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Abstract

Recent developments have led to increased interest in the application of borehole
nuclear magnetic resonance (NMR) as a probe of petrophysical properties. Of partic-
ular importance in this connection is the measurement of the longitudinal relaxation
time, 71. As T is, to a large extent, controlled by the effective pore surface area,
its value may be strongly influenced by the invasion of submicron-sized clay particles
found in drilling muds. We have undertaken a, quantitative study of this effect by the
application of novel magnetic resonance imaging (MRI) techniques. The resolution
of conventional readout gradient MRI is limited in sandstone cores by the presence of
internal field gradients associated with either paramagnetic impurities or the natural
susceptibility contrast between the predominantly quartz matrix and the pore fluid.
This problem can be overcome by the application of a phase encode (i.e. chemical
shift) imaging sequence. The utility of this technique will be illustrated by a study of
the effect of bentonite invasion on T values in Berea sandstones. Our experimental
results indicate that the extent to which 7} values are affected by particulate invasion
depends on several characteristics of the drilling mud. In the case of spud muds (i.e.
simple bentonite slurries) we see a region deep within the core where T} values are
significantly reduced due to an initial spurt of clay particles. In better formulated
muds this effect is greatly reduced. Our imaging studies are supported by measure-
ments made using a laboratory “inside-out” NMR. spectrometer which measures a T}
value at single depth (roughly 2 em) below the inflow core end.
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1 Introduction

In the last few years a great deal of work has been done on the application of magnetic
resonance tomography to the study of porous media.!~7 Much of this work has focused
on the description of the naturally heterogeneous structure of reservoir sandstones and
carbonates. In the present paper we will be concerned with the application of MRI
to the study of inhomogeneities introduced by the invasion of fine grained particles
found in drilling fluids and, in particular, with the influence of these particles on the
longitudinal relaxation time, T}. There are many studies which empirically show that
the T3 value in water saturated sandstones can be related to other physical properties
of practical importance;'®~13 such as the permeability to viscous fluid flow and the
irreducible water fraction. If these empirical relations are to be applied to borehole
data, we must be confident that the 7} measurements have not been compromised by
the invasion of clay fines suspended in the drilling muds. This problem is of particular
importance in light of recent advances in the area of borehole NMR measurement
technology.'*'* Although we are using imaging techniques, it should be emphasized
that the objectives of this study are quantitative; we want a high resolution mapping
of the spatial variation of 7} in sandstone and carbonate rocks.

2 Experimental Procedure

2.1 The Choice of Imaging Technique

Our measurements were performed on a 60 c¢m bore 1.5 T imaging system. The
system is equipped with actively shielded gradient coils capable of gradient strengths
up to 2 G/em. We are dealing with cylindrical sandstone cores (length, 7.62 cm;
diameter, 5.08 cm) and our aim is to measure the effective 7} value in circular slices
oriented normal to the core axis. The standard technique by which one might try to
obtain such a projection is to perform a simple spin echo experiment with a readout
gradient applied parallel to the core axis [Figure la]. A problem arises with this
technique, however, when the natural linewidth of the sample, Awg, (in the absence
of any applied gradient) is comparable to the frequency shift, Awy,, between adjacent

points in the projection induced by the applied gradient.!® If Az is the desired axial
resolution and G. is the magnitude of the readout gradient, then

Aw, = yG,Az | (1)

where 7 is the proton gyromagnetic ratio. To illustrate the problem, we show schemat-
ically in Figure 1b the spectrum of the sample at three axial positions, z1, z; = z;+Az,
and 23 = 23 + Az. With G, = G}, Aws > Aw,, and some of the spectral components
from the material located at z; and z3 will have the same frequency as the material
at z. Certainly, under these conditions contributions from z;, z,, and z3 cannot be
resolved. On the other hand, for G, = G,, we have Aws < Aw,, and the material at
z; and z3 no longer has frequency components that overlap the z, spectrum.
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To estimate the values of GG, required for 1 mm resolution, we measured the proton
spectrum from a typical Berea sandstone core at a field strength of 1.5 T'. This sample
has a porosity, ¢, of roughly 20.1 %, a permeability, &, of about 130 md, and an iron
concentration of 0.20 %; at a Larmor frequency of 10 M Iz, the measured T} value
was 300 ms. The magnitude spectrum shown in Figure 2 is basically a single broad
line with a full width at half maximum of 7200 /{z. Setting Aws = (27) x 7200, the
gradient strength required for 1 mm resolution is determined by the requirement

A
Aw, = yGAz > Aws; or G > w3

~ 169G . 2
Az 9G /em (2)

This is roughly an order of magnitude greater than the gradients available on most
magnetic resonance imaging machines. Using the maximum gradient strength avail-
able on our equipment, 2 (/cm, resolution would be about 8.5 mm. Not only is the
resolution along the readout gradient direction compromlsed but for similar reasons,
we arc unable to excite thin slices using selective r f pulses in conjunction with a slice
selective gradient.

To solve these problems,'” we employed the chemical shift (phase encode) method
shown in Figure 3.518-20 In the present case, where we have only a single broad line,
we are not interested in resolving multiple chemical species. Instead, our aim is to
separate the phase precession (and the associated dephasing) due to the internal mag-
netic field inhomogeneities which are responsible for the natural linewidth from the
dephasing caused by the position encoding gradient. Thus the internal linewidth has
no bearing on the resolution in the z direction. Clearly, the other spatial directions,
z and y, can be phase encoded as well if one wants to resolve information in those
dimensions.

Let us make clear how the phase encode method separates the two contributions to
phase precession. Note, from Figure 3, that the phase encoding gradient pulse (which
provides the z resolution) is completed before the spin echo signal is acquired. Thus.
the encode gradient (whose duration we denote as t,.) determines only the phase, ¢,
which a given spin has at the beginning of the acquisition interval

‘150(2) = '?'Gztpez =k, z , (3)

Consider a spin in slice z; if t measures the elapsed time during data acquisition, the
net phase change during this interval can be written as a sum of two terms

6Gnet = do(z) + 66i(t) = ko2 + wit . (4)

Here 6¢;(t) is the phase change associated with the internal field inhomogeneities.
[At each slice location, z, there are, of course, a distribution of w; values.] During
the data acquisition interval, the two components of transverse magnetization in the
rotating reference frame (apart from their 7, dependence) may then be written as

My = Mysin(k,z + wit); M, = Mycos(k,z + wit) . (5)
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Now, for each value of the initial phase ¢, (i.e. for each k,) the acquired time depen-
dent signal is Fourier transformed to give a spectrum in w;. As indicated in Figure 3,
the experiment is then repeated at different gradient strengths to obtain a set of w;
spectra, each labeled by a different value of k.. Next, for each w;, a second Fourier
transform is performed on the k. data to resolve the z dependence of the signal. The
resulting two dimensional data set then contains an w; spectrum for each z value and
there is no mixing of the two contributions in Eq. (4).

Another important reason to use the chemical shift method to image sandstones is
because shorter values of Tg can be obtained. If the value of Tg is too long, a
significant fraction of the pore fluid will not be observed because its T, value is so
short. TFor example, in our work with the readout gradient method, the value of Tg
was 4.5 ms and we estimated that only about 40%g of the pore fluid contributed to
the signal. With the phase encoding method we were able to reduce Tr to roughly 2
ms and we estimate that about 70%) of the water contributed. Note, that with the
readout gradient technique, it is much more difficult to reduce T because this method
requires an additional dephasing gradient pulse between the 90 and 180 degree rf
pulses. [The inherent gradient switching time is roughly 1 ms.]

A final concern associated with the large linewidths discussed above was that the
90 and 180 degree pulses might not have sufficient bandwidth to excite the entire
spectral width of our sample. To insure that this would not be a problem, a special
solenoidal coil was constructed to guarantee especially short 7 f pulses. Typical pulse
lengths were 12 and 24 ps for the 90 and 180 degree pulses respectively.

It is interesting to ask what limits the resolution of our measurements along the z
axis. There are two limiting factors: a theoretical bound associated with diffusion
which would act even if infinitely strong gradients were available, and a Nyquist limit
associated with our particular equipment. The Nyquist limit of the chemical shift
method is

1

AN BT v

If we take (Tg/2) ~ 1.1 ms as a maximum value of t,., and {G, }mase = 2G/cm, then
Azn = 0.053mm. The fundamental limit, Azp, due to diffusion can be estimated by
calculating the distance traveled along the z direction by a diffusing water molecule
during the time interval Tg. At room temperature,

Azp = [2DTg)Y? ~ 0.003 mm . (7)

Clearly, our hardware is the limiting factor in determining the spatial resolution of
the measurements.

To measure T}, an inversion pulse is applied at a time 77 before the chemical shift
excitation (as shown in Figure 3) and the signal is then measured as a function of 7.
Different phases of the pulse sequence were averaged to cancel out unwanted compo-
nents of the signal. A total of four averages were acquired, two for the stimulated
echo which results from the 180-90-180 pulse sequence and two for the free induction
decay associated with the final 180 pulse. Twenty one values of T7, ranging from 5.0
ms to 4177 ms, were employed. The recovery time between excitation sequences, T,
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was set to 5 s. In this way, longitudinal relaxation curves could be obtained with
millimeter resolution along the core axis. At each =z p051t10n the measured inversion
recovery curve was fit to a stretched exponential form!®

M(z,t) = M,(z)exp[—(t/T1)*] , (8)

from which we derived a T value. Here the parameter a < 1 allows us to model the
fact that the decay of magnetization in porous media is generally non-exponential in
character. Physically, this behavior is associated with the wide range of pore sizes
found in most systems of practical interest.

2.2 Example of Phase Encode Spectroscopy

To illustrate the kind of information available with the chemical shift method, let us
consider a phantom core comprised of adjacent Berea 100 and Berea 600 sections.
Typical imaging parameters used were: phase encoding time, t,. = 0.8ms, echo time,
Tg = 2.2ms, {G,}mer = 1.6 G/em, and a total of 256 phase encoding steps. With
these parameters, the field of view along z was 23.5 ¢ and Az = 0.093 em.

In Figure 4, results for three values of the inversion parameter, T}, are presented.
The lower panels show images in which the horizontal direction corresponds to the
axial position, 2, and the chemical shift spectrum at each z is represented by a
grey scale codmg along the vertical (frequency) axis. In the upper panels the same
data is presented in a three dimensional grid display. We believe that the curvature
seen on Berea 600 side of the sample is a finite size effect analogous to fringing
fields in capacitors. The configuration of the sample in the magnet is such that
the static magnetic field is normal to the core axis. If the core diameter were very
small compared to its length, the induced internal magnetic fields (which, on the
average, are aligned with the static field) would be nearly uniform along the core
axis. However, because the core diameter i1s large, the induced fields near its ends are
relatively weak and the internal frequency spectra are shifted relative to the spectra
associated with the middle of the core. Because the porosity of the Berea 600 plug is
larger than that of the Berea 100 plug, this effect is seen most clearly at the left side
of the sample.

In the upper panel of Figure 5 we show the corresponding projections, obtained by
integrating the signal over frequency (i.e. over the chemical shift axis). Here, as in
Figure 4b, one sees that the transition from negative to positive values takes place
more quickly on the Berea 100 side of the sample. [Thus, for T; = 396 ms, positive
values are obtained on the Berea 100 side of the core while the values on the Berea 600
side are still negative.] When all twenty one inversion times are taken into account,
the resulting stretched exponential fits yield the 7} values plotted in the lower panel
of Figure 5. Here we see that, despite the structure seen in Figure 4 and the upper
panel of Figure 5, the lifetime distributions are quite uniform within the two halfs
of the phantom. To interpret the lifetimes of 475 ms and 700 ms (indicated by the

arrows) let us examine the full 7} distributions!? obtained for these rocks [Figure 6].
While the spectra for both Berea 100 and Berea 600 contain contributions spread
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over more than three decades along the T} axis, it is clear that the lifetimes estimated
from Figure 5 correspond well to the peaks at the upper portion of both spectra.
Physically, these peaks are associated with the larger pores in each sample. This
correspondence is not surprising because, as noted above, our imaging measurements
are limited to T values on the order of 2 ms and are thus insensitive to fluids in the
smallest pores.

3 Particle Filtration Experiments

Our mud injection experiments were carried out using a modified Baroid OFI mud
press. The cores were jacketed with an epoxy coating to eliminate leakage around
the sides and 100 ml! of drilling fluid was placed in the press chamber above the
core. The injection experiments were then run at constant applied pressure and were
continued until up to one pore volume of fluid was collected below the out-flow core
end. Before injection, the cores were saturated with 0.20 Qm brine and subjected to
two sets of NMR measurements. Both ends of each core sample were examined using
a laboratory version of a recently developed “inside-out” spectrometer.'* The depth
of investigation of this instrument is approximately 2.0 em and the measurements are
processed to give values of 7} and a. Selected cores were then imaged (as described
above) to obtain T; profiles over the entire core length. After injection with drilling
mud, the measurements made before invasion were repeated to monitor the changes
in 77 caused by particulate invasion.

3.1 Choice of Drilling Muds

The properties of the drilling muds used in this study are summarized in Table 1.
Included in each case are the values of T} and « for both the mud and the mud filtrate
(obtained by passing the mud through Baroid 725 filter paper). While the values of
T; for the muds are typically quite short, in most cases the filtrate T; is between two
and three seconds. Exceptions are the lignosulfonate and KCL/polymer muds where
the T values are 500 ms or less. Qur invasion studies employed only those muds for
which the filtrate T values were greater than 2 seconds. For these systems, the short
lifetimes in the original mud are due to physical, rather than chemical effects (i.e. to
excess surface area associated with clay fines). In such muds one might reasonably
expect the motion of the fluid through the porous rock to mimic its passage through
the filter paper, i.e. to “clean-up” the fluid and return the Ty values to roughly those
characteristic of bulk water.

3.2 Measurements with “Inside-Out” NMR Spectrometer

The results of our measurements with the remote laboratory NMR, system are sum-
marized in Table 2. Here we see that in “spud muds” (i.e. simple bentonite slurries)
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one finds a significant reduction of T at the 2 cm depth probed by this spectrometer.
As expected, this reduction is most dramatic in the higher permeability rocks (e.g. a
35% reduction in Berea 100 compared to a 65% reduction in Berea 600). Interestingly,
we note that there is very little 77 depression near the end of the core opposite the
invasion. Thus, it appears that even when a full pore volume of spud mud entered the
sample, the bentonite fines were eventually filtered by the rock, and only relatively
clean fluid penetrated deeply into the core. [If less than a pore volume was involved
in the flow, then, assuming that fluid dispersion was not significant, no change in 7}
near the outflow end would be expected.]

We emphasize that spud muds provide a rather unrealistic “worst case” picture of
particle invasion. It is clear from Table 2 that the depression of T} values is not
significant when the mud contains polymer gels that enhance the formation of filter-
cake at the in-flow end of the core. In this case the effect is often as small as a few
percent and we may conclude that the bentonite particles are essentially removed
from the suspension at a depth of 2 cm.

3.3 Imaging Measurements

The results of our imaging studies of bentonite invasion are summarized in Figures
7 through 9. Figures 7 and 8 involve the invasion of spud muds into Clashach and
Berea sandstones. The Clashach sample is of interest because the imaging and remote
NMR measurements both show that there is considerable variation of 7} within the
original core. Presumably, this variation reflects changes in the mean pore size along
the core axis. After invading with mud from the short T} end, both the imaging and
remote NMR measurements indicate a substantial 7} reduction (roughly 50§7o). The
profile in Figure 7 indicates that this depression covers at least the first inch below
the in-flow end of the core. It should be noted that the T) values seen by the imaging
measurements are considerably longer than those obtained with the remote NMR
spectrometer. Once again, this reflects the fact that the longer echo times required
in MRI experiments limit us to seeing only the water in the larger pores.

Consider next the results for Berea 100 and Berea 600 shown in Figure 8. Here we see
a well defined minimum in the T} profile which appears to be due to an initial spurt
of bentonite particles. Because the spud mud is ineffective in building a filter-cake in
the injection process, the bentonite fines that first enter the core can penetrate quite
deeply. In the present series of experiments the flow was interrupted after roughly half
a pore volume of fluid had entered the core. While this interruption certainly limits
the depth of bentonite penetration, we emphasize that, by the time a pore volume of
filtrate had been collected below the sample, a substantial filter-cake had built up at
the in-flow end, and the flow rate was, in fact, quite low. Thus, we believe that even if
we had continued to apply pressure, the depth of particle penetration would not have
increased significantly. In this connection let us make two observations. First, that
the penetration appears to be deeper in the higher permeability core sample (Berea
600). This is reasonable on physical grounds, because the fines are expected to flow
more easily into the larger pore network. Second, if instead of allowing the filter-cake
to grow with time, we had been continuously removing the cake (as might be the
case in a borehole environment where the drill constantly scrapes the formation wall)
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then the depth of bentonite penetration would be expected to increase significantly.
Experiments designed to check this point are now in progress.

Finally, we consider in Figure 9 an invasion experiment based on a 1.3 gm/cc barite
weighted mud. Here, the T} values show a weak minimum centered roughly 4.5 cm
‘nto the core. The fact that the Ty depression is considerably weaker here than in
either Figures 7 or 8 is, of course, consistent with the results discussed in connection
with Table 2. The enhanced filter cake formation has limited the number of bentonite
particles flowing into the core, although the depth of penetration for those that do
enter is still quite significant. Further studies with a wider range of drilling muds
are now in progress; we are especially interested in the role of weighting agents (e.g.
barite) in limiting the penetration of bentonite fines.

4 Conclusions

In the present manuscript we have presented the preliminary results of our study of
the influence of drilling mud invasion on the longitudinal NMR lifetime, T;. Although
our experiments are still in progress, we are, at this point, able to advance several
conclusions:

e Phase encode imaging yields high resolution Ty profiles in sandstone cores even
when the natural linewidths of the sample are quite broad (e.g several kHz).

e With simple bentonite slurries (spud mud) particle invasion can be seen clearly and
can depress T} values several centimeters into the core sample.

o With well constructed (e.g. polymer-gel or Barite weighted) muds the invasion by
bentonite fines is suppressed and T; values are essentially unaffected past depths on
the order of a centimeter.

e Measurements made using MRI and remote NMR spectroscopy are in good quali-
tative agreement.
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Figure Captions

Figure 1. (a) Schematic representation of rf pulse and applied gradient sequence for
the readout gradient technique. An initial inversion pulse, at time T} before the spin
echo sequence, is also shown. (b) The corresponding signal acquisition is pictured for
relatively weak and strong applied gradients.

Figure 2. Proton magnitude spectrum from Berea sandstone measured at a field
strength of 1.5 T. [Absolute position of frequency axis is arbitrary.]

Figure 3. Schematic representation of rf pulse and applied gradient sequence for
the chemical shift technique. As in Figure 1, an inversion pulse is indicated.

Figure 4. Single species chemical shift core images of a Berea 600-100 phantom
taken with Tg = 2.2 ms are shown for three inversion times: (a) 77 = 5 ms, (b)
Tr = 396 ms, and (c) T = 41775 ms. In the upper panel of each figure the phase
encode spectrum is shown as a three dimensional surface, while in the lower panel
the same data is displayed as a grey scale image. The Berea 600 data is displayed to
the left (front) in the lower (upper) panel.

Figure 5. [Upper Panel] Projections obtained by integrating the data displayed in
Figure 4 along the chemical shift axis and [Lower Panel| the stretched exponential fit
to Ty are shown as functions of position along the Berea 600-100 phantom core axis.

Figure 6. T distributions for Berea 100 and Berea 600 are shown with the positions
of the arrows taken from the lower panel of Figure 5 marked. The location of the
arrows indicates that the lifetimes measured by our imaging techniques are associated
with water in the larger pores.

Figure 7. T profiles are shown for a Clashach sandstone core invaded with spud
mud.

Figure 8. T profiles are shown for Berea 100 and 600 cores invaded with spud mud.

Figure 9. T; profiles are shown for a Berea 100 core invaded with a barite weighted
bentonite slurry mud.
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Mud Sample Designation Mud Filtrate
Tio (ms)| a |Tis (ms)| «
House Spud 68 0.96| 2810 |[1.00
Barite Weighted Spud (1.3g/cc) 67 0.91 - -
Barite Weighted Spud (1.8g/cc) 50 0.98 2060 0.98
Mudtech Acrylic Polymer 172 0.99 3208 1.05
Mudtech Acrylic Polymer with Barite 47 0.96 1943 0.99
Mudtech Seawater/Freshwater Gel 95 0.97 3515 1.08
Mudtech Sea/Fresh Gel with Barite 74 0.95 29064 | 0.99
Mudtech Light Lignosulfonate 23 1.00 130 1.00
Mudtech Seawater Lignosulfonate 22 0.93 351 0.99
Mudtech KCL/Polymer 283 0.95 525 1.02

Table 1. NMR Properties of the ten muds used in this study are summarized. The
values of Tj and a for both the mud and its filtrate were measured using the laboratory
inside-out spectrometer.

Rock Invading T, (ms) | T} (ms)
Sample Mud Before | After
Berea D100-3 (inflow) | Spud - 229 169
Berea D100-3 (outflow) | - 252 224
Berea 600-1 (inflow) Spud 478 171
Berea 600-1 (outflow) |- 501 498
Clashach (inflow) Spud 394 197
Clashach (outflow) - 541 551
Berea 100 Spud 205 135
Berea 100 Seawater/Freshwater Gel | 221 212
Berea 100-Xa Seawater/Freshwater Gel | 124 120
Berea 100-Xb Barite Sea/Fresh Gel 130 128
Berea 100-Ua Acrylic Polymer 132 137
Berea 100-Ub Barite Acrylic Polymer 136 135
Berea 500-Ya Seawater/Freshwater Gel | 465 342
Berea 500-YDb Acrylic Polymer 450 371

Table 2. A summary of the core invasion measurements made using the inside-out
spectrometer. In the first six cases the values of T} are given for both the inflow and
outflow core ends. In the remaining eight case only the values at the inflow end are
given. The Berea 100-X and Berea 100-U cores were cut from a different block and
generally showed shorter T} values than the other Berea 100 cores.
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Figure 1. (a) Schematic representation of r f pulse and applied gradient sequence for
the readout gradient technique. An initial inversion pulse, at time T before the spin
echo sequence, is also shown. (b) The corresponding signal acquisition is pictured for
relatively weak and strong applied gradients.
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Figure 2. Proton magnitude spectrum from Berea sandstone measured at a field
strength of 1.5 T. [Absolute position of frequency axis is arbitrary.]
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Figure 3. Schematic representation of rf pulse and applied gradient sequence for
the chemical shift technique. As in Figure 1, an inversion pulse is indicated.
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Figure 4. Single species chemical shift core images of a Berea 600-100 phantom
taken with Tg = 2.2 ms are shown for three inversion times: (a) Tr = 5 ms, (b)
T; = 396 ms, and (c) Ty = 41775 ms. In the upper panel of each figure the phase
encode spectrum is shown as a three dimensional surface, while in the lower panel
the same data is displayed as a grey scale image. The Berea 600 data is displayed to
the left (front) in the lower (upper) panel.
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Figure 5. [Upper Panel] Projections obtained by integrating the data displayed in
Figure 4 along the chemical shift axis and [Lower Panel] the stretched exponential fit
to Ty are shown as functions of position along the Berea 600-100 phantom core axis.
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Figure 6. T distributions for Berea 100 and Berea 600 are shown with the positions
of the arrows taken from the lower panel of Figure 5 marked. The location of the
arrows indicates that the lifetimes measured by our imaging techniques are associated
with water in the larger pores.
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Figdure 7. T, profiles are shown for a Clashach sandstone core invaded with spud
mud.
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Figure 8. T profiles are shown for Berea 100 and 600 cores invaded with spud mud.

23




1992 SCA Conference Paper Number 9217

BEREA 100: Core—2

6004 -------- Before Invasion
After Invasion
'}é} 400
Nl Mud
- <4+—
B 200
0 l | 1 | |

]
50 75 100 125 150 175 200
Position

Figure 9. T; profiles are shown for a Berea 100 core invaded with a barite weighted
bentonite slurry mud.
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