iteration
(b)

Fig. 4 Convergence process comparison of (a) traditional particle swarm optimization (PSO) and (b) our optimization strategy.
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Fig. 5 Comparison of true strike and dip at structural expansion orientation points (SEOSD) and estimated SEOSD before ((a) and (b))
and after ((c) and (d)) our optimization strategy. PCC: Pearson correlation coefficient; R?: coefficient of determination.
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solved.
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field texture of the strike and dip vector set { V™ , ¥} (Fig.
6(d)) was consistent with the theoretical model (Fig. 6(a)),
and Fig. 6(d) is similar to Fig. 6(c), which shows the vector

field texture of the strike and dip vector set { P | yFmedely.

3.1.2 Evaluation of the QGD method

Using the QGD method to calculate a rough solution was a
critical step in the proposed optimization strategy. To
evaluate the accuracy and speed of the QGD method, the

SEOSD vector V'* was computed by different SEO vectors

E and measured strike and dip vectors V™. The accuracy
of our results was evaluated by the mean included angle

between the calculated SEOSD vector V% and the true

SEOSD vector pEmodel.

n N —
MIA™! — Z arccos(vE - vEmOdely /., (12)
i=1

After the SEOSD was computed 100 times with
different numbers of SEOs and measured strikes and
dips, the mean and variance of the mean included angle
were calculated (Fig. 7(a) and 7(b)). When the number of
SEOs was constant, increasing the number of measured
strikes and dips had a limited effect on reducing the mean
included angle because the measured strike and dip points
were distributed on the ground. However, when the
number of measured strikes and dips was constant, the
average of the mean included angle decreased with
increasing number of SEOs; the average of the mean
included angle was reduced by about half when the number

Number of strikes and dips
10 20 30 40 50 60 70 80 90 100

Number of strikes and dips
10 20 30 40 50 60 70 80 90 100

683

of SEOs increased to 100. The standard deviation of the
mean included angle mostly ranged between 0.5° and 3°,
which indicates that the QGD method is stable. The stop
criterion [|0” —6,| < 0.001° (where k is the number of
iterations) was chosen, and the average number of
iterations was computed (Fig. 7(c)). With increasing
number of SEOs, the number of iterations increased, and
only 5-24 iterations were needed to reach stable
convergence.

3.2 Real application

The study area is located in the Bonney Well region,
Northern Territory, Australia (Fig. 8(a)) and extends from
134°21'E-134°42'E and 20°23'S—-20°50'S. The geological
map (Fig. 8(a)), aeromagnetic map (Fig. 8(b)), and
geological profile AA' (Fig. 9(a)) used in the case study
are collected from geoscience australia (Carr et al., 2016).
Several sets of Proterozoic rock strata are exposed, and
approximately 28% of the area is covered by Cainozoic
sediments. The bedrock is folded with SE-NW-trending
axes (Macdonald et al., 2005; Grose et al., 2019). Ninety
ground strikes and dips were unevenly distributed along
the exposed bedrock. Because the faults are mostly small,
this study did not consider the influence of faults, for the
sake of simplicity. However, the effect of the fault can be
considered later by adding the drift function during the
vector interpolation process (Verly et al., 1984). In addition
to the geological map, an expert profile AA' in the SW-NE
direction diagonally traversed the center of the study area
(Fig. 9(a)).

Tangent sampling of the depositional contact boundary
of the bedrock strata in the geological map and profile AA'
was the most direct way to determine SEO. However, since
the quality standards of geological mapping are unknown,

Number of strikes and dips
10 20 30 40 50 60 70 80 90 100
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Fig. 7 Statistical results from quasi-gradient descent method with different numbers of structural expansion orientation (SEO) and
measured strike and dip after 100 simulations. (a) Average of mean included angle (MIA). (b) Standard deviation of MIA. (c) Average
number of iterations.
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the corresponding uncertainty weight of SEO obtained
from the geological map was uniformly selected as 0.8.
Considering that the uncertainty of expert cognition
increases with depth and there is no borehole to constrain
geological profile AA', the corresponding uncertainty
weight of the SEO extracted by this profile was selected
as wpopie = 1 —h/H (where h is depth with a range of
0<h<10 km and H = 10 km). Although SEO could not
be extracted from the geological map in the area covered
by Cainozoic sediments, the aeromagnetic map (Fig. 8(b))
corresponded well with the bedrock. The moment-of-
inertia method was used to extract the SEO from the
aeromagnetic map, where the local primary directions
represent the SEO. The corresponding uncertainty weight
was selected as Oponeic = 1~ L/ Ly (L and I, are the
moments of inertia in the primary and secondary
directions, respectively). Through the above method, 699
SEOs were extracted from the geological map, aeromag-
netic map, and profile AA' (Figs. 8(a), 8(b), and 9(a)).
Since the variation of strike and dip vectors has
anisotropic characteristics, the anisotropic inverse distance

weighting method (Tomczak, 1998) was used to perform
3D vector interpolation. The initial SEOSD was inter-
polated by measured strikes and dips (Figs. 9(b) and
10(a)). However, many interpolated SEOSDs did not
match the actual structure, especially in the intense
bending of the formation (zones I and III in Fig. 10(a))
and Cainozoic coverage (zones Il and III in Fig. 10(a)).
Considering that many SEOs were extracted, the QGD
method was selected to estimate the SEOSD. In the
optimization process, the objective function decreased
rapidly (Fig. 11(a)), and the mean included angle
calculated by Eq. (4) decreased from 9.40° to 4.86° with
only 10 iterations. Finally, the number of included angles
between 0° and 3° increased from 27.5 to 61.2% (Figs.
11(b) and 11(c)). The SEOSD estimated by the QGD
method not only followed the actual geological structure,
but the spatial transition of estimated SEOSDs was also
more stable (Figs. 9(c) and 10(b)). To determine whether
the strike and dip vector field matched the real structure,
the vector field texture of three profiles, namely AA', BB/,
and CC' (Figs. 9(b), 9(c), and 12), was calculated by using

Fig. 10 Comparison between initial strike and dip at structural expansion orientation points (SEOSD) obtained by 3D vector

interpolation (a) and SEOSD estimated using our method (b).
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Fig. 11 Optimization process of quasi-gradient descent method. (a) Convergence curve of quasi-gradient descent method; (b) initial

included angle distribution; (c) included angle distribution after optimization.

measured strikes and dips and all strikes and dips
(including measured strikes and dips and SEOSD
estimated by the QGD method). In the near surface, the
vector field textures of these three profiles were similar and
showed small folds. However, in the deeper surface, these
small folds disappeared or flipped in the vector field texture
of measured strikes and dips (Figs. 9(b), 12(a) and 12(c)),
which is inconsistent with the actual geological structure.

The interfaces between kudinga basalt or frew river
formation and coulters sandstone were modeled using the
radial basis function-based implicit modeling method
(Hillier et al., 2014), where the cube function was chosen
as the radial basis function. In the modeling process, on-
contact points (Fig. 8(a)) were taken as the same-interface
constraint, and measured strikes and dips and all strikes
and dips (including estimated SEOSDs) were used as
gradient constraints. The interface built using the measured
strike and dip and on-contact points showed that the folds
in the blue dotted circle did not extend as expected (Fig.
13(a)). However, the interface model was smooth and
followed the actual geological structure (Fig. 13(b)) when
estimated SEOSDs were added.

4 Discussion

An important consideration for using SEO to supplement
the strike and dip is that it can be automatically extracted
from multiple types of geological information. In parti-

cular, SEOs can be extracted from geophysical signals with
high penetration, and the strike and dip that match the
actual geological structure in covered and deep areas can
thus be added, whereas this is difficult in other methods. In
the case study, the SEOSDs estimated by the QGD method
matched the actual geological structure better than did the
initial SEOSDs interpolated by the vector interpolation
method (Figs. 9(b) and 10(a)).

In this study, the objective function was constructed based
on the estimated deviation, including the angle between the
strike and dip and the LOOCYV strike and dip. When the
LOOCYV strikes and dips were calculated, both the measured
strikes and dips and SEOSDs to be estimated were used.
Therefore, the objective function ensured that all strikes and
dips were spatially related to each other, thus improving the
accuracy of the estimated SEOSDs and extrapolation ability
of the method. In the simulation test, although there were
only 10 measured (and sparse) strikes and dips, the mean
included angle continually decreased with increased number
of SEOs (Fig. 7(a)). Similarly, although there were not many
measured strikes and dips in regions I and III of the case
study (Fig. 10(b)), the SEOSD spatial variation obtained by
our method was spatially stable and matched the geological
structure. However, since the SEO essentially comprises
additional information, the measured strikes and dips should
be as dense as possible, covering the entire area, to improve
the accuracy of the SEOSD.

In theory, the objective function (Eq. (6)) can be directly
optimized by traditional nonlinear optimization algo-
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Fig. 12 Structure visualizations when using only measured strike and dip ((a) and (c)) and using both measured strike and dip and
estimated strike and dip at structural expansion orientation points ((b) and (d)) of profile BB' ((a) and (b)) and profile CC' ((c) and (d)). The
blue circle indicates the position where the textures of the two methods have significantly different.

rithms. However, when many SEOs are being extracted,
these traditional algorithms face problems in terms of
computing speed and accuracy caused by high-dimen-
sional optimization. In this study, angle parameterization
and the QGD method were used to mitigate high-
dimensional optimization. After angle parameterization,
solving an SEOSD vector is equivalent to solving scalar
parameter 6, but the number of parameters to be solved is
reduced by two-thirds. There are two more advantages to
optimization through angle parameterization: 1) The
solved SEOSD vector is mathematically guaranteed to be
perpendicular to the SEO vector. 2) The parameter 6 to be
optimized is a cycle angle variable, which is advantageous
for parameter searching. In addition, spatial sampling

(Carmichael and Ailleres, 2016) of SEO can be used to
mitigate the high-dimensional optimization problem,
which could be studied in the future.

Since the true SEOSD is unknown in the iterative
process of the QGD method, we believe that the LOOCV
SEOSD can be considered an approximation of the true
SEOSD. In the simulation model test, the results obtained
by the QGD method and PSO were close (Fig. 4).
Moreover, the SEOSD obtained by the QGD method was
consistent with the actual geological structure in the real
application (Fig. 10(b)). When the number of SEOs is too
large or an approximate result that can be quickly obtained
is acceptable, we suggest that the results of the QGD
method can be selected.
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Fig. 13 Implicit surface modeling results of geological interfaces between kudinga basalt or frew river formation and coulters sandstone:
(a) using measured strike and dip as gradient constraint and (b) using measured strike and dip and estimated strike and dip at structural
expansion orientation points (SEOSD) as gradient constraints. Since number of estimated SEOSD (Figs. 9b and 11c) was large, it is not
shown in figures. The blue circle indicates the position where the modeled interfaces of the two modeling data sets have significantly

different.

5 Conclusions

We proposed a new method for automatically estimating
the strike and dip by using SEOs, which are widely
distributed and easily extracted from geological and/or
geophysical maps. This method addresses an important
problem in 3D geological modeling in terms of estimating
strikes and dips in covered and deep areas when using
geometric approaches (e.g., the three-point method). The
synthetic example and real application suggested that the
SEOSD estimated by the proposed method was more
consistent with the actual geological structure than that
estimated by vector interpolation approaches because of
SEO constraints in the former. The proposed method
cannot only be widely applied to 3D modeling scenes, such
as oil, gas, and mineral resources exploration, which is
closely related to fold structure, but it also has practical
significance for supplementing the strike and dip of fault
surfaces when modeling faults.
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Computer code availability The method in this article is already included
in a matlab package named SEOSD. This toolbox includes the following
features: estimate the strike and dip at structural expansion orientation points,
using the moment of inertia method to extract structural expansion orientation
from multi-sources (geological map and profile, aero-magnetic, etc.), create
the vector field texture of strike and dip vector field, and implicit surface
modeling method (RBF-based). The code was developed under Matlab®
(Version, 2017a). All the code was tested in Windows OS. It is intended to be
open source and available by contacting Yabo Zhao (zyabo@foxmail.com),
or alternatively downloadable from its GitHub repository (available at
GitHub website).

Appendix A new structure visualization
method: vector field texture of strike and
dip vector field

Based on the work of Hillier et al. (2013) and the line integral
convolution method (Cabral and Leedom, 1993), this study
proposed a new method for obtaining the vector field texture
of the strike and dip to visualize geological structures. The
method can be divided into three steps (Fig. Al):
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Fig. A1 Illustration of different steps followed in computing

vector field texture of strike and dip vector field. Red arrows are
interpolated strike and dip vectors, blue arrows are rotating dip
vectors, and black arrow is reference vector chosen as profile
direction.

Step 1: Use measured strike and dip vectors to
interpolate the strike and dip vector field on a geological
profile.

Step 2: Combine the profile direction and strike and dip
vector field to calculate the rotating dip vector field, where
the rotating dip vector is orthogonal to the strike and dip
vector. For more details, refer to Hillier et al. (2013).

Step 3: Use the line integral convolution method to
compute the vector texture of the rotating dip vector field.
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