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Abstract
This review presents the latest update, applications, techniques of the NMR tools in both laboratory and field scales in the 
oil and gas upstream industry. The applications of NMR in the laboratory scale were thoroughly reviewed and summarized 
such as porosity, pores size distribution, permeability, saturations, capillary pressure, and wettability. NMR is an emerging 
tool to evaluate the improved oil recovery techniques, and it was found to be better than the current techniques used for 
screening, evaluation, and assessment. For example, NMR can define the recovery of oil/gas from the different pore systems 
in the rocks compared to other macroscopic techniques that only assess the bulk recovery. This manuscript included differ-
ent applications for the NMR in enhanced oil recovery research. Also, NMR can be used to evaluate the damage potential 
of drilling, completion, and production fluids laboratory and field scales. Currently, NMR is used to evaluate the emulsion 
droplet size and its behavior in the pore space in different applications such as enhanced oil recovery, drilling, completion, 
etc. NMR tools in the laboratory and field scales can be used to assess the unconventional gas resources and NMR showed 
a very good potential for exploration and production advancement in unconventional gas fields compared to other tools. 
Field applications of NMR during exploration and drilling such as logging while drilling, geosteering, etc., were reviewed 
as well. Finally, the future and potential research directions of NMR tools were introduced which include the application 
of multi-dimensional NMR and the enhancement of the signal-to-noise ratio of the collected data during the logging while 
drilling operations.

Keywords NMR · Petrophysics · Enhanced oil recovery · Unconventional gas · Geosteering

Introduction

Understanding the rock–fluid interaction phenomena in 
porous media is an imperative issue in oil and gas applica-
tions both for industrial and academic purposes. Rock and 
fluid properties should be determined accurately for better 
characterization and understanding of the reservoir. In field 
applications, most of these properties can be obtained using 
suite of logging tools (Ellis and Singer 2007; Liu 2017). 
However, accurate measurements for important petrophysi-
cal properties such as permeability and capillary pressure 
curves cannot be achieved using the current technology of 
well logs (Lalanne and Rebelle 2014). Due to this, labora-
tory-scale measurements are significant to evaluate oil and 
gas reservoirs and to accurately determine the reserves and 
potential recovery approaches. Hence, integration between 
laboratory and field-scale measurements is needed. Low-
field NMR offers both options: logging tools run field-scale 
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measurements of fluids inside the formation, while benchtop 
instrument measurements (laboratory scale) provide access 
for cross-validation of the field-scale measurements and can 
be extended for further potential studies (Kleinberg et al. 
1990; Mitchell 2016; Song and Kausik 2019). Both labora-
tory and field-scale measurements could be performed at 
an operating Larmor frequency of ω = 2 MHz; however, 
lab-scale measurements could be performed using higher 
magnetic field strength allowing for wide range and more 
diverse applications.

The NMR logging while drilling (LWD) tool is com-
posed of a permanent magnet, magnetic field gradient, 
and radio-frequency (RF) antenna that excites the forma-
tion fluid near the wellbore (Hürlimann and Heaton 2015; 
Kenyon 1997; Kleinberg and Jackson 2001). Longitudinal 
relaxation time (T1), transverse relaxation time (T2), fluid 
diffusion coefficient (D), and 2D NMR (such as T1-T2 T2-D) 
can be acquired using the up-to-date technology that exists 
in the industry. The depth of investigation could reach tens 
of centimeters (flushed zone) which could be dominated by 
the drilling mud filtrate. However, the acquired signal could 
easily separate the fluid phases allowing trustful interpreta-
tion of the NMR logging data as will be discussed in the “4 
NMR Applications in Field Scale:” section. Furthermore, 
the data could be acquired in motion or stationery, in cased 
and open hole, or logging while drilling (LWD). Several 
NMR logging tools have been invented and developed by 
service companies such as Schlumberger, Baker Hughes, 
and Halliburton. In terms of operating Larmor frequency, 
Schlumberger developed CMR-Plus with highest operat-
ing frequency in the industry (2 MHz with minimum echo 
time = 0.2 ms). They also have MR scanner which reads at 
multiple depth of investigation up to 10.2 cm, in addition to 
the LWD tool referred as proVISION plus (DePavia et al. 
2003; Vij et al. 2018). Halliburton provides the highest depth 
of investigation (102 cm) tool with operating frequency 
ranges between 0.547 and 1.183 MHz with minimum echo 
time = 0.2 ms referred as XMR (Chen et al. 2018a, b; Ge 
et al. 2021). Furthermore, they developed LWD tool, called 
MRIL-WD, with lower operating frequency (0.5 MHz with 
minimum echo time = 0.5 ms). Baker Hughes also invented 
both well-logging (MR eXplorer) and LWD (MagTrak) 
with operating frequency ranged between 0.45–0.88 MHz 
and 0.35–0.50 MHz, respectively (Chen et al. 2003; Coman 
et al. 2014). This variety of options and the broad range 
of applications make NMR logging tools one of the most 
widely used tools nowadays. The main components for 
NMR benchtop basic experiments at the laboratory scale 
are: static magnetic field  B0 in order to induce polarization 
through the sample, coil to apply RF radiation at Larmor 
frequency, and coil to detect emitted oscillating NMR sig-
nal; however, usually the two coils are the same (Mitchell 
et al. 2014a, b, c). More flexibility and diverse applications 

of NMR measurements are acquired using laboratory-scale 
experiments (Ouellette et al. 2015). NMR has proven its 
robustness in the energy industry with the specific exam-
ples of lithium ion battery electrolytes (Wiemers-Meyer 
et al. 2019), chemical structure during in-situ combustion 
conditions (Pan et al. 2021), upstream (Chen et al. 2018a, 
b), and downstream oil and gas industry (Abdul Jameel 
2021). However, NMR is an immature field of research in 
the energy industry and opens several potential research 
projects. Laboratory measurements can be applied using 
wide range of magnetic field strengths that are tailored to 
the specifications of the designed experiments (Johns et al. 
2015). NMR spectrometers are categorized based on the 
magnetic field strength and the common experiment con-
ducted in each type as follows: High-field NMR  (Bo, > 3 T), 
Intermediate-field (1 T <  Bo < 3 T), and Low-field  (Bo, < 1 T) 
(Mitchell et al. 2013). High-field NMR are usually used in 
chemistry (usually used to elucidate molecular and solid 
structure) that contain cryogenically cooled superconduct-
ing components to generate strong magnetic field with high 
sensitivity (Ladd et al. 2018; Moser et al. 2017; Richard-
son 1999). This magnet is large in size costing more than 
$1,000,000 and requires routine and intensive maintenance. 
Intermediate-field NMR is commonly implemented for clini-
cal diagnosis as it is suitable for imaging purposes usually 
referred as magnetic resonance imaging (MRI) (Broche et al. 
2019; Gordon et al. 1982; Neuringer 1990; Zia et al. 2019). 
Several scholars showed that Intermediate field could also be 
applied for rock core analysis measurements (Almenningen 
et al. 2020; Borgia et al. 1994; Fordham et al. 1993; Gumm-
erson et al. 1979). The low-field NMR magnet is permanent 
magnet that does not require cryogens; hence, it has weaker 
magnetic field. It is much more common in engineering sys-
tems and porous media studies (relaxation and diffusion for 
rock cores). Furthermore, some low-field magnets are port-
able and small in size (Blümich 2019).

Most of the NMR application in petroleum engineer-
ing are focused in petrophysics and enhanced oil recovery 
(EOR) for the laboratory-scale studies. NMR petrophysical 
core analysis is a non-invasive, powerful, and reliable tool 
for the routine core analysis (RCA) as it provides accurate 
determination for porosity, pore size distribution, fluids 
saturation, and permeability (Arnold et al. 2006; Elsayed 
et al. 2021a; Freedman et al. 2001; Howard and Kenyon 
1992; Mitchell et al. 2015; Mitchell and Fordham 2014). 
Moreover, special core analysis (SCA) experiments such 
as wettability, capillary pressure, and clay minerals analy-
sis can be determined using NMR (Al-Garadi et al. 2022; 
Connolly et al. 2017; Elsayed et al. 2020a; Freedman et al., 
2003a; Newgord et al. 2020; Tandon et al. 2020; Tandon and 
Heidari 2018; Worden and Morad 1999). Numerous EOR 
methods including acid and fracture stimulation, thermo-
chemical fluids for gas condensate removal, miscible gas 
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injection (huff ‘n’ puff),  CO2 injection, and thermal-EOR 
have been evaluated with the use of different NMR meas-
urements (Adebayo et al. 2020a, b; Chen et al. 2018a, b; 
Dang et al. 2019; Elsayed et al. 2021b, 2020b; Hassan et al. 
2020; Mukhametdinova et al. 2020). Drilling and produc-
tion and engineering operation issues are also addressed in 
the literature. For example, the evaluation of drilling mud 
infiltration, and the determination of water-in-oil emulsion 
droplet size and the evaluation of different demulsifier have 
been extensively studied (Adebayo and Bageri, 2020a; Salo-
mon Marques et al. 2020).

This article intends to review and cover the applications 
of NMR in the oil and gas industry including laboratory and 
field measurements. In terms of laboratory-scale measure-
ments, detailed discussion includes the application of NMR 
in petrophysics and EOR is presented, in addition, impor-
tant special topics in drilling and production engineering are 
also covered. Logging applications including geosteering 
and logging while drilling (LWD) measurements are high-
lighted in this article including some field applications. Due 
to its wide range of application, this paper would serve as a 
guide for the oil and gas industry in terms of future research 
studies and field operations.

NMR theory

The underlying principle of NMR is that some of the nuclei 
are inherently magnetic. Chemical and isotopic NMR prop-
erties are defined by two constants: Nuclear spin quantum 
number I and gyromagnetic ratio (γ) which is defined as the 
magnitude of the nuclear magnetic moments (Diehl 2008; 
Johnson 1999; Levitt 2013; Mazumder and Dubey 2013; 
Wong 2014). The nucleus is called NMR active if its quan-
tum number I is larger than zero and has a relatively high 
gyromagnetic ratio. The following Table 1 shows typical 
values of some nuclei of I, γ, and their natural abundance:

The concept of NMR is based on applying a magnetic 
field causing precession to the nuclear spins. The precession 
frequency (Larmor frequency) is determined by the strength 
of the magnetic field according to the following equation 
(Hahn 1950a):

where ω is the precession (Larmor) frequency in (MHz), γ is 
the gyromagnetic ratio of the nucleus under investigation in 
(MHz/T), and  B0 is the strength of the static magnetic field 
in (T). In order to induce the NMR signal, another magnetic 
field  (B1) in form of radio-frequency pulses is applied in 
the perpendicular plane (conventionally x–y plane) to the 
static magnetic field. This will excite the nuclear spin away 
from their equilibrium state allowing the detection of the 
nuclear spins precessions in the x–y plane. The decay of the 
oscillating signal from the NMR experiment is sensitive to 
molecular dynamics which is called relaxation analysis. It 
is a powerful and useful probe of adsorption, confinement, 
and pore characteristic in porous media.

Relaxation measurements

There are two main forms of NMR relaxation: longitudinal 
relaxation (T1) and transverse relaxation (T2). Longitudinal 
relaxation (T1), also known as spin–lattice relaxation time, 
is the process by which the magnetic moment returns to 
thermal equilibrium, and it occurs during the exponential 
recovery process as described in the following equation 
(Vold et al. 1968):

where Mz/M0 is the longitudinal magnetization recovery, τ1 
is the delay time (s) and T1 is the longitudinal relaxation time 
constant (s). To measure T1 relaxation time, inversion recov-
ery (IR) pulse sequence experiment as shown in Fig. 1 is 
performed. Inversion recovery starts with 180° RF pulse that 
inverts the system magnetization, then the system is allowed 
to recover longitudinally for a variable time (τ1), then 90° 
RF pulse flips the magnetization into the transverse plane, 
hence the signal can be detected. If τ1 is cycled through, an 

(1)� = �Bo

(2)
Mz

(
�1
)

M0

= 1 − 2exp

(
−
�1

T1

)

Table 1  I and typical values for some nuclei

Nucleus Spin number 
( I)

�(106 rad  s−1  T−1) Natural 
abundance 
%

1H 1/2 267.522 ∼ 99.9
2H 1 41.066 0.015
12C 0 - 98.93
13C 1/2 67.283 1.1
14 N 1 19.338 99.6
16O 0 - 99.7
17O 5/2  − 36.281 0.037
23Na 3/2 70.761 100

Fig. 1  Inversion recovery (IR) pulse sequence
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exponential recovering signal is acquired which can fit Eq. 2 
to obtain T1 relaxation time.

Transverse relaxation (T2), also known as spin–spin 
relaxation time, describes the dephasing of the individual 
magnetic moments over time in the transverse x–y plane 
(Hahn 1950b). The local magnetic field through samples is 
inhomogeneous, hence each spin experiences a slightly dif-
ferent precession frequency. The time constant characterizes 
this process is called effective relaxation time T2

* which is 
governed by the following equation (Callaghan 1993):

The second term in the RHS describes static field inho-
mogeneity of the spectrometer which is an additional source 
of dephasing. This can be overcome by applying series 180° 
RF pulses to refocus the additional dephasing using CPMG 
pulse sequences as illustrated in Fig. 2 (Carr and Purcell 
1954; Meiboom and Gill 1958). By applying CPMG pulse 
sequence, the exponential decay signal as described in Eq. 4 
decays only due to T2, and the inherent field inhomogeneity 
is refocused and canceled out.

where Mxy /M0 is the transverse magnetization decay, te is 
the echo time (s), n is the number of echoes, and T2 is the 
transverse relaxation time constant (s).

In order to have relaxation time distribution rather than 
a single time relaxation time constant as shown in Eqs. 2 
and 4, inversion of relaxation time data is necessary. The 
acquired NMR data are generally described by the 1st kind 
Fredholm integral equation as following (Wilson 1992):

where F(T1,2) is the distribution of relaxation time constant, 
K1,2 is kernel function describing the expected form of NMR 
relaxation data (e.g., For T1 measurements, an exponential 
growth (recovery) is expected whereas T2 measurements is 
represented by exponential decay), and ε(t) represents the 
experimental noise. The NMR data is inverted using Laplace 

(3)
1

T∗
2

=
1

T2
+ �ΔB0

(4)
Mxy

(
nte

)

M0

= exp

(
−
nte

T2

)

(5)
M(t)

M0

= ∫ F
(
T1,2

)
K1,2 d

(
log

(
T1,2

))
+ �(t)

inversion where the data is re-written in a vector–matrix 
form M = KF + e, where M is the acquired data vector, K 
is the kernel matrix, F is the target probability distribution 
vector that we need to solve, e is the noise vector. To obtain 
F, this term ||M-KF|| should be minimized such that it satis-
fies the following:

where σ is the noise variance. Unfortunately, this is an ill-
posed problem in the presence of noise, and it has an infinite 
number of solutions. Hence, some mathematical manipula-
tion is needed in order to obtain a stable and physical solu-
tion (Tikhonov and Arsenin 1977). Valid constraints for F 
such as non-negative, well-defined range of  10–4 to  101 s, 
discretized into well-defined number of values, and smooth. 
In order to smoothen the data, a penalty term is added in 
the minimization function. Tikhonov regularization uses a 
penalty function that cancels unwanted fluctuations; hence, 
we solve:

The level of smoothness is determined by the smoothing 
parameter α (Wahba and Wang 1990). An optimization of α 
is achieved using robust algorithm called generalized cross-
validation (GCV).

Diffusion measurements

The main difference between relaxation and diffusion measure-
ments is the application of magnetic field gradient (Mitchell 
2016; Price 1997; Willis et al. 2016). In pulsed field gradient 
(PFG) diffusion measurements, an application of magnetic field 
gradient (g) for a specific time (δ) is implemented to encode the 
nuclear spins phase shift from their original position r(0). After 
diffusion time (Δ), second magnetic field gradient is imple-
mented for the same duration (δ) but with the negative value 
(-g) to decode the phase shift (Hrabe et al. 2007; Mazumder and 
Dubey 2013; Nicolay et al. 2001). There will be no phase shift 
if the nuclear spins in the system has not diffused. Otherwise, 
the nuclear spins will have a net phase shift equal to:

The PFG NMR signal decay due to diffusion was firstly 
introduced by Stejskal and Tanner by the following equation 
(Stejskal and Tanner 1965):

where S(g) is the received signal with varying applied mag-
netic field gradient magnitude,  S0 is the signal received in 
the absence of the applied magnetic field gradient, D is the 

(6)‖M − KF‖ < 𝜎

(7)‖M − KF‖ + �‖F‖2

(8)ϕ = γg[r(Δ) − r(0)]

(9)
S(g)

S0
= exp(−D(��g)2Δ)

Fig. 2  (CPMG) pulse sequence
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self-diffusion coefficient  (m2/s). Figure 3a shows the basic 
PFG pulse sequence which is usually referred as pulsed 
gradient spin echo (PGSE) sequence. The PGSE sequences 
are relaxing via T2 mechanism because the magnetization 

is stored in the x–y plane; hence, care must be taken while 
varying diffusion time in such a way that signal could be 
acquired before relaxation of spins. Usually, T1 is greater 
than T2 in rocks, and hence it is more convenient to apply 

Fig. 3  a Pulsed field gradient 
spin echo (PGSE) (b) pulsed 
field gradient stimulated spin 
echo (PGSTE) (c) 13-interval 
bipolar alternating pulsed 
field gradient stimulated echo 
(APGSTE) pulse sequences 
representation
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pulsed gradient stimulated spin echo (PGSTE). In PGSTE 
sequence shown in Fig. 3b, the magnetization is stored in 
the z-axis enabling longer diffusion time to be utilized with 
Eq. 9 still holds to PGSTE sequence. The magnetic suscep-
tibility difference between rock grain and pore fluids in satu-
rated rocks induces an internal magnetic field gradient that 
contributed to the diffusion attenuation. (Cotts et al. 1989) 
proposed a new pulse sequence called 13-interval bipolar 
alternating pulsed gradient stimulated echo (APGSTE) illus-
trated in Fig. 3c. The APGSTE pulse sequence consists of 
series of 90̊ and 180̊ RF pulses along with encoding and 
decoding magnetic field gradient pulses. APGSTE pulse 
sequence also features gradient that remove any coherent 
gradient echoes and undesirable coherent spins. This first 
part of the sequence shown in Fig. 3c (up to the 2nd 90° 
pulse) excites the spin ensemble into the longitudinal axis 
(z-axis), provide spatial encoding and returns it for storage. 
The spin ensemble is returned to the transverse plane (x–y 
plane) by the 3rd 90° pulse after the end of the diffusion 
time and decoded prior the signal acquisition. The signal 
attenuation as a result of incoherent phase shift during the 
diffusion time period between encoding and decoding the 
gradient pulses. This sequence has the capability to mini-
mize the effect of internal gradient which is achieved by the 
bipolar gradient pairs applied in the encoding and decoding 
periods. The 2nd magnetic field gradient of each of these 
pairs is refocused by the 180 ̊ pulse and thus operate in the 
same direction causing a cumulative phase accumulation. 
For the internal gradient, the imparted phase shift of which 
due to the period before 180° pulse is immediately refocused 
by the period after the 180° pulse and it governs by the fol-
lowing equation:

where DR is the restricted diffusion coefficient; λ is the time 
between the first two 90° and 180° RF pulses; g0 is the inter-
nal magnetic field gradient and δ1 and δ2 represent the pre- 
and post-pulse time, respectively. By selecting δ1 = δ2, the 
second term is eliminated while selection of Δ > λ makes the 
final term negligible in magnitude and constant if λ is also 
kept constant. By applying the pervious conditions, Eq. 10 
can be simplified as follows:

The previous equation can be simplified to fit a linear equa-
tion by taking the natural logarithm of both sides as follows:

(10)S(g)

S0
= ���

{
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2

[
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)
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(
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= exp

(
−DR(2��g)

2(Δ −
3

2
� −

�

6
)
)

The only variable in Eq. 8 is the applied gradient strength, 
g, which cause the signal to be attenuated. The signal attenu-
ation, S/S0, is plotted against the gradient strength along with 
the temporal parameters to obtain a slope that represents the 
restricted diffusion coefficient.

NMR diffusion measurements have a variety of applications 
in core analysis as it is sensitive to both fluid chemistry and 
pore geometry characteristics. Restricted diffusion measure-
ments are utilized to measure the tortuosity which is inversely 
proportional to permeability. Additionally, NMR diffusion 
measurements can be performed along different directions that 
would also give insights about the permeability anisotropy, 
fracture preferential directions, and acidizing job efficiency.

Two‑dimensional NMR measurements

It is often the case to correlate the relaxation time constants to 
obtain system’s T1 and T2 almost simultaneously. It is simply 
combining Inversion recovery followed by CPMG measure-
ments as illustrated in Fig. 4. The inversion recovery compo-
nent encodes T1 recovery into magnetization of the system 
and then T2 decay is measured. It is worth measuring because 
the experimental time is equivalent to 1D inversion recovery 
measurements. A linear combination of two exponentials in 
term of T1 and T2 expresses the acquired NMR relaxation sig-
nal as following

T1-T2 correlation provides a 2D probability density distri-
bution of the system exhibiting combinations of T1-T2. The 
mathematics and data processing to acquire 2D probabil-
ity distribution is very similar to the 1D that was discussed 

(12)ln
S

S0
= −DR(2��g)

2(Δ −
3

2
� −
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6
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(13)
M
(
�1, nte

)

M0
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(
−
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T2

)[
1 − cexp

(
�1

T1

)]

Fig. 4  T1/T2 correlation pulse sequence (IR-CPMG)
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earlier in “2.1 Relaxation Measurements:” section. The 
acquired 2D-NMR data are also described by the  1st kind 
Fredholm integral equation as following (Venkataramanan 
et al. 2002):

The vector–matrix minimzation in case of 2D probability 
distribtion is computationally intractable. This is because 
adding additional dimension makes the number of values 
totally huge (e.g., K will be  106 ×  104 in size) to be stored. 
Hence, data compression and computationally efficient pro-
cesees are required. Singular value decomposition (SVD) is 
a common mathematical opreration used in data compres-
sion which eliminates the less important data in the matrix 
to produce a low-dimensional approximation. In addition, 
Kernel separability: K = K1 ⊗ K2 is used to treat the expected 
relaxation characteristic as two mathematical components 
since T1 and T2 occur at two separable times (e.g., τ1 for 
T1 and te for T2), then the SVD is performed in these two 
components (Mitchell et al. 2012a). After that, the resulting 
minimization problem would be manageable by standard 
desktop PC.

A very useful 2D NMR correlation measurement cor-
relates transverse relaxation time and diffusion coefficient 
(T2-D) that can access robust applications such as differen-
tiating oil, gas, and water signals (Mitchell et al. 2014a, b, 
c; Sun et al. 2018). This is achieved by combining PGSE 
and CPMG experiments as shown in Fig. 5 where PGSTE 
is usually applied for bulk fluids, and APGSTE is preferred 
in case of studying rock core plugs as discussed earlier in 
“2.2 Diffusion Measurements.” In order to ensure eddy 
current stabilization before CPMG sequence, storage delay 
time, Δstore, is incorporated between diffusion encoding 
and acquisition. In addition, the echo time is kept fixed 
for all train of echoes in the CPMG sequence. The CPMG 

(14)

M
(
�1, nte

)

M0

= ∫ F
(
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)
K1K2dlog
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T1
)
dlog

(
T2
)
+ �

(
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)

echo train could be attached to any diffusion editing pulse 
sequence where the 2D acquired from applying CPMG and 
APGSTE could be expressed as:

A combination of pair of CPMG echo trains sepa-
rated by mixing time, Δmixing, as shown in Fig. 6 provides 
an application of the diffusive and chemical exchange 
between two environments (Mitchell et al. 2007; Wash-
burn and Callaghan 2006). When spins diffuse or exchange 
between two environments featured by two different T2 
relaxation times during Δmixing, off-diagonal peak in T2-T2 
maps will be observed. The level of exchange is monitored 
at different Δmixing times where the change in the intensity 
of the peaks reflect the level of exchange. Conventionally, 
the direct dimension is T2

(1) and the indirect dimension 
is T2

(2) where the data are only acquired after the second 
CPMG echo train. The acquired 2D data can be expressed 
as the following:
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Fig. 5  T2-D correlation pulse 
sequence (APGSTE -CPMG)

Fig. 6  T2-T2 correlation pulse sequence (CPMG -CPMG)
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All the 2D NMR data can be processed and inverted 
using the same technique presented earlier for T1-T2 where 
Fredholm integral equation of the 1st kind (J Mitchell et al. 
2012b).

Table 2 shows a summary of the 2D NMR measurements 
types and applications. Note that the applications are not 
limited to the ones in the table, however, they represent the 
widely used in the literature.

NMR applications in laboratory scale

NMR relaxation in porous media is primarily defined in 
terms of biphasic fast exchange between free and adsorbed 
populations (Godefroy et al. 2001; Korb et al. 1993). The 
adsorbed surface layer of the pore surface and the free flu-
ids in the center of the pore exchange rapidly based on the 
observed relaxation represented by the following equation 
(Turov and Mironyuk 1998; Turov et al. 1997):

P defines the population of the adsorbed surface layer. 
The previous equation relates the observed relaxation rate 
experimentally by weighted average of the bulk and surface 
relaxation. Relaxation mechanisms within adsorbed surface 
layer are dipolar in nature due to high molecular density and 
slow dynamics (Callaghan 2011; Price 2009; Watson and 
Chang 1997). Moreover, specific dipolar interactions depend 
on the pore surface chemistry where the reduction in molec-
ular mobility caused by adsorption enhances the relaxation 
rates (Bloembergen et al. 1948; Gladden and Mitchell 2011; 
Lin et al. 2006; Huan Wang et al. 2021a, b). While encoun-
tering surface bound dipoles, it is important to consider the 
surface bound hydroxyl solid hydrocarbons such as kerogen, 
and paramagnetic metal ions (Song and Kausik 2019). These 
metal ions have unpaired electrons which would dominate 

(17)
1

T1,2
=

1 − P

T1,2bulk
+

P

T1,2surface

the relaxation characteristic due to the very large electron 
gyromagnetic ratio as compared to the proton gyromagnetic 
ratio (γe = 650 γH) (Hoult and Richards 1976; Weil and Bol-
ton 2006). The population of the adsorbed surface layer can 
be written in the term of the surface-to-volume ratio of the 
pore structure, S/V, as following:

where δ is the length scale which is representative of the 
thickness of the adsorbed surface layer. It is the length scale 
over which surface bound dipole can interact with fluid. This 
length scale, δ, normalized by the T1,2, surface is well-known 
as the surface relaxivity, ρ2, which is the most important 
concept in relaxation studies in porous media. Surface relax-
ivity provides relationship between observed relaxation 
rate and pore size (Bowers et al. 1995; Ge et al. 2021). By 
assuming more free bulk fluid than the absorbed in surface 
layer (1-P >  > P) and large S/V, the approximate expres-
sion reveals that the relaxation rate depends on the surface 
chemistry and material characteristic of the pore structure 
as following:

Unlike T1 relaxation, the observed T2 relaxation rate for 
water saturated porous media would be enhanced in the 
presence of the induced internal magnetic field gradient 
(Kenyon et al. 1988). The magnetic susceptibility differ-
ence between the solid and fluid phases causes the inter-
nal magnetic field. The magnetic susceptibility defines the 
degree to which a material is magnetized with the static 
magnetic field (Hu 1998). This could have some complica-
tion effects on the acquired signal, e.g., reducing observ-
able signal from inherently short T2 components. The 
governing equation for T2 relaxation of a fluid confined 

(18)P = �
S

V

(19)
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Table 2  2D NMR 
measurements types and 
applications

Measurements Applications References

T1-T2 maps Fluid-surface interaction Weber et al. (2009)
Fluid typing Fleury and Romero-Sarmiento (2016a)
Permeability Cheng et al. (2017)
Wettability Valori and Hursan (2017)
Heavy oil reservoir evaluation Guo et al. (2019)

T2-Diffusion Surface relaxivity (S/V ratio) Luo et al. (2015)
Wettability Wang et al. (2018a, b)
Fluid saturation Sakthivel and Elsayed (2021)

T2-store-T2 Pore coupling Johnson and Schwartz (2014)
Asphaltene deposition Shikhov et al. (2018a)
Diffusion exchange Mankinen et al. (2020)
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in porous media in such case can be expressed as (Brown-
stein and Tarr 1979):

where T2, bulk is the bulk fluid relaxation component, ρ2 is 
the surface relaxivity constant caused by enhancement of T2 
relaxation due to surface interactions; S/V is the surface-to-
volume ratio of the pores; D is the confined fluid diffusion 
coefficient; γ is the gyromagnetic ratio of a proton nuclei 
(2.675 *108  s−1  T−1 for 1H nuclei); G is the internal mag-
netic field gradient; and te is the echo time between the time 
between the applied 180° pulses. The internal magnetic field 
term could be minimized by using reducing value of te and 
performing experiments at low magnetic field.

Petrophysics

The relaxation time is a function of the fluid in the pores 
and the characteristics of the porous medium (Arnold et al. 
2007). The magnetization (M) and the hydrogen nuclei relaxa-
tion of the fluids contained in the pores of a porous medium 
is measured by the pulsed NMR. The number of hydrogen 
nuclei is proportional to the magnetization in the magnetic 
region of the sensor and this can provide the NMR poros-
ity of the media (Mai and Kantzas 2007; Timur 1969). The 
size distribution of fluid-filled pores can provide an essential 
information on rock samples, this can be obtained from low-
field NMR (Toumelin et al. 2002). (Herlinger and Dos Santos 
2018) established that the use of NMR relaxation time (T2) 
made it possible to determine petrophysical properties includ-
ing effective porosity, free fluid saturation, irreducible water 
saturation and other petrophysical properties of rocks. The 
interpretation of NMR T2 distribution is possible due to the 
assumption that a relationship exists between pore throat and 
pore body size measured by NMR. Such assumptions must be 
set according to the knowledge of fluids and rock properties. 
Nuclear magnetic resonance interpretation has been improved 
to be able to derive both drainage and imbibition capillary 
pressure curve from cores and logs (Gomes 2014; Grattoni 
et al. 2003) as well as the wetting state of reservoir formation. 
Hence, NMR serves as a strong mean of petrophysical charac-
terization of reservoir fluids and reservoir rock samples in the 
laboratory measurements (Mitchell and Fordham 2014). It is 
worth mentioning that NMR logging tool could also provide 
information about the porosity, permeability, and reservoir 
fluid type and saturation around the near wellbore.

(20)
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Porosity

Porosity is the primary storage property of the rock (Watson 
and Chang 1997). Carbonate reservoirs often heterogeneous 
containing pores of various sizes ranging from small pores 
in micron or sub-micron to centimeters or even larger vugs 
(Hidajat et al. 2004). During NMR porosity measurement, 
the NMR equipment basically detects the hydrogen nucleus 
contained in the fluid saturating the rock pores. Therefore, 
when rock is saturated with a single fluid, for instance, water, 
the detected NMR signal is proportional to the pore volume 
of the rock. When these pores are spatially close, inter-pore 
fluid molecules exchange occur between the pore sizes within 
the relaxation measurements, thus a single peak relaxation 
time distribution is obtained (Song 2007). The amount of 
fluid that occupy the pore space of a rock is used to obtain 
the porosity; the NMR porosity is often computed when a 
single fluid occupies the pore space. When multiple fluids 
occupy the pore space, the saturation of each fluid phase can 
be determined from the knowledge of the amount of that 
fluid contained in the pores (Watson and Chang 1997). Sev-
eral factors affecting the accuracy of NMR total porosity 
measurement of a rock sample including echo spacing (te), 
magnetic field strength, hydrogen index (HI) of the fluid in 
the rock pores, repetition time (RT), and rock temperature. 
Table 3 summarizes different implementation of NMR poros-
ity concept for different lithologies and porous media.

Pore size distribution

NMR relaxation time is proportional to the pore size, that is, 
small pores have smaller values of T2, and large pores have 
large T2 values. This implies that the change in the NMR 
relaxation time distribution corresponds to a different pore 
size within a pores system (Bowers et al. 1995). Hence, this 
makes it possible to directly relate T2 with a size characteristic 
of the pore space geometry determined from mercury injection 
experiments (Brownstein and Tarr 1979; Howard et al. 1993; 
Kleinberg et al. 1993; Mendelson 1985). Different relaxation 
time peaks represent the distribution of pore sizes within the 
rock with each T2 range corresponding to a different pore size.

As the pore space in rock is confined, the T2 relaxation 
time is assumed fast and has a short te. Thus, T2 of pore 
fluids cannot be represented by bulk relaxation times. Also, 
the effect of relaxation time due to diffusion in Eq. 20 can 
be neglected (Coates et al. 1997; Mitchell et al. 2013). If 
the surface relaxivity is relatively large, the relaxation time 
related to the surface dominates the relaxation (Howard et al. 
1995). It follows that
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where, ρ2 is the surface relaxivity, and S/V is the surface 
area of pore–volume ratio. Accordingly, the NMR signal 
provides relative pore size distribution. It follows that sur-
face relaxivity is a key parameter in determination of pore 
size distribution (PSD) (Ge et al. 2021; Jaeger et al. 2009; 
P. Zhao et al. 2020a, b). When a porous medium is satu-
rated with single fluid, each pore size has a characteristic 
relaxation time decay constant. The smaller the pores the 
faster the relaxation (short T2). Assuming spherical pores, 
and T2surface < T2bulk, the PSD can be estimated using Eq. 22 
(Lawal et al. 2020; Luo et al. 2015; Valori and Nicot 2019).

where ‘r’ is the pore radius measured in µm. Assuming a 
cylindrical pore shape, the PSD can be estimated as:

Figure 7 shows the comparison of MICP and NMR-
derived pore size distributions (Venkataramanan et al. 2014).

NMR T2 provides measurements over a wide range of 
resolution, for instance, microscale (100–10 μm), mes-
oscale (10–100 μm), macroscale (100–1 mm), and core-
scale (1–100 mm). Several applications of NMR at vari-
ous scales of resolution includes kerogen content detection 

(21)
1

T2

≈ �2

(
S

V

)

(22)r = 3�2T2

(23)r = �2T2
(microscale), pore size distribution and permeability (micro-
scale and macroscale), and fluid saturation (micro- to core-
scale). Based on pore throat sizes, a rock can be identified 
as having micropores, mesopores, macropores, vugs, or 
fractures. Since different pore sizes have different relaxation 
times, and this relaxation time is proportional to the sizes of 
the pores, the pore size distribution can be obtained from the 
T2 relaxation time distribution (Pires et al. 2019): Pores with 
NMR T2 relaxation time greater than 1000 ms are considered 

Table 3  Summary of the NMR-porosity studies for different lithologies and porous media

Authors Lithology Remarks

Mitchell and Fordham (2014) 4 Sandstone and 4 Carbonates Outcrop rocks Using 12 MHz system, T1-based porosity provides better agree-
ment with the gravimetric porosity (Difference ± 0.5 p.u.) than 
T2-based porosity (Difference ± 1.6 p.u.)

Tan et al. (2015) 11 Haynesville Shale reservoir rocks Compared to gravimetric porosity, NMR porosity is underes-
timated for shale. NMR porosity model was developed by 
considering mainly rock fabrics. T2 indicated that the adsorbed 
gas contributed more than free gas from the total gas satura-
tion

Habina et al. (2017) Clay Minerals; Smectite, illite–smectite, 
illite, kaolinite, Fe-Chlorite (Mg-Cham-
osite)

Existence of short NMR T2 signal (with the center line around 
0.1 ms) corresponding to hydroxyl groups. However, for 
clays consisting of interlayer water, the NMR signal in that 
range comes from hydroxyls and strongly bound water, and 
this water remains even after drying at high temperature (up 
to 200 °C), thus, simply removing signals below 0.1 ms will 
amount to discrepancies in porosity determination

Yan et al. (2018) 39 tight reservoir rocks (1% < ϕ < 12%); 10 
Sandstone, 5 Carbonates, 24 Shale

Magic-sandwich echo (MSE) pulse sequence provides better 
estimation than CPMG due to the lower echo time (3 µs) for 
tight carbonates and sandstone. MSE is not accurate in Shale 
due to specific relaxation mechanisms (existence of organic 
matter)

Tan et al. (2019) Igneous rocks Due to the high content of iron and manganese, some igneous 
rocks showed 100% relative error in NMR-porosity estima-
tions. They proposed correlation based on the iron and manga-
nese content to have a better estimation
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as vugs, while pores with T2 relaxation time between 10 and 
100 ms are regarded as smaller macropores, mesopores are 
described as having T2 relaxation time ranging between 1 
and 10 ms, while the micropores are considered to have T2 
relaxation time less than 1 ms (Cai et al. 2013; Pires et al. 
2019; Radwan et al. 2021).

For pores sizes less than 1 µm, T2 distribution does not 
strictly represents PSD for clay minerals because of pore 
diffusive coupling where pores size is less than the diffu-
sion length (Fleury and Romero-Sarmiento, 2016). Diffusion 
pore coupling may also occur in multi-modal pore system, 
such as macro- and micropores in carbonates. In this case, 
the knowledge of the diffusion coupling effects is neces-
sary to accurately estimate pore sizes. Furthermore, as dis-
cussed above, NMR relaxation time is proportional to the 
size the pores, that is, smaller pores are characterized by 
shorter relaxation times compared to large pores. Therefore, 
the NMR signal of water saturated porous media is directly 
related to the pore size distribution and porosity of the rock. 
However, for rocks with porosities lower than about 5% this 
relationship is somewhat complex (Blümich et al. 2004). 
Another major drawback in using NMR relaxation times to 
obtain pore size distributions is insufficient of knowledge of 
the surface relaxivity of the rock. The traditional practice is 
to assume that the surface relaxivity is constant for a particu-
lar sample, though some researchers have allowed it to vary 
within a sample (Arns et al. 2006). Extensive efforts were 
performed to overlap the MICP and NMR relaxation distri-
bution accurately by imaging the rocks using μCT scanner 
for better evaluation of surface relaxivity (Benavides et al. 
2020; Connolly et al. 2019; Luo et al. 2015).

Permeability

Permeability is the ease at which fluid flows through a 
porous medium, and it is one of the fundamental proper-
ties of porous media. The basic principle of NMR applica-
tion in rock permeability determination is relationship that 
exist between NMR relaxation times and the pore geometry. 
It is considered as an important tool for the estimation of 
permeability both in the laboratory and field scales. NMR 
has reasonably been employed to estimate rock permeabil-
ity since NMR relaxation times are related to the pore size 
and geometry. NMR measurements can be implemented 
in downhole logging tool which provide an opportunity to 
determine in-situ formation permeability estimation (Watson 
and Chang 1997). Several correlations and models exist for 
permeability estimation using NMR, (Seevers 1966) pre-
sented a correlation for permeability estimation of fluid in 
porous media by combining Kozeny equation for perme-
ability and NMR relaxation time. Several authors employed 
NMR relaxation times and porosity to estimate permeability 

(Banavar and Schwartz 1987; Kenyon et al. 1988; Rezaee 
et al. 2012) and found that:

where ϕ is the porosity of the porous medium, and a and b 
are empirical constants.

Using similar principle, a better permeability estimation 
was presented by (Timur 1969) where he assumed all pores 
contribute to fluid transport based on their surface-to-volume 
ratio (S/V). It should be noted that NMR does not measure 
fluid flow, it measures static petrophysical properties such as 
porosity and tortuosity/pore connectivity (Yang et al. 2019) 
that can be linked to permeability, thus, it is worth noting 
that permeability cannot be measured by NMR but calcu-
lated from NMR measurement using various models. Timur 
model for permeability is given as:

Coates et al., (1991) presented for NMR-derived perme-
ability model based on pore surface area commonly referred 
to as free fluid index (FFI) model that is, the rock fraction 
that represent the free moveable water in a porous medium 
given as:

where BVI is the bulk volume irreducible (non-producible 
fluids), and BVM is the bulk volume movable (free fluids) 
and the ratio BVI/BVM a measure for the specific inter-
nal pore surface  Spor, C is an empirical parameter. Another 
commonly used NMR permeability estimation model is the 
Schlumberger Doll Research (SDR) model (Hidajat et al. 
2004):

Several models for estimating permeability have been 
developed (Peng et  al. 2019; Solatpour and Kantzas 
2019). However, these correlations assumed the same 
surface relaxivity for the rock samples, thus, there is 
need to correct for the variations of surface relaxivity 
across samples. Further, most of the permeability mod-
els are based on empirical considerations, and are based 
on porosity–permeability relation, sometimes the per-
meability and porosity does not correlate (we may have 
high porosity but very low permeability). Additionally, 
these permeability estimation models are also influenced 
by the wettability of the porous medium (Ji et al. 2020). 
Lastly, an additional factor/parameter may be required 
to account for pore throat size and pore connectivity. To 
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increase accuracy of kNMR, the model parameters (e.g., m 
and n) in Eq. 25 should be calibrated to local reservoir 
data, also, the NMR T2 cutoff of the pore throat should be 
considered rather than the T2,LM from the NMR pore size 
distribution (Elsayed et al. 2021a).

Fluid saturation

The NMR T2 spectrum usually shows a highest ampli-
tude when fully saturated (Isah et al. 2021a, 2021b), also, 
larger pores are associated with a longer relaxation time. 
In the case of air–water displacement, as the pores are 
emptied, the initial water-filled pores are being replaced 
with air, the amplitude decreases. This is because the 
disappearance of the longer component of the NMR 
relaxation time spectrum corresponds directly to the 
loss of hydrogen containing fluid from the pores due to 
desaturation (Isah et al. 2021a). This is because NMR 
relaxation time is sensitive to fluid saturation in the rock 
pores (Azizoglu et al. 2020). At partial saturation, Eq. 29 
implies that T2 will be shorter because S/V has increased; 
surface area is the same, but the volume of water has 
decreased (Howard et al. 1995). If the displacing fluid 
is air, it replaces the water and generates no NMR signal 
since it contains no hydrogen (Coates et al. 1997; Howard 
et al. 1995; Toumelin et al. 2002).

where Sw is the fluid saturation, S is the surface area, V  is the 
volume of the saturating fluid in the pores (pore volume) and 
�2 is the surface relaxivity which characterizes the relaxa-
tion rate on S . The total amount of fluids in a rock sample 
is indicated by the initial amplitude of the recorded echo 
signal which can be used to determine the fluid saturation 
and porosity using relevant equations. (Isah et al. 2021a) 
employed this principle to generate NMR brine saturation 
for both sandstones and carbonates. The distributions of the 
relaxation times (T1 and T2) of hydrogen nuclei in rock pores 
are functions of the size of pores, the fluids present in the 
pores, and the rock minerals in the pore walls (Kleinberg 
et al. 1994). (Habina et al. 2017) employed T1-T2 maps to 
determine fluid distribution in rocks. Fluid distribution and 
proton mobility of fluids in rock pores can be assessed by 
employing 2D maps of NMR relaxation times (T1-T2 map) 
in combination with T1/T2 ratio. This is because, the signal 
from T1-T2 maps corresponds to hydrogens from movable 
liquid fraction in the pores. These measurements have been 
useful in the laboratory investigations of both conventional 
and unconventional rocks (Habina et al. 2017; Tinni et al. 
2015).

(29)T2 ≈
Sw

�2

(
V

S

)

Capillary pressure

When a rock pore of capillary size is saturated with two 
or more immiscible fluids, capillary pressure Pc exists. 
Capillary pressure is the difference in pressure between 
two immiscible fluids across a curved interface at pressure 
equilibrium (Isah et al. 2021a). Capillary pressure curves 
can be estimated using NMR experiments (Nørgaard et al. 
1999). It can be derived from NMR T2 distribution through 
the use of local laboratory calibration to obtain a scal-
ing factor (Glorioso et al. 2003; Raheem et al. 2017). A 
novel method of acquiring the capillary pressure curve 
using NMR measurement coupled with centrifugation 
was presented by (Chen and Balcom 2008, 2005). The 
method involves saturating the core plug and measuring 
the saturation profile using an NMR when fully saturated. 
The core plug is then centrifuged once, and the saturation 
profile is then measured again using the NMR equipment. 
The method is said to be fast and accurate when compared 
with the conventional capillary pressure techniques (Fau-
rissoux et al. 2018; Green et al. 2008; Sylta 2010). (Liaw 
et al. 1996) used fluid saturation distributions obtained by 
NMR to estimate the relative permeability and capillary 
pressure. A fairly good agreement between measured and 
NMR capillary profile was reported. (Baldwin and Spin-
ler 1998; Chen and Balcom 2005) obtained the Pc curves 
for both drainage and imbibition using NMR. The authors 
used liquid and frozen hydrocarbon fluids with both  H2O 
and Deuterium oxide  (D2O). They noted that freezing the 
fluid prevent saturation redistribution during measure-
ments after centrifugation. (Faurissoux et al. 2018) pro-
posed a method to measure both saturation exponent and 
capillary pressure using a combined centrifugation and 
NMR imaging and resistivity profiling. The method is fast 
and can be employed for both homogenoes and heteroge-
neous rock samples. Recently, (Isah et al. 2021a) presented 
a new method to obtain the capillary pressure curves in 
bimodal rock samples using NMR. They validated their 
results by comparing with measurements obtained using 
conventional method. Several NMR-based capillary pres-
sure curves have been presented (Eslami et al. 2013; Hos-
seinzadeh et al. 2020; Wang et al. 2019; Wu et al. 2021; 
Xiao et al. 2016). However, it should be noted that, when 
comparing capillary pressure and NMR relaxation meas-
urements, NMR gives surface – volume ratio of the pores 
while capillary pressure is related to pore throat size. The 
two measurements are only precisely comparable if the 
pore systems are assumed to approach that of a bundle of 
tubes. That is, when the radius of the pore body is equal 
to the radius of pore throat where most of sandstone are 
considered in this category.
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Wettability

The sensitivity of NMR measurements to rock-fluid interac-
tion is well known; wetting fluids contacting rock surface 
show different NMR responses from that of non-wetting flu-
ids (Valori and Nicot 2019). For instance, T2 relaxation times 
are enhanced when a fluid comes into contact with rock sur-
face compared to bulk relaxation of the same fluid (Brown 
and Fatt 1956; Howard 1998). The degree of enhancement 
depends on the different parameters including area coated 
by the fluid and strength of rock-fluid interaction (Valori and 
Nicot 2019). Preceding studies exploited this fact to quali-
tatively evaluate rock wettability (Al-Mahrooqi et al. 2003; 
Freedman et al., 2003; Freedman and Heaton 2004; Guan 
et al. 2002; Zhang et al. 2000) or monitor wettability altera-
tion during different processes such as asphaltene adsorption 
and deposition (Gonzalez et al. 2016; Shikhov et al. 2019, 
2018b). Table 4 presents a summary of the various NMR T2 
wettability indices.

T1/T2 ratio performs better than T2 relaxation in wet-
tability prediction when diffusion relaxation is significant 
(Katika et al. 2017). Therefore, some studies used T1/T2 
ratio for assessing wettability qualitatively (Katika et al. 
2017; Valori et al. 2017; J. Wang et al. 2018a, b). The main 
principle behind wettability evaluation from T1/T2 ratio is 
that molecules of bulk non-viscous fluid exhibit fast and 
isotropic motion resulting in T1/T2 equal to 1. On the other 
hand, as the motion of molecules becomes slow or aniso-
tropic such as in high viscous or wetting fluids, T1/T2 tends 
to be greater than 1 (Valori et al. 2017). Yet, a major chal-
lenge for applying this technique occurs when using heavy 
oil especially containing asphaltene such that the T1/T2 ratio 
may be greater than 1 influencing wettability interpretation 
(Valori et al. 2017; Valori and Nicot 2019).

T2-D NMR measurements also produced excellent wet-
tability predictions (Flaum et al. 2005; Liang et al. 2019; 
Minh et al. 2015). The main advantage for T2-D technique 
is that the fluids separation is improved significantly com-
pared to that when using T2 relaxation approach alone. Thus, 
calculated effective surface relaxivities of fluids become 
more accurate (Minh et al. 2015). Finally, NMR has a great 
potential to be used for in-situ wettability evaluation (Val-
ori et al. 2018). Also, some studies implemented simulation 
tools to investigate the response of NMR in rock cores of 
multiphase conditions (Al-Muthana et al. 2012; Looyestijn 
2008; Mohnke et al. 2015; Wang et al. 2018a, b).

Enhanced oil recovery applications

Nuclear magnetic resonance (NMR) presents an effective 
tool to characterize different operations such as drilling and 
enhanced oil recovery (EOR) operations (Kenyon 1997). 
Different types of NMR measurements can be utilized to 

evaluate the EOR treatments. The common approach is T2 
distribution, which can be used to capture the changes in 
rock porosity system due to EOR treatment. Also, T2 can be 
used to monitor the fluids’ saturations during EOR experi-
ments, which will help in a better design and evaluation for 
EOR methods. T2 approach can be used to assess the oil sat-
urations at different times, help in monitoring the remaining 
oil saturation for different EOR techniques in the reservoir 
(using NMR logging) and in the laboratory experiments. 
Moreover, the NMR pulsed field gradient (PFG) technique is 
non-invasive which can be utilized for determining the diffu-
sion coefficient for several fluids can be used at early stages 
of EOR treatment in order to select the suitable method of 
EOR based on the pore network. Diffusion measurements 
can be used to assess the pore coupling, which can help in 
screening different chemicals before using in the EOR treat-
ment. For example, in poor reservoir connectivity, chemi-
cals that can improve the pores’ connectivity can be used 
while viscous fluids that would require high injection pres-
sure should be excluded. Generally, obtaining the apparent 
diffusion coefficient can help in mapping the oil and water 
distributions in porous media, which can be very useful 
in designing and screening several fluid systems for EOR 
applications.

NMR can be used to assess the oil saturations at dif-
ferent times, help in monitoring the remaining oil satura-
tion for different EOR techniques in the reservoir (using 
NMR logging) and in the laboratory (Allsopp et al. 2001; 
Bryan et al. 2006a, b; Bryan et al. 2006a, b; Goodarzi et al. 
2005). Low-field NMR measurements can be used in the 
laboratory measurements to evaluate the EOR treatments 
for various types of conventional reservoirs (such as light 
and heavy oils) and unconventional reservoirs (such as shale 
oils) (Dong et al., 2020; Markovic et al. 2020). The primary 
objective of NMR measurements is to screen different chem-
icals for the EOR applications, such as  CO2, surfactant, and 
polymer flooding (Arora et al. 2010; Mitchell et al. 2012c; 
Mitchell et al. 2012b, 2012a; Suekane et al. 2009). Typically, 
the distribution of T2 relaxation time is used to provide the 
saturation profile as a function of distance or along with 
the treated rock samples. Obtaining the T2 relaxation time 
profiles before and after the treatment can help in quantify-
ing the remaining oil saturation as well as providing good 
information about the saturation distribution (Mitchell et al. 
2012c). Different techniques can be used to determine the 
oil saturation including chemicals elective imaging, com-
plete signal suppression, and paramagnetic doping (Baldwin 
and Yamanashi 1989; Borgia et al. 1994; Brautaset et al. 
2008; Doughty and Tomutsa 1996; Enwere and Archer 1992; 
Green et al. 2008; Nørgaard et al. 1999). The selection of 
the appropriate technique depends on several factors such as 
rock type, composition, and chemical type (Mitchell et al. 
2013).
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One of the main advantages of using NMR for evaluat-
ing EOR operations is that NMR can provide detailed and 
continuous monitoring of the remaining oil saturation, which 
can help in optimizing the EOR performance. Also, the NMR 
technique can be used to monitor the surfactant progress dur-
ing the chemical enhanced oil recovery (cEOR) processes, 
by evaluating the changes in pore surface wettability that 
occurred due to the surfactant adsorption (Wang et al. 2018a, 
b). On the other hand, the main limitation for benchtop NMR 
instruments is that only small core samples should be used 
(between 2 and 4 inches) which can restrict the analysis of 
long core samples. Most of the coreflooding experiments are 
conducted using long core samples (6–20 inches) to avoid the 
capillary end effect and provide more reliable results. Unfortu-
nately, these long samples cannot be used for NMR measure-
ments, and the available solution is to cut the core samples 
into small pieces and use composite cores during the chemical 
flooding (Mitchell et al. 2014a) (Mitchell et al. 2014).

Mitchell et al. (2014b) studied the oil recovery from carbon-
ate rocks during alkaline surfactant (AS) flooding. NMR meas-
urements were used to monitor the oil saturation using spatial 
T2 profiles. Co-injection of brine and AS was applied, and res-
ervoir conditions of high pressure and high temperature were 
implemented. The NMR tool was utilized to track the oil-AS 
interface, which help in understanding the oil recovery mecha-
nisms for different surfactants. Also, the NMR analysis help in 
assessing the injectivity problems during the AS flooding, by 
locating the plugged pores where the oil can be displaced by 
the injected chemicals. (Al Harbi et al. 2017) used advanced 
NMR techniques to study the performance of nano-surfactant 
(NS) in recovering the oil from carbonate reservoirs. A Low-
field NMR tool was used to monitor the oil saturation during 
water flooding and sulfonate-based NS injection, using eight 
core samples of high permeability (120–1200 mD). The main 
objective of using the NMR technique was to understand the 
primary oil recovery mechanisms. Different injection schemes 
were applied, and various soaking periods were used. Injec-
tion of nano-surfactant followed by water flooding provided 
the highest oil recovery. The NMR analysis revealed that NS 
injection can increase oil production by mobilizing the trapped 
and adsorbed oil from the rock surface.

Dong et al., (2020b) characterized the hydrocarbon flow 
and the pore structures of tight sands during EOR opera-
tions using the NMR technique. The oil recovery during 
 CO2 injection was determined, and different soaking periods 
during huff-n-puff (HnP) were applied to optimize the oil 
production. NMR technique was used to provide the profiles 
of free fluid (FF), capillary bound fluid (CAF), and clay-
bound fluid (CBF), based on the T2 relaxation time. The 
fluid displacements across different pore sizes and at differ-
ent system pressures were analyzed using low-field NMR 
experiments. The NMR results showed that the free fluid and 
most of the capillary bound fluid were recovered from the 

small and medium pores during the first and second cycle 
of  CO2 injection, while no changes were observed for the 
clay-bound fluid. Overall, the flooding and NMR measure-
ments helped in optimizing the  CO2 injection by providing 
the saturation profiles for the free, capillary bound, and clay-
bound fluids.

Moreover, EOR operations can lead to several alterations 
in the reservoir pores system due to the interactions between 
the injected fluids and reservoir matrix. More changes were 
anticipated in the tight reservoirs. Mamoudou et al. (2021) 
studied the changes in shale microstructure during EOR 
Huff-n-Puff operations. Crushed samples from Montney 
and Duvernay shales were used, and a mixture of methane 
and ethane with different ratios was utilized. NMR tech-
nique was integrated with mercury injection capillary pres-
sure (MICP) and isothermal adsorption analysis. The NMR 
studies showed that the pore throat size was increased by 
3–10 nm due to the EOR treatment, leading to an increase 
in the rock pore surface area with a factor of 2 on average. 
The adsorption and SEM analyses confirm the increase of 
pore surface area. Overall, the NMR analysis showed that 
gas injection into shale rocks can lead to measurable changes 
in the shale microstructure, which should be considered dur-
ing the design and application of EOR operation in tight 
reservoirs.

Zhu et al. (2021) presented a systematic review on the 
application of the NMR technique for characterizing the res-
ervoir system during polymer flooding. NMR can be applied 
at different stages during the polymer flooding; including 
polymer characterization, polymer movement within the 
porous media, and polymer plugging. The changes in poly-
mer chemical structure can be assessed using NMR analy-
sis. Also, the gelation parameters such as gel strength and 
gelation time can be evaluated in-situ by conducting NMR 
measurements. The main advantage of using the NMR tech-
nique for studying polymer flooding operations is that NMR 
is a non-destructive test that allows for quick and reliable 
measurements (Al-muntasheri 2008; Wang et al. 2021a, b). 
Overall, the research in the NMR application for EOR opera-
tions is still in its infancy, and limited studies have been con-
ducted. Also, the interaction between oil and injected fluids 
during polymer flooding is not well understood, and more 
research is needed in this area. NMR technique will play a 
significant role in disclosing the rocks and fluids behaviors 
during EOR operations.

Moreover, on the reservoir scale, NMR logging is used 
to determine the in-situ oil saturation (Kwak et al. 2017; 
Zhao et al. 2020a, b). NMR can provide continuous profiles 
of the oil saturation due to the high acquisition speed of 
the NMR tool (Mitchell and Fordham 2014). Also, NMR 
logs are used to monitor the progress of injected chemi-
cals and provide distribution profiles for the chemical and 
oil saturations (Afsahi and Kantzas 2007). Therefore, it is 



2762 Journal of Petroleum Exploration and Production Technology (2022) 12:2747–2784

1 3

usually recommended to run NMR logging for all pilot tests 
of chemical EOR operations. Also, integrating the NMR 
technique with coreflooding experiments will provide an 
enhanced assessment of the remaining oil saturation that 
can be complemented with the field pilots, leading to better 
oil recovery operations.

Special topics

Evaluation of mud filtrate invasion characteristic

Different studies have used NMR technology to assess for-
mation damage induced by drilling fluid invasion in addition 
to mitigation or removal techniques. In addition, NMR tech-
nology has also been used to characterize mud cake formed 
by drilling fluids and determine its properties. (Bageri et al. 
2019) exploited NMR T2 and spatial T2 measurements to 
assess secondary formation damage induced by the invasion 
of chelated barite. Chelated barite is formed during the pro-
cess of removing filter cake, which is formed by barite-based 
drilling mud, using chelating agents. By injection chelated 
barite into sandstone and carbonate rocks, they found that 
barite precipitates are discharged from barium-saturated 
chelating agent into the rock’s pores, and after that, the che-
late absorbs cations from the rock minerals. Figure 8 shows 
the T2 distribution for a very high permeability (211 mD) 
sandstone sample (A) used in the study. It is obvious that the 
number of pores with T2 values ranges from 0.8 to 100 ms 
experienced a noteworthy reduction. However, some macro 
pores became larger such that the T2 range expanded from 
300 to 900 ms. (Gamal et al. 2021) followed the same NMR 
approach to investigate mud filtrate’s effect on the pore sys-
tem of various sandstone rocks.

Adebayo and Bageri, (2020b) introduced a simple NMR 
method to assess properties of filter cake which includes 
porosity, thickness, and pore volume. They suggested that the 

NMR-based technique has an advantage in that it evaluates 
most of the filter cake properties compare to other methods 
that can determine only one or two parameters. The method 
is based on conducting NMR  T2 relaxation measurements 
on rock samples at three stages which are, fully brine satu-
ration, post mud invasion (filter cake is formed), and after 
mud cake elimination (Adebayo and Bageri, 2020b). The 
difference in areas under T2 distribution and T2 cumulative 
porosity curves are used to calculate filter cake properties 
as was shown in a recent publication (Bageri et al., 2021a). 
They applied this approach to characterize filter cakes, 
mainly mud cake porosity and infiltrated solids; the study 
also compares NMR results with gravimetric and micro-CT 
measurements. They conducted measurements on 4 con-
solidated carbonate and sandstone core samples before and 
after the formation of filter cake. The authors reported that 
the NMR results correlated excellently with the measured 
cake’s thickness. They determined the mud cake porosity as 
the difference in porosities obtained from the T2 measure-
ments when mud cake forms and after its removal (Fig. 9a). 
Similarly, the infiltrated solids porosity that invaded the core 
samples was obtained (Fig. 9b).

Adebayo et al., (2020a, b) extended their preceding works 
(Adebayo and Bageri, 2020b); they attempted to correlate 
NMR  T2 measurements with mud cake’s thickness and 
porosity in addition to formation damage induced by drilling 
mud. Various rock types of wide permeability and porosity 
range were used, and the T2 measurements were conducted 
at three depth of investigations (DOI) in order to simulate in-
situ NMR logging during drilling. The three covered regions 
are the mud cake, invaded zone, and virgin zone. The dif-
ference in areas under T2 curves obtained at these regions 
correlated well with the mud cake porosity and thickness in 
addition to formation damage.

Another study by Wu et  al. (2019) combined NMR 
measurement and large-sized model flow experiment to get 
insights into formation damage induced by fresh water-based 
drilling mud invasion in sandstone reservoir. A large-sized 
sandstone formation module with radial depth of 55.9 cm, 
and thickness of 10 cm was used; the main purpose of using 
the large size model, instead of traditional core plugs, is to 
allow for creating a relative larger damage depth in a long-
term invasion of drilling fluid which is a better manifestation 
of actual in-situ conditions. They used NMR to determine 
T2 distributions, porosity, and movable saturation of the 
formation modules at different radial depths. The found a 
good positive correlation between the formation damage, 
in terms of permeability, and the decrease ratio of movable 
water calculated based on NMR T2 distribution as following:

(30)MWn
DR

=
Si − Sn

Si
× 100%Fig. 8  T2 distribution for sandstone sample A before (red) and after 

(black) barite-laden chelate injection, adapted from (Bageri et  al. 
2019)
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where MWDR
n is the movable water’s decrease ratio at n 

radial depth of the formation module; Si, and Sn are the ini-
tial movable water saturation and the movable water satura-
tion (at n radial depth) of the formation module, respectively. 
For example, as movable water’s decrease ratio changes, the 
permeability reduction rate of the lower permeability sand-
stone reservoir is faster than that of a higher permeability as 
shown in Fig. 10.

Sun et al., (2021) established a morphological correction 
model of NMR T2 spectrum in oil-base mud invaded zone by 
comparing the difference of NMR T2 response in oil-based 
mud and water-based mud wells; This is crucial for accurate 
interpretation and petrophysical evaluation during NMR log-
ging. Two oil-based mud and three water-based mud wells, 
in the Xihu Sag sandstone gas formations in the East China 
Sea basin, were used as a source of the logging data. They 
found that the estimated NMR permeability (calculated 
using SDR model) after correcting T2 spectrum morphology 

is the most accurate compared to NMR permeability before 
correction and pore fitting permeability.

Several depths of investigations (DOIs) can be achieved 
by the existing T2 NMR logging tools (Knight et al., 2016). 
In addition, Magnetic Resonance Imaging Log (MRIL) of 
some oil companies has well-defined sensitive volume which 
is typically not affected by mudcake and borehole (Xie et al. 
2008). For example, NMR logging technology has the ability 
to reach several depths of investigation that ranges between 
1 and 4 inches from the wall of the borehole into a formation 
rock. However, mudcacke components and properties could 
limit the capability of NMR. For example, salinity of the 
formed mudcake could result in a loss of radio-frequency 
(RF) energy and a reduction in the signal to noise ratio 
(SNR) (Xie et al., 2008). In addition, T2 relaxation times 
are significantly reduced when paramagnetic materials, or 
clay-bound water are present which cause some NMR sig-
nals having very small T2 times not to be detected (Xie et al. 
2008). Components of filter cake produced by oil-based mud 
could also lead to failure in NMR interpretation (Sun et al. 
2021).

Emulsion droplet size determination using PFG NMR

Emulsions are dispersion of oil in water or water in oil, it 
can be more complicated structure (Wong et al. 2015). In 
oilfield, the emulsion of interest is water in oil (droplets of 
water dispersed in oil) which is more difficult to separate 
(Walstra 1993). PFG NMR is a powerful tool to measure 
the molecular self-diffusion coefficient. The essence of using 
PFG NMR to measure the emulsion droplet size is by meas-
uring the restricted diffusion caused by the continuous phase 
(Hollingsworth and Johns 2003). In case of emulsion, the 
degree to which that restriction applies is dictated by the size 
of the droplets, hence molecule in larger droplet could diffuse 
longer distance than one enclosed in smaller droplet. Hence, 
higher diffusion coefficient (more freedom for molecule to 
diffuse) indicates larger droplet size and vice versa (Aichele 

Fig. 9  a  T2 cumulative porosity 
of core sample 1 after the inva-
sion with filter cake (black) and 
after removing the filter cake 
(red); b  T2 cumulative porosity 
of core sample 1 before (red) 
and after the invasion (black) 
adapted from (Bageri et al., 
2021b)

Fig. 10  Relationship between movable water’s decrease ratio and per-
meability damage rate, adapted after (Wu et al. 2019)
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et al. 2007; Cozzolino et al. 2008; Johns and Gladden 2002). 
One of the first trail of applying PFG NMR for the sizing 
of droplets was performed by (Balinov et al. 1994) where 
they investigated the influence of age, water content, and 
alcohol content on the emulsion droplet size. The technique 
proved its effectiveness in terms of monitoring when drop-
let coalescence dominates compared to droplet flocculation 
(Peña et al. 2005). NMR technique, in particular, is readily 
applicable to concentrated emulsions which are opaque or 
contaminated (dispersed with air bubbles or solid suspension) 
(Johns 2009). This gives NMR an advantageous property in 
addition to that it is non-invasive technique as compared to 
alternative conventional droplet sizing techniques such as 
optical observation, electrical resistivity, light scattering, and 
ultrasound spectroscopy measurements.

Sjöblom et al., (2017a) designed by-line benchtop NMR 
setup to monitor the effectiveness of different commercial 
demulsifiers in treating water-in-crude oil emulsions. The 
measurements were performed in three different commercial 
demulsifiers, good results were reported. More importantly, a 
rapid version of PFG NMR, Difftrain, was successfully incor-
porated into the control flow loop where the measured emul-
sion droplet size was controlled based on the impeller speed 
of an emulsion mixing device. In addition, the authors argued 
that these developments could move benchtop NMR closer 
to direct industrial applications. Various water-in-oil emul-
sions were tested regards their stability following addition of 
either sodium chloride (NaCl) or calcium chloride  (CaCl2) 
(Davis et al. 2021; Doğan et al. 2020; Ling et al. 2018). Dif-
ferent types of oil were used in their study such as paraffin oil, 
xylene, and modified crude oil in which asphaltene or acidic 
component was removed, respectively. NMR droplet sizing 
suggests that the increasing of salt concentration would reduce 
the growth rate of emulsion droplet size. These measurements 
were cross validated using interfacial tension measurements 
that also reduced with increasing of salt concentration.

The ability of injecting  CO2 into water-in-oil emulsions 
as a mean of breaking the emulsion was investigated using 
PFG NMR measurements (Azizi et al. 2019). Essentially, 
there are two theories governing the phenomena of break-
ing the emulsion using  CO2. The first theory suggests that 
pressurizing  CO2 strips the asphaltene of the surface of the 
droplet, hence, it solubilizes the asphaltene coating from 
the oil–water interface and hence emulsion destabilization 
(Zaki et al. 2003). The second theory states that  CO2 dis-
solves into the water phase and when  CO2 is depressurized 
causing it to come out of solution due to reduced solubility. 
Then, the  CO2 would rope the surfaces of the droplet causing 
coalescence and increase the emulsion droplet size (Sjöb-
lom et al. 2017b). Promising results were also documented 
for in-situ droplet size study in both high and low salinity 
water systems after  CO2 treatment using NMR (Ling et al. 
2018). Consequently, NMR has a great potential to serve as 

valuable production logging tool to diagnose and detect the 
downhole emulsion.

Common misinterpretation in conventional rocks

Pore (diffusional) coupling, and the internal magnetic field 
are two common issues that could mislead the interpretation 
of the NMR relaxation data for conventional rocks. These 
issues are due to the heterogeneity and the constitution of 
the rock pore structure of the conventional reservoir rocks. 
Four different relaxation rates may need to be taken into 
consideration include:

• The bulk relaxation rate of the fluid in the pores.
• The relaxation rate in the vicinity of the pore wall.
• The rate of molecular diffusion to the pore wall while 

taking into account the bulk diffusion coefficient.
• The rate for pore coupling.
• Diffusion due internal field gradients causes additional 

T2 dephasing induced by the presence of paramagnetic 
ions or due to pore restriction.

• Interactions of spins with paramagnetic components on 
pore walls in smaller pores, this will additionally short-
ens T2 relaxation time.

However, it is common in most NMR petrophysical 
analyses models to assume fast diffusion between bulk and 
surface fluid and neglects the possibility of pore fluid trans-
port to neighboring pores of different dimensions. Thus, for 
better measurement accuracy, a more generalized relaxa-
tion model is required to include the rate of exchange of 
the fluid between pores (pore coupling) and the rate of dif-
fusion within a pore (Barrie 2000; Grunewald and Knight 
2009; Rios et al. 2016; Wang et al. 2018a, b). In most NMR 
relaxation time studies, it is usually assumed that the rate of 
molecular diffusion to the pore wall is very large, and a weak 
pore coupling is often considered for simplicity (Song et al. 
2014; Thrane et al. 2019; Yu et al. 2019). It should be noted 
that the effect of pore coupling on relaxation times has been 
modeled by several authors (Ghomeshi et al. 2018; McCall 
et al. 1991; Mitchell et al. 2019).

In this case, the estimation of formation properties such 
as porosity, permeability and irreducible water saturation 
using the traditional T2,cutoff method gives erroneous results. 
Several studies has investigated the impact of pore geom-
etry and chemistry on diffusion coupling and proposed tech-
niques that can take into account the effects of diffusional 
coupling for better estimation of properties (Anand and 
Hirasaki 2005; Grunewald and Knight 2011, 2009; Hinedi 
et al. 1997). Diffusion due internal field gradients causes 
additional T2 dephasing which cannot be removed by spin 
echo, it is a relaxation mechanism that quantify the rate at 
which hydrogen nuclei in the pore fluid diffuse through local 
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magnetic field induced by the presence of paramagnetic ions 
or due to pore restriction (Fordham and Mitchell 2018; Hür-
limann 1998; Zhang et al. 2016). Interactions of spins with 
paramagnetic components (which are usually found in clay 
minerals such as chlorite and illite) on pore walls become 
significant causes of relaxation in smaller pores, this will 
additionally influence the transverse relaxation time (it 
shortens T2) (Elsayed et al. 2020a; Livo et al. 2020). The 
shortening of T2 is a function of paramagnetic species and 
the pore size (Connolly et al. 2019; Elsayed et al. 2021a; 
Mitchell et al. 2010). Regarding the impact of clay content 
on NMR parameters and measurements, several studies con-
cluded that surface relaxivity increases with increase of par-
amagnetic-rich clay content (D’Agostino et al. 2017; Foley 
et al. 1996; Keating et al. 2008; Keating and Knight 2007; 
Li et al. 2019). A reduction in the NMR log-derived poros-
ity as compared to total porosity is argued to be function of 
chlorite content in sandstone oil reservoir in the North Sea 
(Rueslåtten et al. 1998). They attributed the reduction in 
porosity estimates to the fine-grained chlorite which induces 
an internal magnetic field gradient on the pore level causing 
a significant decrease in the T2 relaxation times. The effect 
of chlorite was also studied in North Burbank sandstone 
reservoir and showed strong effect on internal gradient as 
compared to Berea sandstone (Zhang et al. 1998). Chlorite is 
specifically important when interpreting NMR data because 
it contains ferromagnetic and paramagnetic ions and usually 
exists in form of pore-lining clays. In a recent study (Elsayed 
et al. 2020a), the impact of clay mineralogy and content 
on the internal gradient and T2 distribution of sandstones 
were investigated. The results showed that chlorite has the 
largest impact on NMR measurements compared to other 
clay minerals due to the higher paramagnetic content of the 
former. While no impact was observed for kaolinite content, 
a strong correlation was found between chlorite content and 
both internal gradient and shifts in T2 distribution. Never-
theless, the impact of clay distribution was not systemically 
investigated.

Unconventional rock characterization using different NMR 
techniques

Shale rocks are fine-grained sedimentary rocks with high 
total organic content at least over 2%, and they are featured 
by low porosity and permeability (Espitalie et al. 1977; Pas-
sey et al. 2010; Sondergeld et al. 2010). They are composed 
of organic and inorganic pore structure. Inorganic pore 
structures typically comprise of silica, clay, carbonates, 
and pyrite. There are also verity of organic matters such 
as kerogen (porous insoulble organics), bitumen (soluble 
highly viscous organics), low viscosity oils and natural gas 
(Curtis et al. 2012; Gong et al. 2020; Zhang et al. 2012). 
Accurate quantification of these organic componentents are 

vital in terms of establishing shale reservoirs quality and 
maturity (Makeen et al. 2021, 2016). NMR studies of shale 
rocks is a rapidly developing field. For relaible characteriza-
tion shale rocks using NMR, some relaxation consdirations 
are discussed. Traditional surface relaxvity is expected to 
dominate in inorganic pore structure; that is small amount of 
paramagnetic metal species at the pore surfaces interacting 
with the adsorped layer fluid (Guo et al. 2020; Martinez and 
Davis 2000; Washburn 2014). The possible NMR relaxation 
dynamics in organic pore structure is complex and it is still 
source of disagreemnt in the literature (Bousige et al. 2016). 
The relaxation in organic pore structure in shale rocks is 
affected by (Panattoni et al. 2021a, b; Singer 2013):

• Kerogen maturity; the solid 1H density will have a poten-
tial effect on the adsorped surface relaxation.

• Kerogen pore size; the nano-sized pores causes additional 
relaxation coming from molcular confinement effect.

• Diffusive coupling between organic and inorganic pore 
structures; the relaxation is averged out in case of gas dif-
fusing from inorganic to orgainc pores instaed of show-
ing two disitinct pore sizes.

• Origin matter origins; the source of orgnic matter within 
the shale rocks. The sources are usually paramagnetic 
metalloporphyrins such as  Fe+2, and  Mn2+.

• The wetting characterisitic of organic and inorganic pore 
structure; it is usually expected that inorganic pore struc-
ture with surface hydrophilic (water-wet), and organic 
pore strucutre is expected to be hydrophopic (oil-wet).

In conventional reservoirs, fundamental petrophysical 
properties such as porosity, permeability, pore size distri-
bution, wettability, and fluid saturation can be estimated 
accurately. However, in unconventional reservoirs, inter-
preting NMR signals is more difficult than in conventional 
formations. It is crucial to understand the characteristics 
of the solid matrix and fluids in unconventional reservoirs 
for both resource evaluation and production. Organic con-
tent, for instance, comprises hydrogen and hence appears 
in certain NMR measurements, causing the resulting signal 
from shales to no be lithology-dependent. Below are some 
examples from literature discussing the characterization of 
unconventional rocks using NMR.

Figure 11 illustares global T1/T2 map in terms of fluid typ-
ing of NMR relaxation in shlae rocks. This concept directs 
the interpretation of fluids behavior using NMR in shale 
studies. No signal is expected to present in the region below 
the one-to-one because having T1 less than T2 is physically 
unreasonable in terms of NMR relxation theory, hence, any 
signal in this region is interpreted as experiemental artifact. 
In case of free bulk fluids, long relaxation times component 
are expected, in addition, T1 and T2 relaxation time compen-
ets are almost identical lying on the T1/T2 = 1 line.
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Fluids in the small pore sizes are expected to appear as we 
decrase in T2, and a decrase in mobility of fluid is observed 
as the T1/T2 ratio is increased. (Fleury and Romero-Sarm-
iento, 2016b) studied the kerogen, clay-bound water, meth-
ane, and water T1/T2 signal behavior at 23 MHz for shale 
rocks. T1/T2 ratio corresponds well with the maturity of the 
kerogen, hence, lower T1/T2 ratio is expected for immature 
kerogen compared to oil and gas windows. Relaxation com-
ponents have been identified for kerogen with T1/T2 ≥ 50. 
The clay-bound water which has short  T2 showed T1/T2 ≈ 
20. Methane within kerogen-isolates pores (T1/T2 ≈ 15) 
and confined water (T1/T2 = 2) overlap notably in T1/T2 
maps as shown in Fig. 12. Furthermore, the kerogen signal 
contribution was only sensed with high hydrogen content 
(> 30 mg/g) which is an important consideration and limita-
tion in the study of kerogen in low-field NMR.

Kausik et al., (2016a) utilized lower NMR-field (2 MHz) 
to study over-mature shale containing no bitumen. At irre-
ducible water saturation, two relaxation populations were 
observed at T1/T2 = 2; the short T1,2 times suggest small 
pore structure assigned to clay-bound water, while longer 
T1,2 times corresponds to irreducible water in inorganic/
organic pores. The establishment of these two populations 
allow to determine T2, cutoff which separate producible and 
bound fluids in pore space. Re-saturating the same sam-
ple with methane at 5000 psi showed again two relaxation 
populations; small relaxation population at T2 = 10 ms and 
T1/T2 = 2.6 interpreted as gas in shale pores, while large 
relaxation population at long T1 and T2 assigned to bulk-
free methane outside the sample. Another native-state shale 
from Eagle Ford formation containing residual fluids were 
studied. T1/T2 showed clear separation between fluids with 
short T2 (probably clay-bound water, bitumen or combina-
tion) and fluids with larger T2 such as oil in organic and 
inorganic pores in this case. However, T1/T2 ratio for oil 
in organic pores is larger than in inorganic pores. A plau-
sible explanation is that organic pores are expected to be 
oil-wet leading to larger T1/T2 ratio. A huge change in the 
signal coming from oil in organic pores was observed after 
resaturation compared to small change in inorganic pores. 
This indicates that the organic pores within this shale are 
responsible for the majority of the pore space. In gas and oil 
shale, kerogen signal was not detected at 2 MHz indicating 
that kerogen signal requires is not feasible using the current 
NMR wireline logging technology. However, establishing 
T2, cutoff values as shown in red dotted line in Fig. 13 are very 
useful to help transferability of interpretation of relaxation 
characteristic back to 1D T2 relaxation distribution, and to 
increase validity of interpretation of well-logging data.

The advantage of performing shale rocks studies at High-
field NMR is the frequency dependence (The magnetic field 

Fig. 11  NMR  T1/T2 relaxation 
map for different fluid type and 
conditions adapted from (Fleury 
and Romero-Sarmiento, 2016b)

Fig. 12  Summary of the different scenarios studied in (Fleury and 
Romero-Sarmiento, 2016a)
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dependence of T1 compared to T2). T1/T2 ratios could be 
totally different for the same shale rock at different magnetic 
field strength as shown in because T1 is highly dependent on 
magnetic field strength (Kausik et al. 2017). In case of shale 
rocks, this provides additional and better discrimination 
between fluid types that could be difficult to separate in low-
field. The results showed that T1/T2 map in high-filed NMR 
(400 MHz) separates very well the kerogen (T1/T2 = 2000) 
and bitumen (T1/T2 = 600) signals in Upper Bakken shale. 
The identities of the peaks in first map in the native sample 
were confirmed by extracting the two components (kerogen 
and bitumen) separately, and performing measurement on 
them individually. Furthermore, this shows that it is much 
easier to discriminate the identities of these peaks at high-
field compared to low-field where they are essentially char-
acterized by approximately same T1/T2 ratio.

A successful attempt was achieved to capture solids and 
semi-solid NMR which have extremely short T2 (provide 
reference here please). The relaxation in semi-solids can be 
partially described as Gaussian rather than exponential, and 
the mathematics of a very rapidly relaxing system can be 
expressed as:

where Mx,y(t) is the acquired signal, Ai is the contribution 
from Gaussian decay of the T2

* component, and Bi is the 
contribution from exponential decay of the T2i  compo-
nent. The magnetization here has two components; Gauss-
ian decay acquired by free induction decay (FID), and the 
exponential decay acquired by CPMG. This requires new 
simultaneous Gaussian-Exponential kernel for data inver-
sion described in details in (Washburn et al. 2015). A recent 
study performed experiments on different shale rocks sub-
jected a range of relative humidity environments in order 
to differentiate between rapid relaxing signal from organics 
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(bitumen and kerogen) and clay-bound water (Yang et al. 
2020). Three peaks were produced as shown in Fig. 14. The 
first peak at very short relaxation time is attributed to the 
Gaussian contribution (solid organics), whereas the two 
other peaks 2, and 3 (water in organic, and inorganic pores, 
respectively) are attributed to the normal exponential decay. 
It can be inferred that the Peak 1 area (short T2 compo-
nents) is essentially independent of the relative humidity 
of the system which provides validation to the assumption 
of assigning the peak 1 to solid organics. Peaks 2 and 3 are 
sensitive to relative humidity where the peak area increase 
with the increase of relative humidity clearly. In addition, 
the Gaussian components attributed to solid organics dem-
onstrate strong correlation with organic matter (Figs. 15 16).

A recent study investigated the aromatic to aliphatic 
ratio of kerogen structures which is an indicator of kero-
gen maturity, so as kerogen matures, it changes from hav-
ing aliphatic chains to aromatic components (Panattoni 
et al. 2021a, b). Different solid-state NMR spectroscopy 
methods (13C MAS spectra, 1H MAS spectra, and High-
field T2 distribution) were used by the authors because 

Fig. 13  Summary of the differ-
ent scenarios studied in (Kausik 
et al., 2016b)

 

0

0.05

0.1

0.15

0.2

0.25

0.01 0.1 1

Pr
ob

e.
de

ns
ity

 (a
.u

.)

T2* | T2(ms)

Vacuum Dry

Increasing RH%

RH 99%

Fig. 14  T2/T2* relaxation distribution as function of relative humid-
ity, adapted from (Yang et al. 2020)



2768 Journal of Petroleum Exploration and Production Technology (2022) 12:2747–2784

1 3

 sp3-hybridized and  sp2-hybridized has different chemical 
shift resonances (Panattoni et al. 2021a, b). It is worth 
mentioning that  sp3-hybridized has diamond-like is indi-
cating aliphatic while  sp2-hybridized has graphite-like 
structure indicating aromatic. Error! Reference source not 
found a) demonstrates 13C NMR shift as function of Vitrin-
ite reflectance Ro which increases with increasing of shale 
maturity. Additionally, as the maturity increase, there is a 
shift from aliphatic to aromatic dominated peaks. Chemical 
shift resolution in 1H NMR is much narrower than in 13C 
NMR, however, it can still be seen that there is clear shift 
toward higher chemical shift indicating of the system pro-
gressing from aliphatic to aromatic state (Error! Reference 
source not found b) extremely short bimodal T2 distribution 

were observed as shown in Error! Reference source not 
found b) using high field (400 MHz) which is an indicative 
of solid structure of kerogens. They found out that there is 
increase in longer T2 population with increasing maturity 
which is counter-intuitive behavior. However, it was argued 
that kerogen maturation would result in losing 1H density 
meaning, this would enlarge the average 1H-1H dipolar 
coupling distances resulting in longer T2. NMR has shown 
its effectiveness in organic matter quantification (Silletta 
et al. 2022), has introduced a mixed scheme that combine 
the tradition CPMG, that senses the long-time decay, with 
the fast-decaying signal acquisition during the free induc-
tion decay (FID). The method was used on several samples 
obtained from Muerta Formation in the Neuquen Basin, 

Fig. 15  Comparison between (a) 13C MAS spectra, b 1H MAS spectra, and c High-field  T2 distribution results as function of Vitrinite reflec-
tance adapted from (Panattoni et al. 2021a, b)

Fig. 16  LWD-NMR prototype 
tool. Reprinted with permission 
from (Prammer et al. 2000a, b)
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Argentina, with high success. Furthermore, a robust deter-
mination of shale maturity can be obtained using combina-
tion of High-field and 13C NMR spectroscopy (Song and 
Kausik 2019).

NMR applications in field scale

NMR technology has been widely used for the oil industry 
for borehole logging. At the early stage of utilizing this tech-
nology for the industry, the earth filed was adapted (Klein-
berg and Jackson 2001). Those tools were highly influenced 
by the drilling fluids in the borehole, which reduced the 
reliability of the tool. Jasper Jackson introduced an alter-
native way called, inside-out, of performing NMR in 1980 
(Jackson et al. 1980). Although, the NMR has many techni-
cal difficulties and challenges of performing measurements 
downhole, it can be obtained during drilling. The advan-
tage of NMR while drilling is the ability to provide infor-
mation of the uninvaded zones of the reservoirs (Sun et al. 
2020). The first version of the LWD-NMR was introduced 
in 1990, since then, there have been several improvements 
to the tool. The recent tools include, proVISION and proVI-
SION Plus (Schlumberger) (Horkowitz et al. 2002), MRIL-
WD (Halliburton) (Prammer et al. 2002), Mag-Trak (Baker 
Hughes) (Borghi et al. 2005), small borehole LWD-NMR 
tools (Baker Hughes and Saudi Aramco) (Akkurt et al. 2009; 
Kruspe et al. 2009) and large-diameter LWD-NMR tools 
(Baker Hughes and Schlumberger) (Bachman et al. 2016; 
Coman et al. 2014). Each tool has different arrays of para-
mount magnets and different functions.

These tools are classified into two categories based on 
the structure of the magnet (Sun et al. 2020). First type that 
has a longer length and can produce a relatively high gradi-
ent of dipole stray magnetic field about 14 G/cm. Hence, 
the tool can only measure T2 when it is in the sliding state. 
However, in case of high radial vibration during drilling, 
T1 can only be measured in this case. This type of magnet 
has a long sensing area along the well axis that provides the 
condition for the tool to take measurements while lifting 
with suitable speed.

The second type of magnet structure is based on the “Jas-
per Jackson”. This magnet produces a natural axisymmet-
ric annular low gradient field (Demas et al. 2008). In case 
of strong radial vibration this tool is more suitable for T2 
measurements. The new enhancement on this tool magnet 
design is manly focused on increasing the low gradient area 
width in the annular magnetic field. This is to achieve the 
T2 measurement’s purpose even if the tool is in the drilling 
state with a strong radial vibration (Coman et al. 2018). In 
general, the LWD-NMR magnets are design to reduce the 
effect of the radial vibration on T2, achieving one-directional 
measurement and increasing the logging speed. The key 

advantage of the LWD-NMR is the ability to acquire the 
advanced information evaluation such as continues mobility 
information of the formation in real time during the drilling 
operation (Selheim et al. 2017).

Design and improvements in LWD‑NMR

The first tool of LWD-NMR prototype was designed and 
field tested in 1999 by (Prammer et al. 2000a, b). The tool 
was successfully run for 130 h downhole, which included 
interval of harsh drilling conditions. The data obtained from 
the tool showed that the LWD-NMR provide a source-free 
porosity, permeability and free fluid data compared to MRIL 
wireline logs. As shown in Error! Reference source not 
found. The tool was designed for 8–1/2 to 10–5/8 in bit size 
with two main sections and total length of 42 ft. The sensors 
are in the lower portion of the tool while the electronics are 
in the upper section.

A high strength collar made of steel interfaces with the 
drill string though a standard 4–1/2 IF connections (Internal-
flush style connection). The collar contains the magnet and 
the flow tube which is in the sensor section as well as the 
radio-frequency (RF) antenna outside the collar that is 24 
inch long. Furthermore, the antenna is embedded with fiber 
glass and rubber and a Wear pads are located above and 
below the antenna to stand off the rubber section.

The upper section that contains the electronic, is com-
prised of power conditioning, processing, control, memory, 
batteries and RF transmitter and receiver. Moreover, the tool 
has a two-sidewall readout (SWRO) ports for the application 
of external power and accessing the tool’ data memories and 
program. The tool was tested for two fields data obtained 
from GRI Catoosa Test Facility (Prammer et al. 2000a, b), a 
new hole was drilled and logged with wireline. Then it was 
re-drilled and logged by the designed LWD-NMR tool. The 
tests showed that the response of the developed tool resem-
bles the wireline values in sand, shale and fracture sequence 
as shown in Fig. 17. This indicates the ability of obtaining 
NMR measurement while drilling. Furthermore, the second 
test tool can replicate the complete MRIL logs after drilling, 
showing the robustness of the measurement against rotation 
and vertical or lateral motion.

A new improvement in the tool has been introduced by 
Heidler et al. (2003), which operates in sliding, station and 
drilling state. The tool (proVISION) provides a real-time 
information of the wellbore trajectory optimization. Accord-
ing to (Coman et al. 2014), the early prototype introduced 
by (Prammer et al. 2000a, b) is high magnetic field gradient 
(HG) tool. Hence, the tool is primarily used for T1 meas-
urements. The gradient field is produced by the opposing 
dipoles with azimuthal symmetry. A sensitive region with 
thin shell of height 6 inch and diameter of 14 inch is pro-
duced through the interaction of the static magnetic field and 
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the radio-frequency field. According to (Heidler et al. 2003), 
the depth of investigation depend on the tool centralization 
and borehole size. After tests, it was found that the tool pro-
vides T2 measurement with minimal impact on the drilling 
process. In addition, harsh drilling conditions are detected 
by the motion sensors which provides a log quality control 
for NMR. Finally, these sensors provide information on tool 
motion either sliding, rotating or stationary.

Another tool developed by Coman et al. (2014) for large 
boreholes provides a better vertical resolution and improve-
ment of the T2 measurements during the lateral motion by 
short inter-echo time of 0.4 ms. The design of the tool for 
large borehole elevated the operating frequency as well as 
increased the signal to noise ratio for improved vertical reso-
lution. The presented 8.25 inch tool is LG, powered by alter-
nator. The diameter of the tool and the depth of investigation 
are fixed, and the sensor outer diameter (SOD) is constrained 
by several requirements such as mechanical robustness, min-
imal borehole size and minimal required flow, and the tool 
technical data is presented in Table 5.

According to the authors (Coman et al. 2014), increasing 
SOD, reduces the thermal noise, and the power requirements 
for the radio-frequency and increases the MR signal. This 
leads to shorter in the ringdown time and increased in SNR 
because of the induction law, the tool shows a good agree-
ment between the LWD tools and the proposed tool design.

Bachman et al. (2016) tested a proposed LWD-NMR tool 
for large borehole based on the principle of the tool intro-
duced by Heaton et al. (2012) for low mud flow rate. The 
tests were carried for a well of 12.25-inch drilled with WBM 
in Ecuador and 12.25-in borehole drilled with OBM for deep 
water along the Gulf of Mexico. The tool was able to iden-
tify the hydrocarbon zones that were left undetected and 
added as considerable amount to the reserve estimation. Fur-
thermore, by comparing the LWD porosity and permeability, 
the match was excellent with the core analysis. According 
to the results, it was found that LWD-NMR was able to aid 
in optimizing the wireline logging program, in addition, the 
tool was run successfully in deviated well sections.

The LWD-NMR porosity data usually is not affected by 
the lateral motion of the tool, however, according to Coman 
et al. (2018) some other parameters such as the bound water, 
movable fluid, viscosity and permeability might still be 
affected. Thus, they introduced, a data-based lateral motion 
correction (LMC) to account and quantify the effect of the 
lateral motion, hence improving the porosity estimation 
derived from T2 distribution.

Despite the improvements on the NMR logging while 
drilling tools, still the measurement is highly affected by the 
complex motion during drilling like radial vibration, axial 
rotation, and longitudinal drilling. However, radial vibra-
tion has the greatest effect on the T2 measurement (Morley 
et al. 2002). According to Sun et al. (2020), some methods to 
reduce the effect of motion on the measurements exist. These 
methods include optimization of mechanical structure, opti-
mization of sensor design and optimization of detection 
mode. They include shortening the distance between the 
borehole wall and the tool by adopting the mechanical cen-
tering stabilizer, thereby restricting the range of the radial 
vibration. The optimization of detection mode method aims 
to minimize the effect of the complex magnetic fields and 
the displacement of sensing area during the acquisition of 

Fig. 17  Log response results of the LWD test. Reprinted with permis-
sion from (Prammer et al. 2000a, b)

Table 5  Tool technical data (Coman et al. 2014)

Property Value

Tool size 8.25 in
Approximate MR frequency 460 kHz
Outer diameter of the sensor section 10.625 in
Maximum temperature 302°F
Minimum mud resistivity 0.1 Ω-m
Maximum pressure 30,000 psi
Diameter of investigation 18 in
Aperture 4.6 in
Inter-echo time for echo-trains 0.6 ms
Inner diameter of investigation 16.5 in
Effective magnetic gradient 2.4 G/cm
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the adjacent echoes by shortening the echo time and reduce 
the number of echoes. The method of optimizing the sensor 
design aims to reduce the impact of the magnetic field varia-
tion of the spins while maintaining the same radial displace-
ment by reducing the gradient of the magnetic field. Moreo-
ver, it increases the width of the sensing area by increasing 
the RF bandwidth.

As an enhancement to the tool design, Sun et al. (2020) 
focused on the optimization of the sensor design method 
for better tolerance for vibration and high reliability while 
utilizing the “ Jackson Jasper” magnet structure shown 
in Fig. 18. The tool structure consists of two polarized 
apposed cylindrical polarized magnets arranged along 
the axial direction with a space between them. A ring 
saddles around the axial is generated at the center of the 
gap with a zero magnetic field gradient at the center and 
the radial reaches the maximum. The gradient inside the 
saddle is low and form a large resonant area for NMR 
measurement.

In LWD-NMR tool, the field distribution should have 
sufficient field strength of about 114.4G, suitable detection 
depth of about 16 cm and sufficient width of the low gradi-
ent area about 50 mm. Thus, (Sun et al. 2020) optimized 
the magnet design under these conditions by changing the 
geometric parameters to generate the required magnetic field 
for better LWD-NMR measurements. The introduced mag-
net structure LWD-NMR tool proved to poses high vibration 
tolerance and reliability. The tool has DHCM (double hollow 
cylinder magnet) (Sun et al. 2018) structure and solenoid-
optimized RF antenna. The authors found that by reducing 
the gap distance and increasing the length of the magnets at 
the ends, it could increase the strength of the magnetic field. 
However, the growth of the magnetic field is reduced after 
the length exceeds 350 mm while the strength decreases 
sharply with the increasing the gap as shown in Fig. 19.

Further improvements on the data acquired by the LWD-
NMR was done by Jachmann et al. (2020), to account for the 
drilling environment as it poses challenges for real-time data 
processing and porosity calculations. They introduced a new 
split inversion methodology for such purpose. The method 
has several steps: stacking the data, first inversion, data 
reconstruction, compression, transmission, decompression, 
and second inversion. Stacking the data first is to increase 
the signal to noise ratio (SNR) before the inversion. The lab 
results showed the accuracy of this method in calculating 
the porosity while accounting for the motion of the tool, as 
it was expected increasing the ROP increased the porosity 
losses. The split inversion was able to correct the porosity 
estimation.

Field implementation and applications

Tar detection in carbonates

During the drilling, Tar must be detected as early as pos-
sible, which requires LWD technologies. Tar is character-
ized by a specific gravity of less than 10° and viscosity of 
more than 10,000 cp. The identification of tar is important 
for reserve estimation as it is classified as an unrecoverable 
resource. Additionally, tar can be damaging for reservoir 
performance because it acts as a permeability barrier in 
addition to reducing the total porosity. The lateral distribu-
tion of the tar may not be continuous as a tar mat in many 
cases. In addition, the tar top may sometimes be encountered 
at different depths. These obstacles make it a high priority 
to detect tar at the early stage of drilling to minimize the 
change in the drilling program.

According to Tester et al. (2009), the conventional tri-
ple combo LWD is not very useful by itself, since it cannot 
differentiate tar based on water saturation and/or porosity 
neither the mobility information can make this detection 
as well. Furthermore, the use of the geological information 
extracted from the cutting may also have limited application 

Fig. 18  “Jackson Jasper “magnet structure and magnet field distribu-
tion. Reprinted with permission from (Sun et al. 2020)

Fig. 19  Effect of length on the magnetic field Reprinted with permis-
sion from (Sun et al. 2020)
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in real-time tar detection because of the uncertainties in the 
depth determination in some of the wells.

Tester et al. (2009) proposed a 4 steps work follow for 
real-time tar detection based on the integration of the triple 
combo, NMR, and formation tester along with the geologi-
cal information from the cuttings for carbonate reservoir in 
the Middle East. The process involved the calculation of 
two indicators the missing porosity and excess-bound fluid 
for flagging potential tar-baring zones. Then it is followed 
by the mobility data from the formation tester. The process 
started by calculating the neutron and the density porosity, 
then the water saturation is calculated using Archie’s and the 
total porosity. After that the missing porosity is calculated by 
taking the difference between the total and the NMR poros-
ity. Based on that, if the tar exists in a zone, the NMR signal 
will decay too fast due the almost solid state of tar resulting 
in porosity that is less than the actual. This method was 
tested in one of the wells that penetrated several carbonate 
reservoirs. The tool included density, neutron, resistivity 
imaging, NMR tools and formation tester.

NMR-LWD allows the petrophysical information to be 
obtained during drilling operation before any invasion hap-
pens. This reduces the borehole risk while allowing for 
timely decision (Seifert et al. 2007). In 2007 Saudi Aramco 
ran LWD-NMR, conventional NMR and NMR fluid analyzer 
in one of the fields, the NMR fluid analyzer was run to evalu-
ate the LWD-NMR results. The filed posed some challenges 
as two of the three main reservoirs contained an extensive tar 
mat near the oil–water contact. The LWD-NMR was com-
pared against wireline NMR, density, and neutron porosity 
for lower, middle, and upper section of the well, the poros-
ity estimation from the LWD is in good agreement with the 
neutron and density porosity.

Geosteering and well placement optimization

Geosteering horizontal section in thin sand was achieved by 
(Oguntona et al. 2004), using LWD-NMR and resistivity. 
Both LWD tools were used to geosteer the horizontal section 
and geo-stop the horizontal well after drilling an optimal 

Fig. 20  Pilot hole logging data. 
Reprinted with permission from 
(Oguntona et al. 2004)



2773Journal of Petroleum Exploration and Production Technology (2022) 12:2747–2784 

1 3

drain hole length through a thin sand in Niger Delta. Based 
on the NMR results an optimized horizontal sidetrack was 
drilled in the high permeable section of the sweet spot of the 
reservoir. The first case was Meji field which is an offshore 
well located in Nigeria. The objective of this case was to 
drill 1500 ft lateral section through the most productive part 
of the sand. As shown in Fig. 20, the NMR measurements 
for the drilled pilot hole confirms that the sand is clean and 
large pore size.

The second case was to target thin bed sand which is 5 
ft thick, with horizontal well of total length 1200 ft. the 
plan was to land the well within 7.2 ft thin reservoir. Then 
a lateral section of 1200 ft is drilled after he is casing with 
90° ± 2° inclination within the sand. The data from the NMR 
of the pilot hole confirmed that the sand thickness is per-
meable and good enough targeted production. The test was 
conducted successfully with total of 15 adjustments of the 
1400 ft lateral well being drilled which increased the well 
production up by 33% (Oguntona et al. 2004).

In 2012, LWD-NMR was tested in one of the Brazilian 
horizontal fields as geosteering tool along with neutron, 
density, gamma ray LWD (Ribeiro et al. 2012). The filed is 
1000 m and targeted net pay of 65% minimum. The distance 
between the landing of the horizontal well and the discovery 
well was 2 km. An S shape pilot well was drilled to reduce 
the geological uncertainties and establish potential layers. 
NMR data was used for net pay count and pore-typing. Spec-
troscopy was used for elemental analysis and images for dips 
computation and inclination adjustment.

In another case where LWD-NMR was used in a compre-
hensive logging program for geosteering horizontal well in 
a complex carbonate reservoir (Kanfar 2012), the reservoir 
had a low permeability zone in the middle rimmed by tar 
mat. This makes the objective of optimally placing hori-
zontal producer and injector. The comprehensive program 
incorporated the data from Formation Pressure While drill-
ing (FPWD) for real-time detection of low mobility zone 
penetration which will help in adjusting the trajectory of the 
well. Also, the program utilizes the data from LWD-NMR 
for heavy oil detection as it gives a continuous information 
of the fluid mobility of the formation being drilled (Selheim 
et al. 2017) where the placement of water injector is unlikely. 
The main purpose of the LWD-NMR was identifying the 
tar mat zones and quantify the fluid viscosity (Akkurt et al. 
2010).

Historically LWD-NMR most common application is 
heavy oil characterization in carbonate reservoirs (Hursan 
et al. 2015; Lyngra et al. 2015). A work reported by (Hur-
san et al. 2016), where the LWD-NMR was used for rock 
quality and evaluation of clastic reservoir. LWD-NMR was 
used to maximize the reservoir contact. NMR showed an 
excellent sensitivity to pore size distribution even with clean 
sand for optimum geosteering. Furthermore, the LWD-NMR 

demonstrated its importance in optimizing the well place-
ment and maximize the reservoir contact.

Another field application to identify the bypassed res-
ervoir in limestone for better carbonate sequence evalua-
tion, Petroamazonas EP company utilized LWD-NMR (Pro 
VISION Plus 8) tool in one of its assets in Ecuador (Morales 
et al. 2016). The section of the well that was evaluated was 
behind a 9 5/8’’ casing and included, U, T sands, Basal 
Tena, and limestone A. The goal of using LWD-NMR was 
to explore potential permeability of limestone lithology and 
permeability without the need to use radioactive sources 
besides the information provided on the pore geometry and 
fluid distribution. The tool was run based on CMPG pulse 
sequence with defined echo spacing cycle and wait time. 
LWD-NMR readings proved to be efficient in discovering 
the secondary objectives and add to the productivity of the 
well.

Additionally, another field study for reservoir characteri-
zation and Geosteering was conducted in one of the Abu-
Dhabi offshore  3rd order regressive carbonate sequence wells 
by (Serry et al. 2016). The reservoir shows wide range of 
facies. The objective was to drill a highly deviated water 
injection drain across the sublayers of the reservoir. Moreo-
ver, the objective of the geosteering was to place the near 
horizontal wellbore within a predefined number of geologi-
cal layers. The deployment of LWD-NMR allowed a rig 
time optimization and enhanced data quality, since the data 
is recorded before excessive mud filtrate invasion occurs. 
Finally, the NMR provided petrophysics-driven geosteer-
ing operation along reservoir’s highest quality units (Serry 
et al. 2016).

Future research directions

Extensive efforts have been done across the academia and 
industry in the application of NMR with the most significant 
and important development being given especially to petro-
physical and well-logging applications. However, most of 
these studies are more directed toward applications. A prom-
ising area of research is the study of NMR behavior using 
numerical simulation in the rock core to determine 1D and 
2D NMR data. This would allow us to examine several sce-
narios that could be found in the formation. Furthermore, the 
development of robust numerical simulation models would 
save time for the lengthy experiments (such as diffusion 
using 2D NMR) in the 2 MHz system. Few research groups 
devolved numerical simulation of NMR response to predict 
T2 and ρ2 where a reasonable overlap with experimental data 
was achieved. However, for accurate predictions, all relaxa-
tion phenomena should be included without ignoring the 
effect of bulk and internal gradient effect. This is a topic we 
are looking into currently, and first findings are promising. 
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Furthermore, magnetic resonance imaging (MRI) is capable 
of spatially resolving the distribution of fluid phases (water, 
oil, and gas). As a result, before piloting operations in a res-
ervoir, laboratory-scale MRI is utilized to assess the perfor-
mance of different oil recovery strategies, such as chemicals 
(acids, polymers), sc-CO2, or miscible gas (Lai et al. 2020; 
Li et al. 2017; Y. Zhao et al. 2020a, b). Studies of misci-
ble fluid injection, such as monitoring 23Na to analyze oil 
recovery with varying salinity brine, are made possible by 
the capacity to probe nuclei other than 1H (Yang and Kausik 
2016). Wettability maps, another key tool for core analysis, 
is enabled by current research into spatially resolved relaxa-
tion and diffusion, which leads to a better knowledge of oil 
recovery processes. Recent developments in MRI techniques 
will allow the measurement of rock structure (pore and grain 
size distributions) and fluid flow (flow propagators) on the 
same core-plug (Karlsons et al. 2021). These lab-scale data 
are crucial for enhancing models that predict reservoir-scale 
effectiveness of oil recovery technologies, and the results are 
expected to yield future insights into the structure-transport 
interactions that drive fluid flow in reservoirs.

In addition, an important area of research is the optimiza-
tion and modifications of pulse sequences that would greatly 
help in decreasing the data acquiring time which will save 
millions of dollars for the operational cost. This involves 
enhancing the signal to noise ratio which is a key parameter 
to obtain accurate measurements. Finally, in order to deter-
mine the application of laboratory findings, the development 
of a more efficient LWD hardware to mimic the lab results 
must be investigated.

Concluding remarks

This paper reviews wide range of NMR applications in the 
oil and gas industry including laboratory and field measure-
ments. The following bullet points draw the conclusion of 
this review based on the literature and the previous author’s 
studies in NMR:

• NMR offers powerful tool to understand the rock, fluid, 
and rock-fluid interactions behavior in porous media. 
Due to this, it is considered as research trend in the oil 
and gas industry. 1D and 2D NMR measurements could 
be implemented in laboratory and in-situ which in turn, 
provides reliable cross-validation technique between rock 
core and logs data. Detailed explanation of the pulse 
sequences, experimental parameter, and acquired signal 
inversion were discussed in detail.

• NMR applications in petroleum industries especially in 
the petrophysical characterization of reservoir properties 
is promising. NMR serves as a strong means of petro-
physical characterization of reservoir fluids and rocks in 

the laboratory core analysis as well as in field logging 
tools; both in conventional and unconventional plays. 
This involves porosity, pore size distribution, permeabil-
ity, fluid saturation capillary pressure, and wettability. 
NMR measurements has been applied to understand and 
explore the nature of petroleum reservoir formation, its 
fluid content, and the most effective and efficient way of 
production Promising results with good agreement when 
compared with other conventional methods were being 
reported as summarized in this review.

• NMR technique plays a significant role in understanding 
the interactions between the injected fluids and reser-
voir rocks during EOR operations. Most of the NMR 
measurements are conducted at ambient conditions using 
small core samples. Applying NMR measurements using 
long core samples and at high-pressure high-temperature 
conditions would be more representative of the reservoir 
conditions. Also, more NMR research are needed for a 
better understating of the rock-fluid interactions during 
polymer flooding.

• Several interesting topics related to drilling, produc-
tion engineering and unconventional characterization 
were discussed in details. In addition, two of the com-
mon issues (pore coupling, and internal magnetic field 
gradient) related to conventional rocks interpretations 
were reviewed showing their effect in the interpreta-
tion of T2 results. For the drilling engineering applica-
tion, NMR technology was utilized to assess formation 
damage induced by drilling fluid invasion in addition to 
mitigation or removal techniques. In oilfield emulsions, 
the essence of using PFG NMR to measure the emul-
sion droplet size is by measuring the restricted diffusion 
caused by the continuous phase. Different NMR tech-
niques such as 1D NMR (T2

*, T2, 13C chemical shift, 1H 
chemical shift, and 2D NMR (T1/T2) are used to under-
stand the different chemistries existing in shale forma-
tions.

• Logging while drilling nuclear magnetic resonance 
LWD-NMR, showed a great a potential in many areas. 
Since the development of the tool in 1999 and there 
have been several improvements on the tool design 
or the data acquisition methods. The tool provides an 
insightful real-time information of the formation being 
drilled as well as the fluid viscosity. This has led a 
great utilizing the tool in characterizing the lithology 
of the formation and the type of the pore systems exits. 
Furthermore, the tool demonstrated its importance as a 
geosteering tool. Since, the tool can be used for tar mat 
detection and low permeability, hence, the tool helps 
in optimizing the well placement and maximizing the 
reservoir contact.
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