PA3PABOTKA

Y[AK 550.831.318; https://doi.org/10.37878/2708-0080/2026-2.11
https://orcid.org/0000-0002-6000-6477
https://orcid.org/0000-0002-0964-3008
https://orcid.org/0000-0002-2224-6453
https://orcid.org/0009-0004-4936-3627
https://orcid.org/0009-0007-4325-1677

NMR LOGGING IN CARBONATE SECTIONS
OF AN OIL FIELD WELL

f

Z.B. IMANSAKIPOVA, SH.K. AITKAZINOVA,

PhD, senior lecturer, PhD, Associate Professor,
z.imansakipova@satbayev. sh.aitkazinova@satbayev.
university university

S. ABDISEYIT,
MSc, senior lecturer, master's student, researcher,
m.bukenova@satbayev. serik.abdisiit@gmail.com

university
M.S. KURBANBEKOV, doctoral student, researcher, mkurbanbekov@kmge.kz

150 HE®Tb U TA3 &5 2026 2 (152)



PA3PABOTKA

SATBAYEV UNIVERSITY
Republic of Kazakhstan, 050013, Aimaty, Satbayev str., 22

Carbonates (limestones, dolomites) are complex, heterogeneous reservoirs, where traditional
logging methods (gamma-ray logging, neutron logging, litho-density logging and acoustics) often
poorly determine porosity and, especially, permeability. In these conditions, downhole nuclear
magnetic resonance has become a key method for studying fluid saturation and reservoir properties.

The article presents the results of research on the use of nuclear magnetic resonance in a
well (NMR logging) to assess the reservoir properties of carbonate rocks of various textural and
structural organization. The features of the formation of T, relaxation signals under conditions of
multimodal porosity inherent in carbonate reservoirs, including matrix micropores, intercrystalline
pores, cavities, and cracks, are considered.

The analysis of the influence of mineralogy, surface relaxation, and diffusion processes on the shape
of T,spectra and the determination of fluid mobility parameters is carried out. Based on the comparison
of NMR logging data with the results of laboratory core studies and other methods of geophysical well
study, the limitations of traditional T,thresholds and empirical permeability models (Timur-Coates, SDR)
in the interpretation of carbonate sections are shown. Improved approaches to the isolation of free and
bound fluids are proposed, including adaptive T,thresholds and combined interpretation schemes.

The results obtained demonstrate the high potential of NMR logging to improve the accuracy
of porosity, fluid mobility, and permeability estimates, as well as to identify productive intervals in
complex carbonate reservoirs.

KEYWORDS: NMR-logging; T-distribution; porosity; permeability; differential spectrum;, NMRes;
carbonate rocks; gas saturation; free fluid;, bound water.
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KapboHame! (udgecmHsiku, 0onomumei) npedcmasrnsrom cobol CrIoXKHbIe, HEOOHOPOOHbIE
Konnekmopsbi, 20e mpaduyuoHHble MemoOobi kapomaxka ('K, HK, JIK, akycmuka) yacmo nioxo
onpedernisilom nopucmocms U, 0CO6eHHO, NMpoHuyaemMocms. B makux ycrnosusix s0epHo-maz-
HUMHBbIU PE30HAHC 8 CKBaXKUHE cmaJl K/to4e8biM MemoOoM Uu3yyeHusi (hritoudoHachileHHoCmu U
unbmpayuoHHO-EMKOCMHbIX €80LUCMS.

B cmamse npedcmaerneHb! pe3dyribmamai uccriedosaHuli puMeHeHUs1 10epHO-MagHUMHO20 pe-
3oHaHca 6 ckeaxxuHe (NMR-kapomaska) 0nsi OUeHKU KOMEeKMopCKux ceolicme KapboHamHbIX Mopod
pasnu4yHoU meKcmypHO-cmpyKmypHoU opeaHu3ayuu. PaccmompeHsbl 0cobeHHoCmu ¢hopMuposaHusi
cueHaros penakcayuu T,8 ycriogusix MHO2oMo0arnbHoU rnopucmocmu, npucyuelt KapboHamHbIM
pesepsyapam, ekrir4asi MUKPONopbl Mampukca, UHmMepKpucmarniu4yeckue ropbl, Ka8epHbl U mpe-
wuHel. [NposedéH aHarnu3 enusHUS MUHepanoauu, nosepxHOCcmMHoU penaxkcayuu u ougghy3UOHHbIX
npouyeccos Ha popmy T,-criekmpoes u orpederieHUe napamempos nodsuxxHocmu ¢hrioudos.

Ha ocHoee conocmaeneHusi daHHbix NMR-kapomaxa ¢ pe3ynsmamamu r1abopamopHbIX Uc-
crnedogaHuli KepHa u Opyaumu Memodamu 2e0ghu3U4EeCKO20 U3YHEeHUS CK8aXUH roKa3aHa o2paHu-
YeHHOCMb MPaduUUUOHHbIX Mopoe2os T, u amnupudeckux modenel npoHuyaemocmu (Timur—Coates,
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SDR) npu uHmepnpemauyuu kapboHamHbix pa3pe3os. [1pednoxeHbl yco8epuIeHCMe08aHHbIE
no0xodkl K 8bidenieHut0 ce0600HO20 U Cc8siI3aHHO20 ¢hritouda, ekiodasi adanmusHbie T,-rnopoau u
KOMOBUHUPOBaHHbIE UHMEPPemMayUoHHbIE CXEMbI.

lMonyyeHHble pesynsmamsl deMoHCmpuUpytom ebicokuli nomeryuan NMR-kapomasxa 01 rio-
8bILLIEHUSI MOYHOCMU OUEHKU ropucmocmu, nodsuxHocmu ¢hriroudos U MpoHUYaeMocmu, a makxe
0n15 8bIsieNIeHUs MPOOYKMUBHbIX UHMEePB8asos 8 CIIOXHOMOCMPOEHHbIX KapbOHamHbIX KOMIIIEKMOopax.

KITOYEBBbIE CJIOBA: NMR-kapomax, T2-pacripedeneHue, nopucmocms, MPOHUUaeMoCcmeb,
ougpgbepeHyuanbHbit ciekmp, NMR, kapboHamHble nopodbl, 2a30HackIWEeHHOCMb, C80600HbIU
noud, ceazaHHas eooa.
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KapboHammap (ek macmap, donomummep) Kypoeri, bipkeski emec pesepsyapnap 60sbin ma-
bbinadel, MyHOa dacmypni kapomax adicmepi (2aMma-cayrnernik kapomax, HelmpoHObIK Kapomax,
NIUMO-MbifbI30blfbl KAPOMAXKOHE aKyCcmuKa) Keyekmirnikmi )XoeHe acipece emki3aiwmiziH Hawap
aHblkmaltiobl. MyHOal xardatinapda yHFbIMaHbIH 10POrbIK MazHUMMIK Pe30HaHChI CYUbIKMbIKMbIH
KaHbIKMbIbIFbl MEH Kabam KacuemmepiH 3epmmey0iH Heai3zi 8dici 60510kl

Makanada spmypni mekcmypanbiK-KypblibiMObIK yUbiMOapdbiH KapboHammbl may XblHbICMa-
PbIHbIH KOIIIIeKMOopIiblK KacuemmepiH baranay ywiH yHFbiMada si0poribik-MagHUmmiK pe3oHaHcmb!
(NMR-kapomax) korndaHydbl 3epmmey Homuxenepi kenmipineeH. KapboHammai yucmepHanapfra
maH MynbmumoOarns0Obl Keyekmirik xardalbiHOa, COHbIH iWwiHOe MampuyarbiK MUKporopanap,
UHmMepKpucmanobl Keyekmep, kagepHanap MeH xapbikmap xardalbiHOa T, penakcayus cuzHarl-
OapbIHbIH natida 6oy epekwenikmepi kapacmbipbliadbl. MuHepanozausiHbiH, 6emmik penakcayu-
SIHbIH X8He dughpy3usinbIK npouecmepdiH T, ciekmprepiHiH gpopmacbkiHa acepiH manday >XoHe
CyUbIKMbIKMapObIH KO3FanfbIWMbIFbIHbIH MapamMempriepiH aHbikmay.

NMR-kapomax 0epekmepiH Hezisai 3epmxaHaribiK 3epmmeynepoiH HOMUXenepiMeH XoHe
YHFbIManapObi eeochulukarnbik 3epmmey0iH backa adicmepimeH canbicmbipyFa cyleHe omblipbir,
kapboHammbi KeciHOinepdi uHmeprnpemauusinay kesiHoe dacmypsi T, wekmepi MeH aMupuKa-
IbIK emkidaiwmik modenbiepiHiH (Timur—Coates, SDR) wekmeynepi kepceminzeH. EpKiH xoHe
batinaHbicmbi cyUbIKmbIKMbI OKwaynayObiH xemindipineeH macindepi, COHbIH iwiH0e adanmuemi
T, wekmepi xeHe apanac UHmMeprnpemauyusisibiK cxemarnap YCbIHbIIFaH.

ArbIHFaH HOMUXXenep Keyekmirikmi, CyUbIKMbIKMbIH KO3FalfFbIWMbIfbiH XOHe emkisaiwmiziH
baranay 0sandiaiH xakcapmy xoHe Kypderi kKapboHammbl Kornekmopriapoarbl 6HiMOI apanbsikmap-
Obl aHbikmay ywiH NMR kapomaxXbIHbIH X0fapbl a51eyemiH kepcemeoi.

TYUIH CO3EP: NMR-kapomax, T2-mapamy, Keyekmini, emkizaiwumik, dughgpepeHuuandsi
criekmp, NMR, kapboHammbl XbIHbICMa, 2a3fa KaHbIKMbIIbIK, €PKiH CyUbIKMbIK, 6alinaHbICMbl CY.

ntroduction. Nuclear Magnetic Resonance (NMR) logging is one of the most

I informative methods for studying fluid saturation and Porosity and permeability of
formations [1]. Unlike traditional geophysical well logging methods (GWL), NMR

does not require calibration based on lithology and is sensitive exclusively to hydrogen-
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containing pore fluid [2]. This ensures the direct acquisition of transverse relaxation time
(T2) distributions, allowing for the quantitative evaluation of bound, capillary-bound, and
free water, as well as movable hydrocarbons [3].

Carbonate reservoirs (e.g., limestones, dolomites) remain some of the most complex
for petrophysical interpretation [4]. Their porous structure is typically characterized by high
heterogeneity: the pore distribution can vary from micropores to macropores, cracks and
caverns [5]. These features make traditional geophysical logging methods less effective,
especially regarding the accurate assessment of porosity, permeability, and fluid saturation [6].

In carbonate reservoirs, distinguished by complex pore structures and significant
lithological diversity, the use of NMR is particularly valuable, as traditional methods
often yield ambiguous results. Under these conditions, NMR allows for refining the real
effectiveness of the pore space and identifying zones with movable fluids [7].

In this regard, NMR investigation becomes especially valuable because it measures
hydrogen content (i.e., fluids) in pores and is relatively independent of rock mineralogy
[8]. However, the interpretation of NMR data in carbonate sections faces a number of
specific challenges. These include the instability of T2T-2T2 cutoffs, as the classical
approach to separating "bound" and "free" water in carbonates can lead to serious errors
due to heterogeneous surface relaxivity, complex pore geometry, and internal magnetic field
gradients. Theoretical studies have shown that with heterogeneous relaxivity, the direct
correspondence between relaxation rate and pore geometry may be violated. Reference
[9] shows that surface relaxivity values in pre-salt carbonates correlate strongly with the
pore surface-to-volume ratio (S/V), which significantly affects the T2T-2T2 distribution
and, consequently, data interpretation.

Work [10] shows that T2T-2T2 distributions obtained via NMR correlate well with
mercury injection capillary pressure (MICP) data, allowing for better modeling of carbonate
porosity considering various pore regimes (micro-, meso-, macropores).

Considering modern achievements, NMR interpretation technologies such as
differential spectra and NMRes analysis can significantly expand analytical capabilities
[10]. In this regard, this work, based on deep NMR logging research (Dual-TW mode),
fits within the framework of this modern paradigm: it offers not just porosity estimation,
but a deeper analysis of fluid saturation structure (bound water, capillary-bound water, free
fluid), which is especially important for carbonate reservoirs with gas or hydrocarbons.

Thus, the relevance of the study is confirmed by recent publications and trends in the field
of NMR logging of carbonate formations, and our methodological approach (combination of
Dual-TW, differential spectrum, and NMRes) can make a significant contribution to improving
the accuracy and reliability of the petrophysical model of carbonate reservoirs.

This work interprets NMR logging data from carbonate sections to assess $T 28
distributions, porosity, permeability, and fluid types. Results are compared against a
standard Triple Combo suite for validation. Additionally, the application of Differential
Spectrum and NMRes technologies enabled the identification of gas-saturated zones and
provided a more refined mapping of hydrocarbon distribution.

Materials and methods

The object of the study is the carbonate section of an oil field well in the depth interval
2585-2975 m. The section is represented by limestones and dolomites with varying
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degrees of fracturing and porosity. The upper interval (2585-2775 m) is characterized by
a more pronounced content of free fluid and gas-saturated zones, while the lower interval
(27752975 m) is distinguished by low porosity parameters and an increased share of
bound water.

Data from standard geophysical logging (GWL), including density (RHOB), neutron
(NPHI), and sonic (DT) logs, as well as laboratory measurements of petrophysical
parameters (PHIT, K, Sw) on core samples, were used to verify the results.

Based on available well data, Differential Spectrum Analysis was selected for this
study. This method converts echo trains—sequences of bursts followed by the free-
induction decay of the magnetic field—into a transverse relaxation time (T2) distribution.
From this distribution, the signals for each fluid type within the pore space are sequentially
extracted. Because NMR tools primarily investigate the flushed zone, this technology is
often integrated with other logging data to provide a comprehensive reservoir model.
Additionally, NMRes technology was employed to identify gas-saturated intervals by
cross-referencing NMR data with porosity measurements from independent methods [11]

Equipment and Measurement Modes

The studies were conducted using the NMRT-E instrument, which operates on the
nuclear magnetic resonance principle (Figure 1). Key instrument features:

- Dual-TW mode with echo times of Tw =2 s and Tw = 8 s, allowing for a wide range
of T2T 2T2 relaxation times to be covered.

- The duration of the NMR echo train ensured sufficient signal accumulation at low
SNR (3.3-4.7), which is typical for mineralized drilling fluids (=70 g/L).

- the depth filtering was used to further increase SNR and smooth out random noise.

NMRT-E Specifications presented in Table 1.

The Dual-TW mode allows distinguishing fast relaxation components (clay bound
water, CBW) and slow components (free fluid, FFI), which is particularly important for
carbonate reservoirs with the presence of gas.

Table 1 - NMRT-E Specifications

NMRT-E
Data transmission WCS
NMRT length 1Tm
Tool diameter 155 mm
Electronics module diameter 90 mm
Depth of Investigation (Radius) 170 mm
Max Temperature 150°C
Max Pressure 120 MPa
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Figure 1 - Diagram of the NMRT tool

Data Processing Methods

Echo train filtering using noise suppression and drift correction methods: applica-
tion of the differential spectrum method to isolate separate water and hydrocarbon com-
ponents, recognition of capillary-bound water (BVI), free fluid (FFI), and bound water
(CBW) based on the position and width of T2T 2T2 peaks.

Data validation and correction: to increase reliability, NMR data were corrected
considering the influence of mineralized drilling mud and gas saturation; NMR interpre-
tation results were compared with classical logging methods and laboratory data, which
allowed assessing the accuracy of isolating CBW, BVI, and FFI components.

Results and discussion

Due to the sufficiently high salinity of the drilling mud (about 70 g/L), the data con-
tains higher level noise than under optimal conditions. The recorded echo trains have a
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signal-to-noise ratio (SNR) on the order of 3.3-4.7, i.e., this ratio approaches the lower
threshold but is still at an acceptable level (>2) [12]. With such SNR values, it is possi-

ble t

o0 obtain qualitative porosity and permeability data. Depth filtering was performed,

allowing the SNR value to be increased to 5. This technology averages echo trains over
the number of depth levels set in the Depth window.

Analysis of Interpretation Results. The distribution of relaxation time T2, porosity

calculation, and fluid classification were performed interval-by-interval. Two intervals
were highlighted for analysis:

1) Interval 2585-2775 m

2) Interval 2775-2975 m

The NMR analysis included:

Checking the T2 arrival time for various fluid components.

Analysis of porosities calculated via T2 and identification of hydrocarbons using

Differential Spectrum Technique.

Attempted identification of light hydrocarbons (gas) using NMRes technology (us-

ing porosity from the standard logging suite).

A typical T2 distribution for this interval is shown in Figure 2. A clear separation is

visible between clay bound water, capillary bound water, and free fluid. On the T2 dis-
tribution graph at Tw = 8 s, clay bound water (CBW) is highlighted by a peak at 2.2 ms,
capillary bound water (BVI) by a peak at 25 ms, and free fluid (FFI) by a peak at 342 ms,
much higher than expected according to the theoretical expectations.

103 100 T2D_DXP-RLX1
POL CORR

90
80
70
60

50

T2D_DXP-RLX1

40

30

20

10

03
T2 Time (msec) 000

Figure 2 - T2 Distribution, Tw = 8 s at depth 2697m

Figure 3 shows the T2 distribution based on Tw 2ms delay data. Only two peaks are

distinguished; the first is at 3 ms and the second peak is at 329 ms. It also lags compared
to the T2 arrival.
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Figure 3 - T2 Distribution, Tw = 2 s at depth 2697m (SPP3)

Analysis of Differential T2 Spectra

Figure 4 presents an example of a plot with NMR results in the interval 2585.0-2775.0 m.

The last track shows fluid volumes calculated by NMR T2 (CBW, BVI, FFI) and
PHIT-CPX porosity for comparison. PHIT-CPX generally coincides with PHIT-NMR
with the exception of gas-saturated areas, which cannot be directly determined from
NMR since gas affects NMR porosity by reducing it due to a low Hydrogen Index (HI).

In the interval 2585.0-2775.0 m, a sufficiently good match of porosities NMR T2
PHIT and PHIT-CPX is observed, with the exception of zones with the presence of
gas. The mismatch may also be caused by the lithology effect, but this must be studied
involving core data. Throughout the interval, a small amount of bound water (CBW) is
observed, however, the presence of CBW is observed in the interval 2585.0-2620.0 m,
which is also reflected in the CPX analysis. This same section is also noted as a zone of
increased cavernousness (washouts); thus, the gas shading reflects not the presence of
gas, but the influence of poor borehole conditions on the total PHIT porosity.

For direct determination of hydrocarbons, the Differential Spectrum technology was
applied [12]. Initially, dual TW was applied to separate the spectra from one another and
highlight peaks corresponding to hydrocarbons and water/filtrate. It is assumed that all
additional porosity is filled with gas. Direct presence of hydrocarbons is visible in this interval.

2680

Figure 4 - NMR Results in the upper interval
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Interval 2775-2975 m

According to the results of the standard logging suite analysis (GR/Resistivity/
Den/Neu/PEF) and mud logging data, this interval is represented by carbonate rocks,
limestone, and dolomite. According to standard logging data, thick reservoir zones
saturated with hydrocarbons are identified.

According to NMR analysis in these intervals, several zones filled with movable
fluids (gas, hydrocarbons, free water) are identified [13].

Figure 5 shows a typical T2 distribution for this interval. A clear separation is visible
between clay bound water, capillary bound water, and free fluid. On the T2 distribution
graph at Tw = 8 s, clay bound water (CBW) is highlighted by a peak at 2 ms, capillary
bound water (BVI) by a peak at 26 ms, and free fluid (FFI) by a peak at 243 ms; values
correspond to the NMR work planner.

842 g0 T2D_DXP-RLXI
POL.CORR.

T2D_DXP-RLX1
s
8

03 T2 Time (msec) 3000

Figure 5 - T2 Distribution at Tw = 8 s at depth 2821.0m (SPP1)

Figure 6 shows the T2 distribution for Tw =2 s. 3 peaks are visible with the following
arrival times: CBW 1 ms, BVI 7.4 ms (earlier than expected during planning), and FFI
224 ms (almost coincides with the planner).

315 T2D_DXP-RLX3

T2D_DXP-RLX3

10° 10 10 00
o T2 Time (msec) 3000

Figure 6 - T2 Distribution for Tw = 2 s at depth 2821.0m (SPP3)
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T2 data at both delays confirm that we have carbonate rocks in accordance with
the planned ones, as well as a large amount of free fluid, which is confirmed by the late
arrival time. Regarding porosities, this interval is characterized by very low porosity
values; this is also confirmed by CPX analysis.

Differential T2 Spectrum Analysis Technology

Figure 7 presents an example of a plot with NMR results in the interval 2775-2975
m. The last track shows fluid volumes calculated by NMR T2 (CBW, BVI, FFI) and
PHIT-CPX porosity for comparison. PHIT-CPX generally coincides with PHIT-NMR
with the exception of gas-saturated areas, which cannot be directly determined from
NMR as gas affects NMR porosity by reducing it due to low HI. Regarding porosity, the
porosity values are very low, which is also confirmed by calculations from the standard
logging suite.

In the interval 2775.0-2975.0 m, a sufficiently good match of NMR T2 PHIT and
PHIT-CPX porosities is observed, with the exception of several zones with the presence
of gas. The mismatch may also be caused by the lithology effect, but this must be studied
involving core data. Throughout the interval, a small amount of bound water (CBW)
is observed, however, an increase in CBW is observed from a depth of 2860 m to the
bottom of the well, which is also reflected in the CPX analysis.

For direct determination of hydrocarbons, the Differential Spectrum technology was
applied. Initially, two TW delays were applied to separate the spectra from one another
and highlight peaks corresponding to hydrocarbons and water/filtrate. It is assumed that
all additional porosity is filled with gas. Direct presence of hydrocarbons is visible in
this interval.
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Figure 7- NMR Results in the lower interval
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Conclusions

NMR logging data are of high quality and suitable for interpretation. The obtained T2
distributions clearly distinguish CBW, BVI, and FFI components. PHIT-NMR porosities
agree well with PHIT-CPX. Gas-saturated intervals are confidently identified using
NMRes technology. The Differential Spectrum ensures direct isolation of hydrocarbons.

1. The interval 2585-2775 m is characterized by increased fluid mobility.

2. The interval 2775-2975 m has low porosities and an increase in CBW towards
the bottom.

The integration of NMR and the standard logging suite increases the reliability of
interpretation. The obtained data can be used to refine the reservoir property model. The
tabulated results allow for further petrophysical analysis.

The analysis performed demonstrates that the application of nuclear magnetic
resonance in the well is one of the most informative and reliable methods for evaluating
the reservoir properties of carbonate reservoirs. For carbonate rocks, distinguished
by high heterogeneity, complex pore structure, and a wide range of void space types,
traditional well logging methods often prove insufficiently sensitive [13]. Under these
conditions, NMR logging provides a unique opportunity for direct assessment of pore
size distribution, fluid mobility, and the nature of fluid saturation.

Studies have shown that the multimodal structure of the pore space (matrix
micropores, intercrystalline pores, vugs, fractures) forms complex T2 spectra sensitive to
mineralogy and relaxation mechanisms. It has been established that standard T2 cutoffs
and widely used empirical permeability models (Timur—Coates, SDR) have limited
applicability in carbonate sections, which can lead to underestimation or overestimation
of filtration properties. Based on the comparison of NMR logging data with laboratory
core studies, the necessity of an adaptive approach is justified, including the use of
modified T2 cutoffs and combined interpretation schemes that consider the features of a
specific type of reservoir.

It is shown that the integration of NMR data with traditional geophysical survey
methods allows for significantly increasing the accuracy of porosity and fluid mobility
estimation, more reliably forecasting permeability, and more confidently identifying
productive intervals. The presented results confirm the high potential of NMR logging as
a key instrument for studying complex, heterogeneous carbonate systems and optimizing
geological-technical decisions at fields of this type. €
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