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Abstract

Restoring core orientation is critical for subsurface characterization but remains chal-
lenging as over 99% of cores are obtained through conventional drilling. We propose
a novel, non-destructive method based on discrete radial resistivity measurements
of full-diameter cylindrical cores. Unlike image-matching techniques, our approach
directly correlates azimuthal resistivity values with downhole electrical imaging logs,
eliminating the need for specialized software. This method reduces measurement
time to less than 8 hours per sample and increases throughput to ~150 samples per
operator annually, representing a 3-3.75-fold efficiency gain. Applied to Well ST12,

it achieved an orientation accuracy of +£15° in anisotropic reservoirs. Measurement
accuracy can also be improved as needed. The technique offers a cost-effective,
scalable, and widely applicable solution for orienting conventionally acquired cores,
enabling enhanced geological and geomechanical analysis.

Introduction

Geological resources represent one of the Earth’s most abundant resource catego-
ries. Whether for conventional oil and gas or geothermal energy development as a
renewable resource, obtaining geological information through physical core samples
lays a solid foundation for more rational engineering design.Since over 99% of cores
worldwide are acquired through conventional drilling coring [1-3], determining core
orientation during the trip out of the hole remains challenging. Nevertheless, deter-
mining the original orientation of cores within the formation allows exploration profes-
sionals to accurately understand geological structures, sedimentary facies, reservoir
permeability, and paleocurrent directions [4—7]. It also provides critical evidence for
fracturing engineers to determine in-situ stress field directions [8—10]. The global
engineering geology community has consistently prioritized core orientation research,
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regarding it as a key exploration technology [11]. Accurate, economical, and efficient
restoration of in-situ core orientation is highly important in many fields [12—-15]. These
include solid mineral drilling and mining, oil and gas exploration and development,
continental and oceanic scientific research, geological hazard prediction, and geo-
technical engineering construction.

To address core orientation, engineers [16,17] have primarily employed two
approaches: pre-design and post-analysis. The most direct.method is pre-design
through directional coring [18,19]. This involves attaching directional devices to
coring tools to mark the core, recording directional data of the primary marker while
simultaneously measuring well inclination and azimuth [20]. The retrieved core bear-
ing directional markings enables orientation restoration [21]. Its main advantage is
straightforward principle and execution [22—25]. Numerous European and American
countries have developed proprietary technologies following this approach, including
the Craelius core orientation device, Odsers orienter, Christensen directional cor-
ing tool, the former Soviet Union’s K-5 core orienter, Sweden’s Atlas core orienter,
Britain’s Archway core orienter, and Germany’s KTB core orientation system. Unfor-
tunately, directional coring requires pre-job planning. Based on field crew experience,
it carries significant operational risks, limiting its application to only a minority of wells
to date.

Alternative methods have been studied for orienting cores from wells not pre-
designed for this purpose, with image matching and paleomagnetic analysis being
the most common. Image matching [26—28] involves correlating borehole wall
images with scanned core surface images to determine orientation. Its primary
drawbacks are time-consuming core imaging and the need for specialized image
processing software [29—31]. Rogers et al. (2000) [16] matched resistivity imaging
with downhole electrical imaging logs to determine the clock orientation of cores
in the formation. Their approach essentially provides only an image-based relative
orientation, making it, strictly speaking, an image-matching method. In this study,
we measure resistivity in different directions on full-diameter cores, obtaining dis-
crete resistivity values, which are then compared with corresponding points from
electrical imaging logs. The advantage of our method is that it requires measuring
resistivity only in specific directions, taking less time than fully scanning cores to
generate images, and it does not require specialized image-processing software,
resulting in lower costs and higher efficiency. Following the Wenchuan Earth-
quake, Nie (2012) et al. [32] utilized ultrasonic imaging data integrated with core
scan images for comprehensive processing and analysis. They first determined
the core depth, and then compared core scan images with acoustic imaging log
images to obtain the orientation of the cores. In 2013, Nie et al. [33] identified nat-
ural fractures, borehole breakouts, drilling-induced fractures, and drilling-enhanced
natural fractures through core and imaging log analysis, and conducted statistical
evaluations. Through two sets of conjugate fractures, they indicated the direction
of the nearly vertical maximum paleo-principal stress, which likely formed as asso-
ciated structures under the influence of the local stress field. Based on this, they
inferred the average direction of the maximum horizontal principal stress in the
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target interval, which aligns with the stress state of the Yingxiu-Beichuan Fault Zone—one of the main seismogenic
faults of the Wenchuan Earthquake.

Paleomagnetic analysis [34,35], another frequently used technique, requires cutting the core into cuboid samples and
necessitates a magnetically shielded laboratory environment. By comparing the remnant magnetic signals on the core
with the formation’s magnetic signature, orientation can be inferred. Beyond requiring specialized facilities, this method
lacks universality for cylindrical samples and cannot achieve non-destructive testing. Cutting cores into cuboids inevitably
damages these valuable physical samples, which represent irreplaceable data obtained at great cost from the subsur-
face. Additionally, wire-cutting of samples typically takes one working day, followed by marking and directional recording.
The process usually requires a magnetically shielded laboratory environment to isolate the primary remanent magneti-
zation. Preparation and testing for each sample analysis take 2—6 hours. After testing, demagnetization vector diagrams
and intensity decay curves must be plotted. Specialized software is then used to identify stable magnetic components.
Finally, the primary remanent magnetization direction and its geological significance are determined in combination with
the geological context. This entire process may take from several days to weeks. Taking the relevant laboratory of South-
west Oil & Gas Field Company as an example, approximately 40-50 paleomagnetic experiments are conducted annually.
Cutting cores into cuboid specimens, under current technological constraints, necessitates drilling new samples if geosci-
entists need to investigate physical properties beyond the three orthogonal directions of the cuboids, leading to substantial
wastage of collected specimens. Cylindrical cores are mostly retrieved from underground formations thousands of meters
deep, making sampling extremely costly.

Therefore, in the context of “carbon peak and carbon neutrality,” there is a need to develop a new core orientation
method. This method should not require specialized coring procedures or laboratory environments. It should be applica-
ble to readily available cylindrical samples through simplified, cost-effective processes that align with sustainable devel-
opment principles. Such a method would demonstrate strong operational feasibility and practical value for widespread
adoption.

Resistivity logging and electrical imaging logging are currently common logging methods in oil and gas exploration
[36]. Resistivity parameters are widely used in the evaluation of geotechnical engineering parameters due to their cost-
effectiveness. Akingboye (2023a) [37] jointly utilized seismic P-wave velocity (Vp), resistivity (p), and borehole-based RQD
datasets to assess the geotechnical parameters of a typical tropical granite zone in southern Penang Island, Malaysia,
significantly reducing the uncertainty and economic costs associated with borehole-based RQD evaluations in large-
scale surveys. Akingboye (2023b) [38] systematically classified the soil-rock profile from the surface to the subsurface
into residual soil, completely weathered rock, moderately weathered rock, and intact/fresh granite bedrock based on rock
mass quality and condition by integrating borehole RQD models with SRT-RQD models to complement resistivity models.
The study also identified fractures in various directions and with multiple axes. The advanced applications of electrical
resistivity tomography (ERT) and seismic refraction tomography (SRT) are crucial for understanding dynamic processes
from the surface to the shallow crust, providing key information on resistivity and velocity structures for geological and
geohazard assessments. In recent years, machine learning (ML) techniques have been increasingly applied in these geo-
physical methods [39], particularly in the joint analysis of ERT and SRT, by optimizing nonlinear inversion processes and
enhancing the interpretation of complex subsurface conditions. Even amid the widespread adoption of machine learning
today, resistivity parameters continue to provide indispensable foundational data.

If these techniques can be utilized in combination with core analysis to achieve core orientation, it will hold significant
potential for widespread application. To address this gap, we hypothesize that the discrete directional resistivity signa-
ture of a full-diameter core, quantitatively measured under in-situ saturation conditions, can be directly correlated with
high-resolution electrical imaging logs to accurately restore its original orientation. This study aims to develop and validate
a novel resistivity-based core orientation method, distinct from prior image-matching techniques. Our approach focuses
on measuring and comparing discrete resistivity values (rather than full images) at targeted azimuths. This operational
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shift reduces core measurement time to less than 8 hours per sample and increases annual throughput to approximately
150 samples per operator—representing a 3 to 3.75-fold improvement in efficiency compared to conventional imaging
methods, while eliminating reliance on specialized image-processing software. The method is inherently non-destructive,
requiring no cutting of cylindrical cores and thereby preserving 100% of these invaluable geological samples. We further
target an orientation accuracy of +15° under standard 30° measurement intervals for anisotropic reservoirs. Measurement
accuracy can also be improved as needed. By integrating routine logging data with a streamlined laboratory workflow, this
technique offers a cost-effective, scalable, and practical solution for orienting the >99% of cores acquired through conven-
tional drilling.

Materials and methods

To achieve in-situ parameter measurements on core samples, it is essential to first determine the fluid saturation cor-
responding to the specific well depth. For high-maturity gas reservoirs, the water saturation at the target depth can be
directly referenced. First, a full-bore-diameter core sample is fully saturated with formation water. Then, a gas-displacing-
water process is employed to establish saturation conditions consistent with those in the formation. The full-bore-diameter
core samples were first evacuated to a vacuum level of 6 x 102 Pa. Under this vacuum, they were saturated with formation
water for 4 hours. Subsequently, the formation fluid was pressurized to 30 MPa. After 48 hours of saturation under pres-
sure, the samples reached a fully saturated state. This procedure follows the relevant steps of APl RP 40 for fluid satura-
tion, which is a common practice in the petroleum industry.

During the rock resistivity testing, the gas-displacement-water experiment was conducted in accordance with the SY/T
6712-2023 “Specification for Laboratory Measurement of Electrical Parameters of Rock Samples”. The method used is
the ambient temperature and pressure gas-displacement gravimetric method for measuring resistivity under decreasing
saturation. Common nitrogen or air served as the displacement gas, with a displacement pressure of 3MPa. The confining
pressure was maintained at 2 MPa above the displacement pressure. After removing surface moisture from the saturated
core samples, the samples were weighed on an electronic balance. The water saturation at each stage was calculated by
recording the mass change of the samples over different time intervals. The resistivity values of the rock samples in differ-
ent directions were simultaneously recorded.

In parallel, the cylindrical sample radial resistivity measurement method [1,40,41] was used to test resistivity values in differ-
ent directions. The key formulas for this radial resistivity testing method have been derived in detail by He et al [1,41] (2020).

The radial resistivity formula for rock core is given as follows

K

= IR
P=k™ (1)

where, p denotes resistivity, in Q.m;

! dt
K(a):/o VA-8)(1-a)

In the formula, K’ is the derivative of K, where K’ is the complete elliptic integral of the first kind with modulus sina, and K
is the complete elliptic integral of the first kind with modulus cosa. For computational convenience, the curved electrode’s
arc angle 8 was set to /2. Hence, G=K'/K=1. In that case, p=LR.

K’ denotes the derivative of K;

2a denotes the supplementary angle to the central angle of the curved electrode sheet contacting the core;

L denotes the core length, in m;

R denotes the apparent resistance value, in Q.
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Based on the radial resistivity measurement results, the rotation angles corresponding to the maximum and minimum
resistivity values (6 for R__ and 6__for R . ) can be identified. These orientations are then marked on the core.-Con-
currently, by examining the darkest and brightest spots near the coring depth in the resistivity image logging data [37]
and recording the corresponding formation azimuth, the core’s original in-situ orientation within the formation can be
determined.

In many cases, the brightest and darkest spots in the electrical image logging data are not distinct. To address this, the
following procedure can be employed:

1. Designate a point on the core as reference point “O”. Divide the core circumference into N equal segments over 360°.
Measure and record the resistivity value at each segment position. Label the positions sequentially as P, P, Ps,..., Py,
as shown in Fig 1A.

2. |dentify the indices N;, N,,..., Ny corresponding to the positions P, to P, where the maximum resistivity values occur.

Here, y (y<N) is the number of maximum resistivity values. Define a set dn comprising values d_, ,, d , ..., dnv,v+1""’
dnzm,ZV, as shown in Fig 1B.

Calculate the values in the dn set as follows:
For 1<i<y-1:dnji+1=Ni+1 - N;j, as shown in Fig 1C.
For i=y: dnj,i+1=dnj,;=N;+N — Nj, as shown in Fig 1D.

3. Divide the borehole circumference at the coring depth into N equal segments over 360°. Record the resistivity values
from the resistivity image logging data for each segment position. Label these positions sequentially as Q;, Q,, Qj,...,
Q., as shown in Fig 2A.

4. ldentify the indices M,, M,,..., Mg corresponding to the positions Q; to Q, where the maximum resistivity values occur.
Here, B (B=Y) is the number of maximum resistivity values. Define a set dm comprising values dm;,,, dm,,s,..., dmg,g+1,
as shown in Fig 2B. Calculate the values in the dm set as follows:

For1<i<B-1: dm

ii+1

=Mi,, — M;, as shown in Fig 2C.

Fori=p: dmni’i+1 =dmn“=M1+N - M,, as shown in Fig 2D.
5. Sequentially compare the d_ setvaluesdn,, ,. .dn,, . .. dn_ . . withthed setvaluesdm, ,dm,,,...,dme, for
n=0,1,2,.., y-1.

When the dn set values match identically in sequence with the dm set values, record the current value of (1+n) as a. Cor-
relate the position information of P _* with the position information of Q,," to determine the core’s original formation orientation.
In specific implementation scenarios where 8 =y = 3:

Set n=0. Sequentially compare the values dn, ,, dn, ,, dn,, (i.e., dn, ) with dm, ,, dm, ,, dm_, (i.e., dm, ).

Ifdn, ,#dm,,, ordn,,#dm,, ordn,, #dm, , then set n=1. Sequentially compare the values dn, ,, dn,,, dn,, (i.e., dn,,
dn,, dn,,) with dm, ,, dm, ,, dm, .If still no match, set n=2. Sequentially compare the values dn, ,, dn, , dn, (i.e., dn,,
dn,,, dn, ;) with dm,,, dm,,, dm,,.

When a set of values matches identically in sequence, the value of (1+n) is 3. Correlate the position information of P *
with that of Q" to determine the core’s original formation orientation.

In this figure, the radial axis represents resistivity values in Q-m, while 0°, 30°,..., 330° indicate different azimuthal
angles on the core sample. The percentages on the right side represent water saturation values.

Handling Ambiguity: In cases where applying the above method results in multiple possible correspondences for the
core’s in-situ position (e.g., ifdn,, .. ,anddn_ . both equal their corresponding dm values, making both P " and P,
appear to correspond with Q,,"), the positional correspondence of the minimum resistivity values can be jointly utilized.
Specifically, correlate the positions of the minimum resistivity value from the core measurements with the position of the
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Fig 1. The process of marking directional resistivity for core samples. (A) This figure illustrates the first procure, which involves dividing the cylindrical rock
core into equidistant segments and conducting resistivity tests on each segment. (B) This figure presents the second procure, in which positions with multiple max-
imum resistivity values are labeled. (C) This figure depicts the scenario where all data points fall within one complete cycle relative to the origin point “O”. (D) This
figure explains the scenario in which multiple peak segments occur, with the latter segment just crossing the origin “O,” resulting in an “overlapping loop” condition.

https://doi.org/10.1371/journal.pone.0342912.9001

minimum resistivity value from the resistivity image logging data to jointly determine the core’s precise original azimuthal
orientation within the formation.

The successful execution of this work requires permission from the oilfield company. Typically, obtaining electrical imag-
ing data requires authorization from the company, and conducting experiments with the cores also necessitates approval
from the department responsible for core management.

PLOS One | https://doi.org/10.1371/journal.pone.0342912 March 2, 2026 6/13



https://doi.org/10.1371/journal.pone.0342912.g001

PLOS Y one

Fig 2. The process of marking directional resistivity for electrical imaging logging. (A) This figure illustrates the third procure, which involves divid-
ing the resistivity image into equidistant segments and then calculating the respective resistivity values. (B) This figure explains the fourth step, labeling
positions with multiple maximum resistivity values on the resistivity image. (C) This figure depicts the scenario on the resistivity image where all points
fall within a single cycle. (D) This figure describes the situation on the resistivity image where two peak segments occur, with the latter segment resulting
in an “overlapping loop” condition.

https://doi.org/10.137 1/journal.pone.0342912.9002

The protocol described in this peer-reviewed article is published on protocols.io (https://dx.doi.org/10.17504/protocols.
i0.kqdg31k77125/v1) and is included for printing purposes as S1 File. Informed consent was obtained from all human
participants involved in this study. The authors declare no competing interests. All data generated or analyzed during this
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study are available in the protocols.io repository and can be obtained from the corresponding author upon reasonable
request.

Expected results

Taking Well ST12 as an example, Sample 159 was acquired at a depth of 7076 meters. With the formation water satura-
tion at 32.8%, after restoring the core to this fluid saturation condition, the cylindrical core radial resistivity measurement
method was used to obtain resistivity data in different directions for this sample, as shown in Fig 3.

The specific procedure is described as follows:

Electrical imaging logs acquire a vast volume of raw data, with approximately over 1,000 data points per meter. The
final log is generated by integrating measurements from each individual electrode. As this study focuses solely on the
issue of core orientation, the principles underlying electrical imaging logging are not within the scope of this research.
Only the processed images from the electrical imaging log are utilized for interpretation purposes. Primary reference is
made to the FMI-DYN plot on the right. In this plot, color intensity represents the relative level of conductivity values.
The ratio of the color scale values for any two arbitrarily chosen points can be considered as the relative ratio of their
conductivity values. The previously measured resistivity values are converted into conductivity values (since conduc-
tivity is the reciprocal of resistivity). On the plot, areas with higher conductivity appear darker, while areas with lower
conductivity appear lighter.

Step 1: On the ST12 image log, select the locations with the darkest and lightest colors. Taking Fig 4 as an example,
the darkest color is observed at 212°, and the lightest color is observed at 62°.

Step 2: Record the original azimuth (orientation in the formation) of these points. The Hue, Saturation, and Brightness
(HSB values) of the color at each point are read and recorded as shown in Table 1. (Using Windows’ built-in “Paint” tool,
you can achieve this operation. First, use the “Color Picker” to select the area you want to test, then click on “Edit Colors”
to view the hue, saturation, and brightness values).

Resistivity, Q.m

Water saturation

Azimuth, °
—eo— 100%

—o— 89.95%
—o— 80.97%
—eo— (69.51%

36.76%

Fig 3. Resistivity distribution of sample 159 from well ST12. From the test data, it can be observed that at different water saturation levels, the resis-
tivity of the rock core still exhibits some variation along different directions.

https://doi.org/10.1371/journal.pone.0342912.9003
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Fig 4. Directional conductivity of core sample 159 from well ST12 correlated with electrical imaging. This figure illustrates the process of com-
paring the radial resistivity test values of a cylindrical rock core with electrical imaging logging data to determine the original orientation of the core in the

formation.

https://doi.org/10.1371/journal.pone.0342912.9004

Table 1. Comparison of different core orientation techniques.

Comparison Metric

Directional Coring [42,43]

Image Matching [43—-45]

Paleomagnetic Analysis [46]

Resistivity-based
Core Orientation

Need Pre-job Yes No No No
Design
Need Special Yes Yes Yes No
Process
Operational Cost Special drilling rigs and High costs for software Specialized laboratory environ- Low

tools, and a higher risk and computing resources ments, and significant time cost
Applicable Samples | Cylindrical Cylindrical Cuboid Cylindrical

(requires cutting)

https://doi.org/10.137 1/journal.pone.0342912.t001

Step 3: Conductivity is the reciprocal of resistivity. A comparison with core conductivity measurements taken in dif-
ferent directions showed that the core’s conductivity was maximum at 212° and minimum at 62°. Cross-referencing with
the ST12 micro-resistivity image log data confirmed that the relative conductivity values at these two orientations are

consistent.

Step 4: As shown in Fig 5, the brightness at 212° in the resistivity imaging log is only 27. Under conditions closest
to the formation fluid saturation, the minimum resistivity measured on the cylindrical core is 437.23 Q.m. This resistivity
minimum corresponds to a marked azimuth of 240° on the core. The difference between the marked azimuth on the full-
diameter core and the azimuth in the electrical imaging log indicates that the direction 28° from the marked zero reference
line on the core points toward true north in the formation. The radial resistivity test was conducted with a 30° interval
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Azimuth 2 32 62 92 122 152 182 212 242 272 302 332
Hue 32 20 34 22 21 14 19 3 20 22 20 26
Saturation 198 240 203 155 218 211 182 240 216 151 223 211
Brightness 170 73 179 111 81 54 81 27 85 110 82 117
The The
brightest darkest

Fig 5. Original formation orientation readings mapped on the electrical imaging log. This figure demonstrates how the brightest and darkest val-
ues are obtained by extracting data from point imaging logging images.

https://doi.org/10.1371/journal.pone.0342912.9005

between adjacent azimuths. Therefore, more precisely, the orientation 28°+15° from the marked zero line on the core
points toward true north in the original formation.

If higher accuracy is required, the radial resistivity test can be performed with denser angular sampling around the
direction to be determined, measuring resistivity values in more closely spaced orientations.

Discussion

Compared with the previously mentioned methods—directional coring, image matching, and paleomagnetic analysis—this
method offers distinct advantages, as presented in Table 1.

The resistivity-based core orientation method introduced in this paper primarily involves liquid pressurization and satu-
ration, a process that takes about 4 hours or more. Measuring resistivity under varying saturation states can typically be
completed within 8 hours. Under normal working conditions, each operator can complete resistivity-based core orientation
for 150 samples per year, improving work efficiency by 3 to 3.75 times. Moreover, this method preserves the cylindrical
form of the core intact. This ensures no physical loss of these valuable geological materials after testing and leaves the
basic properties of the samples unaffected.

However, it should be noted that this method still has certain limitations in practical application:

1. It must rely on electrical imaging logging having been conducted in the well. If this test was not planned and acquired in
the field, the method becomes inapplicable.

2. The method requires the target sample to exhibit representative anisotropy. Its accuracy increases with stronger reser-
voir anisotropy. Conversely, if the reservoir rock is isotropic, the method fails to achieve the expected results. In such
cases, core orientation is typically deemed unnecessary, as physical properties are similar in all directions.

In conclusion, the resistivity-based core orientation technique is feasible for reservoirs exhibiting anisotropy and offers
broad applicability. Compared to established methods—directional coring, image matching, and paleomagnetic analysis—
it holds distinct advantages in both cost-effectiveness and practicality, meriting broader application.

Conclusions

Cores are typically acquired as cylindrical samples through drilling. Therefore, orientation techniques that work directly on
cylindrical samples have broader applicability than methods like paleomagnetic analysis, which require cutting cores into
cuboids. To address this challenge, we developed a method correlating radial resistivity measurements of cylindrical cores
with electrical imaging logging data, establishing the resistivitybased core orientation technique. This approach features
user-friendly procedures and low operational costs. It effectively delineates the original formation orientation in reservoirs
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by leveraging the resistivity anisotropy characteristics of rocks. Due to its cost-effectiveness and operational simplicity,
resistivity-based core orientation will enable directional restoration for a greater volume of cores. This technique provides
critical technical support for determining paleocurrent directions and studying depositional environments, while also estab-
lishing a robust foundation for engineering geological design.
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S3 File. Includes the raw data and calculation process for whole-diameter core testing using the radial resistivity
method.
(XLSX)

S4 File. Provides the electrical imaging logging data for ST12.
(PDF)
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