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Fracture Characterization with NMR Spectroscopic Techniques
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Determination of suitable techniques and analyses that can be investigate the feasibility for detecting and characterizing
implemented by NMR well logging can greatly improve the char- fractures by NMR spectroscopic measurements.
acterization of underground petroleum reservoirs and aquifers. In Fractures are necessary for economical production of pe-
this paper, the feasibility for using various NMR methods for troleum from many low permeability reservoirs. The charac-
detection and characterization of fractures is explored. Analyses terization of fractures and microfractures is highly desirable
of experimental data obtained with a variety of samples are pre-

since it can provide valuable information for assessing reser-sented. It is shown that relaxation contrasts are useful for separat-
voir producibility or monitoring fracture treatments or othering the signal contributions from fluids in the fractures and the
methods for enhancing production. It is generally true thatporous matrix, and that relaxation weighting can be used in combi-
no conventional tool has the capability for direct observationnation with other NMR techniques for enhancing fracture charac-
of fluids in fractures which can be used to characterize frac-terization. q 1997 Academic Press

tures or fissures. We believe NMR techniques have the po-
tential to provide that information.

Investigations of the use of NMR imaging techniques for
INTRODUCTION

characterizing fractures and fluid distributions in fractures
have been reported previously (2, 3) . The imaging tech-

It is necessary to characterize underground porous rock niques are effective for characterizing fractures and studying
formations and the fluids they contain in order to make effec- flow in fractured systems in laboratory measurements. How-
tive decisions regarding the production from petroleum res- ever, it would be difficult to implement these techniques
ervoirs, as well as the utilization and remediation of ground- with NMR logging tools due to hardware and logging time
water resources. Given the relative inaccessibility of these constraints. Spectroscopic techniques which can be interpre-
formations, characterization remains a very difficult task. ted to reveal fractures are more useful for NMR logging
Well logging is commonly used, whereby a variety of differ- applications.
ent properties, such as resistivity and acoustics, are measured The use of spectroscopic techniques for fracture character-
in the formations. Those measurements are in turn used to ization is particularly challenging because the information
estimate petrophysical properties, such as porosities and fluid obtained from spectroscopic measurements represents a mix-
saturations, which are important for assessing the amount ture of signals from fluids in the porous matrix and fracture
and mobility of the fluids. regions. In addition, in many fractured systems, the volume

Recent developments have led to the commercial applica- of the fracture represents only a small fraction of the total
tions of nuclear magnetic resonance to well logging (1) . pore volume of the entire sample, so it can be difficult to
The versatility of NMR measurements to molecular events separate the weak NMR signal corresponding to fluids in
provides a great potential for its use to characterize reservoir the fractures from the signal corresponding to the fluids in
formations. Currently, the primary NMR technique imple- the porous matrix.
mented on logging tools is CPMG measurements, from In this paper, we investigate T2 relaxation distributions,
which estimates of porosity, fluid saturations, and permeabil- lineshapes, and T2-weighting techniques for characterizing
ities are made. Other techniques can be implemented with fluid distributions in fractured systems. The advantages and
modifications in current software and hardware designs. It disadvantages of these techniques are discussed.
is important to assess the value that other techniques may
have for characterizing reservoir properties in order to moti- BACKGROUND AND THEORY
vate and lead hardware and software development. Here we

Lineshape Analysis in Fractured Systems

Inhomogeneous line broadening in porous media arises* Now at Syntron, Inc.
† Now at Western Atlas Logging Service. from the internal field gradients due to the fluid–solid in-
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terfacial heterogeneities, and pore-structural and rock-com- of the spectrum usually overlap. The two separate parts of
the spectrum can be estimated using nonlinear regression.positional heterogeneities. For porous media characteristic

of petroleum reservoirs, the line broadening can be severe In this study, we represent the measured response using the
modeldue to appreciable concentrations of magnetic impurities.

While the line broadening can limit certain analyses, line-
widths and lineshapes do contain pore geometry information M(vj) Å ∑

2

iÅ1

M0i fi (vj 0 v0i ) / a / bvj . [5]
which could be useful for characterizing porous media. In
particular, in situations for which the pore structure is the
dominant contributor to line broadening, such as in fractured The lineshape functions are represented by either Eq. [3] or
systems, the use of lineshape analysis provides certain ad- [4] , and a and b are the zeroth-order (constant) and first-
vantages. order ( linear) baseline corrections, respectively. The param-

Durney et al. (4) found that, for structurally heteroge- eters within the model are estimated by minimizing the sum
neous porous systems, NMR lines are both broadened and of squared residuals
shifted from their corresponding bulk fluid resonance fre-
quencies. They have calculated the lineshift in simplified

RSS Å ∑
m

jÅ1

[M(vj) 0 M obs (vj)]2 , [6]geometries and observed lineshifts experimentally using
structurally heterogeneous phantoms and porous media char-
acteristic of biological samples. No linewidth studies have where M obs (vj) is a measured value. In our work, the Lo-
been reported for analysis of pore structures in porous rock. rentzian lineshape provided a more precise fit than the

The presence of fractures in porous media can result in Gaussian lineshape. In the Lorentzian lineshape model, eight
significantly broadened lineshapes since resonance frequen- fitting parameters are used (a , b , M01 , M02 , v01 , v02 , dv1 ,
cies corresponding to the fractures and porous matrix are and dv2) .
shifted by different amounts. Specifically, the part of the
spectrum corresponding to the fracture is narrower, and it is Identifying Fractures from T2 Distribution Analysis
shifted from the bulk fluid resonance frequency by a smaller

It has been demonstrated that relaxation time differencesamount than the part of the spectrum corresponding to the
for fluid in fractures and in the porous matrix can be utilizedporous matrix. Thus, the observed spectrum, which is a com-
to distinguish fractures from the porous matrix using MRIbination of the two parts of the signals, can be expressed as
(2) . In that work, different inversion times in the inversion-
recovery spin-echo imaging sequence were used to selec-

M(v) Å ∑
2

iÅ1

M0i fi (v 0 v0i ) , [1] tively nullify signals from either fluids in the fractures or
the porous matrix. Although this particular technique may
not be directly useful for spectroscopic characterization of

where i refers to either the fluid in the fractures or the porous fractures, the idea of utilizing relaxation contrasts between
matrix, M0i is the peak magnitude, v0i is the position of the the porous matrix and fractures is useful. Among the various
peak on the spectrum, and fi (v 0 v0i ) is the lineshape relaxation measurement techniques, those measuring T2 may
function. The lineshift between the fluid in the fractures and be the most effective for fracture identification.
the porous matrix can be defined as Under the fast exchange approximation, the dependence

of relaxation time on the surface-to-volume ratio for a pore
Dv Å v01 0 v02 . [2] can be expressed as (5)

The lineshape corresponding to each part of the spectrum 1
Ti

Å 1
Tib

/ l

Tis

Sp

Vp

, [7]can be approximated by either a Lorentzian lineshape,

where i Å 1, 2, for longitudinal or transverse relaxation. Thefi (v) Å 1/dvi

1 / (v 0 v0i )2 / (dvi )2 , [3]
measured magnetization decay represents a convolution of
the relaxation of fluids in the various pores (6) . Consider

where dvi corresponds to 1/T*2 , or a Gaussian lineshape, now the relaxation of fluid in fractures. If fractures are suffi-
ciently narrow so that Eq. [7] is valid, we can expect that
the relaxation rate will be proportional to the width, w , offi (v) Å expF0 (v 0 v0i )2

2s 2
i

G , [4]
the fracture since

where si is the variance of the line. V

S
Å w . [8]

Because of inhomogeneous line broadening, the two parts
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215FRACTURE CHARACTERIZATION BY NMR

Even in the case of broad fractures where the fast-diffusion sequences were used to obtain relaxation and lineshape data.
Two-dimensional cross-sectional spin-echo images wereapproximation may not be valid, we expect a similar trend,

with the relaxation time for the fluid in the fractures ap- used to verify the fracture widths.
Low permeability Leuters and Calico limestone samplesproaching that for the bulk fluid as the fracture width in-

creases. were used. Artificial fractures were made in the rock sam-
ples, and the widths of the fractures were controlled byThe ability to detect fractures depends on the V /S ratio

of the fractures being different from those values within the inserting different-sized glass beads. Fractures were sealed
with epoxy on the sides. Samples were saturated with eitherporous matrix. The following discussion indicates that this

may be the case in many systems. For simplicity, we take water or hexadecane.
a spherical pore geometry. To obtain the same value of V /

Lineshape Analysis with Relaxation-Weighted DataS for the two regions, it would require that w Å 6d , where
d is the diameter of the pore. For example, a fracture of The first set of the experiments were performed in four
width 200 mm has the same value of V /S as a 1.2 mm water-saturated Leuters limestone samples cored from a sin-
diameter pore. We expect that many media will tend to have gle block of rock. Three of the samples had an artificial
fractures as large, or larger, while exhibiting few, if any, fracture, each differing in the fracture width, and the fourth
pores of that size; thus, the identification of fractures from sample had no fracture. Two-dimensional spin-density im-
T2 distributions should be possible. ages were used for examining the widths of fractures in the

three samples with fractures. From these images, the widths
Identifying Fractures with T2-Weighting Techniques

of the fractures are estimated to be approximately w Å 0.2,
0.35, and 0.75 mm, respectively. The actual fracture widthsSince relaxation decay in the porous matrix is much faster
are not expected to be significantly different from those val-than in the fracture, different lineshapes will be observed

corresponding to different TE values. Thus, measurements
using different TE values may be useful to probe fractured
media.

The magnetization for the T2-weighted spectra can be ex-
pressed as

M(v, TE) Å ∑
Nf

kf

M0f exp(0TE/T2kf
) f f (v0 f )

/ ∑
Nm

km

M0mexp(0TE/T2km
) fm(v0m) , [9]

where the first term corresponds to the contribution from
fluid in fractures and the second term from fluid in porous
matrix. For fluid in fractures, N f Å 1 is approximately valid
for a single fracture with uniform width but would be greater
than one if multiple fractures with different widths, or a
single fracture with considerable variation in width, were
present. If the TE value is sufficiently long such that
exp(0TE/T2km

) É 0 for the longest km component, but is
not so long so that exp(0TE/T2kf

) is not fully decayed, the
observed lineshape will represent fluid in the fractures only.
By comparing the lineshapes obtained at long TE values
with those at TE É 0, one can separate the contributions
from the different regions—fracture and matrix—even for
cases where the two parts of the line are overlapping in the
spectra corresponding to short TE values.

RESULTS AND DISCUSSION FIG. 1. Composite plot of lineshapes (magnitudes rescaled) as a func-
tion of echo times for water-saturated Leuters limestone samples with differ-

All NMR measurements were performed in a GE 2-T ent fracture widths: (A) wide, (B) middle width, (C) narrow, and (D) no
fracture. The echo time increases from 0.1 to 200 ms (bottom to top).CSI system with a 4.45 cm i.d. birdcage RF coil. Spin-echo
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216 CHANG ET AL.

FIG. 2. Same as described in the legend to Fig. 1 except magnitudes were not rescaled.

ues, although small uncertainties may occur due to a slight observed for spectra obtained with short echo times. Since
the signal corresponding to the fluid in the porous matrixalignment problem between the gradient of the fracture plane

and due to linewidth limitations (2) . decays much faster than that corresponding to the fluid in
the fracture, that part of the spectra was not observed atFigures 1A–1D show the lineshapes measured from the

four samples. The multiple spectra shown in each figure longer TE values. Consequently, only a single peak with
relatively narrow linewidth, representing fluid in the fracture,represent data taken with different echo times TE ranging

from 0.1 to 200 ms. The spectra are plotted in the order was observed.
The two peaks shown in the spectra of Fig. 1A, althoughof their corresponding experimental echo times TE which

increase from the bottom to the top of each figure. The still overlapping, are fairly distinguishable. On the other
hand, overlapping of the fracture signal and the porous ma-intensities of the spectra on each figure were rescaled ac-

cording to the maximum intensity of each spectrum so that trix signal occurs more severely for the cases with narrower
fractures because of the weaker signal due to the lower totalthe relatively slower-decaying signals of the fluid in the

fracture, corresponding to data taken with long TE values, fluid volumes in the fractures. Figure 1C shows the spectra
of the sample with the narrowest fracture; only single-peakedcan be readily visualized. As a comparison, the unscaled

spectra corresponding to Figs. 1A–1D are plotted in Figs. lineshapes are observed for short TE values, which appear
similar to the sample with no fracture. For those cases, it2A–2D.

Several interesting features can be observed from these would be difficult to identify the fracture from spectra mea-
sured using a short TE value. However, the fracture can befigures. First, for the sample with no fracture, a broad single-

peaked lineshape (Fig. 1D) was observed for the spectra of identified by observing the trends with TE. For all three
cases, significant signal from the fluid in the matrix is ob-all the TE values. In contrast, for the sample with a wide

fracture (Fig. 1A), distinguishable dual-peak lineshapes are served with small TE values. As TE increases, the signal

AID JMR 1175 / 6j1c$$$263 05-19-97 13:15:26 maga



217FRACTURE CHARACTERIZATION BY NMR

TABLE 1
Lineshape Characteristics of Water-Saturated Samples

dvm/2p dvf /2p (v0f 0 v0m)/2p
Sample (Hz) (Hz) (Hz)

A (wide) 324 49 255
B (middle width) 315 125 253
C (narrow) 308 93 265
D (no fracture) 330

The response using oil as the saturating liquid was also
investigated. The same samples were dried and resaturated
with hexadecane. The spectra obtained from oil-saturated
samples are shown in Figs. 3A–3D. Generally speaking, we
observed very similar patterns for the oil-saturated cases
as for the water-saturated cases. These results indicate that
although surface relaxation between oil and rock is expected
to be weaker than that between water and rock, the liquid/
solid surface interactions are sufficiently strong so that the
relaxation rate in the porous matrix is much faster than that
in the fracture for either oil or water saturation.

Lineshape analysis was performed with these data using
nonlinear regression with the dual-peak models described in
Eqs. [3] and [4] for Lorentzian and Gaussian lineshapes,
respectively. Figure 4 shows the spectrum corresponding to
TE Å 0.1 ms for the sample corresponding to Fig. 1A with
the results of the fitting performed with the two models. TheFIG. 3. Lineshapes (magnitudes rescaled) as a function of echo times,

ranging from 0.1 to 200 ms (bottom to top), for oil-saturated Leuters Lorentzian lineshape model appears to provide a better fit
limestone samples with different fracture widths: (A) wide, (B) middle to the data than the Gaussian lineshape model. This seemed
width, (C) narrow, and (D) no fracture. to be the case for all of the lineshape analyses in this study,

although very precise fits are not to be expected with these
simplified models. In particular, we found that the linewidthfrom the matrix region decreases, due to its greater relaxation
is represented relatively well by the Lorentzian model; therate. The signal from the fracture region, which is narrower
discrepancy between the experimental data and the lineshapeand is shifted to the right, becomes more apparent as TE
model is primarily in the wings. Such discrepancy is typicalincreases.
for inhomogeneously broadened lines (7) .

FIG. 4. The comparison of lineshape models: dual-Lorentzian and dual-
Gaussian lines. The spectrum was measured at TE Å 0.1 ms for the water- FIG. 5. Single-Lorentzian line nonlinear-least-squares fitting to the

spectrum of a water-saturated sample with a wide fracture (TE Å 200 ms).saturated sample with a wide fracture.
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TABLE 2 values as known parameters in the dual-Lorentzian line
Lineshape Characteristics of Oil-Saturated Samples model to obtain the rest of the parameters. Note that the

values of dv / 2p calculated from the Lorentzian model
dvm/2p dvf /2p (v0f 0 v0m)/2p represent half-linewidth values of the corresponding

Sample (Hz) (Hz) (Hz)
peaks. Oil-saturated samples give results similar to those
of the water-saturated cases, and the results are shown inA (wide) 327 103 256

B (middle width) 322 108 264 Table 2.
C (narrow) 320 205 265 From the two tables, we see that the values of dvm/2p
D (no fracture) 321

vary little among the samples, which is expected since they
correspond to the fluid in the porous matrix. Values of dv f /
2p are smaller for the sample with a broad fracture, but
larger for the sample with a narrow fracture. The behaviorThe lineshape characteristics of the two peaks analyzed
of water-saturated sample B is somewhat irregular. The ir-using the dual-Lorentzian model ( the fractured cases )
regularity can be traced back from the peculiar lineshapeor single-Lorentzian model ( the nonfractured case ) are
acquired with longer TE values (see Fig. 1C). Experimentsshown in Table 1. These results were obtained by analyz-
were repeated for another set of Leuters limestone samplesing the spectra corresponding to the shortest TE value
and a set of Calico limestone samples which did not exhibit( 0.1 ms ) . For Samples B and C, because of significant
such strange behavior. Further analysis is necessary for theoverlapping of the two parts of the spectra, a modified
mechanism responsible for the lineshape in sample B. Theapproach was used. We first analyzed a spectrum corre-
similarity of values of (v0 f 0 v0m)/2p in samples withsponding to a long TE value, which represents fracture
different fracture widths suggests that fluids in fractures shiftonly, with the single-Lorentzian line model (Fig. 5 ) , for
insignificantly from the bulk fluid resonance frequencies.obtaining the parameters v0 f and dv f . Assuming the
Thus, the values of (v0 f 0 v0m)/2p represent primarily thelineshape is independent of TE for the fracture, while the

magnitude is TE dependent, we used these v0 f and dv f shift due to porous matrix.

FIG. 6. T2 distribution for water-saturated samples.

AID JMR 1175 / 6j1c$$$263 05-19-97 13:15:26 maga



219FRACTURE CHARACTERIZATION BY NMR

FIG. 7. T2 distribution for oil-saturated samples.

T2 Analysis smaller than that in the water-saturated cases. This result is
quite reasonable in view of the fact that the surface relaxation

The measured magnetization decays corresponding to the
rate is lower for oil-saturated systems than for water-satu-

TE values ranging from 0.1 to 200 ms for each of the water-
rated systems. Thus, the second term in Eq. [7] tends to be

saturated samples were used to estimate the corresponding
less dominant.

T2 distributions (6) . The distribution function P(T2) is plot-
ted in the first graph in Fig. 6. In the second graph,

DISCUSSIONP[ log(T2)] is plotted to represent a histogram of the distri-
bution curve in the semilog scale; thus P[ log(T2)]-

A disadvantage of using the Hahn spin-echo sequence for
d[ log(T2)] is directly proportional to the relative amount of

T2 measurements is that the magnetization decay may be
fluid in the corresponding interval d[ log(T2)] (6) . Below

affected by diffusion under the internal gradient. That effect
approximately 1002 s, the relaxation distributions are similar,

is proportional to (7)
indicating similar pore structures within the porous matrix
regions. The distribution curves differ significantly at longer
relaxation times where a small peak, evidently representing expF0DSg ÌH

Ìz D
2 TE3

12 G . [10]
the fluid in the fracture, is observed.

The location of the peak corresponding to the greatest
relaxation time is consistent with the width of fracture: the Clearly, this term will have a greater effect with longer TE

because of the TE3 dependence. Both commercially avail-wider the fracture, the larger the corresponding value of T2 .
The peak with the second largest T2 may also be representing able tools (8, 9) use the CPMG technique, so this problem

can be minimized. The lack of knowledge of the internala small number of large pores. The oil-saturated samples
exhibit similar trends, as shown in Fig. 7. The values of the gradient will not affect the qualitative features of the ap-

proach presented in this paper. However, the accuracy in therelaxation times corresponding to the peaks with the largest
T2 have a similar dependence on fracture width, although the estimation of the long T2 component could be affected in our

analysis. Examining the intensities of the longest-relaxation-difference in T2 values among those samples are somewhat
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time peaks in Figs. 6 and 7, we see that the amounts of SUMMARY
fluid corresponding to the peaks with the largest T2 for the We have presented experimental data which demonstrate
different fractured samples are not profoundly different. We the use of NMR lineshape and relaxation analyses for charac-
believe part of the reason may be explained by the extra terizing fractures and fluid distributions in those media. The
decay term described in Eq. [10]. results show that NMR spectroscopic techniques have a great

On the other hand, the lineshape analysis can be performed potential for fracture characterization. We demonstrated that
on the data obtained at very short TE for which both the the lineshape analysis could provide information about the
relaxation and the diffusion effects can be ignored. The dis- porous media structures. Due to the simplicity of the tech-
advantage of the lineshape method is that it requires a rela- nique, it could be useful with hardware and software modi-
tively homogeneous static magnetic field. This is not a great fications in the logging tools.
problem for laboratory analysis but is not suitable for those
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