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Abstract

The completeness of oil recovery under elastic water-drive conditions depends on numerous factors, including
the geological structure of the reservoir, the properties of the oil-bearing formations, the interaction between
the production zone and the peripheral area, the current reservoir pressure relative to the initial level, and the
extent to which the productive horizons are swept by waterflooding throughout their thickness and areal dis-
tribution. The main objective of this study is to evaluate the remaining oil reserves in the field and to develop
technologies for their efficient recovery. The degree of reserve depletion was assessed through a comprehensive
analysis of all available data, enabling the identification of the oil-water contact (OWC) front movement and
the current energy state of the reservoir. The assessment of recovery completeness was carried out using the
results of field-geophysical surveys, the characteristics of oil-displacement by water, and data from hydrodyna-
mic modelling. Geophysical monitoring was performed for each well individually to track the OWC position and
identify water-swept zones of the productive reservoir. The Pulsed Neutron-Neutron Logging (PNNL) method
was employed for real-time monitoring of oil-water interface movement during field development. It was es-
tablished that the remaining recoverable reserves (RRR) account for 32.5% of the initial recoverable reserves
(IRR). The current oil recovery factor (ORF) is 0.507. The field is currently at the fourth stage of development,
characterized by a high water cut (94.8%) and a low annual oil-production rate (1.71-2.32% of the IRR).
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U IUTOIAM pacnpocTpaHeHust. OCHOBHOI 3a/jaueit HaCTOSIIEero MCC/Ieq0BaHMS SIBISIETCS OLleHKa OCTaBILIMXCS
3amacoB He)TU Ha MeCTOPOKAEHUHM U pa3paboTKa TEXHOMIOTU AJist uX 3¢hdeKTUBHOI sKcIuTyaTanuu. O1eHKa
CTereHy OTPabOTKM 3aracoB MPOBOANTCS HA OCHOBAHMY KOMIUIEKCHOTO aHA/M3a BCeX MMEIOIIMXCS TaHHBbIX,
TIO3BOJISIIONIVX OTPENEeINTh 0COOeHHOCTM MPOoABYsKeHMs (PpoHTa BomoHedTssHOro KoHTakTa (BHK) 1 aHep-
reTYeCcKoe COCTOSIHME pe3epByapa. AHa/IM3 MOTHOTHI BBIPAOOTKM 3aIacoB IMPOBOIMIICS HA OCHOBE pe3yilb-
TaTOB ITPOMbBICJIOBBIX TeO(PU3NUYECKUX UCCIEIOBAHNI, XapaKTEPUCTUK IPOIECCca BbITECHEHUS HePTU BOZOIA
Y JAHHBIX TUIPOIMHAMMUYECKOTO MOJeIpoBaHusl. [eodnsnuecknii KOHTPOIb BBITTONHSUICS UHAVBULYATBHO
T10 KasKI0Vi CKBaXKMHE C 11eJIbI0 MOHUTOPUHTA NojiokeHust BHK u BbisiBIIeHVST 0OBOAHEHHDIX YUaCTKOB MPOIYK-
TUBHOTO 11acTa. MeToz UMITy/IbCHOTO HEMTPOH-HETPOHHOTO KapoTaska IPUMEHSIJICS 111 OTIepaTUBHOIO OT-
CTIEXMBAHUS AVTHAMUKM ITepeMelleHys TPaHMIIbl pa3fena HeGTb—BoAa B XOfe pa3paboTKU MECTOPOKAEHMS.
YCTaHOBJIEHO, UTO OCTATOYHbIE M3BIeKaeMble 3a11achl COCTABISIIOT 32,5% OT Haya/IbHO M3BJIeKaeMbIX 3a11acoB
(HUB). Texkyuinii KoadduumeHT usBaedenus Hedtu coctasiseT 0,507. YCTaHOBIEHO, YTO MECTOPOKAEHME Ha-
XOAUTCS Ha UeTBEPTOI cTaAuu pa3paboTKi, XapaKTepU3yOLIeiicsl BBICOKOI 06BOIHEHHOCTbIO (94,8 %) 1 HU3-
KuMM TeMItlamu ot6opa Hedtr (1,71-2,32 % ot HU3 B rom).

KnioueBble cnoea

Hed)TFIHI)Ie MeCTOPOXXOEeHMs, CKBaXXIMHA, KapOoTa’K, MeTO, MUMITYJIbCHOTO HeﬁTDOH—HeﬁTPOHHOFO KapoTa’ka, BO-
IoHe(TSIHOV KOHTAKT, TOPM30HTA/bHbIE CKBaXKMHBI, MHTEPIIPETALIVS, TUIACT, ITOPUCTOCTb, KOJIJIEKTOP, HedTe-
HaCbhIII€HHOCTb
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Introduction

The efficiency of oil recovery under elastic water-
drive reservoir conditions depends on multiple fac-
tors, including the geological structure of the field,
reservoir properties, the nature of interaction be-
tween the production zones and the peripheral aqui-
fer, the current reservoir pressure relative to the
initial level, the areal and vertical sweep efficiency
of the waterflooding process, and a number of other
conditions.

The Gilbert oil field was discovered as a result of
seismic exploration conducted within the northern
part of the Sunzha anticline structure in the North
Caucasus region, which is known for its Oligocene
oil-bearing formations. The exploration activities
were carried out by Geofizinfo LLC in 1996-1997. Sub-
sequently, the obtained data were verified through
detailed Common Depth Point (CDP) processing per-
formed by Regiongeofizika JSC from 1997 to 1999. Ex-
ploratory drilling began in December 2001 with the
spudding of the first prospecting well (No. 1). In the
spring of 2002, testing of Middle Cambrian sandstone
reservoirs yielded significant inflows of high-quality
crude oil, confirming the presence of commercially
viable hydrocarbon reserves in the area.

The commercial oil potential of the Gilbert field
has been confirmed through a comprehensive suite of
studies, including core analysis, well logging data, and
successful testing of oil-bearing intervals conducted
both during drilling and after geological and technical
operations.

The objective of this study is to evaluate the re-
maining recoverable oil reserves in the field and to

develop technologies for their efficient recovery. This
evaluation is based on a complete dataset enabling
the assessment of the waterflood front advancement
and the overall energy state of the reservoir.

The research methods are based on field and geo-
physical data, oil displacement characteristics, and
hydrodynamic modeling. Geophysical investigations
were aimed at monitoring the movement of the oil-
water contact (OWC) and identifying water-swept
zones within the productive horizon. Control of the
OWC position was performed using the Pulsed Neu-
tron-Neutron Logging (PNNL) method [1-3]. This
method is among the most effective well logging
techniques applied for lithological characterization
of formations, determination of porosity, evaluation
of hydrogen content, and identification of hydrocar-
bon-bearing zones [3-5].

The advantages of PNNL compared to other
methods include: high sensitivity to hydrogen con-
tent; determination of effective porosity; delineation
of productive intervals; minimal influence of rock
density; environmental safety; and compatibility
with modern data processing technologies.

Therefore, PNNL offers several benefits that en-
able obtaining detailed information on rock proper-
ties and effectively identifying productive intervals,
providing a reliable basis for planning further explo-
ration and development activities [4-6].

The research design involves monitoring the ad-
vancement of the OWC and detecting water-swept
intervals of productive formations, along with imple-
menting an integrated approach to studying oil reco-
very processes and well performance monitoring [6, 7].
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The main objectives of the study are as follows:

1. To evaluate the dynamics and spatial charac-
teristics of the OWC advancement and water break-
through in the productive formations of the Gilbert
field based on a comprehensive analysis of PNNL data
and other field-geophysical investigations.

2. To determine the degree of depletion and loca-
lization of remaining recoverable oil reserves (RRR)
through analysis of displacement characteristics,
hydrodynamic modeling, and comparison of current
and initial oil saturation data.

The scientific novelty of the study lies in the de-
velopment and validation of an integrated metho-
dology for localizing residual oil reserves at a late
stage of field development in geologically complex
reservoirs. The methodology includes the following
elements:

- quantitative assessment of the contribution of
heterogeneous waterflooding mechanisms (layered
displacement and OWC rise) to total recovery and
their spatial differentiation based on long-term PNNL
monitoring data;

— verification of PNNL-based geophysical mo-
nitoring results using tracer studies, which made
it possible to identify high-permeability channels
(“super-reservoirs”) and assess their impact on dis-
placement efficiency;

- integration of refined waterflood boundaries
obtained from PNNL and tracer data into the hydro-
dynamic model, enabling high-confidence mapping of
the distribution of residual movable oil reserves and
delineation of specific zones for geological and tech-
nical interventions (GTT).

Reservoir productivity characteristics
and initial development conditions

The data obtained in March 2002 during the tes-
ting of the first well indicated that the water-free oil
production rate stabilized at 8.07-11.22 m?/day with
2—-4 mm chokes and drawdowns of 2.86—3.67 MPa. The
lowest point of the perforated interval, from which
oil was produced (with flow rates varying from 8.1 to
11.2 m%/day), was located at an absolute elevation of
-1988.1 m (approximately 2038-2040 m in measured
depth). Due to the complex lithological structure of
the reservoir — characterized by thin interbedding of
sand and clay layers — precise determination of the
oil-water contact (OWC) was challenging. The con-
ditional boundary of the productive interval was es-
tablished at a depth of 2047.4 m (absolute elevation
-1995.3 m). According to the results of testing Well
No. 1 conducted in May 2003 (perforation interval
2023-2038 m), the production rate of nearly pure oil
ranged from 27.0 to 60.5 m3/day with 3-5 mm chokes
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and drawdowns of 1.8-3.7 MPa [7]. The productivity
index was estimated at 15.0-16.3 m3/(d-MPa) [8-10].
The first two exploratory wells were drilled within the
oil-bearing contour: Well No. 1 located at the central
site and Well No. 2 in its immediate vicinity. Additio-
nal studies, including detailed seismic data reproces-
sing and interpretation of all previously acquired in-
formation, were carried out after drilling Wells No. 1
and No. 2 in 2002, allowing the structural model of
the Sunzha anticline to be refined. Analysis of the
production performance of subsequent development
wells (Nos. 3-9) showed the highest productivity indi-
ces in Wells No. 3 and No. 9 — approximately 40.9 and
53.3 m%/(d-MPa), respectively — with total liquid pro-
duction (oil + water) ranging from 37.2 to 62.8 m3/day
and 55.2 to 132.2 m3/day. The lowest values were re-
corded in Wells No. 4, No. 7, and No. 8, ranging from
9.0 to 12.9 m3/(d -MPa).

Such a wide variation in productivity parameters
clearly indicates pronounced zonal heterogeneity of
the reservoir. It is noteworthy that already at the stage
of preparing the initial development plan [10-12],
based on data from exploration and appraisal wells
drilled in the central part of the Sunzha structure,
poor reservoir storage and permeability properties
were identified, which was reflected in the inflow per-
formance relationship (IPR) curves.

During the hydrodynamic analysis, the reservoir
temperature was determined to average approxi-
mately 58 °C.

The obtained experimental data made it possible
to justify the initial reservoir pressure and to calculate
productivity indices. The near-wellbore permeability
and hydraulic conductivity were determined using the
Dupuit equation [13-15].

The position of the initial oil-water contact was
determined based on well test results and field-geo-
physical investigations.

Measurements by the Pulsed Neutron-Neutron
Logging (PNNL) method were interpreted for nine
wells. A comprehensive suite of well logging surveys
(GIS) - including inflow profiling (thermometry, ther-
mal flowmeter logging, and spinner flowmeter log-
ging) — was performed in six wells.

Nearly all wells, except for horizontal ones, have
been surveyed using field-geophysical methods
throughout the development history. In total, 17 PNNL
surveys were conducted in nine wells and seven inflow
profile studies were performed.

Characteristics of oil-water contact rise
The upward movement of the OWC is non-uni-
form. The main factors controlling the dynamics of
this process include the geological structure of the ac-
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cumulation, the drilling rate, and the rate of reservoir
fluid production. An important role is also played by
vertical heterogeneity of the productive formations:
the upper part is composed of sandstones with varia-
ble grain size; the middle part is characterized by in-
creased heterogeneity and includes sandstones with
a high content of silt and clay fractions; the lower part
consists predominantly of sandstones [15,16].

Oil saturation was classified according to the fol-
lowing criteria: the reservoir contains essentially pure
oil when the oil saturation exceeds 0.7 (70%); the re-
servoir is considered oil-water saturated with oil pre-
vailing at saturation values from 0.6 to 0.7 (60-70%),
including the lower boundary of 0.6; mixed oil-water
saturation is characteristic of the interval from 0.3 to
0.6 (30-60%); at values below 0.3 (less than 30%), the
pore space is fully saturated with water [16—-18].

Interpretation of field-geophysical data

Well No. 1 is located in the near-contour zone in
the northern part of the field. The geological section
includes both high-capacity reservoir layers with po-
rosity of 10-16% and thin interbeds with porosity of
2-6%. The producing interval at 2038-2040 m was
perforated in 2002; testing with a 3 mm choke yiel-
ded an oil rate of 9.76 m®/d. The 2023-2038 m inter-
val was perforated later, in 2013. Production from the
well started in August 2004. Pulsed Neutron-Neutron
Logging (PNNL) was run three times: immediately be-
fore the start of production and again in May 2019,
when the water cut of the produced fluid was about
3%. Earlier, in 2006, comprehensive hydrodynamic
surveys had been carried out at a low water cut (up
to 3%), including PNNL, gamma-ray logging (GR), ca-
sing-collar locator (CCL), and inflow profiling [18, 19].
According to the 2019 PNNL results, intervals with
a mixed “oil + water” fluid composition are identified
from a depth of 2035.8 m, while “water + 0il” intervals
occur from 2038.4 m; clearly water-bearing zones are
located below 2040.6 m.

Analysis of the gamma-ray log indicates that the
main source of oil inflow is the upper part of the per-
forated interval (2023-2025 m), whereas water is pro-
duced predominantly from the lower perforation shots
at 2039-2040 m. The repeated PNNL survey showed
that the penetration zone of the “oil + water” mixture
is confined to the upper part of the section (2023.6-
2024.2 m); below, down to 2025 m, a “water + oil”
composition dominates. Intermediate “water + 0il”
zones are also observed in the 2025.2-2025.8 m
and 2032.0-2032.8 m intervals. These intervals are
characterized by low oil saturation (0-8%), which
confirms progressive layer-by-layer replacement of
oil by water [19].
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Thus, the low oil saturation in the 2039.8-2040.6 m
interval according to the industrial cut-off criteria (oil
saturation S, = 33%) and the appearance of water from
deeper zones support the conclusion that the oil-water
contact has migrated upward concurrently with layer-
by-layer waterflooding of the section penetrated by
the well.

Based on this analysis, a well intervention plan was
proposed for Well No. 1: upon reaching a critical water
cut of 99%, to isolate the currently producing perfora-
tion intervals 2038-2040 m (main) and 2023-2038 m
(extended) by setting a pressure cement plug, followed
by drilling out the cement plug and perforating the up-
per part of the reservoir in the 2023-2030 m interval.

According to PNNL data obtained from Well No. 2
at the initial stage of production, when the water cut
did not exceed 1% (before near-wellbore stimulation),
the section was characterized as oil-saturated.

Four months after the stimulation treatment,
inflow-profile logging (1-6 December 2005) showed
that almost the entire perforated interval contributed
to production.

PNNL surveys demonstrated that the decrease in
oil saturation was accompanied by a rise in the OWC.
The current OWC position in the studied well is ap-
proximately two metres higher than the depth recor-
ded during drilling.

In 2012, a further decline in oil saturation to
25-55% was recorded in the 2159.4-2164 m interval,
along with evidence of layer-by-layer waterflooding in
the lower part of the penetrated reservoir interval.

According to PNNL data acquired at water cuts
above 80%, completely swept zones were observed
within the perforated intervals. Below the perfora-
ted section, both oil-saturated layers and mixed
oil-and-water intervals were identified, indicating
layer-by-layer waterflooding in the lower unperfora-
ted portion of the section. However, no further up-
ward movement of the OWC was detected.

Based on these results, geological and technical
interventions were carried out in 2018-2019, inclu-
ding extended perforation of the 2168-2171 m inter-
val combined with isolation of all previously opened
zones. According to PNNL data, oil saturation in the
newly opened interval reached 76-89%.

The results of PNNL analysis indicate both the
upward movement of the OWC and layer-by-layer
waterflooding of the productive formations; in some
cases, these two processes were observed simultane-
ously.

Analysis of OWC rise dynamics over time showed
that, at the early stage of field development, the rate
of OWC movement was non-uniform. As of 2006, the
difference in OWC depth among the five monitored
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wells reached 13 m. The total fluid production rate in
these wells ranged from 15 to 20 t/d, with drawdowns
between 1.9 and 3.6 MPa. The greatest OWC displace-
ment was observed in Wells No. 8 and No. 9, where the
rise reached approximately 15 m.

Repeat surveys revealed the following changes in
OWC level: in Well No. 2, the rise over a five-year peri-
od amounted to only 1.4 m; in Well No. 8, an increase
of 7.6 m was recorded over seven years of production;
whereas in Well No. 9, the OWC rose by 1 m within
one year.

According to the trend relationships shown in
Fig. 1, the current average OWC level is estimated at
an absolute elevation of -1984 m.

The obtained results suggest that layer-by-layer
waterflooding predominantly occurs in the peripheral
zones of the field, extending from the northeast to-
ward the southeast, whereas upward OWC displace-
ment prevails in the central zones. Based on the in-
terpretation of PNNL data and production history, it
can be concluded that the remaining recoverable re-
serves (RRR) are mainly localized within the central
dome-shaped area in the northeastern part of the oil
reservoir.

In 2012, tracer tests were carried out at the Gil-
bert field. A tracer agent was injected into water-in-
jection Well No. 12 to identify hydrodynamic commu-
nication between the injection and production wells,
determine the actual flow velocities and directions of
the injected water and reservoir fluids, and evaluate
the influence of the injection well on the performance
of the producing wells.

Several wells are characterized by the presence of
a dominant permeable layer, distinguished by a pro-

elSSN 2500-0632

https://mst.misis.ru/

Bosikov I. I. et al. Identification of remaining oil reserves at the late stage of development...

nounced increase in tracer concentration. In Wells
No. 4, 5, and 6, this layer was detected at the first
tracer breakthrough, whereas in Wells No. 1, 2, 3, 10,
and 11 it appeared only at the fourth arrival. The ex-
ception was Well No. 8, where tracer concentrations
remained stable throughout the observation period.

Tracer concentration is inversely proportional
to the number of major conductive layers. A distinc-
tive feature of Well No. 5 is its extremely high tra-
cer concentration, which indicates the presence of
a small-volume but highly conductive flow channel.
This suggests the existence of a fracture or zones of
intensely developed reservoir rock (“super-reser-
voirs”). At present, this well shows the lowest water
cut among comparable deviated wells (about 90%).

Water breakthrough at the Gilbert field began as
early as 2007, when several wells exhibited a rapid
increase in water cut to 70-80%. During the follo-
wing thirteen years, the average annual growth rate
of water cut ranged from 11 to 14%. After the com-
missioning of injection Well No. 12 in December
2010, the water cut in most deviated wells ranged
from 42 to 82%.

Since 2011, the rate of water-cut increase has
gradually declined: the annual growth dropped from
9.2% to negligible values of about 0.1% by 2016.
For example, in Well No. 8, the water cut decreased
from 90.8% in January 2016 to 84% by the end of De-
cember.

Thus, operation of injection Well No. 12 did not
cause a significant increase in water cut, which agrees
with the results of hydrodynamic modelling, indica-
ting that shutting in Well No. 12 would have a minimal
impact on oil-production water cut (less than 1%).

-1975
12
~1980 -
8
o ¢ 1
~1985 - L
5
3 o 9 2
~1990 7 L4 7 @
o8 o 2 o ° &5
o7 @5 o
Initial OWC level -1995.7m
-1995 @3
of
~2000 o
-2005 .

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Date of PNNL survey, year
Fig. 1. Evaluation of OWC rise at the Gilbert field based on PNNL data
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Analysis of displacement characteristics
and evaluation of remaining recoverable reserves

The displacement characteristics provide an inte-
grated representation of the actual oil recovery pro-
cesses and the associated dynamics of reservoir wa-
terflooding during the late stage of field development.
Converting production parameters into displacement
characteristics and selecting an appropriate empirical
correlation make it possible to estimate the potential
volumes of recoverable oil.

It should be noted that the most accurate deter-
mination of displacement characteristics is feasible
for productive horizons with an extended production
history and a water cut exceeding 80-90%. Field data
collected over a 16-year period show a consistently
high water cut in produced fluids and significant de-
pletion of oil reserves.
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The displacement characteristics were used to
estimate the RRR under current development condi-
tions, based on established analytical methods. Calcu-
lations were performed both using water-cut growth
curves and production-rate decline relationships. The
resulting values are presented in Table 1.

At a final water cut of 98%, the average RRR value
is only slightly below 131 thousand tons. The actual
displacement characteristics and forecast indicators
derived from them are shown in Fig. 2.

Fig. 2 presents both actual and calculated dis-
placement characteristics used to assess the redeve-
lopment potential of the field. The left-hand graph il-
lustrates the relationship between cumulative oil and
liquid production, while the right-hand graph shows
the relationship between current oil rate and water
cut. The divergence between the actual data (solid

Table 1
0il recovery factor (ORF) estimates for the Gilbert field based on displacement characteristics
(different methods)
Water-cut curves Production decline curves
. - _ | Average
Indicator A M. Pirverdyan’s %I;I;l\;?z:zﬁ\erv G.S. Kambarov’s | A.M. Pirverdyan’s Gﬁ.VKaIl(I:)lbargx valuegs
method -V.S1D method method A AL
method method
Cumulative oil
production
as of 01.01.2020, 682 682 682 682 682 682
thousand tons
Cumulative oil
production at the 788 758 749 948 821 813
end of development,
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Fig. 2. Displacement characteristics of the Gilbert field
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lines) and the predicted curves (dashed lines) in the
region of high water cut values (> 90%) and large cu-
mulative liquid production indicates additional re-
covery potential, estimated at an average of 131 thou-
sand tons of oil. These relationships formed the basis
for calculating the oil recovery factor and determining
the remaining reserves.

To further evaluate the efficiency of field devel-
opment, displacement characteristics showing the re-
lationship between water cut and oil recovery degree
were constructed (Fig. 3).

The plots illustrate the dynamics of reservoir wa-
terflooding as reserves are depleted. The horizontal
axis represents the recovery degree relative to the in-
itial recoverable reserves (IRR, %), while the vertical
axis shows the water cut of produced fluids (%). The
solid line corresponds to actual field data, whereas
the dashed line represents the fitted empirical corre-
lation (displacement characteristic) used to forecast
performance parameters up to the economic limit wa-
ter cut (98%). Analysis of the curve confirms that the
field has entered the final stage of development, with
the current water cut at 94.8% and 84.2% of the IRR
recovered.

A single Middle Cambrian reservoir (Horizon 2) is
currently under development. The recovery degree for
this reservoir is 83.4%, which corresponds to the val-
ue recorded in the State Reserve Balance as of 1 Jan-
uary 2022. The water cut of produced fluids reaches
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94.8%. The slight discrepancy between the recovery
degree relative to the IRR and the water cut level in-
dicates that the planned ORF and cumulative produc-
tion reported in the State Reserve Balance have been
achieved as of the specified date.

Analysis of the available data indicates that
reservoir water encroachment is driven by two
mechanisms: upward movement of the OWC and
layer-by-layer waterflooding. Layer-by-layer water-
flooding mainly occurs in the peripheral zones of the
field, extending from the northeast toward the south-
west, whereas upward OWC movement predominates
in the central part of the accumulation. Based on the
interpretation of PNNL neutron-carbonate logs and
production history data, accumulations of remaining
unrecovered oil were identified in the northeastern
part of the reservoir near the fractured zones around
Wells No. 1 and No. 8, as well as in the central area
near Wells No. 2 and No. 4.

Analysis of the displacement characteristics made
it possible to estimate the expected volume of RRR
under current development conditions. The predicted
RRR values range from 67 to 266 thousand tons, with
an average of approximately 131 thousand tons.

The degree of depletion and the spatial distribu-
tion of the remaining oil were verified through hy-
drodynamic modelling (as of 1 January 2022), which
provided a more accurate assessment of the current
recovery degree (Table 2).

100
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Q
g
& 40
=
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Fig. 3. Relationship between low-viscosity hydrocarbon recovery and reservoir water cut for the Gilbert field

Table 2
0il recovery performance of the Gilbert field as of 01 January 2022

Re- Initial Initial re- ggm;l‘l)?i:;\é? Re- Remaining

geological] Ap- |coverable| .. P Cur- | Current recoverable | Remaining
. . | serve tion as of |covery
Field | Reservoir cate. | reserves, proved | reserves, 01.01.2022. | from rent | water | reserves, |recoverable
o thousand | ORF |thousand tl.lou.san d’ IRR. % ORF | cut,% | thousand |reserves, %
gory tons tons — D % tons
Gilbert Cgﬁ}%‘ﬂiﬂ A 1582 0.609 997 785 84.2 | 0.507 | 94.8 185 18.5
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Fig. 4 shows the distribution of movable oil re-
serves in the Middle Cambrian reservoir of the Gil-
bert field at the initial stage of development (as of
01 January 2019, the date of project preparation —
2020) and as of 01 January 2022. The density maps
indicate that the highest concentrations of movable
reserves occur in areas of maximum initial oil-satu-
rated thickness.

Analysis of the obtained data reveals the fol-
lowing:

1. The Middle Cambrian reservoir is at the fourth
stage of development, characterised by declining oil
production rates, a high water cut in produced fluids,
and a reduced recovery rate relative to the initial re-
coverable reserves.

2. The highest concentrations of movable oil re-
serves are found in the northern and eastern parts
of the accumulation near Wells No. 1 and No. 8, with
smaller volumes remaining in the central productive
zone near Wells No. 2 and No. 4.

3. The remaining recoverable reserves (185 thou-
sand tons, according to hydrodynamic modelling) can
be efficiently produced through the existing wells
(Nos. 1-10). To accelerate depletion, it is recommen-
ded to perform geological and technical interventions
or drill an additional sidetrack from either Well No. 1
or No. 8, depending on which reaches the critical wa-
ter-cut level first.

Fig. 4 presents spatial distribution maps of mov-
able oil reserve density: (a) at the initial stage of
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development (2019) and (b) as of 01 January 2022.
Analysis of these maps demonstrates significant re-
serve redistribution resulting from field depletion.
The highest concentration of remaining movable
reserves persists in the northeastern part of the ac-
cumulation near Wells No. 1 and No. 8 and in the
central area near Wells No. 2 and No. 4. Comparison
of the maps highlights the zones of most intensive
depletion and confirms the localization of residual
reserves within near-wellbore areas characterized
by the best reservoir storage and permeability pro-
perties.

Practical significance

The findings of this study have the following
practical implications:

—they enable a shift from extensive to targeted
field development by accurately identifying zones of
remaining oil reserves, which in turn supports the
planning of focused geological and technical inter-
ventions;

- they provide a quantitative estimate of the re-
development potential — about 185 thousand tons of
additional oil — which justifies continued operation
and effectively extends the field’s life cycle;

- they demonstrate that the integrated workflow
combining PNNL, tracer testing, and hydrodynamic
modeling can be replicated at comparable fields to
improve oil recovery.
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Fig. 4. Map of movable oil reserves in the Gilbert field:
a - at the start of development (2019); b - as of 01 January 2022
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Economic efficiency

This study shifts field management at the late
stage of development from a predominantly opera-
tional focus to a strategic one. The identified redeve-
lopment potential provides a sound basis for econo-
mically justified extension of the field’s productive life.

Previously, geological and technical interventions
were associated with high risk due to uncertainty in
the location of productive intervals. The proposed
methodology allows operators to move from uniform
well servicing to a selective investment strategy. Clear
spatial localization of remaining reserves makes it
possible to design an optimized program of geological
and technical interventions and avoid costly explora-
tory operations.

Most of the additional oil production can be ob-
tained from the existing well stock, which reduces
the need for new capital-intensive infrastructure and
significantly improves project profitability. Realizing
the identified potential will move the recovery factor
closer to the approved target, effectively converting
part of the reserves into commercially recoverable
volumes. Thus, the economic value of this work lies
not only in the direct monetization of additional oil
volumes, but also in the development of a manage-
ment framework that supports a profitable and order-
ly completion of field development.

Conclusions
Based on a comprehensive analysis of oil recov-
ery performance at the Gilbert field using geographic
information systems and field-geophysical data, the
following conclusions can be drawn:
1. The main objective of the study has been
achieved: the RRR have been quantified and their
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main accumulation zones identified. The RRR
amount to 18.5% of the initial recoverable reserves.
The ORF is 0.507, compared with the approved
value of 0.609. The field is at the fourth stage of
development, characterized by a high water cut
of 94.8%.

2. The dynamics and pattern of OWC movement
and reservoir water encroachment have been evalu-
ated. Analysis of PNNL data shows that the OWC rise
is non-uniform: in the central part of the reservoir, an
upward shift of 2-15 m has been recorded, whereas
layer-by-layer waterflooding predominates in the pe-
ripheral zones. The current OWC level is estimated at
an absolute elevation of -1984 m.

3. The depletion level and spatial distribution of
the RRR have been determined. Hydrodynamic mo-
delling combined with displacement characteristic
analysis indicates that unrecovered reserves are con-
centrated in a fault-adjacent zone near Wells No. 1
and No. 8, as well as in the central part of the field
near Wells No. 2 and No. 4.

4. The effectiveness of PNNL for development
monitoring has been confirmed. In total, 17 sur-
veys were carried out in nine wells, which made it
possible to delineate water-swept and oil-saturat-
ed intervals and to assess current oil saturation. In
waterflooded intervals, saturation has decreased
to 25-55%.

In summary, the study has provided a detailed
picture of the current state of the Gilbert field, sub-
stantiated the volume and distribution of the remai-
ning recoverable reserves, and proposed measures to
enhance oil recovery. These results are expected to
reduce technological risks and improve the economic
efficiency of further field development.
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