ChinaRxiv [$X]

AT translation - View original & related papers at
chinarxiv.org/items/chinaxiv-202508.00064

Novel Understandings and Applications of Az-
imuthal Gamma-Ray Logging of Horizontal Wells
in Sedimentary Sandstones with Grain Sequence
Features

Authors: Prof. Zhen Qin, Qin, Prof. Zhen, Meng, Lingyi, Zhang, Zhiqgiang,
Wang, Dr. Cheng, Dr. Shaocheng Luo, Huang, Dr. Ke, Mr. Fugeng Chen, Shen,
Zheng, Zhang, Xinyi, Su, Kejia, Professor Zhen Qin

Date: 2025-07-18T00:00:00-+00:00

Abstract

The theory and practices of logging facies have confirmed that the grain sequence
in sedimentary sandstones is closely related to the amplitude and morpholog-
ical characteristics of vertical well logs. However, the corresponding studies
of logging responses of horizontal wells in sedimentary sandstones with grain
sequences have not been publicly reported, especially lacking the correspond-
ing response characteristics of fundamental gamma-ray logging. This situation
leads to difficulties in geosteering and reservoir evaluation of horizontal wells.
To address it, the grain sequence characteristics of traditional sedimentary sand-
stones are systematically reviewed. Combining geological features of sandstones
and the geometric characteristics of grain size logs, the core features of differ-
ent grain sequences are extracted. In sandstone reservoirs, semi-quantitative
ideal grain sequence models, i.e., cylindrical-shaped, bell-shaped, funnel-shaped
and egg-shaped grain sequences, are proposed, and the corresponding formation
models with horizontal wells are constructed. Then, the Monte Carlo method
is employed to establish the forward model of azimuthal gamma-ray logging
(AGR) of horizontal wells in sandstones with different grain sequences. The
AGR responses of these formation models are calculated. The results show
that the AGR response of the formation model with cylindrical-shaped grain se-
quence is consistent with that of traditional three-formation models. However,
the AGR responses of the formation models with bell-shaped, funnel-shaped and
egg-shaped grain sequences are characterized by “double left-handled spoons” ,
“double right-handled spoons” and “double inverted isosceles triangles” | respec-
tively, which are significantly different from that of traditional three-formation
models. Based on the geological and engineering characteristics of horizontal
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well drillings, eight different basic spatial relationships between horizontal wells
and formations are systematically reviewed. By combining the forward mod-
els, the AGR response characteristics and modes of formation models with
different grain sequences under the eight spatial relationships are established
and abstracted through geometric morphology. After clarifying the application
scheme, the research understandings are applied in two typical horizontal wells
with different grain 2 sequences to verify the reliability and convenience of the
above response characteristics and modes. In addition, the adaptability, advan-
tages, disadvantages and limitations of this study are discussed in detail. The
study can provide fundamental understandings and supports for geosteering and
reservoir evaluation of horizontal wells in different grain sequence sandstones.
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Abstract

Logging facies theory and practice have established that grain sequences in sed-
imentary sandstones are closely related to the amplitude and morphological
characteristics of vertical well logs. However, corresponding studies on logging
responses of horizontal wells in sedimentary sandstones with grain sequences
have not been publicly reported, particularly lacking fundamental research on
azimuthal gamma-ray logging (AGR) response characteristics. This gap creates
significant challenges for geosteering and reservoir evaluation in horizontal wells.
To address this issue, we systematically characterize the grain sequence features
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of traditional sedimentary sandstones and extract the core attributes of differ-
ent grain sequences by integrating geological characteristics of sandstones with
geometric features of grain size logs.

For sandstone reservoirs, we propose semi-quantitative ideal grain sequence
models—cylindrical-shaped, bell-shaped, funnel-shaped, and egg-shaped grain
sequences—and construct corresponding formation models with horizontal wells.
The Monte Carlo method is then employed to establish a forward model for
azimuthal gamma-ray logging of horizontal wells in sandstones with different
grain sequences, and the AGR responses of these formation models are calcu-
lated. The results demonstrate that the AGR response for the cylindrical-shaped
grain sequence formation model is consistent with traditional three-layer forma-
tion models. In contrast, the AGR responses for bell-shaped, funnel-shaped,
and egg-shaped grain sequence formation models exhibit characteristic patterns
of “double left-handed spoons,” “double right-handed spoons,” and “double in-
verted isosceles triangles,” respectively, which differ significantly from traditional
three-layer models.

Based on the geological and engineering characteristics of horizontal well drilling,
we identify eight fundamental spatial relationships between horizontal wells and
formations. Combining these with forward modeling results, we establish and
abstract the AGR response characteristics and modes for formation models with
different grain sequences under these eight spatial relationships through geo-
metric morphology. After clarifying the application scheme, we validate the
reliability and convenience of these response characteristics and modes using
two typical horizontal wells with different grain sequences. Additionally, we
discuss in detail the adaptability, advantages, disadvantages, and limitations
of this study. This research provides fundamental understanding and support
for geosteering and reservoir evaluation of horizontal wells in sandstones with
varying grain sequences.

Keywords: Grain sequence; Azimuthal gamma-ray logging; Horizontal well;
Logging-while-drilling; Sedimentary sandstones

Highlights:

- AGR forward models for horizontal wells in four ideal grain sequence sandstones
are established.

- AGR response characteristics of horizontal wells in different grain sequence
sandstones are clarified.

- AGR response modes for eight spatial relationships between formations and
horizontal wells are established.

1. Introduction

Research and practice demonstrate that sedimentary rocks commonly exhibit
vertical sequence characteristics of grain size (also known as grain sequence
order or rhythm), such as cylindrical-shaped, bell-shaped, funnel-shaped, and
egg-shaped grain orders. These patterns typically reflect different paleoclimatic
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conditions, depositional environments, depositional processes, and other sedi-
mentary features (Serra, 1992; Wang and Guo, 2000). Geosteering with logging-
while-drilling (LWD) represents one of the key methods for ensuring horizontal
well productivity (Meehan, 1994; Meador, 2009). Among various LWD logging
methods, azimuthal gamma-ray logging (AGR) is widely employed in geosteer-
ing and reservoir evaluation as a fundamental technique (Martin et al., 2013;
Qin et al., 2017; Zhu et al., 2023). Numerous scholars have conducted studies
related to AGR logging evaluation and geosteering in sedimentary rocks with
different grain sequences.

Some researchers have investigated sedimentary rock particles and logging fa-
cies. Serra (1992) initially established a framework correlating logging responses
with grain sequence characteristics of sedimentary rocks, forming the foundation
of logging facies theory. Wang and Guo (2000) further refined the correlation
system between sedimentary reservoirs and logs, enriching the logging facies
theory. Building upon these theoretical foundations, subsequent researchers
conducted extensive studies on grain sequences and formation sequences in sed-
imentary rocks. Bauer et al. (2015) processed and classified nuclear magnetic
resonance logs using self-organizing maps to analyze lithological grain charac-
teristics, pore size features, and lithological controls on gas hydrate saturation.
Lai et al. (2017) applied logging facies theory to conduct detailed sedimentary
characteristic studies of braided deltas in the Upper Triassic Xujiahe Formation
in the central Sichuan Basin, China. Clift (2019) combined coring and conduc-
tivity logging to determine lithology and grain size characteristics in different
parts of a sand dam system on the Mississippi River. Ashraf (2019) analyzed
electrofacies characteristics of sandstone reservoirs in the Sawan Gas Field, re-
vealing funnel, bell, and cylindrical trends, and employed logging facies theory
with 3D seismic data to predict sweet spot areas.

Ogbe (2021) utilized logging facies theory to study and analyze logging prob-
ability maps, facies sequences, and heterogeneity characteristics of sandstone
reservoirs in the onshore Otovwe Field. Souza et al. (2023) analyzed deposi-
tional facies of tidal point sand bars and their associated hydrodynamic control
processes using millimetric logging of 31 cores from the Georgia coastal plain,
USA. Other scholars have focused on gamma-ray logging research. Huang (1985)
derived the gamma-ray integral formula along the well axis for homogeneous
formations in vertical wells based on gamma-ray propagation theory. Yin et
al. (2008) employed the non-uniform block accumulation method to simulate
logging responses of AGR instruments with a single probe in 2D parallel for-
mations. Researchers have also introduced AGR geosteering applications in
unconventional reservoirs such as shale gas/oil, coalbed methane, thin layers,
and low-resistivity contrast reservoirs, where the confidence level of resistivity
methods in geosteering has declined significantly (Pitcher et al., 2009; Harris et
al., 2009; Wheeler et al., 2012; Martin et al., 2013). Using the integral method,
Shao et al. (2013) developed a fast forward model to study responses of conven-
tional LWD GR in 2D space. Yuan et al. (2015) applied the Monte Carlo method
to simulate upper and lower gamma-ray logs when the AGR tool traverses 2D
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parallel formations and estimated formation dip angles. Wang (2016) devel-
oped a mining AGR instrument and tested its 2D geosteering effectiveness in
coal seams. Wang et al. (2020) studied forward modeling and inversion of AGR
in horizontal wells and its geosteering applications in 2D parallel formations.
Zhang et al. (2021) developed an automated interpretation method for subsur-
face structure in horizontal wells using GR logs, applicable to both post-drill
structural interpretation and real-time geosteering in 2D parallel formations.
Based on the Monte Carlo method, Qin et al. (2021) proposed a qualitative
characteristic scheme for AGR in horizontal wells and a fast prediction method
for the distance between well paths and formation boundaries.

Both logging facies and AGR studies have yielded valuable insights. However,
previous research on horizontal well logging responses has generally been lim-
ited to cylindrical-shaped sequence formations or their interlayer models, such as
uniform layered formations and vertical transversely isotropic (VTI) formations.
Studies on well logging responses of horizontal wells in sedimentary sandstones
with different grain sequences remain unreported, particularly regarding com-
monly used AGR responses, creating challenges for geosteering and reservoir
evaluation in these sedimentary sandstones. This study addresses this gap by
systematically characterizing grain sequence features in sedimentary sandstones
and corresponding logging facies, constructing formation models with different
grain sequences and AGR forward models for horizontal wells. We simulate
and analyze AGR response characteristics in sandstones with different grain se-
quences and establish AGR response modes under various spatial relationships
between horizontal wells and formations for different grain sequence conditions.
Applications in two horizontal wells with different grain sequences demonstrate
the reliability of these AGR response characteristics and modes. Additionally,
this work discusses and concludes application conditions, influencing factors,
and other issues in detail.

2.1. Sedimentary Characteristics of Grain Sequence

During sedimentary processes, sandstones typically form longitudinal ordered
arrangements of particles, commonly referred to as grain sequences or grain
size thythms. Generally, grain sequences can be divided into four main cat-
egories: cylindrical-shaped, bell-shaped, funnel-shaped, and egg-shaped grain
sequences (Fig. 1 [Figure 1: see original paper]). Cylindrical-shaped sequences
form under stable hydrodynamic conditions when water body transport capac-
ity remains unchanged and sediment grains are uniform (Fig. 1a). Bell-shaped
grain sequences develop when hydrodynamic conditions change from strong to
weak, water body transport capacity decreases, and sediment grains become
finer from bottom to top (Fig. 1b). Funnel-shaped grain sequences form when
hydrodynamic conditions change from weak to strong, water body transport
capacity increases, and grains become coarser from bottom to top (Fig. 1c).
Egg-shaped grain sequences develop under unstable hydrodynamic conditions
that first strengthen then weaken, causing water body transport capacity to
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first increase then decrease, resulting in sediment grains with coarse middle
sections and fine top and bottom sections (Fig. 1d).

Since vertical wells approximate perpendicularity to sedimentary formations, dif-
ferent grain sequence characteristics produce distinct logging response features.
Using logging responses to study grain sequence characteristics assists in oil and
gas exploration and development. Additionally, based on contact relationships
between upper and lower formations at boundaries, sedimentary rocks can be
classified as abrupt or gradual grain sequences. Certain logs correlate closely
with grain sequence characteristics—for instance, as sedimentary rock grain size
increases, its GR value decreases. These characteristics form the research field
of logging facies or logging geology (Serra, 1992; Wang, 2000). The four grain
sequence categories are illustrated in Fig. 2 [Figure 2: see original paper], where
smooth logs typically indicate uniform grain size variation, while jagged curves
represent non-uniform variation.

2.2. Ideal Sedimentary Grain Sequences and Log Facies

To establish formation models of sedimentary rocks with different grain se-
quences, we abstract and summarize ideal sediment grain sequence trends by
highlighting the main characteristics of each category (Fig. 3 [Figure 3: see
original paper]): ideal cylindrical-shaped, bell-shaped, funnel-shaped, and egg-
shaped grain sequences. Based on logging facies theory (Serra, 1992; Wang,
2000), the corresponding GR log morphologies are shown in Fig. 3. The grain
sequence characteristics of sandstones correspond to the aforementioned sedi-
mentary conditions. In cylindrical-shaped grain sequences (Fig. 3a), the GR
curve exhibits uniformly low values in the main body, corresponding to the
cylindrical-shaped grain sequence characteristic. In bell-shaped grain sequences
(Fig. 3b), the GR log shows high values at the bottom with uniform upward
decrease, matching the bell shape. In funnel-shaped grain sequences (Fig. 3c),
the GR curve displays high values at the top with uniform downward decrease,
corresponding to the funnel shape. In egg-shaped grain sequences (Fig. 3d),
the GR log shows high values in the middle with uniform decreases upward
and downward, matching the egg shape. Thus, GR curve characteristics can be
formed corresponding to grain sequence characteristics, as GR values increase
when grain size in the sedimentary grain sequence decreases.

To investigate correlations between grain size and GR values, we collected me-
dian grain size and corresponding GR data from three sandstone reservoirs in
different basins (Fig. 4 [Figure 4: see original paper]). The three data types
originate from the Quantou 4th Formation in the Songliao Basin, a reservoir
in the Beibu Gulf of the South China Sea, and the Chang 8th Formation in
the Ordos Basin, respectively. In different sedimentary basins, as median grain
size increases, GR values approximate a linear decrease with varying slopes,
indicating an approximately inverse relationship between the two parameters.
Therefore, field data from different reservoirs support and demonstrate the fea-
sibility of the GR response model for ideal grain sequence formations (Fig. 3),
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laying the foundation for subsequent logging forward modeling studies in differ-
ent grain sequence sandstones.

3.1. Formation Model of Grain Sequences

Combining actual engineering conditions of horizontal wells in sandstones, we
constructed formation models with horizontal wells and different sedimentary
grain sequences (Fig. 5 [Figure 5: see original paper]). To simplify the study,
the well deviation of horizontal wells is set to 85°, meaning the angle between the
well path and horizontal formation is 5°. The upper and lower formations are
identical, homogeneous, isotropic non-reservoir surrounding formations (mud-
stone) with a GR value of 100 APT and thickness of 3.6 m. The middle target
formation consists of hydrocarbon-bearing sandstones with low GR values and
a thickness of 6 m.

The GR characteristics of target formations with different grain sequences vary
(Fig. 5). In Fig. 5a, the target formation has a cylindrical-shaped grain se-
quence, similar to traditional uniform layered media, with uniform, isotropic
grain size and a preset GR value of 0 API. For other grain sequences, the target
formation is divided into five small layers (n = 5). In Fig. 5b, the middle tar-
get formation exhibits a bell-shaped grain sequence. To reflect grain sequence
variation characteristics, the middle formation is divided into five parallel, equal-
thickness layers of 1.2 m each. Based on logging facies theory, the GR values of
the five layers from bottom to top are sequentially preset as 0 API, 20 API, 40
API, 60 API, and 80 API to simulate the depositional order from coarse to fine
grains. In Fig. 5c, the middle formation shows a funnel-shaped grain sequence.
Similarly, the middle formation is divided into five equal layers, with GR values
from bottom to top preset as 80 API, 60 API, 40 API, 20 API, and 0 API. In
Fig. 5d, the middle formation displays an egg-shaped grain sequence, with GR
values of the five layers preset as 66 API, 33 API, 0 API, 33 API, and 66 API.

3.2. AGR Response Simulation

Based on AGR method characteristics (Yuan et al., 2015; Yu et al., 2021; Qin
et al., 2021), we established an AGR instrument model in this study (Fig. 6
[Figure 6: see original paper]). Four probes—marked as up (GRU), bottom
(GRB), left (GRL), and right (GRR)—are installed in four U-shaped slots and
evenly positioned around the instrument. The U-shaped slots form a shield-
ing structure that enables each probe to measure information with a specific
orientation. GRU, GRB, GRL, and GRR represent the top, bottom, left, and
right azimuthal gamma-ray logging curves, respectively, with the yellow areas
indicating schematic detection ranges. The blue hollow cylinder along the axis
is designed for drilling fluid circulation. In geosteering and logging evaluation,
GRU and GRB are commonly used, while GRL and GRR serve as supplemen-
tary information.

To simplify the research process and improve simulation efficiency while consid-
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ering AGR investigation depth, the simulation model details are shown in Fig.
7a [Figure 7: see original paper]. The 3D two-formation module measures 200
cm x 200 cm x 200 cm. The borehole diameter is 21.59 cm (8.5 in), filled with
clean water. The AGR instrument has a diameter of 17.145 cm and length of
20 cm, with a drilling fluid channel of 5.08 cm diameter along its axial line (Fig.
7b). The probes use Nal scintillation crystals measuring 3.05 cm in diameter
and 15 cm in length. The instrument body is made of pure lead. The K-40
content of formations is adjusted to achieve different GR values and simulate
TesServoirs or NoN-reservoirs.

Based on the Monte Carlo method, the model in Fig. 7 serves as a simula-
tion module for AGR responses. Using the Monte Carlo N-Particle Transport
(MCNP) Code (Briesmeister, 2003), we set the counting interruption threshold
to 107 iterations with an error requirement of less than 5%, enabling calculation
of GRU and GRB responses in the formation model.

To test the forward method’ s simulation effectiveness, we selected the fast in-
tegration method of Qin et al. (2017). Based on the single-boundary formation
model (Fig. 7a), we compared simulation results from both methods in Fig. 8
[Figure 8: see original paper]. The suffixes FIM and MCNP represent AGR
responses calculated by the fast integration method and Monte Carlo method,
respectively. Comparing 17 calculation points from both methods reveals good
agreement between GRU and GRB results, with absolute errors of approxi-
mately 1.35 API and 1.17 API, respectively. Considering Monte Carlo method
randomness and testing errors, we optimized the forward method by implement-
ing double-encrypted simulation points near boundaries and using the average
of five Monte Carlo results as the final forward modeling result. After optimiza-
tion, this forward modeling module can be used for response simulation (Yuan
et al., 2015; Qin et al., 2021).

4.1. AGR Response Characteristics in Different Grain Se-
quences

Based on the formation models (Fig. 5) and forward module (Fig. 7), we
simulated AGR responses as horizontal wells pass through reservoirs with dif-
ferent grain sequences from top to bottom. When the instrument traverses
the cylindrical-shaped grain sequence target formation (Fig. 9a [Figure 9: see
original paper|), GRB first drops steeply to reservoir characteristics (low GR
values), followed by GRU. When the instrument is positioned in the middle of
the target formation, both GRB and GRU show low values. As it approaches
the bottom boundary, GRB first rises to non-reservoir characteristics (high GR
values), followed by GRU. The entire curve pattern exhibits a translational
“double inverted isosceles trapezoids” shape.

When the instrument passes through the bell-shaped grain sequence target for-
mation (Fig. 9b), AGR responses differ from Fig. 9a. GRB and GRU first

decrease to reservoir characteristics then increase to non-reservoir characteris-
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tics, with the entire curve pattern showing a translational “double left-handed
spoons” shape. For the funnel-shaped grain sequence target formation (Fig. 9c),
GRB and GRU responses also differ from the previous cases, exhibiting a trans-
lational “double right-handed spoons” shape. For the egg-shaped grain sequence
target formation (Fig. 9d), GRB and GRU responses differ from all previous
cases, showing a translational “double inverted isosceles triangles” shape. These
results demonstrate that AGR response patterns vary significantly when hori-
zontal wells traverse reservoirs with different grain sequences. It should be noted
that describing these morphologies as specific shapes facilitates geosteering ap-
plications, though the actual curves are smooth.

4.2. AGR Response Modes of Different Spatial Relation-
ships

Due to complex subsurface conditions, numerous spatial relationships exist be-
tween horizontal wells and formations. Additionally, geological structures such
as lenses, pinchouts, and faults may be encountered. Based on the formation
models and simulation modules, we identified and summarized eight common
fundamental spatial relationships and corresponding AGR response modes for
different grain sequences (cylindrical-shaped, bell-shaped, funnel-shaped, and
egg-shaped) in Table 1 . The logging response characteristics in relationship (7)
and the pinchout of (8) are similar. These response modes aim to determine
whether and how the well passes through formation boundaries (with differ-
ent grain sequences) or geological structure bodies, and can also qualitatively
describe AGR response characteristics.

In Table 1, spatial relationships (1), (2), and (3) show the horizontal well passing
from surrounding formation A into the target formation and returning to forma-
tion A. The AGR (GRU and GRB) response trends are similar, presenting “large
and small inverted isosceles trapezoids” shapes. Due to combined influences of
different spatial relationships and grain sequences, GRU and GRB amplitude
and separation characteristics vary across grain sequences, with relationship (3)
even exhibiting complex W-shaped features.

Spatial relationships (4), (5), and (6) show the well path passing through for-
mation A, entering and remaining in the target formation. The AGR response
trends display complex “double Z-shaped” features. Similarly, different ampli-
tudes and separations result from joint influences of spatial relationships and
grain sequences, particularly in relationship (6) where logs of different shapes
can only be approximately Z-shaped overall.

Spatial relationships (7) and (8) pinchout show the horizontal well passing
through formation A, the target formation, and surrounding formation B or
the pinchout. The AGR response trends exhibit translational “double inverted
isosceles trapezoids,” “double left-handed spoons,” “double right-handed spoons,”
and “double inverted isosceles triangles” shapes, respectively.

Spatial relationship (8) fault shows the well path passing through surrounding
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formation A, entering the target formation, and encountering a fault. The AGR
response trends exhibit complex “large and small trapezoids” features, especially
showing a vertical step shape when entering the fault. Overall, different grain
sequences and spatial relationships between horizontal wells and formations col-
lectively produce diverse and complex AGR response characteristics and modes.

5.1. Application Scheme

Table 1 presents AGR response characteristics and modes at the horizontal well
scale. These can guide horizontal well geosteering. First, relevant geological
and seismic data can analyze overall formation distributions. Second, well logs
and mud logs from adjacent wells can determine the grain sequence and GR
response characteristics of the target formation.

Subsequently, based on AGR response characteristics and modes for different
grain sequences (Table 1), horizontal well AGR responses can be predicted, and
key information points where the horizontal well trajectory intersects formation
boundaries can be identified. Finally, combining these key information points
with original formation distribution data enables formation boundary prediction
to assist geosteering. The overall application scheme is summarized in Fig. 10
[Figure 10: see original paper].

5.2. Field Applications

Based on the above understanding and application scheme, we processed hori-
zontal wells X (with pilot well X1) and Y (with pilot well Y1), shown in Figs.
11 and 12, respectively. Both target formations are different areas of the Fuyu
oil-bearing layer on the Aonan nose structure of the Daging placanticline in
the Songliao Basin, China. The main lithology is siltstone and fine sandstone
with an average porosity of 9.5%, and surrounding rock is primarily dark mud-
stone. The layouts of Figs. 11 and 12 are similar: the left side shows a top
view at the top and vertical well X1 logs at the bottom. The first track displays
gamma-ray (GR), the second track shows measured depth (MD), and the third
track presents deep and shallow laterologs (RD and RS). Compensated neutron
porosity (CNL), acoustic travel time (AC), and density (DEN) appear in the
fourth track. Horizontal well logs—including GRU, GRB, and caliper (CAL) in
the first track, horizontal displacement and measured depth in the second track,
propagation resistivities (RP400, RP2M, RA400, and RA2M) in the third track,
and porosity logs (DEN, CNL, and AC) in the fourth track—are displayed in
the upper area. Well trajectories, formation models, and explanatory diagrams
appear in the lower area, with lithology symbols and overall formation model
scale shown in the lower right corner. The horizontal and vertical scales are
1:5000 and 1:500, respectively.

In horizontal well X (Fig. 11 [Figure 11: see original paper]), based on prior
geological and seismic understanding, the target formation (S1) is thin (approx-
imately 3 m), making AGR more suitable for geosteering than resistivity logs.
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According to ideal sedimentary grain sequences (Fig. 3) and GR responses in pi-
lot well X1, S1 is identified as an egg-shaped grain sequence. Using the response
characteristics and modes for different grain sequences (Table 1), we analyzed
key information points for horizontal well X’ s spatial relationships. In Fig. 11,
points A, B, and C represent the well trajectory drilling into S1, approaching
the upper boundary, and drilling out the bottom boundary, respectively. Sec-
tion DE is near the bottom boundary. In Figs. 1l1al and 11a2, the enlarged
view shows that GRU and GRB logs at point A are similar to those near the
upper boundary in Table 5d , corresponding to spatial relationship (5) in egg-
shaped grain sequence (d). This indicates the well trajectory encountered the
upper boundary of the egg-shaped grain sequence sandstones from the shale
layer from top to bottom. At point B in Figs. 11, 11bl, and 11b2, the responses
resemble those in Table 4d , indicating the well trajectory is near the upper
sandstone boundary. Moderate-amplitude polarization horns in propagation re-
sistivity logs at points A and B confirm this interpretation (Wu et al., 2022;
Wang et al., 2023). The GRU and GRB responses at point C in Figs. 11 and
11c1 correspond to those crossing the bottom boundary in Table 7d (Fig. 11¢2),
showing the well trajectory passing the sandstone bottom boundary, confirmed
by low-amplitude polarization horns in propagation resistivities. In section DE
of Fig. 11, the responses correspond to those above but near the bottom bound-
ary in Table 6d (Fig. 11d1). The well trajectory re-enters S1 from bottom to
top at point D, drills near the bottom boundary, and finally exits at point E.
Continuous separation of resistivity logs also confirms the trajectory’s proximity
to the bottom boundary.

Horizontal well Y and its pilot well Y1 in the Songliao Basin are shown in
Fig. 12 [Figure 12: see original paper], along with their well logs. The layout
and log types are similar to Fig. 10. Based on geological and seismic data
understanding, three hydrocarbon reservoirs (T1, T2, and T3) exist in the 2008-
2042 m interval of well Y1. Reservoir T3, the thickest, was designated as the
target sandstone for horizontal well Y. According to ideal sedimentary grain
sequences and GR logs in pilot well Y1, T3 is identified as a bell-shaped grain
sequence. Seismic interpretation shows no faults in this area, with all layers
gently sloping southward.

Using response characteristics and modes for different grain sequences (Table
1), we analyzed eight key information points (F, G, H, I, J, K, L, and M in
Fig. 12) for spatial relationships between horizontal well Y and formations. In
Fig. 12al, GRU and GRB responses at points F, H, and J are similar to those
crossing the upper boundary in Table 7b, corresponding to spatial relationship
(7) in bell-shaped grain sequence (b). These response characteristics and modes
indicate the horizontal well trajectory drilled downward and intersected the
upper boundaries of the three bell-shaped grain sequence sandstones (T1, T2,
and T3). Correspondingly, responses at G, I, and M are similar to those crossing
the bottom boundary in Table 7b, indicating the well path drilled downward and
intersected the bottom boundaries of the bell-shaped grain sequence sandstones.
At point L in Figs. 12 and 12b1, GRU and GRB responses correspond to those
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at point D in Fig. 11, indicating the trajectory returned from the shale layer to
T3 from bottom to top. At point K in Fig. 12, GRU and GRB responses are
similar to those crossing a microfault in Table 8b , displaying overlapping and
steep curve shapes, also demonstrated by the stepwise decrease in resistivity logs.
Notably, this microfault was identified by horizontal well logs but could not be
detected by prior data, particularly seismic data. The trajectory variation in
well deviation shows a process of searching downward for T3 and then moving
upward.

Typically, key depth information points of formation boundaries identified
by comprehensive logs (CLD) serve as standard boundary depths in the field.
Boundary depth ranges (MLD) identified by mud logging during microdrilling
can also serve as indicative information, though typically with 1 m resolution.
Depth results from these two methods near 13 boundary key points in the two
horizontal wells are shown in Table 2 , along with logging depths identified
by AGR (ALD). Using CLD as a baseline (value of 0), we analyzed MLD and
ALD errors through histogram comparison (Fig. 13 [Figure 13: see original
paper]). The ALD identified by the application scheme falls within the MLD
range identified during microdrilling. Absolute errors of ALD relative to CLD
remain within 0.8 m, with an average absolute error of approximately 0.115 m.
The average absolute error of ALD at horizontal well X key points (0.06 m)
is better than that at horizontal well Y (0.15 m), while the average absolute
error at bottom boundaries (0.06 m) is better than at top boundaries (0.22
m). Additionally, the absolute error at key point K is 0. Considering the well
trajectory in the horizontal section is nearly parallel to the formation, this
accuracy meets field requirements.

6. Discussions

This study established three-formation models with four ideal grain sequence
target formations and horizontal wells, conducting research on AGR forward
models, response characteristics and patterns, and geosteering applications. To
emphasize the main factors of the four grain sequence types, we assumed smooth
grain sequence curves for target formations to avoid additional interference from
jagged grain sequence curves on AGR response characteristics. Therefore, the
AGR response characteristics (Fig. 9) and patterns (Table 1) in this study are
semi-quantitative or qualitative trend insights to some extent. When applied
to actual reservoirs, these understandings and schemes are recommended for
cases where grain sequences are relatively smooth and formations are relatively
stable. For situations where grain sequence curves appear jagged or non-smooth,
application should be combined with specific regional conditions.

Additionally, actual data from different basins show varying negative correla-
tions between grain sizes and GR values. Therefore, we recommend clarifying
this negative correlation when applying this study’ s understandings and scheme
in a specific region, then using the methods of this study to establish regional
AGR response characteristics and patterns. This approach will yield better
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results in specific regions.

Analytical and numerical simulation methods are commonly used for AGR for-
ward modeling studies. Analytical methods offer fast calculation speed but poor
adaptability to complex formation models, making them suitable for fast calcu-
lation and inversion research. Numerical simulation methods such as the Monte
Carlo method adapt well to complex formation models but suffer from slow
computational speed and result randomness, making them suitable for response
characterization, environmental correction, and instrumental characterization
research. To avoid Monte Carlo simulation randomness effects, this study em-
ployed methods of encrypting simulation points near formation boundaries and
averaging multiple simulations to ensure simulation quality. In the formation
model, considering forward simulation effectiveness and efficiency, the number
of small layers within target formations with different grain sequences was set
to five. This number can be adjusted to match different grain sequences, GR
gradient features, and regional applications. Additionally, different AGR instru-
ments have different internal structures and detection properties, resulting in
different simulated logging responses. In this case, this study’ s understandings
mainly provide a reference. This study can also provide a research paradigm for
establishing response characteristics and patterns of different AGR instruments
and conducting specific applications.

After establishing the application scheme for AGR responses and patterns of
horizontal wells in sandstone reservoirs with different grain sequences, we ana-
lyzed applications in two horizontal wells with different grain sequences in detail.
Differences also exist when using vertical well GR curves to determine target
formation grain sequences. For example, Fig. 11 shows S1 identified as an egg-
shaped grain sequence, where GR logs at the upper boundary in the vertical
well are obviously steeper than at the lower boundary. Although not as steep as
cylindrical-shaped sequence upper boundaries, this still affects AGR and other
logging responses of horizontal wells at both boundaries. For instance, electro-
magnetic wave logs show medium- and low-amplitude polarization angles at the
upper boundary but not at the lower boundary. Additionally, grain sequences
in the middle of target formations may not be linear. For example, in Fig. 12,
although T3 is ultimately identified as a bell-shaped grain sequence, GR in pi-
lot well Y1 decreases gradually and approximately linearly in the upper part,
increases rapidly in the bottom part, and remains at a low, stable value in the
middle section (1843-1847 m) rather than being linear. These characteristics
indicate that although the overall grain sequence is recognized as bell-shaped,
the middle part maintains a higher stable value. Thus, in the enlarged view of
Fig. 12bl, the front part of the middle gamma-ray curve does not show obvious
separations like the ideal grain sequence response in Fig. 12b2. These condi-
tions also appear in horizontal well X, such as AGR fluctuations in the central
BC region of Fig. 11. Analysis suggests this may result from sandstone non-
homogeneity, causing actual logs to be less regular and neat than ideal grain
sequence responses. Additionally, error analysis shows this study’ s understand-
ings and scheme apply better to horizontal well X with more stable formations
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than to horizontal well Y, again indicating these characteristics and schemes
are semi-quantitative or qualitative trend understandings. These understand-
ings and methods are recommended for situations with relatively smooth grain
sequences and stable formations, while complicated situations require specific
analysis based on actual conditions.

7. Conclusions

Based on grain sequence characteristics of sandstone reservoirs and classical
vertical well logging facies theory, we systematically characterized formation
features of four ideal sandstone grain sequence types (cylindrical-shaped, bell-
shaped, funnel-shaped, and egg-shaped) at logging scale and their GR charac-
teristics, demonstrating ideal grain sequence formation and GR response char-
acteristics using actual field data from sandstone reservoirs in different basins.
Combined with geological and engineering characteristics of horizontal wells, we
established a three-formation model with different sedimentary grain sequences,
where upper and lower formations are identical, homogeneous, isotropic non-
reservoir surrounding rocks (high GR values), and the middle formation is a
sandstone target formation with grain sequence characteristics. We detailed
parameters for cylindrical-shaped, bell-shaped, funnel-shaped, and egg-shaped
grain sequence target formations to characterize internal GR values and longitu-
dinal variations of different grain sequences. In conjunction with AGR methods,
we established an instrumental model and associated parameter scheme. Using
the Monte Carlo method, we developed an efficient AGR forward modeling
method, examined and optimized it using analytical algorithms.

Based on the forward modeling method, we simulated and analyzed AGR re-
sponse characteristics of formation models with different grain sequences. When
the horizontal well trajectory passes through the cylindrical-shaped grain se-
quence target formation, AGR responses inherit traditional three-formation
characteristics— “double inverted isosceles trapezoids” response features and un-
derstandings. However, AGR responses for bell-shaped, funnel-shaped, and
egg-shaped grain sequence formation models differ from traditional understand-
ing, exhibiting “double left-handed spoons,” “double right-handed spoons,” and
“double inverted isosceles triangles,” respectively. Considering engineering and
geological characteristics of horizontal well drilling, we identified eight funda-
mental spatial relationships between horizontal wells and formations. Com-
bined with forward modeling methods and results, we established AGR response
modes for different grain sequences under these eight spatial relationships. For
field geosteering requirements, we established an application scheme for these
response modes. We applied the above response characteristics, modes, and
application scheme to two horizontal wells with different grain sequence char-
acteristics in the Songliao Basin to verify their applicability, and discussed this
study’ s adaptability, advantages, and disadvantages in detail. This study pro-
vides fundamental understanding of AGR response characteristics and modes
for geosteering and reservoir evaluation of horizontal wells in sedimentary reser-
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voirs, and proposes a corresponding optional work program for geosteering.

Considering this study is at a preliminary exploratory stage, subsequent system-
atic and detailed studies are needed. For example, this study is mainly based
on ideal grain-sequence formation models with smooth longitudinal grain-size
variation curves, so follow-up work will further investigate more general for-
mation situations such as grain-sequence characteristics containing jagged and
interbedded formations, further optimizing understanding of AGR responses in
different grain sequence sedimentary rocks.
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