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Abstract: Pinch-outs refers to the gradual thinning of the thickness of the sedimentary layer laterally
until there is no deposition and are a major topic of modern research on the automated drawing
of geological profiles. The rapid development of smart geological systems imposed an urgent
need for high-speed, accurate methods to plot pinch-outs. However, because of their complexity,
excessive number of branch paths, low rendering speed, and poor reliability in the case of large-
scale data, the existing pinch-out drawing methods are inadequate and cannot satisfy the modeling
needs of large-scale geological projects. To resolve these problems, based on unified stratigraphic
sequences, this paper proposes a unique path method for drawing pinch-out profiles by converting
the principle of plotting of pinch-outs into controlling the appearance of stratigraphic boundaries,
and a high-speed and reliable method for drawing pinch-out in digital profiles is also proposed.
The proposed method is successfully applied to drawing geological profiles for an urban geological
project in East China, and greatly reduces the complexity of the method without reducing the drawing
accuracy. Compared with those of other methods, the speed and reliability are significantly improved.
Therefore, the unique path method for drawing pinch-out profiles based on a unified stratigraphic
sequence proposed in the writers’ previous paper effectively avoids the excessive branch paths, slow
speed, and insufficient reliability of the existing methods and provides effective and reliable support
for the rapid drawing of profiles in smart geological systems.

Keywords: digital profile; high-speed drawing; pinch-out; unified stratigraphic sequence; unique
path method

1. Introduction

Pinch-out geometries, which define the geometry whereby a geological body ends lat-
erally, closing and disappearing against another surface in geology, are common geological
structures [1-3] that may cause the stress in the crust to become concentrated [4]. More-
over, overlapping stratigraphic pinch-outs may lead to the deformation and destruction of
stratigraphic units [5], provide pivotal information on the paleotectonic setting, anatomy;,
and tectono-sedimentary evolution of sedimentary basins [6-13], and indicate the presence
of oil and gas reservoirs [14,15]. Many scholars’ research on pinch-out relied primarily on
the drawing of geological maps [16-19], which are the starting point for analyzing geologi-
cal structures, calculating reservoir reserves, and determining drilling strategies [20,21].
Accurately mapping pinch-out can improve the efficiency and reliability of such research,
and consequently, the accuracy of pinch outs mapping became the standard for evaluating
the geological profile drawn by the program, thus producing practical consequences, such
as those for the oil and gas industry [22]. In the oil and gas storage area, faults often appear
together with pinch-out, and the combination of the two is more helpful to the investigation
and exploration of oil and gas reservoirs [23].
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Research on the mapping of pinch-outs on digital geological profiles focuses mainly on
methods involving pinch-out line structures method, including the finite inference method,
the average pinch-out angle method, and the infinite inference method [24]; however,
the only information expressed by these techniques is the location of the pinch-out point,
which is directly correlated with the thickness of the rock layer. In the finite inference
method, a point between two adjacent boreholes is designated by the user as the pinch-out
point, usually taken as 1/4,1/3, 1/2, etc., of the distance from one hole. The average pinch-
out angle method employs the average pinch-out angle and average formation thickness
to determine the pinch-out profile with a complicated calculation process. The infinite
inference method extrapolates a straight line to determine the pinch-out point outside of
existing boreholes; for this purpose, the layer thicknesses in two adjacent boreholes are
generally used to determine the pinch-out point. On the basis of the above technique,
considering the diversity and complexity of geological phenomena, a comprehensive
pinch-out mapping method was developed, including drawing sections with smooth
curves [25], drawing sections that comprehensively consider topological relationships [26],
drawing sections using fit guides [27], addressing the intersections of geological structures
by a probability method [28,29], predicting strata and redrawing profiles with a machine
learning method [30], and ultimately realizing the automatic mapping of pinch-outs by a
program [27]. However, these synthetic methods encounter many difficulties in rendering
pinch-out geometries [28]. It is difficult to establish the position of a pinch-out directly
from the data [25], as discontinuities, stratigraphic gaps, pinch-out, lenticulars bodies,
and other geological discontinuities may affect the rendering of pinch-outs [29], resulting
in a low rendering efficiency and poor reliability [31]; 3D geological model research will
also face such problems [32,33]. In the abovementioned research on drawing geological
profiles, pinch-outs needs to be positioned by calculating control points and projection
points; unfortunately, this approach produces an excessive number of branch paths, the
corresponding method is complex, the profile drawing speed is slow, and the stability and
reliability are too poor to meet practical demands. To solve these problems, based on the
unified stratigraphic sequence method, a method of unifying different drilling sequences
into the same sequence was developed, and this paper proposes a unique path method for
drawing pinch-out profiles by converting pinch-out profiles into controlling the appearance
of stratigraphic boundaries; this approach resolves the abovementioned problems, namely
the excessive number branch paths and low speed and reliability of existing methods.
The validity and reliability of the proposed method were tested by drawing geological
profiles for a project in a city in East China, and it was proved that this method has great
advantages regarding simplicity and speed compared with that of traditional methods.

2. Content and Method of Research
2.1. Theory of the Unique Path Method of Pinch-Out Profile Based on a Unified
Stratigraphic Sequence

For a discontinuous stratum, its upper and lower boundaries will disappear abruptly
on a geological map where pinch-outs formed; accordingly, the study of pinch-out could
be transformed into an investigation of stratigraphic boundaries. Through a unified strati-
graphic sequence, the method proposed in this paper explores the explicit and implicit
boundaries (boundaries to draw and boundaries not to draw) of each stratum in each bore-
hole and ultimately outputs a unified map of five discontinuous stratigraphic distributions
instead of computing the pinch out location directly. In the proposed method, the pro-
cessing of stratigraphic pinch-outs is transformed into controlling the explicit and implicit
boundaries between each two pairs of adjacent boreholes. Pinch-out formed because of
the disappearance of stratigraphic boundaries, so the pinch-out area can be drawn indi-
rectly by controlling the appearance of each boundary line based on a unified stratigraphic
sequence method when drawing geological section. In this respect, this method avoids
the comparison of an excessive number of branch paths and the calculation of the location
of pinch out points, so it is named unique path method. The principle of this method is
depicted in Figure 1.
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Figure 1. Principle of proposed unique path method based on a unified stratigraphic sequence.

The principle of establishing the unified stratigraphic sequence is to insert some
infinitely thin strata on the basis of the original sequence of each borehole; in this way, the
unified stratigraphic sequence can include all the strata contained in the borehole, and
the unified processing scheme can be convenient. Then, the unified sequence is used to
add infinitely thin strata to each borehole; therefore, the layer sequence of each borehole is
consistent with the unified stratigraphic sequence, as shown in Figure 2.
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Figure 2. Schematic diagram of unified stratigraphic sequence method.

A two-dimensional (nonmatrix) array of the same lithology is obtained from the
layer sequences of all boreholes. Each row contains different repeated layer numbers and
records the different positions of all the layer numbers in the unified stratigraphic sequence.
The layer elevation information (including the top and bottom boundary elevations) of
all boreholes is unified into a two-dimensional layer elevation matrix, and each row
corresponds to the unified stratigraphic sequence with an extra group. Local and global two-
dimensional boundary marker matrix with a default value of 1 is created corresponding
to the layer depth matrix and is used to control whether the layer boundaries between
two adjacent boreholes are drawn. As shown in Figure 3, the stratum represented by the
yellow background should not exist between the two boreholes on the right of Figure 3a as
explicit boundaries, which means the same lithological strata above and below the yellow
formation converge to form a single stratum, and thus, the yellow stratum would be drawn
to pinch-out between the two boreholes on the left side. The explicit boundaries between
the two boreholes on the right disappear and become the implicit boundaries that won't
be drawn. The explicit and implicit of upper and lower adjacent strata boundary can be
identified by program automatically, and that means the pinch-outs can be identified as
the same.
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(b)

Figure 3. Examples of explicit and implicit boundaries for same lithological stratum. (a) Explicit boundaries; (b) implicit boundaries.

After comparing all the strata in each lithological array, values of 0 or 1 are assigned
to the local two-dimensional boundary marker matrix according to whether each pair of
strata are adjacent; then, all local matrices are assigned to the global matrix to ascertain
the existence of all stratigraphic boundaries. After marking the existence of the boundary
lines, the existing strata boundaries are drawn layer by layer, and the layers between those
boundaries are filled. Finally, all the pinch-out phenomena are drawn with high accuracy.

2.2. Unique Path Method of Pinch-Out Profile Based on a Unified Stratigraphic Sequence

Pinch-out is caused by the sudden thinning and disappearance of a stratum, forming
a discontinuity. This discontinuity corresponds to the disappearance of the boundary line
on the profile. Therefore, the core idea of the proposed method is to treat the exploration of
pinch-out into a search for the existence of boundary lines.

The number of strata in the data is transformed, and the strata are numbered from
0 according to different periods: the older the stratum is, the larger the corresponding
number. The outliers and zeros in the borehole data are treated by processing data from
nearby boreholes; in other words, the properties of strata are exactly as the same as those
of the nearest formation.

All the borehole sequences to be drawn are processed into the unified stratigraphic
sequence S as a standard sequence of geological profiles. The formula is shown in
Equation (1), which exemplifies the process of unifying the stratigraphic sequence of
three boreholes. Each column represents a drilling sequence in any block of Equation (1).
Assuming the letters a, b, ¢, d, e, and f denote the sequence units arranged from younger to
older, therefore in the middle borehole of leftmost part of Equation (1) e is determined as an
inverted stratum, and a negative marker -e is used to represent this formation in the right of
the equation; the right borehole of leftmost part of Equation (1) e is determined as a normal
stratum. According to the rule shown in Figure 2, unified stratigraphic sequence S in the
rightmost of the Equation (1) emerges. Then stratigraphic boundary matrix E would be
constructed based on unified stratigraphic sequence S in the rightmost of the Equation (1)
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and exist stratigraphic elevation data. In fact, for each borehole, the stratigraphic sequence
did not change at all even if some zero thickness strata were added.

a a a a
b b b b
a b a —e —e
c e e p=>¢ Cc ¢ Cc )p=>1 ¢ 1
f c f d d d d
e e e e
frf f

By default, all boundary lines exist. Since layers of the same nature may be distributed
at different elevations, it is necessary to compare the elevations of all layer boundaries with
that of the same layer number to determine whether the boundaries truly exist. If not, the
default data will be modified. There must be a boundary between different layers, so only
the boundary of the same layer number is discussed. Suppose that matrix Hy, ) contains
the boundary elevations of the strata with the same layer number (representing n boreholes
arranged sequentially by the top and bottom elevations, and there are m boundaries) which
comes from E. Matrix B(y,_3 n) is matrix Hy,, )y with the first and last two rows removed.
Matrix C(m_3,n) is H(m, n) with the first two rows and the last row removed. Therefore,
Equations (2) and (3) are obtained. If the layer boundary difference is 0, the boundary is
marked as 0, suggesting that no such boundary exists; otherwise, the boundary is marked
as 1.

Al =5(B—-C) )

sw={ o 2 )

Al is the local two-dimensional boundary marker matrix of the same kind of strata
and indicates whether the boundaries exist; a represents each element in the matrix.

After obtaining the local two-dimensional boundary marker matrix, each local two-
dimensional boundary marker matrix is used to assign and change the overall two-
dimensional boundary marker matrix A. The method of converting local boundary markers
into overall boundary markers is shown in Equation (4)

Ajj=Aljii=01---m—4jj=01---n-1 (4)
and i, j is the global location in A corresponding to local location of ii, jj in Al. For the
transformation between location i, j, and location i, jj is matrix T.

Finally, the boundary of each layer is drawn. After many experiments, cubic Bezier
curves are deemed the most reasonable choice for the layer boundaries to describe the strati-
graphic boundary accurately. The drawing of each Bezier curve is performed according to
Equation (5):

f(x) = Py(1—1)° +3Pt(1 — )2 + 3P, (1 — t) + P3t3, t € [0,1] (5)

and the other methods of curve fitting are also tried, such as quadratic Bezier curve as
show in Equation (6) and Lagrange interpolation method as show in Equation (7).

f(x) =Py(1 —t)*> +2Pit(1 — t) + Pt t € [0,1] (6)
e xa) e () (2 xu)
S = i ) G = xa) (1 — ) (01— ) @

The starting and end points of each curve are the bottom or top of the same lithological
layer between adjacent boreholes. For example, the starting point coordinates are (x1, y1),
and the end point coordinates are (x2, y2). Then, the coordinates of control point 1 are
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((x1 + x2)/2, 1), and the coordinates of control point 2 are ((x; + x2)/2, y2). After the
boundaries are drawn, the layer is filled according to the layer number.

2.3. Procedure of the Unique Path Method for Pinch-Out Profiles Based on a Unified
Stratigraphic Sequence

The proposed method processes all the boreholes to obtain the unified stratigraphic
sequence once the drilling data are obtained and then adjusts the drilling data according to
the unified stratigraphic sequence. Finally, a complete digital profile containing pinch-out
geometries is output after drawing each boundary line judged by the program. Before
initiating the processing step, however, it is necessary to account for possible missing
data and to rectify formatting errors in the input data to obtain the correct data. It is also
necessary to integrate the stratigraphic data and elevation data from all boreholes and
stratigraphic maps to fill the layers from different boreholes. The stratigraphic data and
elevation data integrated from different boreholes and the stratigraphic maps to be filled
also need to be prepared, as shown in Figure 4.

Constructing unified stratigraphic
sequence S

l

Constructing whole boundary
marker matrix A

Constructing same lithology matrix
H and local boundary marker
matrix A!

Calculate the same
lithology matrix in turn

Calculate and assign a value to the
local boundary matrix

]

Assignment of global boundary
matrix A

|

Drawing a section

Figure 4. Steps for drawing a pinch-out profile based on a unified stratigraphic sequence.

1.  Convert the data into a specific format and account for missing data and errors within
the data;

2.  Integrate the drilling data with depth data and stratigraphic data;

3. Integrate the sequences from all boreholes to establish a unified stratum sequence S
according to Equation (1);

4. Set the default values of marker matrix A for establishing whether the overall stratum
boundary exists to 1;

5. Establish two-dimensional homogenous lithologic boundaries matrix H by turn ac-
cording to the unified stratigraphic sequence S and E;

6.  Generate boundary matrix Hy, n for each row in matrix E, and then generate upper
boundary matrix B(y, 3 ) and lower boundary matrix C(y, 3, ) from boundary matrix
Hm, n)- Perform stratum boundary contact detection to obtain multiple local boundary
marker matrixes A!;

7. Assign and correct the values within overall boundary marker matrix A based on all
local boundary marker matrix A! by repeating steps 5-6;

8. According to the matrix A and E, the Bessel curve representing each boundary of
strata can be drawn and the strata between the curves can be filled with different
customized basic patterns using the common library (canvas library in JavaScript).

After assigning all local boundary markers to the overall boundary marker matrix,
the program starts drawing the existing stratigraphic boundaries layer by layer from top
to bottom, fills in the corresponding stratigraphic map, and then draws other elements
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such as the coordinates, scale, and legend. This paper uses the unique path method
based on a unified stratigraphic sequence and a vector-based drawing mode to draw the
corresponding vectors within geological profiles.

3. Application to a Case and Discussion of Results
3.1. Geographical and Geological Overview

Since the Cenozoic, the study area belongs to two structural units, Jinhu Dongtai
depression and Yangzhou Nantong uplift. It belongs to a series of horst-and-graben
structures formed in the background of regional extension since Cenozoic and is inherited
from Mesozoic sedimentary structural basin as shown is Figure 5; the age information is
shown in Table 1. The depressions and uplifts in the area can be further subdivided and
arranged in NE direction by a series of secondary depressions and uplifts. The borehole
data originate from a city in East China with an area of 1496 km? located on the north
bank of the Yangtze River in the Yangtze River Delta, which includes the Yangtze River
floodplain and the Lixiahe Plain [34]. More than 700 borehole data points are available,
and their distribution is provided in Figure 5. The study area is located along the Yangtze
River at the convergence of five distributary channels into the river, which flows into the
sea. Most of the territory is occupied by the flood plain, and water accounts for up to
22.15% of the total area. Preliminary analysis of the data reveals that in addition to filled
soil, the Holocene deposits comprise siltstone, silt, clay, silty clay, and muddy silty clay.
All the strata information is shown in Table 2. In Table 2, age represents the age of the
formation of stratum, layer number represents the number of the stratum type, and sub
layer represents the further subdivision of similar types. The stratum name is a popular
name for the stratum type, the burial depth is the statistics of different stratum depths, the
stratum thickness is also the statistics of different stratum thickness, and the distribution is
the statistics of the distribution of different strata in the area. The borehole data structure is
shown in Table 3.
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in study area.
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Table 1. Detailed stratigraphic information.

Formation Group Period Series Age from Now (Ma)
Sanduo formation Cenozoic Lower Tertiary Eocene series 38.0-50.5
Funing formation Cenozoic Lower Tertiary Paleocene 54.9-65.0
Taizhou formation Mesozoic Cretaceous Upper 65.0-83.0

Pukou formation Mesozoic Cretaceous Upper 83.0-97.5
Longwangshan formation Mesozoic Jurassic Upper 125.3-136.0
Table 2. Detailed stratigraphic information for the area.
Layer Buried Depth Layer Thickness ST
Age Number Sublayer Layer Name (Average Value) (m) (Average Value) (m) Distribution
o universal
1 1-1 earth filling — 0.20-4.10 (0.80) distribution
2-1 silty clay 0.20—4.10 (0.66) 0.40-4.60 (1.75) northern region
22 silt 0.40-4.90 (0.93) 0.80-13.70 (3.74) whole area
2-3 siltstone 0.80-11.0 (4.25) 1.60-13.10 (6.18) whole area
2-4 muddy silty clay 0.30-15.40 (3.75) 0.9-22.8 (4.43) local region
Holocene 2.5 siltstone 3.4-19.00 (9.94) 0.9-21.1 (13.46) Yangtze River
5 floodplain
2:6 siltstone 17.40-29.40 (24.14) 6.30-22.80 (14.90) Yangtze River
floodplain
. Yangtze River
2-6b silty clay 13.50-37.40 (24.98) 4.40-25.00 (13.63) floodplain
27 siltstone 30.80-46.10 (40.09) 4.00-19.20 (10.40) Yangtze River
floodplain
siltstone Yangtze River
3-1 (fine sand) 33.10-56.90 (48.44) 3.10-18.09 (13.01) Hoodplain
3 fine sand Yangtze River
3-2 (medium and 59.19-70.33 (65.74) 13.24-29.90 (20.49) gtze
floodplain
coarse sand)
4-1 silty clay 2.40-14.50 (5.53) 1.00-4.23 (2.21) Lixiahe Plain
Late 4 4-2 silty clay 2.50-22.30 (7.02) 1.30-9.00 (5.40) Lixiahe Plain
Pleistocene 43 silty clay mixed 4.00-26.50 (11.40) 0.80-6.90 (2.99) Lixiahe Plain
with silt
5-1 silt, siltstone 7.40-28.30 (14.40) 0.90-21.45 (8.16) Lixiahe Plain
5 5-2 silty clay 10.50-28.60 (15.82) 1.40-14.60 (5.95) Lixiahe Plain
5-3 siltstone 21.10-30.00 (26.32) 2.20-13.60 (8.46) Lixiahe Plain
6 6-1 cay, silty clay 14.20-39.90 (23.18) 1.70-16.80 (8.61) Lixiahe Plain
7 7-1 silt, siltstone 23.60-43.00 (31.25) 0.20-14.05 (5.62) Lixiahe Plain
7-2 silty clay 27.00-44.00 (33.22) 0.80-10.30 (4.36) Lixiahe Plain
8-1 siltstone, finesand ~ 30.40-93.07 (44.91) 4.75-29.00 (12.16) Yangtze River
8 floodplain
8-2 gravel sand 40.10-97.70 (68.50) 2.30-33.00 (14.56) Yangtze River
(gravel layer) floodplain
9-1 silty clay 31.30-44.90 (37.10) 1.50-13.60 (6.57) Lixiahe Plain
9 9-2 silty clay with silt 37.40-50.40 (42.91) 0.90-9.70 (4.29) Lixiahe Plain
9-3 silty clay 40.00-50.80 (45.19) 1.22-16.20 (5.34) Lixiahe Plain
Middle 10 10-1 siltstone 40.30-61.31 (48.55) 0.60-9.89 (3.72) Lixiahe Plain
Pleistocene 11-1 silty clay 49.20-62.99 (56.19) 1.51-14.70 (6.66) Lixiahe Plain
1 11-2 siltstone 59.70-66.30 (62.40) 1.23-6.26 (3.42) Lixiahe Plain
11-3 silty clay, clay 54.20-71.00 (64.45) 2.85-13.84 (7.76) Lixiahe Plain
11-4 silty clay with silt 76.60 6.80 Lixiahe Plain
12 121 siltstone, (fine, 64.37-78.20 (71.31) 1.53-33.77 (12.54) Lixiahe Plain
medium) sand
13 13-1 silty clay 67.40-79.83 (73.61) 2.50-8.10 (5.63) Lixiahe Plain
13-2 clay, silty clay 75.50-86.13 (80.82) 13.87-20.50 (17.19) Lixiahe Plain
14-1 siltstone 79.02-83.40 (81.21) 6.60-18.12 (17.36) whole area
Early u 14-2 silty clay, clay 72.50-97.14 (82.34) 2.86-23.60 (11.17) whole area
Pleistocene 14-3 siltstone, fine sand 86.27-98.20 (91.49) 1.80-13.73 (8.18) whole area
14-4 silty clay 98 2.0 whole area
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Table 3. Borehole data structure.

Borehole ID Longitude Latitude Layer Number  Top Elevation Botto.m
Elevation
1 — — 2-1 3.05 6.45
2 — — 3-2 6.45 13.2
3 — — 1-1 3 8
4 — — 1-1 3 8

3.2. Drawing of Pinch-Out Profiles Using the Unique Path Method on a Unified
Stratigraphic Sequence

This article uses borehole data from the study area to draw the main geological profiles
of the NE-SW (as illustrated in Figure 6a), E-W (as illustrated in Figure 7), and N-S (as
illustrated in Figure 12) oriented to further elaborate the distribution and characteristics of
geological pinch-out in the region (the hardware consisted of 4 1.70 GHz CPUs with 8 GB
of memory and the language for programming is JavaScript (ECMAScript 2015) due to the
needs of the project). By connecting 7 boreholes along a single line oriented approximately
30 degrees northeast-southwest in Figure 6a, a geological profile was drawn as shown in
Figure 6b. The soil types in the area closer to the Yangtze River gradually become more
unitary from the left to the right and the green silty sand stratum appears sharp extinction
in the middle of the profile, and most of the strata disappear in the lower right position
where the pinch-outs occur.

@
Geological Profile
20251200225 2251200765 2251200496 2251200372 251200868 2251200458 251200727
tion (m)

)

r Distance (m)
3 4339 8678 13017 17,35 21,695 26034 30373 712 39051 433%

HE 7/ HE BN =z N N W /0 Sz s v K oy s S0 S/ L0 /. R/
HI1  H21  H22  H23  H24  H25 H26 (P27 (P41 (P42 (P43 IPS1 IPS2 LP61 LP7-1 (P72 MPO-1 MPO2 MPO3 MPI101 EP144

(b)
Figure 6. Geological profile I and its location. (a) Borehole locations and line connecting boreholes;
(b) Geological profile I corresponding to drilling line I in (a) by unique path method (legend text
corresponds to Table 2).
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.

Figure 7. Borehole locations and lines connecting boreholes along east-west oriented geological profiles.

According to the east-west oriented geological profiles shown in Figure 7 (profile
II to profile V, Figures 8-11), from north to south the types of strata in Figures 8-12 are

decreasing, and the sand layer is growing thicker and thicker while its proportion is
increasing; therefore, other strata are disappearing slowly.
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Figure 8. Geological profile II corresponding to drilling line II in Figure 7 by unique path method.
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Figure 9. Geological profile III corresponding to drilling line III in Figure 7 by unique path method.
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Figure 10. Geological profile IV corresponding to drilling line IV in Figure 7 by unique path method.
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Figure 11. Geological profile V corresponding to drilling line V in Figure 7 by unique path method.

Figure 12. Borehole locations and lines connecting boreholes along south-north geological profiles.

According to the north-south oriented geological profiles shown in Figure 12 (profile
VI to profile IX, Figure 13), from west to east in Figures 13-16 the proportion of silty
sand first decreases and then increases, and its pinch-out line moves southward and then
northward. On the basis of Figure 8, the pinch-out line of the silt stratum in this area is
roughly U-shaped (with the convex side facing south).



Geosciences 2021, 11, 251 13 of 21

Geological Profile

1200072 ZK251200572 ZK251200526 ZK251200361 ZK251200097 ZK251200722
Elevation (m)

| a2 R e -

7

..,
AT~

7

B

B

&

BB

f T T T T T T T T ¥ 1 Distance (m)
0 3427 6,854 10,281 13,708 17,135 20,562 23,969 27416 30,843 34,270

Nl I N s EE /0 mmowm s Sz o
H11 H22 H23 H24 H25 H26b H27 (P31 P41 LIPSl P52 LPG1

Figure 13. Geological profile VI corresponding to drilling line VI in Figure 12 by unique path method.
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Figure 14. Geological profile VII corresponding to drilling line VII in Figure 12 by unique path method.
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Figure 15. Geological profile VIII corresponding to drilling line VIII in Figure 12 by unique path method.
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Figure 16. Geological profile IX corresponding to drilling line IX in Figure 12 by unique path method.

A typical profile map of the Lixiahe Plain-Yangtze River Delta floodplain is selected
for observation. Figure 17 also presents a north-south geological profile. From left to right,
corresponding to the map from north to south, the lithological units gradually taper out,
whereas the silt unit is greatly expanding.

Geological Profile
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Figure 17. Typical geological profile of Lihe Plain and Yangtze River Delta floodplain by unique path method.

In the Figure 18b,c, four geological transects are generated from the 3D geological
model of this area. Compared to that of previous geological profiles (Figure 8 through
Figures 11 and 13 through Figure 16), the pinch-outs and the stratum distribution is very
similar to the 3D geological model, while the 3D transects’ lines are not exactly the same
with the geological profile lines. This means that the unique path method is successful to
some extent.
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Figure 18. Grid map of geological transect and its location. (a) Location of four transect; (b) four geological transects north

facing observation, (c) four geological transects west facing observation.

3.3. Comparison and Analysis

The processing speed of the proposed method is compared with that of existing
methods, as shown in Table 4 and Figure 19, revealing that the overall speed of the
proposed method is greatly improved. Since a geological section does not contain too many
boreholes, a large enough number 40 is select as the maximum number of drilled holes.

Table 4. Comparison between the computation times of the proposed method and that of other

pinch-out methods.

Number of boreholes 5 10 20 40
Average time of the unique path method (ms) 8 16 20 35
Average time of the traditional method (ms) 50 76 922 127
140
127
120
]@lﬂﬂ 92
|
20 76
a
8
E’ 60
E 35
% 40

(=]

oo

10 20 40
Number of boreholes

=—TUnique path method =—=Traditional method

Figure 19. Comparison of computation time between the two methods with different numbers

of boreholes.
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By the borehole data through the abovementioned procedures, a corresponding ge-
ological profile, with pinch-out geometries, can be drawn. In this paper, the geological
profile from ZK251200791 to ZK251200771 shown in Figure 20 is adapted (the fill character-
istics of some strata are changed for convenience) and compared with that of the geological
profiles, which is availability, drawn with hand by empirical experts (as illustrated in
Figure 20a) and traditional methods in the teaching book (as illustrated in Figure 20b)
while all getting the same drilling data. The geological profile drawn by the unique path
method in Figure 20c is very similar to that of Figure 20a drawn on the basis of experience,
and pinch-out phenomena are accurately plotted at the locations of pinch-outs to be investi-
gated. The pinch-out locations to be investigated are marked with red circles in the figures,
whereas blue circles indicate pinch-out locations that are incorrectly plotted. In contrast,
the unique path method based on a unified stratigraphic sequence plots pinch-outs with

higher accuracy than the traditional methods.

Typical engineering geological profile

0 2000 4000 6000 8000
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)
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Figure 20. Comparison of engineering geological profiles drawn by different methods. (a) Engineer-
ing geological profile drawn by the empirical experts; (b) engineering geological profile drawn by

traditional method, (c) engineering geological profile drawn by unique path method.
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The equation used to calculate the degree of strata matching on the basis of borehole

data is

C
D== (®)

where D is degree of stratum matching, C is number of profile lines correctly divided, and
T is total number of profile lines. In this paper, degree D can be seen as the accuracy of
measuring the performance of different methods.

Taking Figure 20a as the control group, the degree of stratum matching among the
control boreholes in Figure 20c reaches 100%, and the degree of stratum matching between
boreholes reaches 98.39%. The profile drawn based on the unified stratigraphic sequence
method and the profile drawn by professionals based on experience have a high degree of
matching with regard to the formation lithologies, pinch-out lines, and boundary depths,
indicating that the unified stratigraphic sequence method exhibits good accuracy and
reliability. Comparatively speaking, in the geological profile shown in Figure 20b drawn
by the traditional method, although the degree of matching among the control boreholes
in the control group can reach 100%, between boreholes the degree of stratum matching
reaches only 85.71%. Therefore, compared with that of the traditional method, the unique
path method based on a unified stratigraphic sequence has higher accuracy.

As shown in Table 5, a comparison between the unique path method and the tradi-
tional method in drawing geological profiles with pinch-out reveals that the degree of
stratum matching of the latter is low, and the matching degree of the former with regard
to the stratum lithology is high. The traditional method produces straight-line formation
boundaries, making it difficult to simulate real formation boundaries. However, the cubic
Bessel curve selected by the unique path method is more in accordance with the profiles
plotted according to experience. Moreover, the pinch-out points of the traditional method
are relatively fixed because the middle position between boreholes is selected, while the
unique path method draws the pinch-out location with higher accuracy for the choice of
control points as show under the Equation (5). The reliability based on empirical expe-
rience means the percentage of draw success for pinch-outs. In this respect, the unique
path method is more reliable than the traditional method. Furthermore, the traditional
method needs to calculate more projection points and control points, as well as branch
paths, making it slower than the unique path method, which requires fewer data, and thus,
it is computationally faster. In addition, the traditional method considers each pinch-out
separately, and as a result, it is not highly adaptable; in contrast, the unique path method
considers all pinch-outs under a unified framework, making it more flexible than the
traditional approach. As shown in Figures 21 and 22, the unique path method performs
better than traditional method while dealing different numbers of boreholes.

Table 5. Comparison between unique path method and traditional method.

Unique Path Method Traditional Method
Degree of stratum matching between boreholes 98.39% 85.71%
Reliability based on empirical experience 100% 69.23%
Average computation time per 100 boreholes/ms 127 570
Adaptive types of stratigraphic distributions 5 3

Unique path method is suitable for five kinds of stratigraphic distributions: continuously distributed strata,
lenticular bodies, pinch-outs, and continuous and discontinuous lacuna; in contrast, the traditional method is
suitable only for continuously distributed strata, pinch-outs, and continuous lacuna. Reliability based on empirical
experience means the percentage of draw success for pinch-outs based on profile drawn by empirical expert.
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Figure 21. Comparison of degree of stratum matching between two methods with different numbers
of boreholes (lack of uniform evaluation criteria).
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Figure 22. Comparison of reliability based on empirical experience between two methods with
different numbers of boreholes.

The results indicate that the method proposed in this paper effectively simplifies the
complexity of drawing pinch-out in geological profile and guarantees a higher degree of
match. The speed of the method proposed in this paper was also improved compared
with that of the methods proposed previously by other researchers [35]. Especially when
processing large amounts of borehole data, the high-speed method proposed in this paper
has better applicability. Experiments confirm that the pinch-out processing method used in
this article is reliable. Using the proposed method to draw geological profiles will enable
people to not only quickly explore the geological conditions of an area, but also clearly
understand the occurrence of geological pinch-outs. The method proposed in this paper
realizes the unified drawing of four discontinuous geological profiles, and thus, has strong
utility and application value.

4. Conclusions

1.  Traditional geological profile drawing methods are complex because of too many
branches and little consideration of pinch-outs. Aiming at this problem, this paper
proposes a unique path method based on a unified stratigraphic sequence to draw
pinch-out profiles based on the principle that pinch-out manifest in cartography as
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explicit or implicit boundaries. This method can accurately draw the cusp if the
data pattern meets the requirements of pinch-out in the method no matter what
depositional environment is. The influence of other depositional conditions on the
sequence was considered in the unified stratigraphic sequence method. This method
avoids the problem in which the traditional method produces an excessive number
of branch paths, reduces the complexity of drawing pinch-out in geological profiles,
and achieves high-speed and accurate rendering, which can meet the requirements of
modern geological profile drawing standards;

2. The method was successfully applied to an example in the interaction between ma-
rine and continental deposition. A comparison of the results with the profiles drawn
by experts and traditional methods demonstrates that the unique path method can
accurately draw pinch-outs. The unique path method based on a unified stratigraphic
sequence greatly improves the rendering speed without reducing the accuracy. Using
this method proposed in this paper, a geological map containing pinch-outs was
drawn for an engineering project, and the geological situation of the area was dis-
cussed according to geological profiles of the area, thereby showing that the unique
path method is highly reliable in the actual operation process;

3. The method is shown to be relatively reliable, as it uses a relatively simple way to
plot pinch-out in four discontinuous distributions, and the technique can be extended
to the drawing of inverted strata. This method achieves high-speed rendering with-
out reducing the accuracy, and thus, can better meet the requirements of modern
geological profile drawing standards than existing methods. This method has the
potential to be applied to urban geological and oil and gas drilling platforms due to its
good performance in large and complex geological area, but it needs to be evaluated
whether it can really adapt to different geological environments.
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