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Abstract

Moisture profiles from neutron probe data provide valuable
information in site characterization and to supplement ground water
monitoring efforts.  The neutron probe precision error (reproducibility) is
found to be about 0.2 vol% under in-situ field conditions where the slope in
moisture content with depth is varying slowly. This error is about 2 times
larger near moisture spikes (e.g., at the vapor phase notch), due to the
sensitivity of the probe response to vertical position errors on the order of
0.5". Calibrations were performed to correct the downhole probe response to
the volumetric moisture content determined on core samples. Calibration is
sensitive to borehole diameter and casing type, requiring 3 separate
calibration relations for the boreholes surveyed here. Power law fits were
used for calibration in this study to assure moisture content results greater
than zero. ,

Findings in the boreholes reported here confirm the broad features
seen previously in moisture profiles at Area G, a near-surface region with
large moisture variability, a very dry region at greater depths, and a moisture
spike at the vapor phase notch (VPN). This feature is located near the
interface between the vitrified and devitrified stratigraphic units and near the
base of the mesa. Comparing borehole profiles from several locations,
moisture content is qualitatively observed to decrease as one approaches the
mesa edge, showing a trend consistent with drying of the mesa interior from
the mesa edge.

Borehole moisture shows significant seasonal variations in time at
near-surface locations with maximum contents in the autumn following the
summer showers and in the spring corresponding with the time of snow
melt. These distinct variations (several percent volumetric content) are
restricted to the uppermost depths in the borehole profiles, less than 10" only.
Below this depth, the moisture profiles are approximately constant in time,
however, some variations at these depths can be discerned as statistically
significant by appropriately averaging over spatial intervals and considering
trends over long times (~1 year). Specifically, moisture profiles appear to be
impacted by disposal operations at least at one location (1121) and probably at
a second borehole (1107) with moisture increases seen over the study period.
These increases correspond to an average increase of hydraulic conductivity
(estimate for the recharge rate under unit gradient conditions) of several
mm/yr to 1-2 cm/yr at the 50-60' depth interval in 1107. In pit 37, a moisture
pulse associated with a 'bath-tubbing' effect due to grading operations near
the moisture monitor port was observed which is large compared to the
nominal recharge rates expected at Area G. Moisture profiles at the drier
conditions near the mesa edge (1117) do not appear to be significantly
influenced by disposal operations.

Continued and improved moisture monitoring programs are
recommended to assure the actual site performance conforms to the
assumptions made in the Performance Assessment analyses in the wake of
continuing impact from ongoing disposal operations.
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Introduction

Los Alamos National Laboratory operates a low level radioactive
disposal facility at Area G. Environmental protection and assessment of both
the operational and post-closure performance of the disposal facility are
assured by comprehensive on-going environmental and in-situ monitoring
programs. The in-situ monitoring program provides data for site
characterization in the Performance Assessment [Hollis, et.al., 1997], required
by the U.S Department of Energy for the site operation. The in-situ
monitoring program also compliments environmental surveillance of the
groundwater pathway in the semi-arid region where a significant unsaturated
zone (>250m) precludes the effectiveness of monitoring the groundwater
directly.

Moisture monitoring of the near surface unsaturated zone is an
important element of the on-going in-situ monitoring program which
includes radioanalytic analyses and moisture content measurements.
Analytic results have been reported previously in special studies (e.g., Puglisi
and Vold,1995). The unsaturated zone moisture content and its variability in
space and time is critical to understand the recharge rate, the long term
performance of the site for retaining contaminants during prolonged
leaching, and transport from the disposal site into the unsaturated zone and
eventually to the groundwater. Moisture monitoring throughout the near
surface unsaturated zone has been reported [Loaiza and Vold 1995] and
interpreted as estimates of the local recharge rate [Vold,1996]. Moisture data
was combined in that study with hydraulic properties of the subsurface strata
to estimate the moisture flux or recharge rate critical to understanding the
potential environmental impact of the site.

This report describes the in-field calibration methods used for the
neutron moisture probe measurements and summarizes preliminary results
of the monitoring program in the in-situ monitoring network at Area G.
Reported results include three main areas: calibration studies, profiles from
each of the vertical boreholes at Area G, and time dependent variations
(monthly profiles over a year duration) in a select subset of boreholes.
Results are reported here for the vertical borehole network. Results from the
horizontal borehole network will be described when available.

Methods

In-situ moisture content can be measured by a variety of methods
[Stephens, 96] [Wilson,et.al. 95]. The availability of several vertical boreholes
at Area G allows the use of neutron moisture probes which offer a simple and
quick measurement method with excellent measurement precision. The
probe is a Campbell Pacific Nuclear [CPN Company, Martinez, CA] Model,
CPN 503DR, with a 50 mCi 241Am/Be neutron source. The probe emits high
energy neutrons and counts the low energy neutron backscatter. Backscatter
is primarily from the hydrogen atoms in the the soil and thus the counts are
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proportional to the water content. The counts are sensitive to borehole
diameter and to the casing material if it is hydrogenous (e.g., PVC pipe). The
backscatter volume is estimated by the manufacturer to be approximately a
sphere with radius about 6" beyond the open borehole for typical conditions,
depending upon moisture content. The probe response function is expected
to be an exponential decay with increasing radius from the probe.

The probe is placed down hole with each location measured from the
ground surface (z=0). Probe counts are accumulated for a 16s interval which
gives in the range of 500 to 5000 counts proportional to the local moisture
content. At moisture contents > 5% there are at least 1000 counts per count

interval. The error associated with the random count process is ~yN/N, or
for N >1000 counts, the precision error is <3%. The absolute error is
dependent upon the accuracy in the probe calibration procedure. Data is
recorded as raw counts per 16s interval at each depth and a standard count is
recorded each day to assure consistent comparisons between profiles on
* different days. It is found that the standard count is very nearly constant and
constitutes a negligible correction to the raw data. The results reported here
were not corrected for the standard count. This may contribute to a small
variability of the data over time as discussed in detail later.

Calibration Procedure

The location of the boreholes measured in this report are shown in
Fig.1. The boreholes drilled for the Environmental Restoration Project in
1995 are 4.5" diameter. These are calibrated against core sample moisture
content data from boreholes 1107, 1117 and 1121. Core samples from the
boreholes were collected by the Environmental Restoration Project and
analyzed for moisture content at the time of borehole drilling [Krier, Marin,
Kisiel, pers.com,1996]. These weight percent measurements are converted to
volume per cent using stratigraphic unit averaged values for bulk density
from [Krier, et.al.,95] except as discussed in the following results. These holes
are all cased down to 10' only to allow the holes to be sealed when not in use
for monitoring. The steel casing seems to have a minimal impact on the
results, but has not been treated explicitly in the calibrations, and therefore
increases the uncertainty of the moisture results in the first 10' depth.

The boreholes 1110, 1111 and G-5 are 6" diameter and these are
calibrated to core sample moisture content data from G-5, measured
analytically as volume percent for each core sample [DBSA, 95]. These
boreholes are uncased. The vertical boreholes in pit 37 (37w = pit west end
and 37c = pit central location) are 2.5" aluminum cased pipes, which allows a
direct moisture volumetric content readout of the neutron probe from the
manufacturer's calibration. These cased boreholes were not independently
calibrated to field data.

The probes are calibrated by first collecting raw counts throughout a
borehole profile at 1' intervals. The raw count readings which correspond to
the depth locations of the core sample moisture content data are then paired
with that moisture content data (typically, at least 10 data points per borehole)



and a correlation regression is applied to the two data sets. This provides a
direct calibration of the probe raw count readings to the measured in-situ
moisture content.. The standard correlation coefficient, 12, provides a
measure of the goodness of fit, a rough indicator of the accuracy of the
calibration. Since the core sample data and the neutron probe profiles are
taken at different times, there is a possibility that moisture content has
changed between the two measurements. This is likely to be a small effect
based on the data discussed in the following Calibration Results.

Calibration Results
The resulting moisture content volume percent profiles in the four
boreholes used in the calibration are shown in Fig.2 for reference. These
profiles are determined from the final calibrations (3 hole - power law fit for
boreholes 1107, 1117, 1121, and G-5 power law fit for G-5). Calibration of each
of the holes is first discussed to address several issues of concern in deriving
these calibrations. The calibrations for the similar diameter holes are then
combined to provide a single calibration curve for the 4.5" holes (from the 3
- holes: 1107, 1117, 1121) and for the 6" holes (from G-5).
u An important issue is the form of the calibration fit where we have
compared linear fits and power law fits. Linear fits are the industry standard,
but have the disadvantage that moisture content results can be less than zero
in very dry regions under certain calibrations. The power law fit has the
advantage that it guarrantees a positive moisture content for any raw count
~value. A detailed analysis of the probe response function was not done but it
would be expected to show that theoretically a power law fit is more accurate
to describe the exponential backscattering of the neutrons in approximately
spherical geometry. ‘

Calibration: borehole 1107

The calibration curve for data from borehole 1107 alone is shown in
Fig.3, as a power law fit to the data. The power law (PL) fit for moisture
content, 8, to neutron probe (raw counts/16s), Rp, is:

9[PL-1107] = 4.846e-4 R,1246 (1)

with correlation coefficient, 72 = 0.82, indicating a good correlation. A linear
fit (LF) to the same data gives:

6[LF-1107] = 3.057e-3Rp - 0.843 : (2)

with correlation coefficient, r2 = 0.79, indicating a good correlation but slightly
less than the power law fit. In this case, the linear fit gives negative moisture
content for raw counts below 275, which did not occur in this profile.

The moisture profile calibrated to this fit is compared to the profile
calibrated to the 3-hole power law fit (described later in this section), and to
the core sample data in Fig.4. Generally, the core sample data appears to have
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much larger variations, partly attributed to real variations between the
smaller sample volumes and partly attributed to the larger errors associated
with the moisture determination for each core sample. The two power law
fits give very nearly the same result. There appears to be a consistent
difference between the neutron data and the core samples with core sample
results low in the top 60" and high in the 60-100' interval. This may be
attributed to the bulk density conversion from weight percent to volume
percent in the core sample data, if actual bulk density differed consistently
from the 'stratigraphic unit averaged values' used in this analysis.

Calibration: borehole 1117

The calibration curve for data from borehole 1117 alone is shown in
Fig.5, comparing a power law and a linear fit to the data. The power law (PL)
fit for moisture content based on stratigraphic unit averaged bulk density,
8[aveGrow], to neutron probe (raw counts/16s), Rp, is:

0 [PL-1117,aveGrow] = 7.987e-5 Ry,1.468 (3)
with correlation coefficient, r2 = 0.61. A linear fit (LF) to the same data gives:
6 [LF-1117,aveGrow] = 5.005e-3 Ry - 2.917 (4)

with correlation coefficient, 2 = 0.78. In this case, the linear fit gives a much
better correlation but it yields negative moisture content for raw counts below
583, which occured at one location in this profile.

The assumed values for bulk density appeared to be important in this
calibration as also seen for the previous borehole, 1107. To examine the
sensitivity of the calibration to the bulk density, we took values of bulk
density determined experimentally in borehole G-5 [DBSA,1995] and projected
these values onto borehole 1117, while normalizing to the depths of the
major stratigraphic unit interfaces. This was intended to provide another
estimate of the local bulk density used to calculate volume percent from the
core moisture data. Using these core sample data (vol%-core-G5row), another
set of calibrations were obtained for the neutron probe as:

0 [PL-1117, G5row] = 5.28%-5 Ry1-524 (5)
with correlation coefficient, 72 = (_)761. A linear fit (LF) to the same data gives:

6 [LF-1117, G5row] = 4.882¢-3 Ry, - 2.823 (6)
with correlation cdefficient, r2 = 0.79. The power law fit is sensitive to this

change in the bulk density correction to the volumetric percent while the
linear fit is fairly insensitive. The correlations remain unchanged.



The moisture probe profile results (for the first 1117 calibration in
Eqn.3) are compared to the two core sample volumetric content results (based
on the two conversions of the core data to the volumetric results as described
above) in Fig. 6. The two estimates of bulk density provide very similar
estimates of volumetric moisture content from the weight percent data. The
core data still appears to have a larger local variation than in the neutron
probe profile.

Calibration: borehole 1121

The calibration curve for data from borehole 1121 alone is shown in
Fig.7, as a power law fit to the data. The power law (PL) fit for moisture
content, 8, to neutron probe (raw counts/16s), Rp, is:

@ [PL-1121] = 1.0286e-3 Rp1-139 (7)
with cdrrelation coefficient, 2 = 0.59. A linear fit (LF) to the same data gives:
O[LF-1121] = 2.859e-3R, + 0.267 8)

with correlation coefficient, 2 = 0.57, indicating a weak correlation, slightly
less than the power law fit. _
The moisture profile calibrated to each of these fits are compared in
Fig.8. The results agree very precisely at lower moisture contents and diverge
slightly with increasing moisture content to a maximum difference between
the estimates for the moisture contents in this profile of about 5-7% (relative
error). In Fig.9, the moisture profile calibrated to the power law fit is
compared to the core sample data. As seen previously, the core sample data
appears to have much larger variations than the neutron probe profile.

Calibration: 3 hole (4.5" diameter)

As seen above, the calibrations for each hole differ slightly depending
upon the distribution of moisture data in that particular borehole. Practically,
it is desirable to have a single calibration for all holes of one diameter (4.5", in
this case) and casing type (none, in this case). The calibration data from the 3
holes (3H): 1107, 1117, and 1121 are combined into a single plot in Fig.10. The
power law (PL) fit for moisture content, 6, to neutron probe (raw counts/16s),

Rp, is:
@[PL-3H] = 1.6776e-4 Rp1'3764 )

with correlation coefficient, #2 = 0.81. A linear fit (LF) to the same data gives:

O[LF-3H] = 3.9736e-3 Ry - 1.66069 (10)



with correlation coefficient, 2 = (.79, indicating a good correlation but slightly
less than the power law fit. The correlations to either calibration fit are better
than in any single hole indicating the fit is improved by spanning the larger
range in moisture content throughout the three holes.

These power law fit calibration values provide the basis for all
subsequent neutron probe moisture profiles in 4.5" diameter boreholes
discussed throughout this report. The power law fit was selected over the
linear fit to avoid negative moisture results in dry regions of the borehole.

Calibration: G-5 (6" diameter holes)

All 6" borehole profile results are from the calibration in G-5.
Volumetric moisture content was determined experimentally [DBSA, 95] on
10 samples at approximately 10' intervals throughout the hole. These data
are presented for calibration with the corresponding neutron probe readings
in Fig. 11. The power law (PL) fit for moisture content, 6, to neutron probe
(raw counts/16s), Rp, is

O[PL-G5] = 4.00543¢-4 R,,1-3161 (11)
with correlation coefficient, 72 = 0.91. A linear fit (LF) to the same data gives
O[LF-1121] = 59267e-3 Ry - 2.5646 (12)

with correlation coefficient, r2 = (.91, indicating a good correlation in both
cases. The good correlation coefficients may in part be attributed to the fact
that the core sample data was directly evaluated in volumetric content and no
average bulk density values were needed to estimate the volumetric core
sample moisture content.

In either fit, the leading coefficient is greater for the 6" hole than for the
smaller 4.5" hole. This indicates there is a significantly smaller return of
scattered neutrons in the larger hole at a given moisture content in the
surrounding matrix. This effect is seen in Fig. 12 which compares the
moisture profile from the appropriate G-5 (6" diameter) calibration to the
resulting profile if one applied the 3H (4.5") calibration from the wrong
diameter borehole. This clearly indicates the strong sensitivity of the
calibration coefficients to the borehole diameter.

Uncertainty

Sensitivity of Calibration to Profile Variations in Time

The calibrated moisture profile is compared to the volumetric core
sample data for borehole G-5 in Fig. 13. There is close agreement overall, but
there is an apparent discrepency at the 42' and 52' samples which appear to be
significantly lower than the neutron probe profile values. This may be
related to real changes in the profile over this depth interval which occured
in the uncased hole between the core sample results (collected in late 1994)
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and the time of these neutron probe measurements (mid 1996). Fig. 14 again
compares the core sample volumetric results with the recent (1996) neutron
moisture probe profile and also compares a neutron moisture profile which
was taken in 1994 shortly after the drilling [from Loaiza and Vold 1995]. That
profile was calibrated in 1994 to the same G-5 core sample data in a similar
method as used here. The two neutron probe results are in close agreement
throughout the profile except in the interval from about 40' to 60'. This
further indicates that a real change in this interval of the profile has occured
in the two years since drilling. This introduces additional uncertainty into
the G-5 calibration but the good agreeement in profiles outside of the 40" to
60' interval suggests the influence of the time variation of the profile on the
calibration is very small.

Variation in the profile between time of core sampling and neutron

moisture probe measurements is also an issue of concern in the calibration of

the ER Project holes (4.5" diameter boreholes drilled in late 1995). To address
this concern, profiles were taken at several intervals over time in one
borehole, 1117, starting only two days after drilling was complete (11/29/95).
Moisture differences were calculated at every depth between succussive
profile measurements as shown in Fig. 15, which includes the absolute
moisture profile at the initial time for reference. The profile measurements
were made at times (with respect to the drilling completion) of 2 days, 9 days,
94 days, 147 days and 247 days. At 9 days and at 94 days, two profiles were
made with the differences between profiles on the same day representing a
measure of the overall measurement error associated with reproducility
under in-field conditions. (Note that this series of measurements were made
before the field procedure was 'standardized' to collect neutron probe data in
raw counts, so the calibration of these data differed slightly from the standard
calibration used for the other results reported in this study.)

The time differenced moisture profile data is shown in Fig.16 and in
Fig. 17 which allows different perspectives on the same data set. The
variations throughout the profiles at different dates are similar to the
variations between the profiles taken on the same days (at 9 days and at 94
days) and indicates that the field error associated with reproducability
dominates and masks any real profile trends in time. Averages and standard
‘deviations of the data in Fig.16 or 17, are summarized in Table I over the
whole borehole profile and over selected depth intervals. These values
concur that the same-day variations are comparable to or exceed changes over
time in most cases suggesting that there is no significant change in time for
_ this data set (additional data is presented in the section, Time Dependent
Variations).

This important result indicates that the procedure for calibration of
neutron probe profiles against core samples taken at earlier times are
reasonably accurate, within the uncertainty associated with the precision of
the in-field measurements. Qualitatively in Fig.17 and quantitatively in
Table I, we see that a standard deviation of less than about 0.2% volumetric



moisture content is a good estimate of the error associated with in-field
reproducibility for most times and at most depth intervals.

The largest variation (seen in Fig.16, 17 or Table I) occurs near the
moisture spike at ~80' depth and for the profile taken at t = 247 days, where
the change in moisture content clearly exceeds the differences between the
same day measurements. This may indicate a real change, however, in Fig.16
or 17, it appears that the local error 'overshoots' at a depth above the
moisture spike and then 'undershoots’ at a depth just below the spike. This
suggests an error in vertical positioning such that the moisture spike is
determined to be at a slightly different depth on this profile. The error at this
location is large because it is sensitive to the rapid variation of moisture
content with depth in the steady profile. This is discussed further in the
following section on Error Analysis. The problem of trying to distinquish a
real trend in time from the field data variation is quantified in greater detail
in a later section, Time Dependent Variations.

Table I

Average and standard deviation of the change (delta values) in moisture
content (vol%) from the borehole moisture profile or profile segment at the
indicated time compared to the moisture data at the previous time for
Borehole 1117. :

delta values (signed values)

all data 9days 94days 147 days 247 days delta at 9 delta at 94
ave 0.011548 -0.11976 0.122739  0.030545 0.042279  0.003166
stdev 0.1846 0.187806 0.195271  0.289446 0.170026  0.168902
data 10'-30'

ave 0.005676  -0.08372 0.114943  0.028381 0.038314  -0.02483
stdev 0.219059 0.187259 0.170352  0.237041 0.161414  0.165204
data 30'-50' .

ave 0.01788 -0.08568 0.073755 - 0.02682 0.01043  0.009685
stdev 0.177791  0.155213 0.202025 0.160522 0.145195  0.154488
data 50'-70'

ave 0.052895 -0.1125  0.12516 -0.00671 0.00745 0.018625
stdev 0.140564 0.132344 0.156003  0.208683 0.139146  0.143069
data 70'-90'

ave -0.03215 -0.20311 0.180368 0.076068 0.116847  0.010979

stdev 0.194986 0.248443 0.245129  0.477857 0.216507  0.216312



Error Analysis for the In-field Neutron Probe Moisture Measurements

The neutron probe error is related to the statistical counting error, to
variations in time due to instrument drift and to the error associated with
repositioning the probe at a specific borehole location. This last error will
contain contributions from the error in radial location within the borehole (if
the borehole diameter exceeds the probe diameter significantly, as it does for
most of our boreholes), and from error in the vertical location or depth ().

The relative counting error for N neutrons counted in the interval was

" discussed earlier and is on the order of YN/N, or about \[500/500 ~ 0.045 at

the driest locations and + 2000/2000 ~ 0.022 at 7% volumetric content,
decreasing at higher moisture contents. Instrument drift is checked with a
standard count source in the field before each borehole profile. This shows a
very small variation due to instrument drift (typically less than 1-2% relative
error) which has been neglected in this study but could be used in subsequent
work to normalize data at different times and further reduce the instrument
drift error. The contribution to error from the radial positioning has been
shown in field work within our boreholes to be negligible [Newell, personal
communication 1997]. The error due to vertical location, z, is sensitive to the
vertical variation in the actual moisture profile.

An expression for the uncertainty in the neutron probe measurements
is based on a simple 'calibration ' equation for the probe. We assume for
simplicity in analysis that the probe is calibrated to a linear fit. Previously, we
chose to use the power law fit for practical considerations in assuring a
positive moisture content throughout the profile, however, it was shown
that the agreement between linear and power law fits is very good and so the
calibration error analysis is based on a linear calibration fit for simplicity.

The linear calibration equation for the volumetric moisture content, 6,
is rewritten,

0 = mRplz] + b S (13)
where the neutron probe response, Rp, is found at an actual depth, z. The
depth at which we think we are measuring, zo, is different from the actual
depth by our error in measuring depth, Az =z - z,. The measured probe

response is related to the probe response at the correct depth (neglecting error
in the radial positioning which was determined to be negligible) as

dR
Rplzl = Rylz] + —3.FAz. (14)
Substituting this into the previous expression and rearranging, one obtains |

0 = (mRplz] + b} + {m-aa—leAz}, (15)




which shows the field result depends on where one thinks they are, z,, and
where they actually are, z = z, £ Az.

This last expression allows one to evaluate an equation for the error
estimate in the reported moisture, Gg, based on the standard propagation of
errors [Bevington, 69]. For notation simplicity R," = JRp/dz. The
propagation of errors in the moisture content, expressed in terms of the errors
in the right hand side terms, Gm, ORp, Ob, ORp' and Oz is expanded to

2 2 2 2 2 2

2. 2 2 2 2 2
(AzRy') Opm + (mAz) Oy + (mRy') Opz ,

where the first 3 terms on the right hand side (RHS) contribute to calibration
errors assuming the probe is correctly located and the last 3 terms on the RHS
are associated with vertical positioning errors. The first 3 terms on the RHS
can be combined into one term for an overall calibration error, Gca12, where
Oca1 was found in Table I to be ~ 2x10-3 in moisture volume percent at most
locations. Comparing terms 1 and 4 on the RHS, the term 4 is only significant
(or vertical location contributes significantly to the overall calibration error in
the estimated slope, m) if

AzRy” > Ry. | (17)

Data in borehole 1117 (Fig.15-17 and Table I) near a depth of 80" shows a
maximum slope in the moisture profile, Ry [max], occurs near the vapor
phase notch corresponding to about 4 % volumetric moisture content per foot
depth.” Using this value for Rp'[max], and values of Rp from the linear fits
given in the previous calibration sections, then term 4 in Eqn.16 is only
significant when Az exceeds about 1.6 ft. This implies a vertical positioning
error of greater than 1 ft, which is unlikely to occur under field conditions,
‘and so term 4 is usually negligible. The slope in probe reponse is known, so
term 5 on the RHS of Eqn.16 is negligible.

With these considerations and using the overall calibration error, Gcal,
then the error in moisture content determined by the probe measurement is
written

2 2 2
Oy ~ Oul + (m Ry) Oaz . (18)

This implies the error due to probe vertical positioning will be significant
when
Ot < (mRy)Ou, (19)
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or when the position error, Oaz, exceeds a value such thaf
Oaz > O/ (MRp'). (20)

It was noted that the steepest profile observed is about 4 % volumetric
moisture content per foot or 96/dz ~ (m Ry,") ~ 4x10-2. The positioning
error is greatest at this location. The overall calibration error was seen to be
Ocal ~ 2x10-3, so the positioning error becomes significant in regions of steep
moisture slope (near the VPN) if

Gu > 2x10°3 / 4x102 = 0.05f = 0.6in. (1)

This shows that a very small error in the position of the probe, of a
magnitude expected for typical variations in in-field conditions, will enhance
the overall error in regions where the moisture profile is steep. The data in
Table I and the corresponding moisture profiles in Fig.15-17, suggest that the
moisture content error, at a location with a small gradient‘ in moisture
content, is about 0.18% (volumetric percent). The error increases where the
moisture gradient is significant, and near the Vapor Phase Notch, the error
approximately doubles due to the uncertainty in the exact depth location as
reflected in Eqn.21.

Results

Baseline Moisture Profiles

Boreholes drilled by the ER Project for Area G site characterization in
1994 and 1995 were passed to the WM Project for continuing in-situ
monitoring in 1996. Based on the 3 hole power law calibration for boreholes
of 6" diamater and the G-5 calibration for boreholes of 4.5" diameter, results
for the calibration boreholes were shown in Fig.2. Results are shown in Figs.
18 to 20 for a baseline moisture profile from each of the additional boreholes
(located in Fig.1) accessed to date.

The three boreholes in Fig.18 are deep enough to include the Vapor
Phase Notch. The three profiles in Fig. 19 are from boreholes near the east
end of Area G which extend to less than 60" depth. Four profiles from the
central portion of Area G are compared together in Fig. 20. Comparing each
of these figures to the borehole locations in Fig.1 it is qualitatively apparent
that the moisture profiles are wetter towards the interior of the mesa and
drier near the edges of the mesa. This is particularly clear for most depth
intervals in the upper 60' of the boreholes central to Area G (Fig.20). A
quantitative estimate of this mesa edge drying effect has not yet been done but
is possible from these borehole data, e.g., moisture content at a given
stratigraphic depth can be plotted verses borehole distance to the nearest mesa
rim.
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Time Dependent Variations v

Time dependent variations in moisture profiles are important to
determine where significant changes to the recharge rate may occur and how
the disposal operations may be influencing these changes. The in-situ
monitoring program is currently collecting moisture profiles from 7 of the
Area G boreholes (1107, 1111, 1117, 1121, G-5, 37w and 37c) on an
approximately monthly basis. This data set has been collected since the
summer of 1996 (1111 and 37c were added more recently in early 1997).
Results of time dependent variations are discussed in this report for the west
end of pit 37 (37w), and the calibration boreholes, 1107, 1117, and 1121. Data
presented here covers almost one year and the time dependent plots shown
in this section span the time from August, 1996 to May, 1997.

Moisture profiles in the west end of pit 37 (37w in Fig. 21) show good
- reproducibility of profile features, evident in the three profiles at top, taken in
1996. The August 1996 profile is in good agreement with the average profile
from 1994 (94ave) in the bottom portion of the figure and shows there has
been negligible change in the profile for the two year period from 1994 to
August, 1996. Moisture profiles in pit 37 (west) taken from August 1996 to
May 1997 show a significant pulse of moisture moving through the profile
(Fig. 22 and 23). The cause of this pulse has been attributed to a bathtubbing’
effect in the pit adjacent to the monitoring boreholes, which resulted from a
redistribution of the surface topography in the area as part of the on-going
disposal operations (this pit is an active disposal pit and is not closed to date).
As such, this moisture pulse is not representative of typical conditions. The
large moisture pulse has allowed a comparison to detailed transient modeling
results leading to an in-field calibration of the computational model. This
effort is discussed in a separate report [Vold,1997, in progress].

The difference in moisture content at a given depth between two
different times gives a measure of the change or error in the moisture content
at that point. A statistically significant slope in moisture content over time is
an indication that the change in moisture content is real.

The uncertainty can be reduced by averaging moisture content over a
depth interval. We chose to average the profile data in 10' segments which
provides 10 moisture measurements per segment. The error in the segment
averaged moisture content is thus reduced from the error associated with

each probe measurement by n/ \n or about a factor of 3 when n = 10 is the
number of point measurements averaged in the segment. The profile
segment averages are made after taking the time difference (moisture at time, -
t, minus moisture at the previous time or at an initial reference time) at each
depth to eliminate the spatially varying profile in moisture content and
obtain a measure of only the change (or variation) over subsequent
measurements in time. : :

Plots of moisture content verses depth and time are shown for
borehole 1121 in Fig.24. The left figure shows the moisture content at each

12




time in volume percent, the center figure shows the moisture difference at
each time relative to the initial time profile and the right figure shows the
present time moisture content relative to that at the previous time. A
seasonal variation is apparent in each case, with obvious change in moisture
content in the upper 10'. The two near surface maximum in moisture
contents occur in early fall (presumably the moisture pulse following the
cumulative summer thunderstorms) and in spring, presumably attributed to
the snow melt. ‘

In the right figure and more obvious in the center figure, there is some
qualitative indication of changes in moisture which may be occuring down to
about 60-70'. In Fig.25 (left side) the time differenced data (from Fig.24-center)
is ‘averaged over 10' intervals to reduce to uncertainty of the avergaed
content. Here the seasonal pulses are quite pronounced and the trend to
increasing moisture down to 60-70' is slightly noticable. The same data in
" Fig.25 (left) is plotted as line plots for the 7 upper 10' depth segments in Fig.25

(right) and for the lower 10" averaged segments in Fig.26. Linear correlations
‘of these moisture contents with the time were calculated for each interval
and the correlation statistics are summarized in Table II. The statistics and
significance are discussed later.

Similar plots are shown in Fig.27 and 28 for borehole 1117. Figure 27
shows the moisture content, the content relative to the initial profile and
relative to the previous profile as a function of depth and time. The data in
the central figure was averaged over 10' intervals as previously described and
the linear plots verses time are shown in Fig.28 for each of the 10' intervals.
Because the VPN straddles two of these segments, an average from 76' to 85'
is also included to capture the moisture spike at the VPN. There is no
apparent change in time for any interval except within 10 of the surface.

The moisture content at each depth verses time is shown for borehole
1107 in Fig.29 in the same 3 plot format as for the previous boreholes. The
data in each of these 3 plots are then averaged over the 10" intervals and the
results are shown in Fig. 30. This 10' segment averaged data is then plotted as
line plots verses time in Fig.31, allowing linear correlations with time to be
determined for each interval. The plots show the strong seasonal variation
in the upper 10' interval as previously suggest some moisture changes

Figures 25, 26, 28, and 31 show plots of the 10' segment-averaged time
change in moisture content (profile at time, t, minus that at the initial time)
verses time for each of the intervals in the three calibration boreholes. Linear
correlations of these moisture contents with time were calculated for each
interval and the correlation statistics are summarized in Table II

A simple but rigorous quantification of the statistical significance of a
trend in time can be made from the linear correlation of moisture in time
using the estimated slope, m, the correlation coefficient, r2, and the standard
t-test statistic, toy2[0,v], where o is a specified level of confidence (e.g., & = 0.025
for the 95% confidence level in a two-tailed distribution) and v =n — 2 is the
degrees of freedom, and n is the number of data pairs in the linear
correlation. A general criteria for determining when a fitted slope, m, is
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statistically different from the actual slope, b, is [p.289, Walpole and Myers, 78]
given by

ta2 S
Im| < bz So;xl/z (22)

where Syx and S are standard estmators of statistical variance. Relations
between these estimators and the estimated slope, m, and correlation

coefficient, 12, are [Walpole and Myers, 78] given by

Syy-mS
g2 = __}ly_"/n_l}[ (23)
m = Sxy/Sxx ) (24)
and
r2 = m2 (Sxx/syy)- (25)

We are interested in determining when the linear trend is real or
when the slope is significantly different from zero. This can be expressed by
setting b = 0 in the above criteria (Eqn.22). Considering the equality in Eqn.22,
this defines the 'edge’ of statistical confidence that a particular slope estimator
is significantly different from zero, which is then

tas2 S |
172 - (26)

m =
Sxx

Substituting in the three relations (Eqn.23-25) between the estimators, the
criteria for a statistically significant non-zero slope becomes

m = top/vl2 ((_rg:_)z - m? )1/2. (27)

This simplifies, eliminating the estimate of the slope, m, and can be

rearranged as
1

(rena)
Lo+

' /2
- This prescribes the correlation coefficient, r2, where the fitted slope estimate is
marginally statistically significant and different from zero at the to2 level of
confidence and for v degrees of freedom, or equivalently n = v + 2 data pairs
in the correlation. According to this expression, as the number of data pairs

(v) increases, a smaller correlation coefficient is significant at a particular level
of confidence, and so a significant non-zero slope is indicated at a lower

12 (28)
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correlation coefficient with more data. As the prescribed level of confidence
(to) increases, a given data set requires a larger correlation coefficient to be
marginally significant at that level. Interestingly, the statistical significance
does not depend explicitly in this form on the magnitude of the slope
estimate, m. It does, of course, depend on the slope estimate implicitly
through the r2 value itself.

In the moisture content time series examined in this report, there are
10 or 11 data pairs in time for each of the three boreholes, at each of the 10'
averaged depth intervals. For 10 or 11 data pairs the t-statistic differs very
slightly (~2%). From standard tables, the t-statistic for v=7-2 =9 and for the
95% confidence level is: /o[ @=0.025, v = 9] = 2.262. The t-statistic for the 90%
confidence level is: to/2[@=0.05, v = 9] = 1.833, and for the 98% confidence
level, tg/[0=0.01, v = 9] = 2.821. This indicates the required correlation
_coefficient is reasonably sensitive to the desired level of confidence. We will
assume a 95% confidence level for results in this study.

The required correlation coefficient for a slope estimate which is
significantly different from zero at the 95% confidence level under the
conditions in this study (v = 9) is then

1

- L, =9
- Y =2.262

r2 = 043, (29)

For each borehole depth interval where the correlation value exceeds 0.43, a
- "yes" is indicated in the last column of Table II to show this correlation is
significant at the 95% confidence level. For these intervals, the slope in the
table may be considered as a statistically significant change in moisture
content. ‘

The statistical results support the qualitative indications seen in
Figs.25-30, and quantitative previously uncertain trends. Each of the three
boreholes shows a significant increase in moisture over this time period in
the upper most 10' interval. This is related to the clear seasonal variation. A
contributing factor may also be that the previous winter was a very dry season
leading to record draughts in early 1996. This might tend to bias the moisture
content at early times in our study to unusually dry values and the increasing
moisture throughout the study reflects a 'return’ to more normal levels.

Beneath the top 10' interval, trends are significantly more subtle but
are statistically significant in a few cases. No trends below 10" are seen in
borehole 1117, which is among the drier holes observed at Area G, consistent
with its location near the mesa edge. Borehole 1121 shows the moisture
content significantly increasing in every 10' interval down to 70', and no
significant changes below that depth. The average change in the upper 70’ is
slightly less than 0.04 vol%/month, or about 0.4 vol% change per year during
the study time. This increase indicates a significant change of almost 1/2
vol% per year.
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This borehole 1121 is located between two recently place asphalt pads
- and it is likely there is surface water run-off channeled towards this borehole
which is in excess of the average run-off at Area G. This suggests the disposal
operations are significantly modifying the undisturbed hydrology to at least
70" depth at this location (and probably at others similarly situated with
respect to surface run-off engineering features. A rough average for the
moisture content in this 70' interval has thus changed over the year from
about 8% to 8.5%. This corresponds to an increase in the unsaturated
hydraulic conductivity (assuming Unit 2b properties) from about 0.3 cm/yr to
0.5 cm/yr, which serves as a rough estimate of the increase in recharge rate
(under unit gradient or uniform moisture profile conditions).

Borehole 1107 shows significant correlations beneath the top 10'
interval with moisture content decreasing at 11-20' and at 31-40' and moisture
increasing at 51-60". This latter increase is large, nearly the same as seen in
the top 10', and corresponds to about 1.2 vol% per year increase over the study
year. The combined moisture decrease from the two zones is less than this,
corresponding to losses of 0.3-0.4 vol% per year. This may be attributed to a
net evaporation from these deeper layers, but the mechanism is not certain.

Borehole 1107 is centrally located at Area G and may represent
conditions throughout a large region within Area G, as seen by the
similarities in moisture profiles (Fig.20) in several boreholes located near
“here (1106, 1107, 1108, and G-5). Refering to Fig.14, there was an apparent
moisture increase from 1994 to 1996 of about 2% volumetric content restricted
to the depth interval from about 40' to 60', seen in the nearby borehole, G-5.
This corresponds to about 1% per year increase in this interval which agrees
closely with the ~ 1.2% per year increase seen in borehole 1107 at 50-60' (Table
II). This suggests a common trend throughout this central portion of Area G
may be occuring. A 1% per year increase at 10% average moisture content
corresponds to an unsaturated hydraulic conductivity increase from about 1
to 2 cm/yr.

A west-to-east cross-section of the features near the borehole 1107 is
drawn to scale in Fig.31. Nearby pits and shafts may be significant in the
subsurface moisture changes seen in this borehole. However, that possibility
does not support the fact that similar profiles are seen at several nearby
boreholes, where the disposal operations features are distinctly different than
immediately adjacent to 1107. Thus, the common stratigraphy between these
centrally located holes seems to play a dominant role in the moisture profiles,
while the impact of disposal operations is uncertain at these locations.”
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Table II. Moisture Trend Analysis: TA-54 Monitoring Boreholes

Borehole | Depth | Slope Intercept | Correlation | Non-zero
Interval | (vol%/month) | (vol%) | Coefficient slope (95%
(feet) (r2) Confidence)

1121 1-10 0.2064 -0.2772 | 0.4942 yes
11-20 0.0885 -0.3222 0.5833 yes
21-30 0.0454 -0.0516 0.6026 yes
31-40 | 0.0295 -0.0705 0.5068 yes
41-50 0.0329 -0.0466 0.4405 yes
51-60 0.0373 -0.0428 ]0.8233 yes
61-70 0.0411 0.0348 0.8824 yes
71-80 -0.0013 -0.0508 | 0.0032
81-90 0.0033 -0.0304 | 0.0655
91-100 -0.0014 -0.0393 0.0110
101-110 | 0.0086 -0.0120 0.2080
111-120 | -0.0007 -0.0151 0.0013
121-130 |-0.0044 -0.0722 0.0500

‘ 131-140 |0.0119 0.1250 0.1568

1117 1-10 0.1362 4.6346 0.8733 yes
11-20 4E-5 2.5483 8E-6
21-30 -0.0059 2.6432 0.2085
31-40 0.0014 2.5317 0.0139
41-50 0.0053 2.0108 0.2702
51-60 -0.0075 1.6822 0.3514
61-70 0.0010 1.8067 0.0114
71-80 0.0069 5.1939 0.0815
81-90 0.0044 4.6306 0.0824
76-85 0.0066 6.2686 0.1421

1107 | 1-10 0.1377 7.0387 0.8552 yes
11-20 . {-0.0415 8.9355 0.6975 yes
21-30 -0.0141 8.9836 0.1604
31-40 -0.0306 9.1673 0.6683 yes
41-50 0.0169 9.1031 0.1735 ,
51-60 0.1246 10.7618 0.9559 yes
61-70 0.0088 1.4563 0.2383
71-80 0.0011 2.3654 0.0053
81-90 -0.0003 4.9779 0.0002
91-100 0.0099 1.1450 0.0607
101-110 | -0.0157 7.4953 0.3070
111-120 {-0.0030 5.4728 0.0312
121-128 | 0.0032 5.4921 0.0328
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Conclusions

Moisture profiles from neutron probe data provide valuable data in
site characterization and to supplement ground water monitoring efforts.
Estimates of recharge and its spatial and temporal variability can be made,
when the data is used in conjunction with additional data, such as chloride
and isotope profiles [Newman, 1996] or hydrogeologic transport properties of
the matrix [Vold, 1996]. The neutron probe precision error (reproducibility) is
found to be about 0.2 vol% under in-situ field conditions where the slope in
moisture content with depth is varying slowly. This error is about 2 or 3
times larger near moisture spikes (near the vapor phase notch), due to the
sensitivity of the probe response to vertical position errors on the order of
0.5".

Calibrations were performed to correct the downhole probe response to
the volumetric moisture content determined on core samples. Calibration is
‘sensitive to borehole diameter and casing type, requiring 3 separate
calibration relations for the boreholes surveyed here. Power law and linear
fits give similar calibration results except in the driest regions where linear
fits can give negative moisture content, so power law fits were used for the
results reported in this study. _

Findings in the boreholes reported here confirm the broad features
~ seen previously in moisture profiles at Area G, a wetter near-surface region
with large variability, a very dry region at greater depths, and a moisture spike
at the vapor phase notch (VPN), near the interface between the vitrified and
devitrified stratigraphic units near the base of the mesa. Comparing borehole '
profiles from several locations, moisture content is qualitatively observed to
decrease as one approaches the mesa edge, showing a trend consistent with
mesa edge drying of the interior. . ‘ .

Borehole moisture shows significant seasonal variations in time at
near-surface locations with maximum contents in the fall following the
summer showers and in the spring corresponding with the time of snow
melt. These distinct variations (several percent volumetric content) are
restricted to the uppermost depths in the borehole profiles, 6-10" only. Below
this depth, the moisture profiles are approximately constant in time,
however, some variations at these depths can be discerned as statistically
significant by appropriately averaging over spatial intervals and considering
trends over long times (~1 year). These variations are small enough that the
influence on the accuracy of the moisture calibration procedure is negligible.
However, with a fixed calibration, the moisture variations in time are large
enough that trends over depth intervals and over time are found to be
statistically significant over the obsevation period in this study from the
summer of 1996 to the summer of 1997. '

Specifically, moisture profiles appear to be impacted by disposal
operations at least at one location (1121) and probably at a second borehole
(1107). At 1121, the moisture increases seen at all depth intervals down to 70'
correspond to an average increase of hydraulic conductivity (estimate for the
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recharge rate under unit gradient conditions) of several mm/yr. At 1107, a
moisture increase corresponding to a recharge estimate of order 1-2 cm/yr is
significant at the 50-60' depth interval. In pit 37, a moisture pulse associated
with a 'bath-tubbing' effect due to grading operations near the moisture
monitor port was observed which is large compared to the nominal recharge
rates expected at Area G. This is discussed in detail in a separate report.
[Vold, 1997]. Moisture profiles at the drier conditions near the mesa edge
(1117) do not appear to be significantly influenced by disposal operations.

Continued and improved moisture monitoring programs are
recommended to assure the actual site performance conforms to the
assumptions made in the Performance Assessment analyses in the wake of
continuing impact from ongoing disposal operations.
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used in the in-field calibration procedure described in the text. -
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count rate (cts/16sec standard count interval) taken at the same locations as
each core sample. Calibration applies to boreholes G-5, 1110, and 1111.
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Fig. 12 Moisture content profile for borehole G-5 (4.5" diameter borehole)
comparing results from the power law calibration curve from the G-5 data
(DBSA-G%-'96) to the calibration result from the 3 hole, 6" diameter,
calibration (PL-3H).
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Fig. 13 Moisture content profile for borehole G-5 comparing results from the
power law calibration curve from the G-5 data (DBSA-G5-'96) to the core

sample results measured after the 1994 drilling (DBSA).
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Fig. 14 G5 Moisture content profile for borehole G-5 comparing results from
the core samples volumetric content (DBSA) to the power law calibration
obtained in 1996 (DBSA-G5-'96) and to that obtained in 1994 (vol%-'94).

28



Fig. 15 Initial moisture profile (vol% on 11/29/95) in borehole 1117 is shown
in the farthest strip. The closer strips show moisture difference between
profile measurements made at successive times of 9, 94, 147 and 247 days post-
drilling. The closest two strips indicate differences between two profile
measurements made on the same day (t = 9d and t=94d), and indicate the
magnitude of error associated with in-field reproducibility.
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and these indicate

147 and 247 days, post-

drilling. The closest two strips show differences between two profile

measurements made on the same day (at t=9d and t=94d),

The moisture difference in borehole 1117 between profile
30

the magnitude of error associated with in-field reproducibility.

measurements made at successive times of 9, 94,

Fig. 16
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- Fig. 17 The moisture difference in borehole 1117 between profile
measurements made at successive times (this is the same data as in Fig.16).
The symbols labeled 'delta’ indicate differences between two profile
measurements made on the same day, and indicate the magnitude of error
associated with in-field reproducibility.
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Fig. 18 Moisture profiles for

three boreholes in the baseline

recharge monitoring program.

Borehole-1111 (4.5" hole
calibrated with G-5 data)

Borehole-1123 (4.5" hole

‘calibrated with 3H-PL data)

Borehole-1116 (4.5" hole
calibrated with 3H-PL data)

These boreholes each pass
through the VPN (Vapor
Phase Notch), as seen by the
moisture spike located at
depths 78', 62', and 84,
respectively.
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Fig. 19 Moisture profiles for three boreholes in the baseline recharge
monitoring program, 1114, 1120, 1125. These are 4.5" diameter calibrated with
~ the 3H-PL fit.
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Fig. 20 Moisture profiles for boreholes in the baseline recharge monitoring
" program, 1106, 1107, 1108, (4.5" diameter calibrated with the 3H-PL fit) and in
comparison to G-5. These are centrally located across Area G as seen in Fig. 1.
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Fig. 21 Moisture profiles in pit 37 (west). Good reproducibility of profile
features is evident in the three profiles (top), taken in 1996. The August 1996

profile is in good agreement with the average profile from 1994 (94ave) in the
(bottom) figure.
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Fig. 22 Moisture profiles in pit 37 (west) taken from August 1996 to May 1997
show a significant pulse of moisture moving through the profile.
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