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INTRODUCTION

Nuclear magnetic resonance logging is a technique
used to identify hydrocarbons and predict their pro-
ducibility (Allen et al., 1997). The unique advantage
that NMR provides is a measure of pore size distribu-
tion independent of lithology. In the oil and gas indus-
try, NMR logging is traditionally focused on delineat-
ing “producing” from “non-producing” zones and fur-
ther describing the producing formation intrinsic per-
meability and fluid types. 

In contrast, NMR logging conducted in support of
nuclear repository site investigations is focused on
locating and characterizing low permeability rock for-
mations that are potentially suitable host rocks for the
final disposal of high-level radioactive waste. Of spe-
cial interest in these investigations is the determina-
tion of representative formation intrinsic permeabili-
ties and hydraulic conductivities to support the evalu-
ation of radionuclide transport of species released
from a hypothesized underground repository to the
biosphere. The standard methods for determining rep-
resentative formation permeabilities and hydraulic

conductivities is to conduct laboratory analyses on
representative core samples or conduct in-situ hydro-
logic field tests, i.e., with inflatable packer systems. 

ONDRAF/NIRAS, with support from SCK•CENb, are
currently conducting investigations of two clay forma-
tions in Belgium to assess their suitability for poten-
tial underground disposal of high level radioactive
waste. As part of these investigations, the Boom Clay
has been extensively hydrologically tested (Wemaere
and Marivoet, 1997) on a regional basis. To support
these investigations, ONDRAF/NIRAS and SCK•CEN
are evaluating the capability of borehole NMR to pro-
vide “continuous” estimated permeabilities and
hydraulic conductivities, that can supplement mea-
surements from core and field hydrologic tests. In
April 1997 ONDRAF-NIRAS conducted borehole geo-
physical logging of the Mol-1 borehole (Figure 1),
which fully penetrates the Boom Clay (Win et al., 1998,
Strobel et al., 1998). Included within the logging suite
was the Combinable Magnetic Resonance* tool
(CMR), the Schlumberger logging system for borehole
NMR. Results from CMR logging were compared to
results from extensive Boom Clay hydraulic conduc-
tivity testing performed on Mol-1 core (Wemaere,
1998).

CHARACTERISTICS OF THE BOOM CLAY

The Boom Clay was deposited in a shallow marine
environment during the Oligocene and is comprised
of rhythmically layered silts and clays, with an aver-
age thicknessof 0.5 m (Vandenberghe et al., 1997). The
Boom Clay underlies most of northern Belgium and
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extends into The Netherlands (Formations of Ratum
and Brinkheure) and Germany (Septarienton) (Fig. 1).
The Boom Clay, within the Mol-1 borehole (Table 1),
can be subdivided into three formally recognized
stratigraphic members and an informally recognized
“transition zone”. The Boom Clay bulk mineralogy, as
determined from Mol-1 core, is composed primarily
of the mineral groups quartz, feldspar, and clay, with
clay minerals consisting primarily of illite, kaolinite
and smectite as determined from dual range FT-IR
analysis (Wouters et al 1999).

Boom Clay hydraulic conductivities have been exten-
sively measured in core, in boreholes, and within the
Mol site Underground Research Facility (URF)

(Wemaere and Marivoet 1997; De Cannière et al.,
1994). Laboratory tests from URF samples average
about 1.6 10 -12 m/s (Kv) and 4.6 10 -12 (Kh), while URF in
situ measurements average respectively 2.2 10 -12 m/s
(Kv) and 4.8 10 -12 m/s (Kh). The URF measurements are
representative of the Putte Member only. From other
boreholes, hydraulic conductivities from the Putte and
Terhagen members are generally in the range of 1 to
8 10-12 m/sec, while the more silty Belsele-Waas
Member and the “transition zone” are at least one to
two orders of magnitude greater reflecting the pres-
ence of coarser sediments. Over 75 laboratory
hydraulic conductivity tests have been performed on
Mol-1 Boom Clay samples, and the overlying
Eigenbilzen Formation sands thus far (Wemaere,

274

Fig. 1. Regional extent of the Boom Clay Formation.

Table 1. Stratigraphy and Hydraulic Conductivities of the Boom Clay and bounding formations.

Stratigraphic Subdivisions

Eigenbilzen Fm.

191-216 Kv: 1 10-12 1 10-11

Kv: 1 10 -12 - 2 10-12

216-263

263-280

280-291

Boom Clay Fm. Transition zone

Putte Mbr.

Terhagen Mbr.

Belsele-Waas Mbr.

Kv: 5 10-11 - 4 10–10

Kh: 1 10-10 - 6 10 -10

Kv: 1 10 -12 - 5 10-12

Kh: 4 10 -12 - 8 10-12

Kv: 7 10-11

Kh: 3 10-10

Depth Interval (m) Hydraulic Conductivity (m/s)



1998) using migration (Dierckx et al, 1997) and
hydraulic testing procedures. A summary of these
results are shown in Table 1. 

NMR LOGGING TECHNIQUE

The CMR tool measures the pore size distribution of
the formation from which the porosity, bound and
free water distribution, and permeability are estimat-
ed.This is achieved by utilizing a large permanent
magnet that aligns the non-lattice bound hydrogen
along the polarizing field. This process, called polar-
ization, increases exponentially in time with a con-
stant T1. A magnetic pulse from a radio frequency
antennae in the CMR tool rotates, or tips, the aligned
protons into a plane perpendicular to the polarization.
The protons, now aligned in a plane transverse to the
polarization field, will start to precess around the
direction of the field. The precessing protons sweep
out oscillating magnetic fields like a radio antenna.
The CMR tool employs a receiver connected to the
same antennae used to induce the spin-flipping pulse.
The antennae and receivers are tuned to the reso-
nance frequency of hydrogen nuclei and receive a tiny
radio frequency signal from the precessing protons in
the formation. Ideally, the spinning protons continue
to precess around the direction of the external mag-
netic field, until they encounter an interaction that

would change their spin orientation out of phase with
others in the transverse—a transverse relaxation
process. The time constant for the transverse relax-
ation process is called T2. The decay of the precessing
signal is the heart of the NMR measurement and is a
function of 1) the intrinsic bulk relaxation rate within
the borehole fluid, 2) the surface relaxation rate, and
3) diffusion. 

In most formations, relaxation times depend on pore
sizes. Small pores shorten relaxation times—the
shortest times corresponding to clay-bound and cap-
illary-bound water. Large pores allow long relaxation
times. Therefore, the distribution of relaxation times is
a measure of the distribution of pore sizes. T2 relax-
ation times and their distributions may be interpreted
to give other parameters such as intrinsic permeabili-
ty, producible porosity and irreducible water satura-
tion.

A typical T2 distribution for a sandstone and for the
Boom Clay (Putte Member) is shown in Figure 2. The
sandstone T2 distribution has a characteristic double
peak, indicating free fluid water above a 32 msec line
and a second peak below the 32 msec, indicating clay-
bound water. The single-peak T2 distribution for the
Putte Member (Figure 2) is characteristic of low-per-
meability rocks and closely resembles the single peak
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Fig. 2. T2 distribution of sandstone (top) and Boom Clay, Putte Member (bottom)



T2 distribution curves produced from laboratory NMR
experiments on clay-brine mixtures (Matteson et al.,
1988). Matteson et al. submit that a single-peak T2 dis-
tribution indicates that there is effective molecular dif-
fusion between the surface monolayer and pore
water, resulting in a common relaxation time.

DETERMINATION OF INTRINSIC PERMEABILITY

After a CMR-derived porosity has been determined,
the most effective estimator of permeability for silici-
clastic rocks is constructed from the lambda parame-
ter, which is the size of dynamically connected pores
(Herron et al., 1998). 

The equation for permeability using the lambda para-
meter (k-Lambda) is:

kλ1 = Z3φm*T1
2

Where:

kλ1 = Intrinsic permeability estimate, for k > 100 mD
(10-9 cm2)

Z3 = Proportionality constant, .1
φ = CMR derived total porosity, 
m*= Cementation exponent: 
T1 = Magnetic resonance longitudinal relaxation

time, in msec

For formations with permeabilities less than 100 mD
(10-9 cm2), such as the Boom Clay, core data have
shown that the k-Lambda equation overestimates the
actual permeability by a factor related to the original
estimate. This error arises because as pore throats
become smaller the relative thickness of the capillary
bound water increases thus proportionally decreasing
the true hydraulic radius. Based on core data, the fol-
lowing empirical correction for lower permeability
rocks has been developed

log10(kλc) = -1.5005 + 2.2054 * log10 (kλ1) – 0.225 * log10

(kλ1)2

Where:

kλc = Intrinsic permeability estimate, for k < 100 mD
(10-9 cm2)

kλ1 = Intrinsic permeability estimate, for k < 10-9 cm2

T1, the longitudinal relaxation time, cannot be mea-
sured with the CMR. The T1/T2 ratio is typically constant
within a formation; therefore, T1 was estimated by
determining the constant divided by T2, a measure-
ment performed by the CMR. For the Mol-1 data, a
best fit between core and log permeabilities was cal-
culated with a T1/T2 ratio of 1.175. The log permeabili-
ties were then translated into hydraulic conductivity
values (m/s). The log derived permeabilities and
hydraulic conductivities are shown compared to the
core results of Wemaere et al. (1998) in Figure 3. 

DISCUSSION AND INFERENCES

CMR logging results in this study, using the lambda
estimator, accurately reflect Boom Clay hydraulic con-
ductivities measured in core, with a resolution as low
as ~10 -12 m/s. Permeability calculations of the Boom
Clay in the Mol-1 borehole have been made in the
past (Strobel et al 1998), but using a different estima-
tor (SDR formula) based on the relationship between
T2 relaxation time and CMR total porosity (Singer et
al., 1997). Using the SDR formula, CMR results mimic
vertical changes in core permeability but do not match
the actual permeability values, requiring a significant
shift of the CMR logging curve to align with the core
permeability results. Using the k-Lambda estimator,
as described in this paper, has solved this problem.
The CMR-estimated permeabilities now quantitatively
approximate the core derived permeabilities very
well, with an average difference of only 8% of the total
measurement. 

CMR-derived permeabilities in the Mol-1 borehole
appear to reflect the characteristic permeabilities of
Boom Clay members, as recognized in Wemaere
(1998), with the Putte and Terhagen Members being
less permeable than the overlying transition zone and
the underlying Belsele-Waas Member (see Table 1).
This pattern is also displayed regionally (Wemaere
and Marivoet 1997) and points to the CMR‘s potential
future use in regional studies. This type of information
is useful in determining the effective thickness of the
Boom Clay, i.e., where permeabilities are lower than
10-11 m/s, to assist in calculating the migration of
radionuclides (Wemaere, 1998). 

A thorough investigation comparing CMR derived
permeabilities to those from field hydrologic tests in
the Boom Clay has not yet been conducted. However,
it was noted in Wemaere and Marivoet (1997) that
“only small differences” (less than a factor of 2) are
observed between laboratory and in situ measure-
ments of the Boom Clay. Never-the-less, further work
is necessary to evaluate the potential impact of test-
ing scale.

Another topic for further investigation is the relation-
ship of CMR measurements to conpaction of the
Boom Clay. Wemaere and Marivoet (1997) noted that
Boom Clay permeabilities decreased with increased
consolidation of test samples, based on work by
Henrion (1988). Matteson et al (1988) show in their
study the decrease in T2 time with compaction of clay
brine mixtures. In the initial assessment of CMR with
the Boom Clay at Mol-1, some correlation was sug-
gested between the CMR results and the Boom Clay
geomechanical subdivisions recognized by Schittekat
et al (1988). The CMR may prove to be a useful tool in
evaluating the impacts of compaction on a regional
basis. 

CONCLUSION

NMR logging has been successfully applied to esti-
mating permeabilities and hydraulic conductivities in
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Figure 3.  CMR derived permeability and hydraulic conductivities shown with core-derived hydraulic conductivity.



the low permeability Boom Clay. Measurements from
NMR logging accurately reflect hydraulic conductivi-
ties measured in core, with a resolution as low as ~10 -

12 m/s using a special permeability calculation. The
CMR results also correspond to hydrogeologic units
present within the Boom Clay, that correlate with rec-
ognized stratigraphic subdivisions. NMR logging pro-
vides continuous measurements that are complemen-
tary to other hydrologic tests, but also provides mea-
surements with greater vertical resolution than field
hydrologic tests. 
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