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Abstract: The identification of reservoir fractures is essential as it is an important factor in the design
of a field development plan, which in turn affects the efficiency of hydrocarbon production. Water
flooding and water channeling are serious due to the lack of objective understanding of the fracture
development pattern in the tight oil reservoirs in the Triassic Change 6 member of Y well area, Ordos
Basin, China. In this paper, we observed 104.6 m cores from 20 wells with a number of 150 fractures
and an outcrop profile, then analyzed the main controlling factors for core fracture development, and
finally established a fracture prediction method using conventional logging data. The results indicate
that high-angle fractures accounted for 73.20%, fracture orientations were nearly east-west, fracture
spacing between 0-10 cm accounted for 80.51%, fracture openings between 0-0.13 mm accounted
for 89.27%, fracture down-cutting depths between 0-20 cm accounted for 80%, and 80.81% was not
filled. In addition, we found that thin beds and fine sandstones are prone to develop fractures; Finally,
our modified curve rate method was an effective method for fracture prediction. We conclude that
fractures have the characteristics of high angle, small spacing, small opening, small down-cutting
depth, and less filling. The modified curve change rate method is suitable for fracture prediction in
tight sandstone reservoirs in the Triassic Change 6 member of the Y well area, Ordos Basin, China.

Keywords: tight sandstone reservoirs; paleomagnetic core orientation; borehole electrical image logs;
curve change rate

1. Introduction

Tight sandstone oil and gas has become one of China’s leading unconventional oil and
gas resources, owing to advances in oil and gas exploration and development technology
and expanding energy demand [1,2]. Tight sandstone reservoirs are characterized by poor
physical properties, small pore throat radius, and strong heterogeneity [3,4]. In this context,
the study of natural fractures in tight sandstone reservoirs is of great importance. On the
one hand, natural fractures are highly correlated with the transport and accumulation
of hydrocarbons, which has a positive effect on hydrocarbon development [5-7]. On the
other hand, natural fractures also have some negative effects, such as water flooding and
water channeling in water injection developments, which in turn can seriously affect the
effectiveness of the development [8,9]. Therefore, fracture identification and evaluation are
the key to hydrocarbon exploration and development in tight sandstone reservoirs [10].

There are two main ways to identify and evaluate natural fractures: core and logging
data. The observation and description of cores is the most direct, effective, and reliable way
to study fractures, providing first-hand information on fracture occurrence, fracture density,
degree of filling, and hydrocarbon content [11,12]. Currently, a number of special logging
techniques are available to qualitatively identify and quantitatively evaluate downhole
fracture development, such as borehole sonic image logs and borehole electrical image
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logs [13,14]. However, the cost of coring and image logging is expensive, and the infor-
mation obtained is limited. Therefore, the limited core and image logging data need to be
fully understood in order to clarify the distribution pattern of fractures over the area, using
“core/imaging scaled conventional logging” to develop an effective fracture identification
model for conventional logs. Fracture responses from conventional logs are often complex,
especially at low fracture densities [15]. Often, machine learning methods are introduced
to predict fractures, including adaptive neuro-fuzzy inference systems, GA-BP neural
networks, and Bayesian network theory and random forests [16-18]. However, machine
learning often requires a large number of sample calibration learning, because the absence
of any unlearned sample will lead to recognition errors [19]. The conventional logging
response of fractures can be reflected in absolute values as well as in the relative change in
curve curvature [20]. This feature serves as the basis for the differentiation method applied
to the identification of cracks.

We take the tight oil reservoir of the Chang 6 member in the Y well area of the Ordos
Basin as an example; the selected core length was 38.5 m from 20 wells. Porosity ranged
from 4% to 10%, with an average value of 7.09%; permeability was mainly less than
0.4 mD, with an average value of 0.28 mD. First, the fracture characteristics of the core were
fully observed and described, which laid the foundation for the overall understanding of
fractures in the study area and calibration of conventional logs data. Further, we separately
studied the relationship between fractures, lithology, and bedding thickness to clarify
the influencing factors of fracture development. Finally, our modified curve change rate
method was used to predict fracture passage from conventional logs data.

2. Geological Setting

The Ordos Basin covers an area of over 370,000 km? and is located in north-central
China [21,22]. The elevation of the basin is high in the east and low in the west, and it
contains six tectonic units: the Jinxi folding belt, the Yishan slope, the Yimeng uplift, the
western edge thrust belt, the Tianhuang depression, and the Weibei uplift [23,24]. The
study area is a typical Loess Plateau landscape, located in the southwest of the Yishan slope
in the Ordos Basin (Figure 1).
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Figure 1. The location of research area.

The Upper Triassic extensional stratigraphy is in the Ordos Basin and formed in a
fluvial-lacustrine depositional environment with a thickness of 200 m-1400 m [25-27]. The
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Yanchang Formation can be subdivided into 10 members from bottom to top based on the
depositional cycle (Figure 2). First, the lake gradually expanded during the depositional
period from Chang 10 to Chang 7 and deposited extensive source rocks during the Chang 7
period. The lake then began to shrink during the Chang 6 to Chang 3 period, with shallow-
water deltas prevailing. Finally, the lake basin declined rapidly during the Chang 2 and
Chang 1 periods and the lacustrine depositional process ended [28,29]. The main oil-bearing
reservoirs explored and developed in the Ordos Basin include the Chang 6, Chang 7, and
Chang 8 members of the Upper Triassic [30]. A Chang 6 member was the target of this
paper’s study, which developed in a lacustrine shallow-water delta environment [29,31].
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Figure 2. Stratigraphic column of the Yanchang Formation in the southwestern Ordos Basin.

3. Methods
3.1. Logging Curve Normalization

In the processing of logging data, the various logging curves have different magnitudes
and vary too much in magnitude [32]. It is therefore necessary to first normalize the logging
data by unifying the response values of each logging curve into a scalar with a scale in
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the range [0, 1]. For logging curves with approximately linear characteristics, the linear
normalization equation can be expressed as follows:

X(i) = _Xi = Xin_ 1)
Xmax — Xumin
where X is the normalized data, Xiog 18 the original logging data, Xy is the maximum
value of the logging curve response, and X,,;, is the minimum value of the logging
curve response.
The response value of the resistivity curve is non-linear and can be expressed logarith-
mically normalized as follows:

(i) = log (X;) — log (Xinin)
log (Ximax) — log (Xmin)

@

3.2. Reconstructing Curves for Curve Change Rate

The curve change rate is a reflection of the change in the logging curve. The types
of logging that are generally considered to have higher vertical resolution and shallow
detection depths include acoustic, density, and neutron logs. A high or low value anomaly
in the logging response, a significant change in the shape of the curve, and a sudden
increase in the slope of the curve may indicate a fracture. The calculation of curve change
rate can be expressed as follows:

|X(i) = X({ —1)| +|X(i) — X(i +1)|

AX(i) = ! )

where AX; is the curve change rate of the logging curve at the current sampling point,
X, is the log value at the current sampling point, X;_; is the log value from the previous
sampling point, and X; 1 is the log value of the next sampling point.

3.3. Fracture Indicator Curve

Different logging curves have varied degrees of response to fractures. Combining the
curve change rates of multiple logging curves can improve the prediction of fractures. The
fracture indication curve for a single logging property can be expressed as follows.

_AX(D) - AX(tight)
~ AX(fracture) — AX(tight)

F; 4)
where F; is a fracture indicator curve for a single logging property, AX(tight) is the curve
change rate for fractured undeveloped layers, and AX( fracture) is the curve change rate
for significantly fractured layers.

During numerous tests, we had tried different choices of trade-off parameters of the
different curve change rates. We found GR (Gamma Ray, API), AC (Acoustic, ps/m), RLLD
(Deep lateral Resistivity, ohm.m), RLLS (Shallow lateral Resistivity, ohm.m), and CAL
(Caliper, cm) as the logging curves for fracture prediction due to their high correlation
with fracture. First, we normalized the logging curves (AC, GR, and CAL by Equation (1)
and RLLD and RLLS by Equation (2)); second, the curve change rates of the five logging
curves were calculated by Equation (3); third, the fracture indication curves of the single
logging curves were calculated by Equation (4). Finally, we extracted the values of the
five fracture indication curves corresponding to the core fracture locations from 20 wells,
including 214 data. Table 1 shows the average of fracture indication value for each well at
the observed core fracture locations. We also calculated the average values of all data. The
results claimed that Fgr:Fac:FriLD:FriLs:FcaL = 3:5:5:5:2. Thus, we created a composite
fracture indicator (CFI) curve for predicting fractures using the curve change rate of
multiple logging curves. From Table 1, we found the AC, RLLD, and RLLS have similar
contributions to the composite fracture indicator and tend to have the best prediction
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performance in most common cases. The GR and CAL underperform in comparison with
AC, RLLD, and RLLS. Hence, we obtain the coefficient according to the weighting of each
log (3:5:5:5:2), which can be expressed as follows:

CFI =0.15 X Fgr +0.25 X Fyc +0.25 X Frrrp +0.25 X Frrrs +0.10 X Foar, 5)

Table 1. Average of fracture indication values for a single logging property from 20 wells at core
observed fracture locations.

Well Name Fgr Fac FRrLLD Friis Fcar
Y119 0.502 0.837 0.713 0.825 0.342
B171 0.482 0.804 0.904 0.828 0.322
B181 0.443 0.739 0.865 0.738 0.283
B220 0.490 0.817 0.840 0.796 0.330
Y295 0.442 0.737 0.833 0.832 0.282
B274 0.457 0.761 0.855 0.750 0.297
B403 0.416 0.693 0.806 0.853 0.256
B424 0.537 0.894 0.813 0.773 0.377
B458 0.466 0.777 0.790 0.746 0.306
B469 0.438 0.730 0.771 0.814 0.278
B298 0.492 0.820 0.805 0.748 0.332
B472 0.480 0.799 0.784 0.707 0.320
B475 0.470 0.784 0.813 0.806 0.310
B479 0.527 0.878 0.807 0.769 0.367
Y287 0.481 0.801 0.730 0.729 0.321
B496 0.434 0.724 0.808 0.833 0.274
Y285 0.499 0.832 0.812 0.837 0.339
Y410 0.536 0.893 0.786 0.711 0.376
B119 0.458 0.763 0.814 0.842 0.298
Y414 0.495 0.825 0.769 0.755 0.335

Average 0.477 0.795 0.806 0.785 0.317
4. Results

Cores are the most direct evidence for the study of natural fracture characteristics.
We observed and described the fractures in the cores of Chang 6 member of 20 wells
in the Y well area of the Ordos Basin. In addition, fracture orientation was determined
from paleomagnetic core orientation, outcrop, and borehole electrical image logs. We then
analyzed the influence of lithology and bedding thickness on the fractures. Finally, we
calculated the fracture indicator curve by the modified curve change rate method using
conventional logs data.

4.1. Natural Fracture Characteristics
4.1.1. Fracture Angle

According to the size of the inclination angle of the fracture, a fracture with an incli-
nation angle greater than 70° is called a high-angle fracture, a fracture with an inclination
angle between 30° and 70° is called an inclined fracture, and a fracture with an inclination
angle less than 30° is called a low-angle fracture. We found a large number of high-angle
fractures in the core observations. Figure 3a—c are high-angle fractures, and Figure 3d are
low-angle fractures. We counted the angles of core fractures and found that high-angle
fractures accounted for 73.20% (Figure 4).
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Figure 3. Core photos, (a—c) high-angle fractures, (d) low-angle fractures.
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Figure 4. Histogram of core fracture angle.

4.1.2. Fracture Density

Fracture density reflects the development degree of reservoir fractures. Our statistical
fracture density results show that 50% of the wells have a fracture density greater than
0.6 m~!, and 25% of the cored wells have a fracture density of more than 1 m~! (Figure 5).
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Figure 5. Histogram of core fracture density.
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4.1.3. Fracture Orientation

The direction of the stable remanence recorded in the rock is consistent with the
direction of the earth’s magnetic field when the rock acquires the remanence, and the earth’s
magnetic field has the characteristics of a geocentric dipole field [33]. Paleomagnetic core
reorientation methods enable the determination of core orientation through measurements
of residual magnetic fields. We conducted paleomagnetic orientation measurements on the
core fractures of 8 wells and determined that the fracture orientations range from NS 23.5° to
NS 108.97°, and the main orientation is near EW (Figure 6a). The fracture orientation rosette
diagram obtained from the statistics of the fracture characteristic information obtained by
borehole electrical imaging logging shows that the fracture orientations range from NS 45°
to NS 95.63°, and the main orientation is near EW (Figure 6b). In addition, we found a
higher fracture strike NS 120° at an outcrop (Figure 6c).

(a)

Y410

B
/ —
B298

Bl/:l/ <b)315/_/‘/—-r\\
/&

® Well o b
Orientation of the
core fracture

Figure 6. Fractures orientation (a) Paleomagnetic core re-orientation, (b) Borehole electrical imaging
logs rosette diagram, (c) Outcrop (strike: NE 60°, dip: NE 120°, inclination: 87°).

4.1.4. Effectiveness of Fractures

We counted four aspects of fracture characteristics in cores, including fracture opening,
spacing, cutting depth, and filling degree, to reflect the effectiveness of fractures (Figure 7).
The results show that 89.27% of the fractures open between 0 and 0.13 mm, 80.51% of the
fractures have less than 6 cm spacing, 80% of the fractures have a down-cutting depth of
less than 20 cm, and 80.81% of the fractures have not been filled.
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Figure 7. Histogram of fracture development effectiveness parameters (a) fracture opening,
(b) fracture spacing, (c) fracture down-cutting depth, (d) fracture filling degree.

4.2. Influencing Factors for Fracture Development

The degree of fracture development is determined by a combination of stratigraphic
lithology, rock thickness, and geological structure. The lithology of the different sandstones
was determined by statistical analysis of grain size. We counted the development of
fractures in different types of lithology (Figure 8). The frequency of fracture development
for the different types of lithology was 32.68% for fine sandstone, 18.04% for siltstone,
17.78% for muddy siltstone, 14.64% for siltstone mudstone, 13.07% for mudstone, and
0.04% for medium sandstone. The fine sandstone has a fine grain size and is therefore
more fractured, compared to the medium sandstone. The fine sandstone has a high
porosity and is relatively well developed in shear fracture, compared to the siltstone and
muddy siltstone. The fracture spacing index is the ratio of bedding thickness to fracture
spacing, and the fracture spacing index is an important index for the evaluation of fractured
reservoirs [34,35]. The cross-plot of bedding thickness and fracture spacing shows a positive
correlation between fracture spacing and bedding thickness, with thin bedding having high
fracture density and a fracture spacing index of 10.1 (Figure 9).
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Figure 8. Fracture development of different types of lithology.
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Figure 9. The cross-plot of fracture spacing and bedding thickness.

4.3. Fracture Identification Using Conventional Logs

We applied the improved curve change rate method in this paper to the Chang 6
member in the Y well area of the Ordos Basin. Figure 8 is the effect diagram of conven-
tional logs fracture identification in Well Y298. Track 7 is the calculated CFI curve through
formula (5) in Figure 10a, and Figure 10b—e are core photos corresponding to the corre-
sponding intervals in Figure 10a. Our fracture prediction results are in good agreement
with core fractures.
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Figure 10. (a) Fracture identification effect of conventional logs in well Y298 (CAL, caliper; SP,
spontaneous potential; GR, gamma ray; AC, acoustic log; CNL, compensated neutron; DEN, density;
RD, deep resistivity; RS, shallow resistivity; PERM, permeability; SW, water saturation; Sand, the
content of sandstone; Shale, the content of shale; CFI, composite fractures indicator), (b—e) Core
photos, depth positions correspond to track 9 of (a).

5. Discussion

In this paper, we obtain the basic characteristics of natural fractures observed through
cores and outcrops in the Triassic Chang 6 member in the Y well area, Ordos Basin. The
reservoir is fracture-rich and dominated by high-angle fractures consistent with the findings
of Chen et al. [36]. The average density of fractures is 0.69 m~! in the Y well area above the
Jiyuan-Wugqi area [36]. The Yanchang Formation was subjected to tectonic stresses during
the Yanshan period, and the orientation of the maximum principal stresses is NWW-SEE in
line with our observations [37,38].

In addition, we developed the reservoir fracture prediction method using conventional
logging data. The presence of fractures can lead to non-linear variations in the logging
curve. The well that was not involved in the modeling was used for the case study, and the
comprehensive fracture identification model presented verifies the validity of the method
in this paper.

6. Conclusions

Fractures are important for ultra-low permeability reservoirs because they are a key
channel for oil and gas transport. We investigated the Triassic Chang 6 member of Y
well area in the Ordos Basin in this study. The fractures were found to be predominantly
high-angle fractures, with most wells having a high fracture line density and a near east-
west orientation. In particular, we note that fine sandstones and thin layers are more
prone to fracture development. Finally, the fracture prediction results of our modified
multi-conventional logging curve multi-weighted curve change rate method are in good
agreement with the core. Our conclusions provide a better understanding of the fracture
development characteristics of this Triassic Chang 6 member in the Y well area of the Ordos
Basin. The conventional logs fracture identification model proposed by us can better reduce
development risks and improve oil and gas production efficiency.
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