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INTRODUCTION DE92 002161

In the normal procedure for the characterization of proposed underground
nuclear test sites, the saturation of pore space in rocks is calculated from measured
bulk density, grain density, and water content.

t

S = FWPB
" 1--(OB / PC)(1 -- Fw) (1)

where F w is weight fraction water and PB and PG are bulk density and grain
density respectively.

This calculation assumes that the water is present only in the pore spaces of
the rock. The assumption is valid for rocks that contain only anhydrous minerals.
But non-fracture-held water in rock has two modes of occurrence. In ali porous
rocks water is present in the pore spaces between the individual mineral grains. In
rocks containing hydrous minerals water is also present within the molecular
structure of the mineral. The assumption in Eq. (1) breaks down in rocks containing
hydrous minerals, and the resulting calculated saturation often exceeds 100%, in
rocks from both above and below the static water level. In this paper the water
within the mineral structure will be referred to as non-pore water, as opposed to pore
water in the interstices between the mineral grains. Water held in fractures is not
considered in the following discussion as fractures usually make up a very small
percentage of the total subsurface volume.

The epithermal neutron log measures the total number of hydrogen nuclei
(protons) within its radius of investigation, and is calibrated in terms of the amount
of water represented by that hydrogen. This water will be referred to as the total
water. The measurement includes both pore water and the non-pore water protons.
Consequently saturation calculated using log-derived water can be excessive if non-
pore water is present.

In the rocks of the Nevada Test Site the hydrous mineral of general concern is
the zeolite clinoptilolite. When present, other hydrous phases that have been
identified in XRD analysis, such as montmorillonite, biotite, hornblende, opal, and
glass (when hydrated) are considered to be relatively insignificant compared to
clinoptilolite (Pawloski, 1985). This study is concerned with the determination of the
non-pore water content of clinoptilolite-bearing tufts by nuclear magnetic resonance
(NMR) in order to correct the total water content measured by the neutron log by

. subtracting out the non-pore water from the total water.

Zeolites

The zeolites have a three - dimensional structure that can be thought of as a
series of chambers connected by passageways (Berry and Mason, 1959, Frye, 1974).
The passageways are large enough that water molecules can pass through them.
Although water can move relatively freely into and out of the structure, the water
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molecules are bonded with varying bond strengths to the silica tetrahedron
framework structure and to cations (Knowlton et al., 19ql)

The standard procedure for determining the weight fraction water in samples
of rocks is to heat a sample to 105°C and measure the resulting weight loss. This
procedure is called thermogravimetric analysis. The amount of water that would
evolved above this temperature is not determined and therefore not included in the °
saturation calculation. The water molecules whose bond strengths are strong
enough that they can only be broken by thermal energy above 105 ° C are those
constituting the non-pore water. When the zeolites are heated they continually
evolve water from -50 to >600°C, rather than at a discrete temperature(s) as do most
other hydrous minerals (Knowlton et al., 1981). For this reason it is difficult to
obtain a correct value of either pore or non-pore water from thermogravimetric
analysis of zeolites_

The correction

The saturation calculated in zeolitic rocks, using Eq. (1), could be corrected
either by determining the "true" grain density, or by correcting the measured water
content for the non-pore water within the zeolite structure and using that corrected
"free" water in Eq. (1). To determine the "true" grain density of zeolitic rocks one
would have to crush out the micro porosity within the clinoptilolite before making
the volume measurement using a standard procedure, i.e. water or gas volumetric
analysis. We have elected to correct for the non-pore water.

It can be shown (Burkhard and Hearst, 1980) that the weight fraction free water
can be calculated from the measured values of total water and non-pore water by:

FFW = (FTw - FBW)/(1 - FBW) (2)

where FFW is the weight fraction free water in the rock, FTW is the weight fraction
total water obtained from a log, and FBW is the weight fraction non-pore water.

MEASUREMENT OF NON-PORE WATER WITH NUCLEAR MAGNETIC
RESONANCE

Nuclear Magnetic Resonance (NMR) Spectroscopy is a technique where a
sample in a magnetic field absorbs resonant radiofrequency (rf) energy from tne coil
of a tuned circuit. The sample must possess nuclei with nuclear moments (in this
report hydrogen nuclei, or protons). The magnetic field polarizes the nuclear
moments which then absorb rf energy at the resonant condition, 0_=yH. The applied
rf frequency, c0=2_v, is 300 MHz, y is the nuclear gyromagnetic ratio, a constant for
each nucleus and equal to 42.57 MHz/tesla for protons, and H is the field strength of
the applied magnetic field, 7.05 tesla.

The NMR linewidth is used to infer the "type" of proton. For solids
containing spin 1/2 nuclei such as protons, the line width and line shape are
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determined by the nuclear dipole-dipole interaction. This interaction is of the order
of tens of khz compared to the resonant frequency of 300 MHz. The dipole-dipole
interaction varies as the inverse cube of the distance between the nuclei and as (1-

3cos2e) where e is the angle between the internuclear distance vector and the
external field direction. The dipole-dipole interaction is summed over all angles and
internuclear distances for anisotropic media such as the zeolitized rocks described

' here. The strength of this dipole-dipole interaction, which is reflected in the proton
NMR lin,_width, is modulated by the molecular motion of the proton system in

. question. Liquid water undergoes a random chaotic tumbling motion at a rate such
that the angular part of the dipole-dipole interaction, i.e., (1 - 3cos2e) is averaged to
zero. This yields a narrow proton linewidth of only 1-3 Hz full width at half
maximum (FWHM). Waters of crystallization, such as CaSO42H20, are in a rigidly
fixed environment that leads to a maximum dipole-dipole interaction and a proton
linewidth of 65 khz (FWHM). Less rigidly fixed water molecules, such as those
physically adsorbed on a solid matrix, exhibit linewidths of ~2.5 khz (FWHM).
Water with intermediate binding, such as that in zeolites, exhibits intermediate
linewidths. In the case of clinoptilolite, the linewidth is approximately 18.5 khz
(FWHM). Figure 1 is a superposition of two spec_a: (1) the proton spectrum of non-
pore water in a zeolitized rock (FWHM = 20 khz) and (2) the spectrum obtained by
the addition of 3.5% water to a sample of powdered SiO 2 (FWHM = 1.2 kHz). It is clear
from linewidth comparisons that the distinction between non-pore and pore water
can readily be made. Ali peaks that we have observed in this study can be attributed
entirely to non-pore water. Currently, the non-pore water derived from NMR
analysis cannot be directly compared to water given off above and below 105°C
during thermogravimetric analysis (Knowlton et al., 1981).

NMR spectra can be obtained by either of two techniques: the continuous
wave (cw) technique or the pulsed rf technique. In the cw technique, a magnetic field
is swept through the resonance while the irradiating rf field is held at a constant
nonsaturating level; or, equivalently, the magnetic field is held constant while the rf
field is swept through the resonance. With pulsed NMR the magnetic field is held
constant while the rf is applied as a pulse. This produces a time domain signal that is
detected after the rf pulse is turned off. This time domain signal, called the free
induction decay (FID), is digitized and Fourier transformed te yield a frequency
spectrum entirely equivalent to that obtained using the cw approach. Most modern
NMR spectroscopy is carried out using the pulsed approach.



Pore water

Non- pore ,
water

FIGURE 1. The proton NMR spectrum, amplitude vs frequency in ppm (1 ppm =
300 Hz), of zeolotized rock (A), and powdered quartz with 3.5% added
pore water (B, cross-hatched).

The proton content of zeolitized rock samples has been measured by pulsed
NMR techniques. A weighed amount of rock is placed within a sample tube that
positions the sample entirely within the rf coil. A sufficiently strong rf pulse is
applied at the NMR resonance condition, r.0--'yH, so that the entire proton region of
the spectrum is excited uniformly. The FID is detected, digitized and stored in the
data aquisition computer. This procedure detects ali protons in the sample and the
signal can be calibrated to yield the proton concentration (Rabenstein and Keire,

1990). In order to improve the signal-to-noise ratio (SNR) of the detected signal,
many FIDs are acquired and summed. After sufficient acquisitions, the summed
FIDs are Fourier transformed to yield the absorption spectrum, i.e., signal intensity
vs frequency. The spectra are then integrated and compared to a standard integral to
yield grams of hydrogen per gram of rock. Assuming all protons are water, the data
yields percent water per gram of rock. The SNR improves as the square root of the
number of acquisitions. The time required between acquisitions is determine_ by the
relaxation properties of the sample under investigation. T1, the spin lattice
relaxation time, is the time constant for the nuclear spin polarization to return to
thermal equilibrium. It is mandatory that the repeat acquisition time be at least 5 T 1,
or longer, otherwise the sample signal will become saturated and the area integrals
will be incorrect.



Specific procedure for zeolitized rocks

100-125 mg of rock material is weighed into a 7mm OD NMR tube that has a
teflon plug at the bottom to allow the sample to be centered easily within the
horizontal rf coil. A second teflon plug is placed on top of the sample to localize the
sample within the center of the tube and the glass tube is closed with teflon tape. A

.. small amount of teflon tape is wrapped around the center of the tube to hold it
firmly within the rf coil. The spectrometer frequency is set to 300.13 MHz and the
spectral width to 1 MHz. It is important, for quantitative work, that the receiver gain
is set low enough to prevent saturating the receiver, but also high enough to give
maximum sensitivity. Overdriving the receiver leads to distortions in the signal.
This can most easily be detected by the shape of the transformed spectrum. A dip in
the baseline, that cannot be removed by a phase correction, is perhaps the most
sensitive indication of overdriving the receiver. Generally only one or two receiver
gain settings are used for a complete sample set. This sometimes reduces the SNR,
but is considered a reasonable compromise because of the number of samples. The
rate of repetition of the pulse experiment determines how many acquisitions can be
obtained during a given time and therefore the SNR and ultimately the accuracy of
the spectral integrations. We determined that 20 sec between acquisitions is a
reasonable time, since 40 sec gives the same integration values. Usually 64
acquisitions are acquired per sample.

The integrated areas are compared with integrals of a standard of known
proton content measured under identical gain settings. We chose benzoic acid as the
standard sample, because it does not readily adsorb moisture and is available in high
purity. The spin lattice relaxation time for benzoic acid protons is much longer than
that of the rock samples. With a wait of 10 minutes between acquisitions, an
overnight experiment was required for 64 acquisitions. In order to run the
experiments with as high a receiver gain as possible and use a reasonable sample
size, we found it necessary to use two standards: benzoic acid diluted with potassium
bromide and benzoic acid itself.

Accuracy and reproducibility of measurements

The measurements of the percent non-pore water per gram of rock depend on
the weight of the rock sample and the benzoic acid proton standard and on the
proton NMR area measurements. Weights are accurate to 0.1 mg or one part in a
thousand. The least accurate measurements are the NMR areas. Area

measurements can be improved by increasing the number of acquisitions. We have
found that 64 acquisitions give adequate results. Thus the accuracy in reported non-
pore water percentages is determined by the ratio of the area of the rock sample
spectrum to the area of benzoic acid spectrum. To investigate the accuracy of the area
ratios we repeated area measurements five times on one spectrum from each of five
samples containing from 1 wt% to 8 wt% non-pore water. The standard deviations
of the means were approximately 1% of the non-pore water values. Another
important question is reproducibility. Given a sample what kind of reproducibility
in the area measurements is obtained if the sample is measured, removed from the
rf coil, replaced, and measured again. Eight such measurements were made with a
sample of CaSO42H20, with a reproducibility of 2.8%.



SAMPLE HANDLING

It is impossible to demonstrate that either the pore water or the total water
measured from cuttings or sidewall samples collected from holes drilled with water
in a partially saturated medium is equal to the true in-situ water content. Cuttings
samples are saturated in the drilling process, and then perhaps dried during
handling and storage. Sidewall samples can also be either saturated during sampling
with water, or dried during sampling with air. The situation is even more difficult
when zeolites, which can _bsorb water from the atmosphere, are present. A
measurement that responds only to non-pore water, however, may be more
representative of in-situ conditions. (In any case, of course, there is no evidence that
a given sample is typical of the volume of rock that it is purported to represent.)

We investigated whether non-pore water measurements might be more
representative of in-situ conditions than total water measurements by attempting to
reproduce possible scenarios of sample handling. We selected ten cuttings samples
from the emplacement hole U4av. The samples had received no special treatment
before we started the experiment. We first measured the non-pore water of the as-
received samples, and then compared that to the non-pore water measured on the
same samples after subjecting them to different conditions.

First, all samples were equilibrated with water for two days. Then part of each
sample was air-dried for two days, and the non-pore water measured. These parts
were then placed in a container fixed at 52% humidity for 12 days, and the non-pore
water again measured. Finally, they were desiccated over drierite for 12 days and the
non-pore water measured once again. This procedure was an attempt to reproduce
the effects of drilling, storing at NTS, and transporting to Livermore in winter. The
final step of desiccation was an attempt to guarantee that only non-pore water was
measured. We consider that measurement to be one of minimum non-pore water.

Meanwhile the other part of each sample was drained and air dried for only
one hour, and then stored at 52% humidity for 12 days. This was an attempt to study
the effect of approaching a winter-type humidity from the other direction. Again,
the non-pore water was measured and the samples placed in a desiccator over
drierite for 12 days and the measurement repeated.

Table I shows the results. In the top ha.lf of the table the left column shows the
depth for each sample, the next shows the non-pore water measured as received, and
the next five columns show the other non-pore water measurements. In the bottom
half of the table the columns under the measured values show the difference

between those values and the original as-received values. The right-hand column in
the bottom half shows the differences between the two sets of desiccated samples.

In the case of the samples that were .saturated, air dried, and then humidified,
the mean difference between the measured values after treatment and the as-
received values is consistent with a difference of zero. In the case of humidification

without air drying, the difference is clearly real and positive.



When the samples were desiccated after humidification the non-pore water
decreased, generally to less than the as-received value. The increased non-pore
water at 421 m is apparently real, but unexplained. This outlier distorts the mean of
the difference between desiccated samples and the as-received samples and is
therefore left out of the means shown in Table I.

TABLE I

,, Measured non-pore water (wt%)
52% 52%

Depth As Air humidity hum!dity
m Received Dried after air dry Desiccated w/o alr dry Desiccated

387 4.7 4.51 4.48 3.39 6.44 3.79
396 2.96 3.77 3.36 2.58 4.01 2.9
421 7.03 6.45 4.64 9.25 10.98 8.4
436 3.64 2.96 3.7 2.92 3.61 2.05
457 7177 6.27 8.17 6.77 8.55 6.11i

479 4.36 4.72 5.29 4.11 5.87 4.56
i

482 5.43 6.45 6.46 4.21 6.96 5.27
597 5.84 4.64 4.38 3.49 6.33 4.77
625 6.25 5.51 5.71 4.08 6.44 5.43
643 6.32 5.98 6.17 5.26 7.39 5.10

Non-pore water minus as-received
non-pore water *

387 -0.19 -0.22 -1.31 1.74 -0.91 0.40
396 0.81 0.4 -0.38 1.05 -0.06 0.32
421 -0.58 -2.39 2.22 3.95 1.37 -0.85
436 -0.68 0.06 -0.72 -0.03 -1.59 -0.87

i

457 -1.5 0.4 -1.00 0.78 -1.66 -0.66
479 0.36 0.93 -0.25 1.51 0.20 0.45

,,,

482 1.02 1.03 -1.22 1.53 -0.16 1.06
597 -1.2 -1.46 -2.35 0.49 -1.07 1.28
625 -0.74 -0.54 -2.17 0.19 -0.82 1.35
643 -0.34 -0.15 -1.06 1.07 -1.22 -0.16

Mean difference -0.304 ').194 -0.824 1.228 -0.592 0.232
Std dev of mean 0.260 0.334 0.400 0.354 0.295 0.268

Differences in desiccated values.

With that sample removed, the mean value of the non-pore water measured
on desiccated samples is between 0.5 wt% and 1 wt% less than the mean value
measured on as-received samples. Moreover, the mean difference between samples
air-dried before humidification and those not air-dried is less than 0.25 wt%, and is

equal to one standard deviation.

It therefore appears that desiccating the samples before measuring non-pore
water tends to eliminate the effect of prior treatment. Since measured non-pore
water from desiccated samples is lower than that from other treatments, desiccation

also the most conservative method of sample treatment. Consequently,
desiccation appears to be the method of choice for treating samples whose previous
treatment is unknown.



A CASE STUDY

The working point in emplacement hole U4av is in zeolitic rocks. The
saturation calculated from the log-measured water using Eq. (1) was greater than
100% at many depths. We measured non-pore water from desiccated samples over a
considerable depth range; the results are shown in Fig. 2.

To create a log of free water, we interpolated the non-pore water values shown
in Fig. 2 to the depths at which the neutron log gave values of total water, and then
used Eq. (2) to calculate free water at each depth. Figure 3 is a comparison of the free
water to the original log. Figure 4 shows the effect of using free water instead of total
water for the calculation of saturation. Almost all implausibly high values have
been reduced below 100%. There are, of course, still substantial uncertainties in the

measurement of grain density, bulk density and water content included in the
calculation of saturation; substitution of free water for total water does not reduce
these.

CONCLUSION

The use of free water obtained from correction of log-derived total water for
the non-pore water measured on desiccated samples appears to result in more
plausible values for calculated saturation properties in zeolitized rocks. There is
evidence (Martin et al, 1991) that grain density can best be measured using helium
pyncnometry of samples kept at a controlled humidity. The best procedure would be
to measure both grain density and bound water in the same samples at the same
humidity. Under those conditions, desiccation would not be necessary, and the
values of grain density and water content used in Eq.(1) would be completely
compatible. This procedure should improve our site characterizations.
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