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ABSTRACT
The DOE Environmental Restoration (ER) Program faces the difficult task of

characterizing the properties of the subsurface and identifying and mapping a large number
of contaminants at landfills, surface disposal areas, spill sites, nuclear waste tanks, and
subsurface contaminant plumes throughout the complex of DOE facilities. Geophysical
borehole logs can measure formation prope_ies such as bulk density, water content, and
lithology, and can quantitatively analyze for radionuclides and such elements as chlorine
and heavy metals. Since these measurements can be repeated as desired, they can be used
for both initial characterization and monitoring of changes in contaminant concentration
and water content (sometimes linked to contaminant migration), at a fraction of the cost of
conventional sampling. The techniques developed at several DOE laboratories, and the
experience that we have gained in making in-situ measurements in the vadose zone, are
applicable to problems at many other DOE sites. Moreover, they can capitalize on
existing inventories of boreholes. By building on this experience workers involved in ER
projects at those sites should be able to obtain high-quality data at substantial reductions in
cost and time.

INTRODUCTION

In recent years, environmental restoration has become a primary mission at many
of the United States Department of Energy (DOE) laboratories and production facilities.
The DOE Environmental Restoration (ER) Program faces the difficult task of
characterizing the properties of the subsurface and identifying and mapping a large number
of contaminants at landfills, surface disposal areas, spill sites, nuclear waste tanks, and
subsurface contaminant plumes throughout the complex of DOE facilities.

It is impossible to understand the behavior of contaminants in the subsurface
without understanding the properties of the subsurface geological formations. Therefore

' it is important to identify rock types, such as limestone, sandstone, or clay, and to quantify
rock properties, such as bulk density, water content, and porosity, in these formations. Of
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course it is also vital to measure the amounts and types of contaminants present, and to4

observe the changes in these contaminants over time.



Site characterization is proceeding at DOE sites using existing technology, mainly
physical sampling with extensive laboratory analyses. In-situ borehole geophysical logging
techniques, which yield data immediately, and which sample much larger volumes of
material than physical samples, are capable of characterizing many of the formation
properties and contaminants in the rock or soil through which the borehole passes, at
substantially lower cost than physical sampling. Moreover, geophysical logs can be used
in existing holes, which might have been drilled many years before the need for the data
arose.

Consequently we recommend the use of geophysical borehole logs to supplement
and complement sample data at ER sites. Logs can do this in two ways. First, data from
logs can be used to guide the choice of sampling depths. In this way sampling can be
optimized. Second, in many ways log data can replace sample data, and therefore the use
of log data can reduce the number of samples required, thus reducing operating costs
while improving site characterization. We and our colleagues have developed
considerable capability in adapting borehole logging methods to partially saturated
formations above the water table: the vadose zone. This capability is available to other
users in the DOE complex.

COMPARISON OF LOG AND SAMPLE DATA

Data Quality: Although the accuracy of data from a single laboratory sample analysis
may be quite high, using those laboratory analyses to infer the true properties of the
formation may not always yield correct results. Mineralogy and chemistry obtained from
sample data are usually satisfactory. But properties such as water content and
concentration of contaminants in cores and sidewall samples can frequently be changed by
the sampling process, especially if the formation is partially saturated, which is usually the
situation in the vadose zone. In friable formations the bulk density and porosity can also
be changed markedly during sampling. Consequently logs, which tend to investigate the
undisturbed formation, can often provide more satisfactory values of bulk formation
properties.

Measurement Volume: If a borehole is sampled every 1 meter, and a 7-cm-diameter, 15-
cm-long sample is obtained, the total volume investigated is approximately 600 cm3. For
the same 1-m length ofborehole, a typical borehole log, with a radius of investigation of
20 cm, will investigate a volume of more than 100,000 cm3. Moreover it is unlikely that
the entire physical sample will be analyzed for a given property, making the difference in
measurement volume between log and sample even greater. It is clear that, although the
data from a physical sample may be more precise than those from logs, unless the
formation is quite homogeneous the log data are likely to be much more representative of '
the bulk properties of the formation.

1

o.

Costs: A representative sampling scenario for a 30-m-deep site-characterization borehole
at a site that is even slightly radioactive might be to extract and analyze 20 samples at 1.5
m intervals at a cost of, perhaps, $5000 per sample (including such overhead costs as



dealing with environment, safety, and health issues, which can be very expensive), or
$100,000 for the entire borehole. If the borehole is cased with sealed casing so that
contamination of the equipment is unlikely, it is reasonable to estimate that it could bei

logged as part of an overall site logging program, and the data processed, for a few
thousand dollars, a small fraction of the sampling cost.

t

Long-term monitoring: Once the borehole is cased, extraction of further samples
becomes difficult, but many logs can be mn through casing if they are properly calibrated.
Thus, borehole logging techniques are very well suited for long-term monitoring, allowing
the same boreholes to be scanned at regular time intervals for as many years as required.

These considerations show that costs can be reduced and data quality improved by
the appropriate use of a combination of physical samples and borehole logs.

A FIELD EXAMPLE

When an underground nuclear test is conducted, the presence of carbon is potentially
hazardous because it can combine with oxygen to form gaseous CO2. When the cavity
cools, most materials condense out bu,+ CO2 remains a gas, possibly under sufficient
pressure to drive a delayed leak of radioactive materialsto the surface. In the past, Los
Alamos National Laboratory (LANL) used sidewall sampling, at a typical cost of $50,000
per borehole, to obtain samples for carbonate analysis.

In a joint project, Lawrence Livermore National Laboratory (LLNL) and LANL
developed new calibration factors, quality control techniques, and data reduction
techniques to allow us to use an existing commercial neutron-induced gamma-ray spectral
logging service to analyze the rock for the presence of carbonates (1,2). The logging data
are less accurate than sample analyses, but logging gives a continuous record of carbon
distribution with depth, analyzing some 104 times the volume of rock analyzed by physical
sampling, for about $1000 per borehole as part of a larger borehole logging contract.

As a test, we logged an existing borehole that had been extensively sampled and at a
depth of about 180 m we found a potentially dangerous 12 m thick zone of high carbon
content that had been missed entirely by the sampling; this zone was confirmed by
subsequent additional sampling (Figure 1). This result is an illustration of the feasibility of
combining a reduced sampling program with borehole logging to achieve greatly
enhanced data confidence at reduced cost.

CAPABILITIES OF GEOPI_'SICAL LOGS

The geophysical logging industry was originally developed in support of the
' petroleum industry, and although many geophysical logs are available from contractors,

most of them are designed and calibrated for conditions common in the petroleum
industry: liquid-filled holes in liquid-saturated formations. In the DOE complex, especially
in arid regions, many boreholes are air-filled and cased, and pass through large sections of
vadose material. Nevertheless, many properties of interest can be measured with
geophysical logs.



For ER applications, two of the most important formation properties that can be
measured with geophysical logs are the bulk density and water content. Since many
contaminants are water-soluble, changes in water content over time can be linked to
migration of contaminants. Furthermore, when water content is combined with bulk
density and grain density (the latter measured from cuttings samples), porosity and
saturation, both vital for hydrological analyses, can be obtained (3).

Natural radionuclides (K, U, and Th and their families) are routinely measured with
spectral gamma-ray logs. Using these data combined with density and water content, it is
often possible to infer the rock type. Other types of nuclear logs can measure
concentrations of actinides and many nonradioactive elements. If concentrations of
several nonradioactive elements are measured, the minerals present can be specified with
better reliability than from water content, density, and radionuclide concentration alone.

Logs of magnetic intensity and magnetic susceptibility can often be used to aid in
the identification of stratigraphic units. They are particularly helpful in volcanic
sequences.

Almost all of the logging procedures require some type of modification or
recalibration for use in the vadose zone, especially if the boreholes are cased. Our groups
have developed many such methods of modification and recalibration for solving logging
problems at our different sites. Our experience in developing these methods could be
applied to similar problems at other sites in the DOE complex. We shall discuss each type
of log in turn, and illustrate some of our approaches.

Density: A borehole logging instrument (a "tool") using gamma ray scattering is the
common method for measuring bulk density in uncased boreholes (3,4). Gamma rays
from a radioactive source are scattered and attenuated in the formation. [In the future, an
X-ray generator may become available as a gamma-ray source, reducing the danger of
radiation exposure to operators (5).] Bulk density can be inferred from the number of
gamma rays from a calibrated source reaching the detector. Many commercial tools use
two detectors, with the count rate in the detector closer to the source used to correct the
count rate in the farther detector for the effects ofborehole irregularities and mudcake
(deposits of solids from the drilling fluid.) Commercial calibration is adequate to measure
bulk density to better than +0.05 g/cm 3 in uncased holes up to about 30 cm in diameter,
provided the logging tool is in firm, parallel contact with the borehole wall.

For larger holes, or cased holes, commercial calibration procedures are generally
not satisfactory, and special calibrators, incorporating appropriate simulations ofborehole
conditions, are required. A calibrator for larger holes is not difficult to build, and one has
been constructed at the DOE Nevada Test Site (NTS). Because it is more likely for a ,,
tool to be tilted in a large hole than in a small one, special efforts should be made to assure
parallelism and contact in holes greater than about 20 cm diameter.



For cased holes, the log must be corrected for gaps in the annular material between
the casing and the wall of the hole. A specialized form of a density log may be used to
locate such gaps (6), and has been used at the NTS. Special calibration, of course, isq

required.

Another method for measuring bulk density is borehole gravimetry (3,7). Its
volume of investigation is much larger than that of the gamma-ray density log, and it is not
influenced by borehole conditions, but its vertical resolution is poor. The borehole
gravimeter is also useful in choosing among structure models proposed by geologists. !'_

Water Content Using Neutron Logs: A borehole logging tool using neutron diffusion is
the standard method of measuring water content in situ (3,4.) Neutrons from a chemical
source or a neutron generator are slowed down by hydrogen in the formation. The
hydrogen content, and thus the water content, can be inferred from the number of
neutrons detected at a given distance from the source. If the source-detector spacing is
chosen properly, water content can be measured to + 2 or 3 voi%.

Commercial borehole neutron logs use the ratio of the count rates in two detectors
at different distances from the source to measure water content and correct for borehole

irregularities. The correction procedure used by the industry for these tools is designed
for boreholes filled with hydrogenous liquid, and is unsatisfactory for air-filled holes (8).
Therefore a single-detector tool is ordinarily used in air-filled holes. The source-detector
spacing should be chosen to be optimal for the range of water contents expected (9).

Commercial neutron logs, designed for petroleum applications, are not calibrated
for the vadose zone. Their calibration assumes a saturated formation, and the user must
apply corrections if partial saturation is suspected. Tools with very short source-detector
spacing, called moisture gauges, designed for agricultural and geotechnical applications,
are usually calibrated for air-filled holes, and there are no assumptions about saturation,
but the calibration is specific to a standard borehole casing, usually 5 cm-diameter
aluminum. Therefore it is likely that any neutron logging system used for ER will have to
be calibrated for the hole diameter and casing size in which it will be used.

Neutron logs are also affected by borehole size, gaps between the logging tool and
the wall of the borehole, the cement in the annulus behind the casing, and gaps in that
cement. Some commercial logs come with correction algorithms for gaps between tool
and wall in uncased boreholes, but none measure those gaps to supply input for the
correction. At the NTS we attach gap-measuring devices to our logging tools, and
calibrate our tool at many values of gap, so that we can apply a correction for the gap

' between the tool and the borehole wall in an uncased hole (10). We have also used a
specialized density log to detect gaps in the annulus between the casing and the formation
for a special application at the NTS (6). Any tool that will be used in cased holes should
be calibrated for plausible ranges of annular gaps.



Neutron logs are also affected by the bulk density of the formation, and must be
calibrated for the range of densities expected. Then the density log can be used to correct
the neutron log. Our vadose-zone calibrator at the NTS offers a range of densities.

P

Another vadose-zone calibrator, designed for small (20-cm dia), cased holes, is in
the planning stage at the Hanford site. It is likely that this calibrator will be useful in 0
calibrating tools for other DOE sites with similar conditions.

Figure 2 shows density and neutron logs from big-hole tools in a 2.4-m-diameter
borehole (solid line) and small-hole tools in a nearby 44-cm-diameter borehole at the NTS.
The small-hole tools were originally calibrated for a 20-cm hole and had to be recalibrated
by LLNL to prepare the logs shown. Before recalibration (dashed line), agreement
between the logs in the two holes was poor; after recalibration (dotted line) agreement
appears quite satisfactory.

Another method of measuring water content with neutrons is the measurement of
the time required for a pulse of neutrons from a neutron generator to slow down (11).
Such a device has been tested in uncased holes at the NTS, and will be tested in cased
holes at the Hanford site. It has the advantage over conventional neutron logs of
enhanced sensitivity to low water contents and minimal radiation exposure to operating
personnel.

Water Content from Electrical Logs: Water content can also be estimated
quantitatively from electrical logs, using either electrical resistivity or dielectric
permittivity, if there is no metallic casing. In both cases, the large contrast between the
electrical properties of water and the electrical properties of rock make it possible to
estimate the water content.

Because the electrical resistivity of rocks is controlled by water content and
salinity, resistivity logs (electrode-based tools) are the standard means of estimating water
saturation in petroleum logging. However, it is difficult to obtain good resistivity logs in
the unsaturated zone. Because galvanic contact cannot easily be maintained in air-filled
boreholes, electromagnetic induction tools are used. Induction tools perform well where
formation resistivity is low, but where the electrical resistivity exceeds several hundred
ohrn-m (which happens when the groundwater is relatively fresh and formation water
content is low), their accuracy decreases markedly, the uncertainty in estimation of water
content increases, and reproducibility decreases. Difficulties in obtaining good induction
logs in these conditions are documented by Nelson and Schimschal (12). As a practical
matter, induction tools can be used in non-metallic casing (fiberglass or PVC), whereas
electrode-based tools require that the borehole fluid be in direct contact with the rock or '
soil.

#

The relative dielectric permittivity of water is around 80 tTmand the permittivity
of most minerals is less than 10 f/m, hence permittivity can be used to distinguish and
quantify water content. Commercial logging tools measure dielectric permittivity using



coil-beating centralized tools operating between 20 to 50 MHz and sidewalled tools
bearing slot antennas which operate between 1.0 and 1.1 GHz. Dielectric logs have not
achieved the popularity of the older resistivity logs, so the experience base is not nearly as
great. One consequence is that the relationship between the dielectric measurement and
the water content (often referred to as a "mixing rule") is not as well tested as are the

, standard Archie relationships for resistivity and water content. However, an empirical
mixing relationship has been tested by the U. S. Geological Survey (USGS) using data
from a borehole at Yucca Mountain, Nevada (13), In this case, density and dielectric logs
are used in combination to derive a water-filled and an air-filled porosity within the
unsaturated zone comprised of welded tufts. Figure 3 shows a comparison between these
porosities, and estimates of air-filled porosity (void space) derived from gravimetry
measurements and of water content derived from core porosity. It is not known whether
the log-derived air-filled porosity % is overestimating the true void space or the
gravimetry measurement is underestimating it.

Passive Gamma-Ray logging: Gross-count or total-count gamma-ray logging
instruments produce a log of total gamma-ray intensity as a function of depth. These
instruments can be used to detect radioactive zones, but cannot be used to determine what
radionuclides are present.

Scintillators such as NaI(TI) or CsI(Na) can be used to obtain low-energy-
resolution gamma-ray energy spectra in boreholes (14,15). With such spectral gamma-ray
(SGR) systems it is possible in many cases, with appropriate data processing, to determine
which gamma-emitters are present (16).

SGR logging is an extremely sensitive indicator of gamma-emitting nuclides in the
ground. High-energy-resolution SGR logging syst_,'msbased on solid-state detectors such
as intrinsic germanium are more effective than scimillators in identifying numerous
gamma-emitting nuclides at low concentrations (17, i 8). They are, however, more
complex because they must be operated at cryogenic temperatures. At Hanford a high-
resolution gamma-ray-spectroscopy logging system operated by Westinghouse Hanford
Company operates routinely in cased holes to quantify radioactive contaminants in the
subsurface. These contaminants come from leaking storage tanks and from effluent
infiltration structures such as drain fields, ponds, ditches, and injection wells. Figure 4
shows the depth profile of 137Cs and 60Co, the two most commonly encountered
gamma-ray-emitting contaminants, below an effluent disposal site. As indicated in the
figure, the detection system can quantify contaminant concentrations down to pCi/g levels
for specific radionuclides.

' A properly calibrated SGR log can give accurate concentration estimates in thick,
uniform zones or in regions where rock properties vary slowly, if appropriate corrections
are applied for non-standard borehole conditions. However, the logs will be distorted in
the vicinity of thin zones and bed boundaries. The effect is a non-linear function of many
parameters including borehole diameter, fluid, casing type and thickness, and formation
density, porosity, and water saturation. To correct for such distortions, inverse theory



must be applied; this is sometimes called spatial deconvolution (19-21). More
sophisticated approaches may be needed for some applications to meet the stringent
quality assurance requirements for data used in ER work.

Like any log, gamma-ray logs must be calibrated for the conditions under which
they will be used. Existing DOE systems are commonly calibrated using borehole models
originally built for calibrating uranium exploration tools. The DOE calibration center is at
Grand Junction, CO, where there are many such models. Four other DOE models,
originally at Spokane WA, have been moved to Hanford. Detailed descriptions of
properties of all of these models are available (22).

Neutron-Induced Gamma-ray Logging: The concentration of many nonradioactive
elements can be determined from the energy spectra of gamma rays emitted when the
formation is irradiated with fast neutrons from neutron generators or 252Cf sources
(2,3,23). This method is particularly well-suited to measurement of concentration of
heavy metals, which are often important contaminants. Techniques for interpretation of
the spectra are improving rapidly (24,25). Commercial logging tools use NaI detectors,
whereas several tools in the development stage use intrinsic germanium detectors that
permit much better energy resolution (26,27). Some of the nonradioactive elements that
can be quantified are A1,B, C, Ca, CI, Cr, Fe, Gd, H, Mg, Ni, O, P, S, Si, Ti, and V.

LANL and ChemNuclear Geotech (at the DOE Grand Junction Project Office) are
using computer models to develop new methods for analyzing the data from logging tools
with neutron generators and intrinsic germanium detectors. A new system that is expected
to provide a substantial improvement in performance over existing intrinsic germanum
systems is being developed by this team.

Chlorine concentration can be obtained by measuring the gamma-ray flux from
neutron capture as a function of time. This is a useful method for measuring the
concentration of organic solvents such as carbon tetrachloride.

Of course these tools too must be calibrated. Commercial tools are sometimes

calibrated for cased holes, but rarely for air-filled holes. At the NTS there is a special
calibrator for carbonates measured from large air-filled holes (2).

Fission Neutron Logging: Concentration of uranium and other fissile nuclides can be
measured by prompt fission neutron logging, a procedure originally developed for uranium
exploration but now of interest in site characterization and monitoring (28). Models for
calibration of the instruments are available at Grand Junction and at Hanford.

0

Nuclear Magnetic Logs: The use of nuclear magnetism or nuclear magnetic resonance
techniques in the logging of holes without magnetic casing has been revived with the p

introduction of two logging systems (29,30). One tool measures the response from a thin
annulus surrounding the tool. The second tool incorporates the sensing system in a pad
pressed against the borehole wall; the volume sensed lies with a few cm of the wall. Both,/



systems use permanent magnets to align hydrogen protons which are then perturbed by a
second magnetic field pulsed at radio frequencies. The recovery signal of the perturbed
protons is detected and related to the water in the pore space. Laboratory experiments
have also shown that components of the signal can be related to permeability.

, Nuclear magnetic resonance logging is attractive for the vadose zone because it
can be done easily in an air-filled borehole and because it responds to water in the pore
space while being relatively unaffected by water structurally bound to clay minerals. We
are not aware however, of any tests of the procedure in the vadose zone; such tests will be
required to learn if nuclear magnetic logging will be useful in that situation.

Magnetic Logging: Magnetic intensity logs have been used in holes without magnetic
casing by LLNL and the USGS at the NTS to identify and correlate rock units (31,32).
Their application is straightforward in volcanic tufts with high magnetic remanence
because the total magnetic field in a borehole is decreased or increased so much by the
surrounding tuffbeds that the effect is easily seen (Fig. 5). In other geological
environments, magnetic susceptibility logs might be useful for correlation (33).

CONCLUSIONS

Properly calibrated geophysical borehole logs can often supplement or even
replace data from samples, frequently at substantially lower cost. Because they can be
used in boreholes drilled and cased many years earlier, logs can produce data impossible to
obtain from samples. Because they can be repeated over time, logs can be used to
monitor processes which could not be monitored with sample data alone.

Commercial borehole-logging systems are usually designed and calibrated to be
used in saturated media, and in holes filled with hydrogenous liquids. Many sites in the
DOE complex require logging in air-filled holes in the vadose zone. Consequently we
have adapted commercial methods to logging the vadose zone from air-filled holes. When
commercial methods could not be adapted to the vadose zone, we have developed new
approaches to suit the conditions.

Workers unfamiliar with vadose-zone logging often attempt to use commercial
logs, with commercial calibration, in vadose-zone conditions. These logs and calibrations
may be completely inappropriate to the vadose situation. In several cases, some of the
authors have been asked for assistance after the logs have been run. We have sometimes
have been able to extract some useful data from the logs, especially if we are able to
calibrate the equipment after the fact. It would be preferable for potential users to consult
workers familiar with vadose-zone logging before designing a logging program, so that

' they can help select equipment and calibrations appropriate to the users' requirements.

. The techniques developed at the DOE laboratories, and the experience that we
have gained in making in-situ measurements in the vadose zone, are applicable to
problems at many other DOE sites. By building on this experience workers involved in



ER projects at those sites should be able to obtain high-quality data at substantial
reductions in cost and time.
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Figure 2, Density and neutron logs from a 2.4-m-diameter

hole (solid line) and an adjacent 44-cm-diameter hole (dashed
Figure 1, Carbon/Oxygen log compared to sample data in a line- before recalibration, and dotted line- after recalibration)
borehole at the Nevada Test Site. Squares show sample data in a partially-saturated formation at the Nevada Test Site.

acquired before the log was rim; diamonds show sample data Logs smoothed with a 5-m unweighted digital filter.
acquired by sampling at depths suggested by the log. Logs
and sample data smoothed with a 6.m unweighted digital
filter,
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