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Abstract 

A new laboratory procedure, using a pulsed field gradient (PFG) NMR technique, for measuring the 
relative volumes of movable and non-movable fluid in cores is reported, The saturations determined are 
in qualitative agreement with values obtained from mercury porosimetry and centrifuged gravimetric 
saturation measurements. An advantage of the PFG NMR method is that it is fast and does not require 
exchange of fluids, i.e., progressive desaturation. This may be important if wettability changes are a 
concern or for measurements on unconsolidated cores. The BVI of some core plugs was additionally 
determined by CPMG NMR which was recently established as a down-hole measurement with the new 
generation of NMR well logging tools. Since PFG NMR is not sensitive to surface relaxivity, this 
technique can be used as a quick and independent check on the BVI values obtained by CPMG NMR. 
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Introduction 

As a qualitative measure of producibility, the total pore volume of a reservoir rock is considered 
to be comprised of movable and non-movable fluid volumes. When expressed as a fraction of the pore 
volume, the movable fluid volume is often referred to as the Free Fluid Index, FFI, while the non- 
movable fluid volume is known as the Bound Volume Index, BVI. The FFI and BVI are typically used 
in formation evaluation as an indication of the economic potential of a reservoir. The standard 
petrophysical method to determine the FFI and BVI in laboratory measurements on reservoir core plugs 
is to determine the capillary pressure curve by progressive centrifuge desaturation of the core plug. The 
BVI is the fluid volume remaining at a pre-selected capillary pressure, as determined by the 
centrifugation conditions. Alternatively, the BVI can be determined from mercury porosimetry, after 
corrections for the wettability are taken into account. 

A recent addition to the methods for determining the FFI and BVI is the NMR CPMG 
experirnent./l,2/ A distinctly attractive feature of these measurements is that they can be performed on 
both bench-top NMR instruments and down-hole using the new generation of NMR well logging 
tools./3/ In the NMR measurement, the core plug is placed in a magnetic field and a long string of radio 
frequency pulses is applied. Each of the pulses is separated by a pre-defined time interval known as the 
echo time, or TE. The signal observed, known as a spin echo signal, is the nuclear magnetization, and is 
detected at time intervals TE after the first echo. The observed signal only arises from the fluids in the 
pore space. 

For fluid in a single, isolated pore, and for the condition known as the fast diffusion limit /4/, the 
magnetization, m ( t ) ,  is a simple exponential: 

The time constant, T,, known as the transverse relaxation time, is related to the pore surface to volume 
ratio, S N ,  by: 141 

The constant, p, which has dimensions of velocity, is known as the surface relaxation velocity or surface 
relaxivity, connects the length scale of the rock pore space to the decay time for the fluid magnetization 
in the NMR measurement. Thus, to preserve this simple relationship between the measured decay time 
constant and a pore length, p must not be variable from pore to pore. Once a pore length r is 
determined from the measured NMR relaxation time, a capillary pressure can be calculated using the 
Young-Laplace equation: 

where y is the interfacial energy and 8 is the contact angle. 
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Since rocks are comprised of a pore size distribution, the observed magnetization decay in the 
CPMG NMR experiment is a multi-exponential: 

A distribution of T, values can, in principle, be obtained by a non-linear least squares fit of a multi- 
exponential function to the experimental data. Alternatively, the time domain data can be "inverted" to a 
" T,  domain" display in which the amplitude for a given T, is displayed. In either case, the uniqueness of 
the solution is not guaranteed since several T2 distributions can give the same magnetization decay in 
the time domain. 

Once the T, distribution has been obtained, a T, cut-off is used to differentiate the FFI and BVI 
fluid voIumes. The BVI value is the integrated signal from the lowest T, value (typically 1 msec) to the 
T, cut-off value. Based on CPMG NMR data collected for a very large number of sandstone samples, it 
has been proposed that a T, cut-off of 33 msec can be universally applied (to clastic rocks) for estimating 
BVI./1,2/ The FFI value is the integrated signal from the T, cut-off to the longest T, value observed. 

There are several complications to this simple model that must be considered to adequately 
describe the NMR relaxation data on rocks. First, the surface relaxivity is generally an unknown 
parameter. The rock mineralogy, surface chemistry, and surface roughness can all affect p. Thus, if a 
standard rock is used to calibrate p, the unknown rock must be similar to the standard with respect to 
these properties. Second, the model assumes that the rock pores are isolated. Diffusion of fluid 
molecuIes between pores during the NMR relaxation measurement changes the S N  and therefore shifts 
the observed T,.  For a pore size distribution, the overall shape of the T, distribution will be affected 
since T, lines will be narrowed by variable amounts. Thlrd, the effects of different pore geometries, e.g., 
spherical vs cylindrical vs sheet, will also affect the simple relation between relaxation time and pore 
length. Taken together, these complications have the consequence that a single T, cut-off time may not 
be adequate for determining the BVI and FFI values from the CPMG NMR experiment. 

Another approach for determining the BVI and FFI in rocks is to measure the pore size directly 
using the Pulsed Field Gradient (PFG) NMR experiment. The PFG NMR experiment is a well 
established method for measuring the mean square displacement of fluid molecules./5,6,7/ The Stokes- 
Einstein relation for Brownian motion connects the z-coordinate, which is the measured direction of 
displacement, to the fluid diffusivity: 

where Do is the molecular diffusivity. The pulsed magnetic field gradients encode the molecular 
displacements to be observed as a reduction in the amplitude of the observed spin echo signal. The echo 
reduction factor, y, is the ratio of the echo in the presence and absence of the pulsed magnetic field 
gradients: 



1996 SCA Conference Paper Number 9620 

where A is the diffusion time, i.e., the time during which the molecular displacements are observed, g is 
the amplitude of the magnetic field gradient pulse, 6 is the duration or width of the magnetic field 
gradient pulse, and y is the magnetogyric ratio (a constant for a given nucleus which specifies the NMR 
frequency for a given magnetic field). Note that the product (y6g) has dimensions of inverse length and, 
since the magnetic field gradient is a vector quantity, can be described as a wave vector. The wave 
vector construct is useful to identify the length scale over which the molecular displacements can be 
measured in the experiment. Recently it has been shown that the shape of the echo attenuation curve can 
under certain conditions directly provide structural information about a porous rnedium./8,9/ 

Eq. (6) is valid in the limit of free diffusion, which requires that the diffusing molecules do not 
encounter restrictions to their displacements. Fluid molecules in the pore space of rocks must encounter 
the pore wall as the diffusion time increases. Once this wall collision occurs, the mean square 
displacement is no longer a linear function of time defined by the Stokes-Einstein relation, eq. ( 5 ) .  This 
phenomena is known as restricted diffusion. 

One manifestation of restricted dffusion is that the self-diffusivity in the Stokes-Einstein relation 
becomes time dependent: 

where D,, (A) is time dependent and is known as the apparent diffusivity. For small diffusion times, A, 

D,,,(A) is equal to the self-diffusivity of the bulk fluid in eq. (5). With increasing diffusion time, an 

ever increasing number of fluid molecules experience collisions with the pore walls. Consequently, the 
mean square displacement, ( z 2 ( ~ ) ) ,  increases less rapidly than in the case of free, i.e., unrestricted, 

diffusion and D,, (A) decreases with increasing diffusion time. 

For fluid in well connected rock pores and at very long diffusion times, D,,,(A) approaches a 

time independent value which is known as the long range self-diffusivity, D,.,, given by: 

where z is known as the tortuosity factor. This long range diffusion time regime is identified by a new 
linear dependence of the mean square displacement on the diffusion time: 

Such anomalous diffusion has recently been observed for fluids in a host matrix of polypropylene./lO/ 

In principle, the mean square displacement in such well connected pores has no upper bound. In 
practice, the upper bound for observing the NMR signal is A = 3T,, (T,, is the nucIear spin lattice 
relaxation time). 
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For water at room temperature, I;, is on the order of 1 to 3 sec. In rocks, this value is reduced by 
collision of the water molecules with the pore wall, in analogy to eq. (2). Thus, the tonuosity and 
effective spin-lattice relaxation time will determine whether the long range diffusivity is observed. 

For fluid in poorly connected rock pores, the upper bound of the mean square displacement is 
limited by the size of the pores. At long diffusion times, the mean square displacement becomes much 
larger than the pore size. This requires that many wall collisions have occurred which implies that the 
mean square displacement approaches a constant value at sufficiently long diffusion times. For a 
spherical pore of radius R, the echo attenuation for long diffusion times is given by: /I11 

For values y 6 g  R I 1 , i.e. if the length scale measured in the experiment is greater than the radius of the 
pore, eq. ( 10) reduces to: 

Comparing the equation for describing the echo attenuation in the case of restricted diffusion (eq. (1 1)) 
to the expression valid for free diffusion (eq. (6)) yields the apparent self-diffusivity in a spherical pore: 

According to eq. (12), the apparent self-diffusivity in such a sphericaI pore is inversely proportional to 
the diffusion time. Thus, diffusion measurements in small poorly connected pores may yield very small 
apparent self-diffusivities at long diffusion times. Furthermore, the apparent diffusivities are 
independent of the true self-diffusivity Do of the fluid. 

The mean square displacement of the molecules confined in a spherical pore can be calculated 
using the Stokes-Einstein relation (eq. (7)) and the apparent self-diffusivity according to eq. (1 2): 

Note that the mean square displacement becomes time independent but is only determined by the size of 
the pore. Similar relations such as eqs. (12) and (13) exist for other simple restricting geometries. 

The cross-over from free to restricted diffusion and between different regimes of restricted 
diffusion can be used to determine the pores size of a porous material. Since the individual diffusion 
regimes have significantly different diffusion time dependencies of the mean square displacements (see 
eqs. (5) ,  (7), (9), (13)). PFG NMR measurements of ( z 2 )  as a function of A provides, in principle, a 

unique approach for characterizing the pore system. However, since a range of pore sizes are 
encountered in rocks, it is anticipated that there will be a corresponding range of cross-over times from 
free to restricted diffusion. This significantly complicates the PFG NMR data analysis. 
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The exact functional forms, i.e., the time dependence of D(A) in eqs. (7) and (9) are not known 
for arbitrary geometries of pores that can be encountered in rocks. A first order correction for relating 
the measured diffusivity to the true diffusivity has been published. 1121 While the theory is independent 
of the pore microgeometry, it is only valid for very short diffusion times and small gradient wave vectors 
for which only a small departure from the linearity of the Stokes-Einstein relation, eq. ( 5 ) ,  is expected 
and the echo attenuation reduction factor can be approximated by the simple exponential function of eq. 
(6). Thus the theory can not account for the strong departure from single exponential behaviour for 
large gradient wave vector values observed over a large range of diffusion times. 

Below we demonstrate that a simple bi-exponential model fits the PFG NMR data for all 
accessible diffusion times, even at high gradient wave vector values. The microscopic origin of these 
two exponential components is revealed from the time dependence of the mean square displacements 
corresponding to the respective diffusivities. 
Furthermore, BVI values can be predicted from this simple phenomenological model which are in 
qualitative agreement with the BVI values derived from both mercury porosimetry and standard 
capillary pressure data. 

Ex~erirnental Considerations 

Core Preparation: Sandstone core plugs of about 2 cm length and 1 cm diameter were prepared by first 
evacuation to roughly 0.2 Torr and then imbibing with distilled water. The cores were stored immersed 
in water in sealed containers. In order to prevent drainage of water in high permeability cores during the 
NMR measurements, the cores were sealed in Teflon tape and then transferred into NMR tubes. The 
porosities and permeabilities for the sandstone core plugs included in the current study are summarized 
in Table I. 

NMR Ex~eriments: A Bruker Instruments MSL-300 spectrometer equipped with imaging accessory was 
used to collect data at a magnetic field of 7.05 Tesla. A TECHRON 7570 amplifier was used to produce 
the constant current pulses necessary to drive the magnetic field gradient pulses in the Bo-direction. A 
diffusion probe with actively shielded gradient coils designed by Doty Scientific Inc. was used. 
Magnetic field gradient strengths (i.e., g) of up to 1TIm were used. NMR measurements were also 
performed on a low magnetic field bench top NMR manufactured by Resonance Instruments, model 
Maran-2. Homemade modifications were made to the NMR probe and to the operating software. 

The timing diagram far the rf and magnetic field gradient pulses are shown in Fig. 1. PFG NMR 
diffusion measurements at high magnetic field were performed using a slight modification, shown in 
Fig. lb, of the 17-interval-condition 1 sequence suggested by Cotts 1141. This pulse sequence for the rf 
and magnetic field gradient pulses offers the advantage of cancellation of cross terms between the 
applied pulsed field gradients and the internal field gradients in the rock sample. The latter arise from 
the magnetic susceptibility difference between the rock grain material and the fluid in the pore space. If 
these cross terms are not canceled, the echo attenuation will not be a simple exponential even when the 
free diffusion condition applies. The bi-polar magnetic field gradient pulses are not required for PFG 
NMR measurements performed at low magnetic field since the internal magnetic field gradients are 
proportional to the applied magnetic field whlle the applied magnetic field gradient pulses are of course 
independent of the static magnetic field. The cross terms of these magnetic fields are therefore small 
and the more simple stimulated echo sequence, shown in Fig. la, is adequate. 
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In order to assist the matching of the pulsed field gradients, a pair of bipolar pulsed field 
gradients was added prior the initial rf excitation . Pulsed field gradient intensities were calibrated by 
measuring the echo attenuation of bulk water with this pulse sequence at different observation times. 
The corresponding spin echo attenuation was observed to be a simple exponential when plotted against 
the square of the applied gradient current over three orders of magnitude of the attenuation. 

For the 17-interval sequence, the observation time in eq. (6) had to be corrected by A=A'-613-T/2 
1121, were A' is the time between the on-set of magnetic field gradient pulses of equal polarity, 6 is twice 
the width of a single field gradient pulse and T is the time between the on-set of gradient pulses of 
opposite polarity in a single pair of bipolar field gradient pulses. 6 and T were chosen to be constant for 
all A and g values used to measure the water diffusion in one particular rock. T was always equal to 
6/2+1. lms. 6 was chosen to be between 1.414 ms and 4 rns. Spin echo attenuations were measured by 
stepping linearly through the gradient intensity g. 

CPMG NMR measurements were made at both low and high magnetic fields. The high field 
measurements were carried out as described in ref. /15/. The transverse magnetization was sampled at 
the time TEt2 after each .rc rf pulse. TE was chosen to be 1 ms. lk of data points was acquired for each 
core plug. 

Results 

Representative PFG NMR data, recorded for a Marsing sandstone is shown in Fig. 2. The echo 
attenuations were recorded as a function of gradient wave vector values, i.e., (y6g), and for a variety of 
diffusion time values. Only a few of all measured diffusion time values are shown in Fig. 2. According 
to eq. (6) ,  for the condition of free diffusion, the logarithm of the echo attenuations decay linearly when 
plotted against (ySg)2. As observed in Fig. 2, the echo attenuations deviate from the linear behaviour 
expected for simple free diffusion for all observation times. A linear approximation is valid only for 
small values of (y6g)2. Note also that the echo attenuations approach a plateau value with increasing 
values of the gradient wave vector and appear to approach the same asymptotic value at the highest wave 
vector values for all diffusion times. Similar non-linear behaviour has been reported in other PFG NMR 
studies of fluids in rocks.116-201 

As discussed in the introduction, the presence of the pore size distribution expected in rocks 
significantly complicates the quantitative analysis of the PFG NMR data. Since no theory currently 
exists to account for the PFG NMR data recorded over the range of gradient wave vector vdues shown 
in Fig. 2, we adopt a simple phenomenological model adapted from the BVI and FFI analysis of the 
CPMG NMR data. Accordingly, we classify the pore size distribution into two categories. The pores 
contributing to the FFI are expected to be large and most likely well connected. The mobility for fluid 
in these pores should be in the free and weakly restricted diffusion limits. The mean square 
displacement determined from the PFG NMR experiment would then be time dependent as anticipated 
by eq. (5) .  In contrast, the pores contributing to the BVI should be in the strongly restricted limit. In 
ths  limit, the mean square displacement is time independent. Physically, this means that the fluid 
molecules make multiple collisions with the pore wall during the observation (i.e., diffusion) time. 
Thus, fluid in the pore space contributing to the FFI is expected to have a larger, time independent 
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diffusivity, Dh, while fluid in the BVI pore space should have a lower, time dependent diffusivity, Dl, 
We represent these two fluid "types" using a bi-exponential expression for echo attenutation: 

where pl and ph are the fluid volumes corresponding to the BVI and FFI. Note that p, + p, = 1. Thus, 

there are three independent variables, D,, Dl and p,, that must be determined from the non-linear least 
squares fit to the experimental data. The model also implicitIy assumes that there is no exchange of 
fluids, by for example diffusion, between the fluid volumes corresponding to the BVI and FFI. 

The solid lines in Fig. 2 are the best fits of eq. (14) to the PFG NMR data. Note that this simple 
bi-exponential, or "two fluid", model fits the experimental data quite well for the full range of diffusion 
times, from 25 ms to 600 ms. The coefficients, p, and p,, determined from the PFG data recorded for a 
range of diffusion times are shown in Fig. 3b. According to the assumptions of the model, these 
coefficients correspond directly to the BVI and FFI, respectively. Note that the p, values calculated for 
different diffusion times vary from 0.2 1 to 0.1 1 with the tendency to decrease with increasing 
observation time. This tendency can be understood if surface relaxation /21/ is assumed to be an 
important relaxation process. Surface relaxation is more efficient in smalI pores since the mean number 
of collisions of a water molecule with the pore wall exceeds the corresponding number in large pores, 
reducing the relative contribution to the spin echo amplitude from molecules in small pores with 
increasing A .  Thus, for reducing the effects of surface relaxation, PFG data should be collected at short 
observation times. However, the diffusion times must also be sufficiently long to insure that the fluid 
component with low diffusivity is in the strongly restricted diffusion regime. This is indicated by the 
observation of the plateau value in the echo attenuation data in Fig. 2. This is in fact a more rigorous 
condition for the current model to apply. Thus data should be collected at sufficiently long diffusion 
times to ensure that a plateau value has been reached. 

Discussion 

Tn Table I, a comparison is shown between the BVI values derived from PFG NMR and low 
(magnetic) field CPMG NMR data, mercury porosimetry data, and capillary pressure data. Except for 
the rock Table #2, the BVI values obtained by PFG NMR are in good agreement with values from 
CPMG NMR and both agree very well with the BVI values determined by mercury porosimetry. 
The BV1 values from these three techniques are also in reasonably good agreement with the BVI 
values derived by air-brine centrifugation measurements, although the other three methods tend 
to slightly under-estimate the air-brine data (except for Table #2). The dispersion of values (with 
the exception of Table #2) is not large enough to warrant extensive analysis, since the inherent 
differences in the measurement techniques and the intrinsic errors in each measurement can 
readily account for the results. The air-brine values may have larger errors relative to usual 
centrifugation data because of the smaller core plug size (1 cm vs 3.9 cm diameter normally 
used). A factor of 2 difference in BVI values could also originate from the natural variabilities in the 
pore level properties of the core plugs. As an example, note the range of BVI values calculated 
from the mercury porosimetry data obtained on the three different Marsing #1 core plugs. 

The results on the Table #2 core plug are an exception to the discussion above. It is unlikely that 
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the natural variation of rock properties can account for the large discrepancy of BVI values derived 
from the four types of measurements. Whereas the mercury porosimetry and the air-brine 
centrifugation data of this sample are in good agreement, the BVI value determined by PFG NMR 
over-estimates the centrifugation value by roughly a factor 2, while CPMG under-estimates the BVI 
value from air-brine centrifugation by a factor of 6. This suggests that the difference in the BVI 
values derived from the NMR measurements most likely originates from the peculiarities intrinsic 
to these measurements. A analysis of the results must also take into account the over-estimation 
by the PFG NMR method and the under-estimation by the CPMG NMR experiment. 

The main difference between the NMR methods (PFG and CPMG) and the other two techniques 
(air-brine centrifugation and mercury porosimetry) is that PFG NMR and CPMG NMR do not require 
the displacement of fluids. The NMR measurements do not directly measure volume fractions of 
displaced fluids, as is the case fur the air-brine centrifugation measurement. Both the PFG and 
CPMG NMR experiments measure a pore length, the former directly from the thermally driven 
displacement of molecules as a function of time and the latter indirectly, by converting the 
measured spin relaxation time to a length using the surface relaxivity. Neither technique can 
unambiguously distinguish fluids in connected from isolated pores. The under-estimation of the BVI in 
the CPMG experiment can be explained by a longer surface relaxivity due to a low amount of 
paramagnetic impurities in the rock. According to eq. (2), a longer surface relaxivity shifts the 
determined relaxation time distribution to larger values of T,, thus leading to an under-estimation of the 
BVI if the universally used value of 33 msec is applied to determine the T, cut-off. To obtain a BVI 
value of about 7 % for the rock Table #2, a T, cut-off of about 65 msec must be used. 
In contrast to this, PFG NMR is not sensitive to surface relaxivity. This technique determines the 
volume fraction of fluid in any pore if the pore length is experimentally accessibie by the applied wave 
vector, i.e. strength of the magnetic field gradient. The pores need not be connected to be measured by 
PFG NMR. Therefore, this method over-estimates the BVI values determined by air-brine centrifugation 
and mercury porosimetry with the volume fraction of isolated and poorly connected pores that are 
invisible for measurements requiring the displacement of fluids. The difference of the BVI values for 
the sample Table #2 can be explained by assuming a relatively large amount of poorly connected pores 
with a weak surface relaxivity. 

The analysis of the experimental spin echo attenuation data yields the self diffusion coefficients 
D,,,,, and the fluid volume fractions p,,,, of water molecules with high and low translational mobility, 

respectively. According to eq. (7), the observation time dependence of the mean square displacement 
for both fluid fractions may be calculated. The results for water in the Marsing sandstone are shown in 
Fig. 3a. For comparison the time dependence of the mean square displacement for bulk water is also 
shown in the figure. The mean square displacement of water with high translational mobility is found to 
increase over the whole range of observation times. However, this increase is non-linear and slower 
than for bulk water. Clear deviations from the mobility of bulk water occur for observation times A > 
50ms, indicating a cross-over from free to restricted diffusion. Using the room temperature diffusivity 
of water, this diffusion time corresponds to a root mean square displacement of about 15 pm. This 
length sets a lower limit for the radius of pores containing the fluid with high translational mobility. 

The mean square displacement of water with low translational mobility is on the order of 5 pm2 
for the Marsing sandstone. Significantly, the displacement is independent of diffusion time, indicating 
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that the diffusion is restricted even for short observation times. The mean square displacement is 
therefore limited by the maximum size of the pores containing the low mobility fluid fraction. Applying 
eq. (13) yields a maximum pore radius of 7.9 pm for the pore in which the fluid with low translational 
mobility is contained. The capillary pressure for these pores can then be calculated from the Young- 
Laplace equation using this pore size. The capillary pressure is in the range of 50 to 100 psi depending 
on the choice of reasonable contact angles and interfacial energy. 

Summary 

A new laboratory procedure, using a pulsed field gradient (PFG) NMR technique, for measuring 
the movable and non-movable fluid volumes in cores is reported. Good agreement is observed between 
the BVI values determined from the PFG NMR experiment and values determined from air-brine 
centrifugation, mercury porosimetry, and CPMG NMR. The primary advantage of the PFG NMR (or 
CPMG measurements) are that they are quick, do not require the exchange or displacement of fluid 
volumes, and (in contrast to mercury porosimetry) the measurements are non-destructive. 

Acknowledgements: We thank M. Bernardo for invaluable technical assistance in the PFG and CPMG 
NMR measurements, J. Shafer for measuring the capillary pressure data and A. Guzman-Garcia for 
assistance in processing the CPMG data. 
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Table I: Comparison of the bound fluid index as a % of total porosity 
determined by different methods for water in rocks 

cores I 

Fi~ure  Captions 

Fig. 1: Timing diagram for the radio frequency and magnetic field gradient pulses. The pulse sequence 
in (a) is used for experiments performed at low magnetic fields. The sequence in (b) is used at high 
magnetic fields. 

Fig. 2: Echo attenutation pulse fieId gradient NMR data for a marsing sandstone from the Boise 
sandstone formation. 

Fig. 3: (a) Mean square displacement as a function of diffusion time for the Marsing sandstone. (b) 
ReIative fluid volume fractions for the FFI (high mobility) and BVI (low mobility) fluid components 
determined from the PFG NMR data analysis for data collected for variable diffusion times. 
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Observation Time A 
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