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Compared with two-dimensional (2D) nuclear magnetic resonance (NMR) technique like correlations
among the transversal relaxation time (T), the longitudinal relaxation time (T;), and the diffusion coef-
ficient correlation (D), three-dimensional (3D) NMR technique is superior with the complete measure-
ment of T,, Ty, and D simultaneously. It can solve the problem of overlaps in 2D correlation map and
is helpful to characterize relaxation components in unconventional resources such as tight gas and oil
shale. However, the existed 3D NMR technique is restricted due to the loss of short relaxation information
and the inversion inaccuracy that caused by the incomplete measurement of the diffusion editing win-
dow. We developed a tri-window pulse sequence to collect the full decaying information of porous
media. In the first window, the inversion-recovery pulse sequence is applied for T; encoding. In the sec-
ond window, D and T, are encoded by an adjustable continuous pulse field gradient and echo spacing
(TE). In the last window, CPMG with the shortest TE is used to acquire diffusion-free relaxation informa-
tion. We then proposed a joint inversion algorithm named “composite-data-processing” to obtain the 3D
correlation map. The algorithm adopts the dimension reduction technique and the truncated singular
value decomposition (TSVD) to speed up the inversion process and enhance the inversion stability.
Numerical simulations show that good estimations of the inversion results are obtained at different sig-
nal to noise ratios (SNRs). Our results suggest that the novel pulse sequence and inversion algorithm of

3D NMR can be effectively applied to the exploration of unconventional resources.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Low field nuclear magnetic resonance (NMR) acts as an impor-
tant technique in well logging and core analysis [1,2]. All NMR sig-
nals come from the hydrogen nuclei in fluid in the pore space,
while the matrix does not contribute to the signal. Multiple petro-
physical parameters such as transverse relaxation time (T,), longi-
tudinal relaxation time (T;), and diffusion coefficient (D) can be
obtained and provide lithology-independent porosity, saturation,
pore size distribution, as well as permeability.

One-dimensional (1D) and 2D NMR have achieved good appli-
cation in conventional resources. 1D NMR are recorded indepen-
dently either in terms of T; or T, based on inversion recovery
(IR), saturation recovery (SR) or Carr-Purcell-Meiboom-Gill
(CPMG) pulse sequence. 2D NMR utilizes IR-CPMG, SR-CPMG, drive
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equilibrium (DE) to obtain T;-T, or T;/T,-T, spectrum [3-6]. Pulsed
filed gradient (PFG) is the most common diffusion encoding
method used for T,-D NMR, and BP-PFG (Bi-polar pulsed filed gra-
dient), MSE-PFG (Multi-spin echo pulsed filed gradient), LED-PFG
(Longitudinal eddy decay pulsed filed gradient) and DMSE-PFG
(Double multi-spin echo pulsed filed gradient) are proposed for
special purposes [7-14]. In addition, a suite of CPMG measure-
ments with varying echo spacings (TE) in constant magnetic field
gradients, diffusion editing pulse sequence (CPMG-DE) and
modified CPMG pulse sequence can also be used to generate T,-D
or T,-G spectrum [15-18]. NMR spectrums are obtained from
magnetization decay data and the inversion problem can be
reduced to the first kind of Fredholm integral equation which is
ill-conditioned in the sense that small noise in the data can cause
significant changes in the resulting spectrum [19]. Common meth-
ods presented to solve ill-posed inverse Laplace transform problem
are iterative and regularized algorithms such as uniform-penalty
(UPEN) [20], Butter-Reeds-Dawson (BRD) [21], truncated singular
value decomposition (TSVD) [22], simultaneous iterative
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reconstruction technique (SIRT) [23], non-negative least squares
(NNLS) [24], and intelligent optimization algorithms such as
genetic algorithm [25], simulated annealing (SA) [26], differential
evolution (DE) [27], Monte Carlo (MC) [28] and Lloyd-Max optimal
quantization [29]. In addition to the above methods used in 1D
NMR inversion, common methods of inverting 2D NMR data is
transforming the 2D inversion problem into an equivalent 1D
inversion problem using Kronecker products. Based on this theory,
the data process of 2D NMR inversion can be decomposed to three
steps: data compression, dimension reduction and inversion [30-
38].

However, many restrictions obstruct the application of 1D and
2D NMR, especially in the unconventional reservoirs and cores,
which contain so many complex relaxation components that 2D
NMR experiments fail to acquire, process and interpret data accu-
rately. In addition, fluid viscosity, wettability, pore structure and
other influence factors lead to the overlapping of various compo-
nents in 2D spectrums and difficulties in interpretation [39-42].
Thus, the study of 3D NMR has been carried out gradually both
in data acquisition [43], processing [44-49] and interpretation
[50-52]. The common 3D pulse sequence may have considerable
results for conventional cores or reservoirs such as sandstone or
carbonate. However, we obtained the unsatisfactory results when
we implemented these methods to the unconventional cores or
reservoirs such as shale, heavy oil reservoir, tight sandstone and
bituminous sandstone, in which many complex relaxation compo-
nents have a wide range of Ty, T, and D, such as crystal water, clay
bound water, capillary bound water, free water, light hydrocarbon,
heavy hydrocarbon, kerogen, and bitumen. Generally speaking,
insufficient information on complex relaxation components and
untargeted inversion algorithm lead to these unsatisfied results.
Therefore, a lot of improvement is required in 3D NMR technology
in data acquisition and inversion method.

This paper is organized as follows. In Section 2, we systemati-
cally elaborate the statement of the problem in 3D NMR, including
data format and equation for different encode methods. In Sec-
tion 3, we introduce a new 3D pulse sequence to collect decay data
and a joint inversion scheme to recover the complicate compo-
nents. In Section 4, we carry out numerical simulations by a tight
oil shale model to validate the new method. Finally, we show the
conclusion and discussion in the last section.

2. Statement of the problem

Although there are many types of pulse sequence based on dif-
ferent encode methods, the measured magnetization of a porous
sample can be expressed as following according to the NMR relax-
ation mechanism

b(t, TE, Tw, G) — // / (T4, Ta, DYky (Tw, Ty ko (£, Ta )k
« (¢, TE, G, D)dDAT,dT> + ¢ )

where b(t, TE, Tw, G) is the amplitude of the spin echo train at detec-
tion time t, which characterizes the evocation of the magnetization
of the spin echo, f(T;,T,,D) is the 3D proton density distribution
function, kq(Tw, T4), ko(t, T2) and ks(t, TE, G, D) are the kernel func-
tions of Ty, T, and D respectively, ¢ is noise term, which is usually
assumed to be additive, white and Gaussian. The aim of our work
is to calculate f(Ty,T»,D) from the measured b(t,TE, Tw,G) by 3D
inverse Laplace transformation.

The evolution of NMR signal is dependent on kernel functions,
which are determined by pulse sequence and acquisition parame-
ters. Apparently, data format should be taken into account in pulse
sequence design and inversion algorithm study.

The most widely used pulse sequence for T; encoding in multi-
dimensional NMR are IR and SR, where the kernel functions can be
expressed as

ki(Tw,T1) =1 — oexp(—Tw/Ty) (2)

Note that « is polarization factor. o =1 for SR and « =2 for IR
respectively. Tw denotes the wait time, the time between the
end of a pulse sequence and the start of the next pulse sequence
excitation.

According to the principle of CPMG pulse sequence, the kernel
function K, referred to diffusion-free relaxation can be expressed
as

ka(t,T2) = exp(—t/Ty) 3)

The kernel function K referred to diffusion relaxation has dif-
ferent expressions according to the diffusion editing methods.
Some types of K3 are separate while some are tangled with K.
Therefore, we list four most widely used T;-T»-D pulse sequences
(Fig. 1) and analyze K3 respectively. (a) is the regular CPMG pulse
sequence, in which Ty, T, and D are encoded by IR or SR pulse
sequence with varying TW and CPMG with varying TE. (b) is the
tri-window pulse sequence based on IR or SR and modified CPMG.
The second window has a fixed width of to, where echo spacing
(TE;) varies from the smallest to the largest value allowed and
the diffusion effect is encoded in the initial amplitude of spin echo
in the third window. T, is encoded in the third window using the
regular CPMG with the smallest TE to minimize the diffusion effect.
(c)is the 3D pulse sequence based on IR or SR and CPMG-DE. In this
case, the independent variable which encodes diffusion informa-
tion is the echo spacing (TE;) in the second window and there
are only two spin echoes. The increase of TE; decreases the ampli-
tude of subsequent echoes due to diffusion effects. The remaining
echoes are at a fixed shortest TE in the third window like (b). In
addition, three pulse sequences mentioned above are all under
the constant magnetic field gradients, while (d) is the 3D pulse
sequence with the PFG. The gradient is applied in two short gradi-
ent pulses, which are of time width § and separation A. The sum of
3 and A is referred to as the diffusion time. The following CPMG
sequence is same to the pulse sequences above. Therefore, the ker-
nel function K3 of these four acquisition methods can be expressed
as:

ks(t, TE, D) = exp(—y*G*TE*Dt/12) (4)
ks (t,NE;, D) = exp(—y*G*to>D/12NE;) (5)
ks (t, TE;, D) = exp(—)>G*TE,*D/6) (6)
ks (t,G,D) = exp(—y*G*6*(A — g)D) 7

Note that detection time t begins at CPMG pulse sequence, that
is to say, the diffusion information is encoded in the initial magne-
tization amplitude in the third window in (b), (¢) and (d). NE1 in
Eq. (5) is the number of echo in the second window based on the
echo spacing (TE;).

It shows that the 3D pulse sequences are simple combinations
of 2D pulse sequences or regular CPMG pulse sequence. Mean-
while, according to the introduction in the first section, the inver-
sion scheme of 3D NMR is commonly based on dimensionality
reduction or direct one-step inversion that integrates the tangled
kernels as a single kernel. Therefore, the main problems for 3D
NMR in detecting the cores with complex relaxation components
are as follows: (1) The range of G, the static external magnetic field
gradients, is narrow in 3D pulse sequence because of the restriction
of instrument and influence on diffusion-free relaxation informa-
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Fig. 1. Schematic diagrams of four conventional T;-T»-D pulse sequences.

tion. Thus, “tail” is often showed in NMR map and affects the inter-
pretation because of the low capability in diffusion editing. Addi-
tionally, for the pulse sequence (a), the increasing TE will sharply
reduce the number of echoes, which losses the effect information
and limits the accuracy of inversion. (2) The diffusion relaxation
is not considered in CPMG window in 3D pulse sequences based
on modified CPMG and CPMG-DE. Actually, despite of the mini-
mum TE and relatively low G, the diffusion relaxation cannot be
completely ignored. Additionally, despite very few echo spins can
still be detected in the diffusion-editing window, the T, relaxation
are not considered in inversion algorithm mainly because the com-
plexity of inversion and the lack of sufficient information. It is obvi-
ously a limitation because fast relaxation components could have
been completely decayed in this period time. (3) Due to the high
value of PFG, the measuring range of D in 3D pulse sequence based
on PFG is large. However, magnetization decay data cannot be
acquired in the diffusion-editing window, leading to the low reso-
lution of the fast relaxation components.

Therefore, new design should have two main advantages: (1)
New pulse sequence can balance the resolution of diffusion coeffi-

cient and transverse relaxation. It can also acquire adequate mag-
netization decay data of fast relaxation components. (2) New
inversion method should take more account of the fast relaxation
components from algorithm scheme and data format.

3. Method
3.1. Tri-window pulse sequence

We propose a novel 3D pulse sequence with three editing win-
dows (Fig. 2), based on the T,-D pulse sequence we proposed
before [53]. IR is used to encode T; in the first window because
the dynamic range of magnetization is twice larger than that of
SR. Then pulse field gradient is exerted in the second window,
whose parameters such as duration time and gradient value can
be adjusted to satisfy different experimental subjects. The greatest
advantage of this diffusion editing method is that T, and D are
simultaneously encoded in this second window, then sufficient
and effective decay information of fast relaxation components
could be acquired. The diffusion effect is positively correlated with
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Fig. 2. Schematic diagram of new 3D pulse sequence.

the gradient value and TE, thus appropriate combination of PFG
and TE in the second window is critical to the detection and sepa-
ration of the components with complex diffusion relaxation time
and short transverse relaxation time. The third window is the reg-
ular CPMG pulse sequence with the shortest TE. Note that there is
no field gradient in this window so that the influence of diffusion
can be totally ignored.

Three kernels characterizing the time evolution of magnetiza-
tion can be expressed as:

ki = (1 — 2exp(—TW,/T1;)) (8)
iy2Gs*ty> D, 92Gto’D,
ky1 =exp| -5 kyp=exp| -—"—7—-2 9
2.1 D( 12NE, 2 22 p 12NE;.2 9)
i- to to + (l — NE]S) - TE2:|
ksi =exp| ———]); ksz=exp|-————F—= 10
3,1 D< NE;. - sz> i K32 P { Ty (10

where k; ; and ks ; represent the kernel functions in the second win-
dow while k,, and ks, represent the kernel functions in the third
window. When Eq. (1) is discretized, the magnetization decay data
can be written as:

N
M:

f(Tyr, Ty;, Dp)kl ka1ks 1

M:

M- 1
M= T

f(Tqr, Ty;, Dp)kl ka2ks o
1

_‘
I
—_
[
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-
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where b;; denotes the amplitude of the ith spin echo in the sth echo
train. The wait time in the first window is TW, the number of echo
in the second window is NE; and the pulsed field gradient is G;. The
number of the echo trains is M; f(T1,, Ty, Dp) denotes the proton
density distribution function corresponding to the transverse relax-
ation time T, longitudinal relaxation time T+, and diffusion coeffi-
cient Dy; ty is the duration time of the second window and the echo
spacing is TE1s(TEs = to/NE1s); TE, is the smallest echo spacing the

NMR core analyzer allowed in the third window. NE; is the number
of echo in the third window and unchanged in all echo trains in our
design. 1, m, n are the numbers of T1, T, and D values or bins. Eq.
(11a) is the integral equation for the second window while Eq.
(11b) for the third window. In addition, when i > NE;s, kq, k> and
ks, are separate and uncoupled. While when i < NEj, k;; and ks ;
are tangled because of the parameter i. Finally, decay datasets can
be acquired by varying the TW in the first window, TE and G in
the second window.

In addition, in order to obtain high-resolution decay information
and inversion results, more detailed analysis on acquisition param-
eters are required before simulation and experiment. For example,
to, NEis and G; are key parameters in diffusion editing window, the
detectability of diffusion coefficient is proportional to ty and G;,
while inversely to NEy;. In addition, TW;, NE,, TE;, M and the num-
ber of scans are also the influence factors of the decay spectrums,
controlling the acquisition data resolution and SNR. Therefore the
acquisition parameters should be considered carefully.

3.2. Novel inversion algorithm

According to the above introduction, two decay datasets are
acquired in the new pulse sequence. Although we could obtain
the inversion 3D NMR spectrums both from two datasets, the dif-
ference between two inversion results should be noted because
decay data in the second window mainly represents the signal of
fast relaxation components while decay data in the third window
mainly represents the signal of slow relaxation components. Obvi-
ously, a more exact 3D NMR spectrum could be obtained by com-
bining these two inversion results. Thus, we consider two datasets
at the same time and propose a joint inversion algorithm (Fig. 3).

For the decay function in the third window (Eq. (11b)), k1, k2
and ks, are separate and uncoupled. Considering the large size of
ks, whose size is NE, x m, we combine the k; and k,, as ki ;.
Meanwhile, f is reshaped as fr,p, so that the 3D inversion problem
can be simplified as a 2D inversion problem. For simplicity, the size
of each parameter is listed in the following bracket.

ki2(M x (I x n)) = combine(k; (M x 1), ky2(M x n)) (12)
Sr,p(m x (I x n)) = reshape(f(I x m x n)) (13)
b2 (NEZ X M) = k32(NE2 X m) 'f-“D(m X (l X n)) . klzl(M X (l X n)) +&

(14)

To obtain the solution f7, p, 2D inversion method can be used to
solve this least squares problem:

i:1,2...NE]S,NE15-TE15:t0 (a)

i = NE3; + 1,NEg + 2,... . NEgs + NE;  (b)

argmin | b, — kaaf ok | (15)

In order to accelerate the calculation, data are compressed by
using SVD of the kernels matrix [31]. SVD is implemented for k3,
and k, ; separately. S5, and S; , are diagonal matrixes with the sin-
gular values in decreasing order along the diagonals, the size of
which are determined by the number of truncated singular values
according to SNR.
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ksy = US3Vh, (16)  fi((l xm x n) x 1) = reshape(f(I x m x n)) (23)
kiy = UpaS Ve, (17)

Ignoring the noise, Eq. (14) can be reorganized by the truncated
matrices:

T
by = UsaSnaViofr p(U12S12V1,) = UnS32Vifr pViaSi,Ul, (18)

Assuming the truncated matrices ks, = SV3, and ki = SV,
the truncated data can be expressed as:

~ ~ ~T

by = UlbaUsy = S32Vi,f 1 pV12S1, = kaof 1, pkyy (19)
ke = ks @ ki (20)
b, = kf, (21)

where vectors Ez and f, are obtained by lexicographically ordering

matrices b, and fr,,, respectively. Finally, the 3D NMR inversion
problem is simplified as a 1D NMR inversion problem gradually.

For the decay function in the second window (Eq. 11a), k,; and
ks 1 are tangled and coupled. Considering the small size of kq, ky1
and ks ; since the number of echoes in the second window is small,
the problem can be cast in a one-step inversion problem by inte-
grating three kernels as a single kernel:

M
k123 <ZNE15 X (l XMm X n))

s=1

M M
= combine <k1 (M x1),ka4 (ZNE]s x n) K31 (ZNE@ x m>> (22)
s=1

s=1

M
):I<123<ZNE15><(1><mxn)> Fr((Ixmxn)x1)+&

s=1

M
b] (ZNE]S x 1

s=1

(24)

where vector f; is obtained by lexicographically ordering matrix f.
Finally, data processing in the second window is also simplified as
a 1D NMR inversion problem. Obviously, although obtained from
different datasets, f, is equal to f,. Thus, the joint inversion can
be translated to a Tikhonov regularization problem. The fundamen-
tal of this kind “composite-data processing” is that two inversion
problems have the same solution.

argmin ||y — kizsFl|* + 0]bx — keF||* + o||FI[* (25)
where || - || denotes the Frobenius norm of a matrix is o regulariza-

tion parameter, which denotes the weighting degree and should be
chosen properly to balance the least-squares error and the desired
smoothness. The optimal regularization parameter can be selected
by many methods such as discrepancy principle (DP), generalized
cross-validation (GCV), S-curve, L-curve and the slope of L-curve,
but it is not the emphasis of this paper [54,55]. L-curve is used in
our numerical simulation.

o is weight parameter, which can balance the inversion results
of two datasets and the inversion accuracy. Based on the different
data process strategies in the second and third window, the data

size of by is extremely larger than b,. Therefore, the joint inversion
should consider the data size and balance the inversion error. The
choice of ¢ is based on the compression ratio and the difference of

the data size of b; and b,. In addition, to obtain the non-negative
constraint of solution, the iterative solution is commonly made
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by eliminating the columns of kernel matrix corresponding to the
negative components in the solution or replacing them with large
constants. Finally, continuous NMR spectrum can be obtained
through joint inversion by inversing these two datasets
simultaneously.

4. Numerical simulation

We present numerical simulations to validate the new data
acquisition method and inversion algorithm. Firstly, a tight oil
shale model containing four types of fluid is established by the
fluid component decomposition method. The NMR properties and
saturation of different components according to the typical NMR
spectrums are shown in Table 1 [56-59]. Fig. 4 illustrates the sim-
ulated 3D spectrum and its correlated T;-T,, T;-D and T,-D projec-
tions, respectively. Then, 15 sets of simulated echo train of the
tight oil shale model is shown in Fig. 5, which are established based
on the acquisition parameters listed in Table 2. Note that the inver-
sion recovery delay lists are logarithmically spaced with 15 entries
and varied from 0.1 ms to 1000 ms. Fifteen datasets are divided
into three parts according to the range of recovery time, in each
part there are same permutation of the echo spacing TE1 and pulse
field gradient G. Based on this design, T,, T; and D could be simul-
taneously encoded in a few echo trains. The decay data in the sec-
ond window (before 10 ms) mainly represents the signal of fast
relaxation components such as bitumen, bound water and oil in
the organic pores, while decay data in the third window (after
10 ms) mainly represents the signal of slow relaxation component
such as oil in inorganic pores. It reveals that the decay information
of fast and slow relaxation components could be acquired simulta-
neously by this new three dimensional pulse sequence. Fig. 6
shows the inversion results of the simulated data with the SNR
of 100, 50 and 20. In our joint inversion algorithm, the number
of Ty, T, and D bins are all 30, so that the dimension of inversed
3D spectrum is 30 x 30 x 30. It reveals that the inverted NMR
spectrums match well with the forward model when SNR is 100
and 50. Four types of fluid could be distinguished clearly in three
projections although there are “trailing” in T, axis and D axis. How-
ever, unsatisfied result is observed when SNR is lower than 20, the
signals of bitumen and bound water are overlapped in T;-T, spec-

Table 1
NMR properties and saturation of components in tight oil shale model.

Components Ty (ms) T, (ms) D (cm?/s) Saturation (%)
Bound water 2 1.5 4%x10°° 15
Bitumen 5 0.5 1x10°° 15
Qil in OP 15 3 4x10°° 40
il in IP 80 50 4%x10°° 30

OP - organic porosity; IP - inorganic porosity.
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Table 2
Acquisition parameters of tight oil shale model.
s Tw (ms) G (T/m) NE1 TE1 (ms)
1 0.10 0.5 50 0.2
2 0.19 2.25 30 0.33
3 0.37 4 20 0.5
4 0.72 5.75 10 1
5 1.39 7.5 10 1
6 2.68 0.5 50 0.2
7 5.18 2.25 30 0.33
8 10.00 4 20 0.5
9 19.31 5.75 10 1
10 37.28 7.5 10 1
11 71.97 0.5 50 0.2
12 138.95 2.25 30 0.33
13 268.27 4 20 0.5
14 517.95 5.75 10 1
15 1000.00 7.5 10 1
To=10 ms TE, = 0.2 ms NE, = 3000 v =2.675 x 10° rad/
s/T

trum, while the signals of bitumen and oil in organic pores are
overlapped in T,-D spectrum. However, different fluids can be
effectively distinguished in T;-D spectrum. It is obviously one of
the advantages of 3D NMR technology since T;-D spectrum can
not be obtained directly by any method. We calculated the relative
error based on Eq. (26) to evaluate the inversion results:

R— HX mod

—Xindl 1004 (26)

meodH

&

log, (D) fem?/s

&

0 1
10g,(T,) /ms

0 1
logyq(T,) fms

Fig. 4. Simulated spectrums of tight oil shale.
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Fig. 6. Inversion results of tight oil shale with different SNRs.
Table 3 (2) The stable solution of the ill-posed problem can be obtained
Comparison of R between the inverted and simulated spectrum. through the joint inversion scheme since two datasets are
SNR 100 50 20 inversed simultaneously.
R 04146 0.6037 09712 (3) The proposed pulse sequence and inversion algorithm are of

where X,0q is simulated data and Xj, is inverted data. Table 3 lists
comparison of R between inverted and simulated spectrum. After
the processing of joint regularization inversion, R keeps at low
levels with different SNRs. It reveals that the joint inversion algo-
rithm is of good performance in data with SNR higher than 20.

5. Conclusions

In this work, we present a new pulse sequence and inversion
algorithm of 3D NMR to acquire the decay data of fast and slow
relaxation components simulantously and optimize the data pro-
cessing. The conclusions are summarized as follows:

(1) The new pulse sequence, which includes three windows, is
superior to conventional acquisition method since two data-
sets are acquired, representing the magnetization decay
information of fast and slow relaxation components
respectively.

great importance for NMR experiment and well logging,
especially in the identification of complex relaxation compo-
nents in unconventional resources.

However, the novel pulse sequence has not been implemented
in actual instrument at current stage. Much work should be done
to reach the aim of industry application.
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