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Abstract. In the late stage of the ultra-high water cut development, the untabulated reservoir (not included
in the submitted reserve sheet) is considered an important part of production sustainability in the X oilfield.

According to the coring well data of 5 wells in the eastern district, the untabulated reservoir is associated with
higher heterogeneity. Specifically, it develops not only the conventional low and ultra-low permeability sands

but also medium-high permeability sands with thickness below 0.2 m. Given this, the research investigates
the sedimentary models, spatial distribution, and heterogeneity of the different types of untabulated sand

bodies, based on the core analysis. Moreover, the physical model water flooding experiments are carried out
and the production characteristics of the different sand bodies in the untabulated reservoir with the different

recovery approaches are clarified. The findings of this research effectively solve the development

contradictions of the untabulated reservoir and lay down the foundation for the further potential tapping of

the untabulated reservoir.
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1. Introduction

Reservoir rocks of the Songliao Basin are derived from
sediments of the fluvial-delta system of the intra-
continental shallow-water lacustrine basin. The prolonged
complex deposition is associated with not only sediments
of high-energy environments but also those of low-energy
environments with an insufficient supply of clasts. Such
sediments of low-energy environments are mainly muddy
siltstone characterized by the presented hydrocarbon
occurrence of the oil patch and oil immersion, and located
in the top, bottom, surrounding, and inside of the high-
energy sediments. The corresponding reservoir rocks
present degraded physical properties and are typically
excluded from the effective reservoir rock. Therefore,
they are not included in the reserve sheet and are referred
to as the untabulated reservoir [1].

The X oilfield lies in the southern Songliao Basin and is
associated extensive development of untabulated
reservoirs. One drilled well encounters 48.6 independent
untabulated sands on an average basis, with the sand
thickness of 28.3 m, and the reserves of the untabulated
reservoirs account for 17.9% of the total oil initially in
place of the region. In 2015, five sealed-coring wells are
placed in the eastern X oilfield, within 1000 m
perpendicular to the provenance. The core samples reveal
that the average permeability of the untabulated sands is
12.5%10 pm? and the average porosity is 20%. Further

classification by permeability shows that the untabulated
reservoirs are associated with an expanded range of air
permeability. The maximum air permeability of the
samples reaches 1300x103 um?, representing the high-
permeability sandstone, while the lowest permeability is
less than 10x10° um?, representing the ultra-low
permeability sandstone.

Upon the arrival of the ultra-high water cut stage, the thin
poor reservoirs, dominated by the untabulated reservoirs,
have become the main target for water flooding-based
reserve potential tapping in the X oilfield. As the low-
efficient and insufficient circulation problems of injected
water intensify, the development contradiction of the
untabulated reservoirs becomes increasingly prominent.
Given these, this research investigates the heterogeneity
of the untabulated reservoirs, based on the samples of the
five coring wells, in an attempt to clarify the sedimentary
model and planar distribution of sand bodies with varying
levels of permeability in the untabulated reservoirs.
Moreover, the physical model flooding is carried out to
reveal the production characteristics of untabulated
reservoirs. Efforts of this research are made to further
provide theoretical and practical references for the
potential tapping of untabulated reservoirs.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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2. Heterogeneity of untabulated
reservoirs
2.1 Core characteristics of untabulated

reservoirs

Two types of sandstone are identified in the untabulated
reservoirs, according to the core characteristics of the
coring wells. One is the low and ultra-low permeability
sandstone, with permeability below 50x10 pm?, which
are classified as the conventional untabulated reservoir. It
is seen with a predominance of muddy siltstone or silty
mudstone, and diverse oil-containing attributes, mostly of
oil patch and oil stain. Moreover, it features numerous
inclusions of muddy strips or aggregates, and can be sub-
divided into three groups, namely strip-like, thin-bedded,
and patchy. The other is the untabulated sand with
permeability above 50x10-3 um? and called the favorable
band. Its top and bottom contact with the low and ultra-
low permeability stands, and the lithology is siltstone or
fine sandstone. The oil-containing attribute is typically
identified as oil immersion, with that of some samples
reaching the oil-rich level. The oil occurrence of this type
i1s more similar to that of the effective sandstone reservoir,
and yet the corresponding thickness is less than 0.2 m,
which results in failure of identification in well logs and
subsequent inclusion into untabulated reservoirs (Fig. 1).
Among the 522 untabulated samples in total collected
from the Sa-Pu oil layers of the five coring wells, the
conventional untabulated samples account for 44.8% of
the total, constituting the main permeability range.
However, the sand samples of the favorable bands also
hold the shares of 29.4% (Table 1), which indicates that
the interior of the untabulated reservoirs is associated with
high intra-layer heterogeneity, due to the extensive
development of favorable bands.

The water washing observation of the coring wells
demonstrates that the development of favorable bands
does not only affects the intra-layer heterogeneity of the
untabulated reservoirs but also the production of these
reservoirs. Most of the favorable bands have been through
wash washing at medium-intensive levels, while the
conventional untabulated samples with permeability
below 50x107 pm? are mostly free of water washing.
Therefore, it is suggested that the presence of favorable
bands in the untabulated reservoirs is a major factor
impacting the hydrocarbon recovery of untabulated sands.
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Figure 1. Core characteristics of untabulated reservoirs

Table 1. Permeability statistics of the five coring wells with

high coring density
Permeability Range (x 10~ um?)
Type
1-10 10-50  50-500  >500
Sample
proportion (%) 44.8 25.7 25.7 3.7
Layer f(’(f/f)’)p"mon 362 248 326 64

2.2 Micro pore structure characteristics of
untabulated reservoirs

Comparison of the mercury intrusion curves of the
favorable bands and conventional untabulated reservoirs
(Fig. 2) shows that the conventional untabulated reservoir
is found with a lower maximum mercury injection
saturation, lower residual mercury saturation, higher
mercury withdrawal efficiency, and preferred median-
saturation pressure. In other words, the conventional
untabulated reservoir, compared with the favorable band,
has smaller pore-throat radii and higher displacement
pressure.
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Figure 2. Comparison of the mercury intrusion curves
of the conventional untabulated reservoir and favorable
band

11 samples of the on-sheet and untabulated reservoirs in
the X oilfield are put through the constant-rate mercury
intrusion tests (specifically, 3 for the tabulated reservoir
(in other words, included in the reserve sheet), 4 for the
favorable band, and 4 for the conventional untabulated
reservoir), which implies considerable differences of
throat radii of the different samples (Fig. 3). In terms of
the samples of the tabulated reservoir, the throat radius
range is expanded and the proportion of larger throats is
higher, with the radius peak generally occurring above 7
pm. For the favorable band, the throat radius distribution
is closer to that of the on-sheet reservoir, with the radius
distribution peak occurring in 5-7um. At last, the
conventional untabulated reservoir is found with a narrow
range of the throat radius, with the peak generally below
S pm.
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Figure 3. Throat radius distribution of core samples with varied
permeability
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3. Deposition mechanisms of
untabulated reservoirs

3.1 Sedimentary models of varied types of sands
The formation and distribution of untabulated reservoirs
are controlled by the original sedimentary environment
and associated conditions. The deltaic distributary plain
facies mainly develops the (fluvial) channel sand, with
sufficient clast supply. The occurring of the untabulated
reservoir is mostly attributed to breach and overbank
floods. Due to the high-energy sedimentary environment,
the untabulated reservoir typically contains multiple
medium-high permeability banded sands. Moreover, the
untabulated sand body is seen with rapid lateral thinning
and, because of the quick horizontal decline of the
sedimentary environment energy and a lack of clastic
supplement. The outward extension of the inter-channel
sand body from the channel is short. Hence, in a planar
view, the medium-high permeability untabulated sand
presents itself as a sand body attached to the effective (on-
sheet) sand body in the forms of edging and bridging. The
coring well data shows that the farthest extension of
medium-high permeability sand from the effective sand is
only 25 m, which is rather difficult to identify in the case
of the current well pattern.

The inner front of the delta is subjected to the joint effects
of the river and lake and typically develops large-area
sheet sands. The lake is found with high lateral continuity
of energy. Therefore, the massive coarse-grained clasts,
entrained and supplied by the river, deposit with
decreasing thickness outward from the two river banks,
with the degrading lake energy, which results in the
successive formation of the fluvial channel sand, sheet
sand, and medium-high permeability untabulated sand. As
for the fine-grained clasts, the corresponding sediments
reach farther, with the help of waves, and the connected
low-ultra low permeability untabulated sands are formed.
In the deltaic inner front sedimentary environment, the
extension of the medium-high permeability sand is
larger—the coring well data shows that the farthest
extension of the medium-high permeability sand from the
effective sand is 200 m.

The outer front facies is mainly affected by the lake. In
such a low-energy environment lacking clastic supply, the
untabulated reservoir mainly presents itself as the low and
ultra-low permeability sand. The development area and
probability of medium-high permeability sands are higher
in the outer front I zone than in the outer front II zone. The
untabulated reservoir in the latter is found with a
predominance of connected low and ultra-low
permeability sands and sporadic isolated medium-high
permeability sands (Fig. 4).

I Channel sand

Sheet sand Conventional untabulated reservoir

I evorable band

Figure 4. Sedimentary models for different
sedimentary environments

3.2 Planar distribution characteristics of
untabulated reservoir sands
According to the planar development location of
untabulated sands and the planar sedimentary facies
distribution, 5 planar development types of untabulated
reservoirs are identified, namely the edging type (bridging
with the channel sand), the embedding type (embedded
into the main and non-main sands), the extending type
(that is no less than 200 m away from the effective sand),
the connected type (connected untabulated sands), and the
isolated type (untabulated sands scattered in mudstone).
Analysis of the corresponding untabulated sand types of
the collected samples shows that the development
proportion of the favorable band is the highest in the
edging-bridging type of the underwater distributary
fluvial channel sand and reaches 88%, associated with
only the conventional untabulated reservoir accounting
for only 12%. The development proportion of the
favorable band in the untabulated sand embedded into the
main or non-main thin sands reaches 87%, with the
corresponding proportion of the conventional untabulated
reservoir of 13%, similar to the case of the edging-
bridging type. The favorable band proportion is 75% in
the extending type, with the conventional untabulated
sand proportion of 25%. The least proportion of the
favorable band is found in the connected type (only 15%),
with the corresponding conventional untabulated sand
reservoir proportion reaching 85%. In summary, the
development probability of favorable bands ranks from
high to low as the edging type, embedded type, extending
type, and the connected type.
The water absorption statistics show that for the above
four planar types of untabulated sands, the water
absorption ratios of favorable bands rank as the edging
type, embedded type, extending type, and connected type,
which is consistent with the development probability
regularity of favorable bands. The concentrated zone of
favorable bands in the untabulated reservoir has higher
produced degrees. Therefore, the favorable band is vital
for further potential tapping of the remaining oil.
The sedimentary environments and planar distribution
locations of conventional untabulated reservoirs and
favorable bands (both of the untabulated reservoir) are
clarified via investigation of the sedimentary patterns and
planar distribution characteristics of untabulated
reservoirs. The favorable band mainly occurs in the distal
sedimentary environment of the delta inner front and the
proximal sedimentary environment of the delta outer front.
The sands of the favorable band mainly contact with the
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fluvial channel sand, and main and non-main thin sands.
As for the conventional untabulated reservoir, it mainly
occurs in the distal zone of the outer front, and some in
the medium zone of the outer front. The conventional
untabulated reservoir is dominated by the lake and
typically occurs as a connected areal development or
contacting with the mudstone.

4. Production characteristics of
untabulated reservoirs

To clarify the production behaviors of the untabulated
reservoir sands of various types with varied injection-
production modes, five physical model simulation
experiments and numerical simulations are performed for
the various types of untabulated sands. Sample #1 is
designed to simulate the separate recovery of the
conventional untabulated reservoir. Sample #2, for the
parallel recovery of the favorable band and conventional
untabulated reservoir; Sample #3, for the parallel recovery
of the favorable band and conventional untabulated
reservoir, with only the latter perforated; Sample #4, for
the cascade recovery of the favorable band and
conventional untabulated reservoir; Sample #5, for the
recovery of the pinch-out favorable band. The
experimental preparation and sample treatment (mainly
including the drying, vacuuming, oil and water saturation,
parameter calculation, and finally water flooding test) are
done in accordance with the Chinese national standard
SY/T 5358-2002.

4.1 Results of the physical model and numerical
simulations

The total recovery factors of the five physical models
(five recovery approaches) are all above 40%, and yet the
recovery of Samples #2 and #3 are associated with
considerable production interference harmful to the
effective exploitation of the conventional untabulated
reservoir. The recovery approaches of Samples #4 and #5
are found in favor of producing from the conventional
untabulated reservoir.

Figure 5. Histograms of recovery factors of the physical
models

B
Injected PVs

Figure 6. Comparison of the recovered degrees of the
physical models

The numerical simulation (Figs. 7 and 8) demonstrates
that the highest recovery factor is attributed to the parallel
recovery of the favorable band and conventional
untabulated reservoir (Sample #2) and reaches 43.25%;
however, this recovery approach suffers from intensive
interlayer interference, which leads to the limited
recovery of the conventional untabulated reservoir (with
the contributions of only 23.8% to the total). Moreover,
the least recovery of the conventional untabulated
reservoir with the contributions of only 17.8% is
associated with the recovery approach of Sample #3, in
which the flow rate and streamline indicate occurring of
cross flow and the production is mainly supplied by the
non-perforated favorable band (the recovered degrees of
the conventional untabulated reservoir are low). The
recovery approaches of Samples #4 and #5 are in favor of
production stimulation of the conventional untabulated
reservoir. The recovery factors of the cascade recovery for
the physical and numerical simulation reach 42.7% and
42.10%, respectively. The corresponding flow rate and
streamline demonstrate that these two approaches help to
promote the recovery of the conventional untabulated
reservoir.
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Figure 7. Histograms of recovery factors of the
numerical simulation

Figure 8. Comparison of recovered degrees of
numerical simulation

The physical and numerical simulations demonstrate that
the separate recovery of the conventional untabulated
reservoir can present the total recovery factor above 40%,
with the slow growth of water cut, and the production of
the conventional untabulated reservoir is highly disturbed
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by the favorable band. In the untabulated reservoir
containing the favorable band, the injected water always
finds the dominant channel via the favorable band,
regardless of whether the favorable band is perforated or
not. Under such circumstances, it is difficult to exploit the
conventional untabulated reservoir. In the cascade
arrangement of the favorable band and conventional
untabulated reservoir, the recovery performance of the
evenly-displaced favorable band side is better, and yet the
contributions of the conventional untabulated reservoir
are lower than the injection of the conventional
untabulated reservoir. It should be noted that in the case
of either the cascade arrangement or parallel arrangement
of sands, the simultaneous recovery of the favorable band
and conventional untabulated reservoir, the contributions
of the favorable band always exceed 60%, which make it
the main contributor in the untabulated reservoir.

4.2 Numerical simulation of the production
interference in parallel recovery

To determine whether or not the joint recovery of the
favorable band and the conventional untabulated reservoir
is associated with interference, and if any, how strong it
may be, a parallel recovery experiment is designed to
calculate the separate contributions of the two types of
untabulated reservoirs. The samples of the favorable band
and conventional untabulated reservoir are separately put
into different core holders and then flooded in a parallel
arrangement. The liquid, oil, and water production are
measured in the outlets also in a separate fashion to
compute the respective contributions to the total liquid
and oil production.

The model parameters for the production interference
simulation of the parallel recovery are listed below (Fig.
9). The model parameters are 4.5%4.5x30 cm (for each
core sample), with the porosity of 18%-23%, the
permeability of 17.8-80 mD, the pore volume of 182.25
cm?, oil initially in place 100.23 c¢cm?, and the initial oil
saturation of 55%. The injection rate during flooding is 2
mL/min.

Injection endend Production end

’ Core with poor physical properties, 80mD

Figure 9. Schematic diagram of the parallel recovery

Core with good physical properties, 80mD

The simulation ends, as the water cut reaches 98%. By the
end of the simulation, the ultimate recovery factor is
41.12%. As shown by the recovered degree versus
injected water (expressed as multiples of pore volumes,
injected PV), When the injection volume is from 0 to 1
PV, it is the rapid growth of the recovered degrees. From
1 PV to 3 PV, the recovered degree climbs up steadily.
After 3 PV, the injection is low-efficient or ineffective.
The favorable band presents considerable interference.
After the water-free production, the flow rate of the
favorable band is far higher than that of the conventional
untabulated reservoir. The produced oil is mainly from the

favorable band (contributing 87.5%; Figs. 10 and 11).
This result is similar to those of numerical simulations of
Samples #3 and #2, which demonstrates that the joint
recovery in such reservoirs is unfavorable for the
exploitation of the conventional untabulated reservoir.

s 9
Injected PVs

Figure 10. Recovered degrees of numerical simulation

100%
90%
80%
70%
60%
50%
10%

o

Favorable band

Figure 11. Contributions of the conventional
untabulated reservoir and favorable band

The conventional untabulated reservoir is severely
impacted by the favorable band. The actual production is
much more complex than the simulated one and therefore
it is safe to say that it is highly difficult to effectively
recover the conventional untabulated reservoir in the case
of joint recovery. In theory, the cascade recovery of the
conventional untabulated reservoir and favorable band in
which the injection well is placed in the untabulated
reservoir is expected with better recovery performance.
Nonetheless, the actual production suffers from severe
interlay interference and it is impossible to build the
separate well pattern for recovery. Hence, it is
recommended that the development of the untabulated
reservoir should preferably recover the un-produced
favorable band.

5. Conclusions

Under the guidance of the above findings, the type-
specific adjustment of the untabulated sands (that are not
included in the reserve sheet) of the D well district is
implemented. For the favorable band with permeability
above 50x 1073 um?, the adjustment combines the injection
rate enhancing and control. For the highly-permeable
layer of the favorable band that is already producing, the
ineffective injection is controlled after testing and
adjustment. For the non-producing favorable band with
remaining oil potential, the refined layer division is
performed for recovery. Moreover, for the low-
permeability untabulated sand with the permeability of
(10-50) x1073 um?, the injection-production adjustment is
optimized to improve the pressure gradient. At last, for the
ultra-low  permeability  untabulated sand  with
permeability below 101073 um?, an attempt is made for
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the precise-control fracturing that highlights targeted
reservoir stimulation. The adjustment of the D well
district results in effective control of water injection and
liquid production and the adjustment performance is
considerable, considering the cumulative oil gain of
1286000 tons. The development adjustment performance
of the D well district validates the identified deposition
mechanisms and production characteristics of the various
untabulated reservoir sands.

(1) The untabulated reservoir presents high heterogeneity.
A considerable discrepancy is found between the micro-
pore structures of the conventional untabulated reservoir
and favorable band. The physical properties and pore-
throat characteristics of the favorable band, compared
with those of the conventional untabulated reservoir, are
closer to those of effective sands of the tabulated reservoir
(included in the submitted reserve sheet).

(2) The deltaic distributary plain facies is highly subjected
to the high-energy river and the resultant untabulated
reservoir largely contains favorable bands. Due to the
joint effects of the river and lake, in the delta inner front
facies, the clastic sediments gradually thin outward from
both sides, and the favorable band mainly develops within
200 m from the effective sand. As for the conventional
untabulated reservoir, it can reach farther away, with the
help of waves, and deposit in a connected pattern.
Affected by the lake, the medium zone of the outer delta
front representing a low energy environment is seen with
the predominance of the conventional untabulated
reservoir, and the favorable band is found with limited
development in the proximal zone of the outer delta front.
(3) In a planar view five types of untabulated reservoir
sands are identified, namely, the edging, embedded,
extending, connected, and isolated types. The favorable
band mostly occurs as the edging, embedded, and
extending types, while the conventional untabulated
reservoir generally presents stable connected areal
development and is mainly of the connected and isolated
types.

(4) The favorable band severely interferes with the
production of the conventional untabulated reservoir and
highly impacts the recovered degree of the latter. The
contributions of the favorable band to production are
much higher than those of the conventional untabulated
reservoir. In other words, the favorable band is the main
producer of the untabulated reservoir.
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