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Analysis of liquid phase transport in the unsaturated zone beneath a mesa-top disposal facility is 
described. The analysis infers vertical moisture flux and a source term derived from the gradient of 
vertical flux, based on moisture profiles with empirical analytic forms for the moisture flux as a 
function of moisture con~ent. The source term, expressed as a characteristic time scale for change 
in moisture content, varies from about one-year in high flux regions to over one thousand years in 
low flux regions. Results show the moisture flux and source terms within the mesa fall into three 
regions. A 'near surface region' (<lOrn depth) is found to have an average net downward liquid 
phase flux of about I crnfyr and exhibits a significant evaporative loss, presumably from surface­
connected fractures. This region has a large variation in flux characteristics and is influenced by 
disposal operations. Relatively large moisture content and inferred flux in this region at one 
location illustrates the potential for disposal operations to significantly alter the natural hydrology at 
least of the near surface on the mesa. 

Beneath this is a 'low flux region' which extends downward at least to a horizon near the base of 
the mesa. In this region the average inferred vertical flux is 0.0017 cm/yr upward with a maximum 
downward flux at any location observed to be 0.006 cm/yr, suggesting there is negligible liquid 
phase movement through this region . 

A third region near the base of the mesa is characterized by a peak in the vertical profile of moisture 
and is associated with a 'vapor phase notch', at the interface of the vitrified and the devitrified 
volcanic tuff. The analysis indicates a small average downward flux of 0.07 cm/yr in this region 
and suggests a local moisture source. This may indicate lateral flow, connectivity to alluvium of 
greater saturation in the adjacent canyon, or may signify the elevation of the bottom a network of 
surface-connected fractures. However, the apparent moisture source may be negligible if the local 
matric properties differ from the stratigraphic unit averaged values. 

The flux magnitude indicated at most locations, including the apparent source at the vapor phase 
notch. is comparable to the uncertainty derived in an error analysis. Therefore, the results indicate 
trends in the flux profiles, while fluxes at specific points are best quantified as values below the 
derived detection limits. Results are ambiguous in the vapor phase notch region due to limited 
matric properties and indicate a need to determine the properties in this region, and thus to better 
understand the moisture flux to deeper horizons beneath the mesa . 
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The Los Alamos National Laboratory (LANL) Low-Level Radioactive Waste (LLRW) Disposal 
Facility at Area G is being evaluated for subsurface transport of contaminants from the disposal 
site, as part of the Performance Assessment! required by the U.S. Department of Energy (US 
DOE) Order 5820.2A for US DOE facilities that dispose of radioactive waste. Environmental 
transport at the Area G disposal facility is complicated by the complex terrain consisting of finger­
like mesas, typically 1 00' (30m) above the adjacent canyon floors. Figure 1 shows the site 
facilities imposed on a terrain map. The terrain is shaded to reflect the magnitude of the local slope 
so that the edges of the mesas are visible. Area G is located on top of a mesa, Mesita del Buey, 
with Pajarito Canyon to the south and Canada del Buey to the north. The mesa top, the canyon 
floors, and the water table (about 300m below the mesa top) are all sloping gently at about 3 
percent grade downward towards the Rio Grande to the east. 

Subsurface transport is complicated by the layered stratigraphy (Fig. 2) which has resulted from 

the deposition of multiple layers of volcanic flows and ash2. Site-specific hydrologic transport 

properties, defined in terms of van Genuchten parameters3, porosity, and saturated hydraulic 

conductivity are available2. These are based on analyses by Rogers4 and Rogers and Gallaher5, 
for the upper layers of the Bandelier Tuff, Tshirege Member units 2b, 2a, 1b, 1a, (redesignated, 
respectively as 2, 1 vu, 1 vc, 1g) and Otowi Member, but there are no site-specific hydraulic or 
transport properties available for the deeper units. The upper layers of the Tshirege are fractured 

with an average fracture spacing of about 1m and aperture of about 3 mm reported at Area G6. 

This semi-arid region receives about 35 crnfyr of precipitation, mostly in brief intense summer 
thunderstorms and in winter snow fall. It has been hypothesized that transient infiltration events 
and long term evaporation from the surface-connected fractures play a dominant role in controlling 

the hydrologic transport, at least in the upper layers 7. Modeling studies of the steady state 
moisture flux through the matrix (tuff) show that a single value for the vertical flux cannot match 

the field observations of moisture profiles at all depths simultaneousJy8. This suggests there are 
significant sources (or sinks) as a function of elevation in the upper layers of the Bandelier Tuff. 

An early assessment of hydrology in the area9 based on field studieslO,ll specified only a range for 
the magnitude of the vertical flux at Area G. A maximum downward flux was indicated to be near 
0.4 ft/yr, or about 12 em/yr. The uncertainty in field data allowed a range in the vertical flux 
estimate such that the net vertical flux may be a small upward quantity. The assessment of flux 
was based on intrinsic permeability, matric potential determinations on samples, and in-situ matric 
potential from thermocouple psychrometers p~aced in boreholes in and near to Area G. The 
methods did not fully resolve conditions in the range of the in-situ moisture content, so the flux 
estimates were maximum values estimated using higher moisture contents than observed in-situ. It 

was concluded9 the actual flux is probably at least an order of magnitude less than their measured 
maximum value, or thus less than about 1.2 crnfyr downward. Neutron probe measurements of 
moisture content indicated that moisture profiles did not change appreciably in time below a depth 
of 1-2m. 
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Using typical values for the van Genuchten parameters for Ban~lier Tu~ ~d for in-si~u mois~re 
content observed in subsurface profiles, an unsaturated hydraulic conductivity for the disposal site 
was estimated to be less than or equal to 0.1 cm/yr12. In that study, it is noted that this 
conductivity equals the downward vertical flux under assumpti?ns of u~t gradient conditions. The 
vertical flux in a borehole at Area G (borehole G5 - to be discussed m the present study) was 
estimated as a function of depthl3 from in-situ moisture content data, with recovered core sample 
analyses for the .matric characteristic c~rves and ~ith measured values for the unsaturated 
conductivity. Therr results showed a maximum magrutude for downward flux of about 1 cm/yr at 
32', decreasing with greater depth to less than 0.2 cm/yr below 50', which was about the limit of 
resolution of those measurements and analyses. 

From the previous studies, hydrologic transport in the Area G unsaturated zone is still not well 
quantified nor even understood conclusively where or when the vertical flux is upward or 
downward. The present study examines field data from Area Gin an analysis designed to address 
some of the present uncertainties in the unsaturated transport in the upper stratigraphic layers below 
this disposal site. Specifically, the vertical flux and its gradient (an effective source term) implied 
by field data from several monitoring bore holes throughout Area G (as seen in Fig. 1) are 
examined to help quantify our understanding of flux in the vadose zone. 

ANALYSIS 

Methods 

• 

In the complex stratigraphy within and beneath the mesa, an important step in understanding the • 
subsurface transport, is to know if there are local sources or sinks to the liquid phase moisture flux 
or recharge rate in the tuff matrix. This would imply interactions with vapor phase or with a 
second permeable media, possibly a connected network of fractures. Without knowledge of 
specific subsurface sources, numerical models applied to subsurface transport in this region can 
only justify one source, a net infiltration at the surface. However, this source alone was seen to be 
inadequate to match all horizons within the mesa simultaneously8. The present analysis derives a 
vertically localized liquid-phase moisture flux (the vertical component of the Darcy flux) and a 
source term for the moisture content from field data to improve our understanding of the recharge 
rate and its variations within the mesa region. This is tum improves our understanding of the 
moisture movement within the mesa interior and its potential for contaminant transport. 

A governing transport equation for moisture content in the unsaturated zone is discretized along the 
vertical axis. ·An inverse 'finite-difference' procedure is applied to field measurements of the 
moisture content to evaluate the vertical flux and its gradient. The empirical relationships defining 
the unsaturated hydrologic properties in terms of moisture content and its gradients are used in the 
finite discretized equations. 

The vertical gradient of the moisture content is related to the vertical component·of the divergence 
of flux. As such, it is an effective source term for vertical flux or recharge rate which includes 
effects of horizontal flux or time dependent change in the local moisture content. This source term 
is discussed in the following sections in terms of the possible physical mechanisms that may 
influence the vertical flux within the mesa subsurface. 

A schematic summarizing the analysis is shown in Figure 3 for a cylindrical control volume. In 
brief. the divergence of flux includes a contribution from the differences in vertical flux, rz, across • 
the top and bottom faces, and from differences in horizontal flux, rx. across the side areas. This 
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flux divergence equals the volumetric source term, Sfii), plus the change in local moisture content, 

ae (i) 'where i is the index of the discrete elevation at which the quantity is evaluated. The field 
.dt 

data provide an estimate of the vertical component of the divergence of the flux. This estimate is a 
measure of an 'effective source term to the vertical flux' which may include contributions from 
horizontal flux, vapor or matrix volumetric exchange, or time dependent variations in the moisture 
storage. Terms are defined more rigorously and elaborated in the following analysis. 

A continuity equation for moisture content, (J [volume fraction], can be written 

ae + v. r = so (1) 
dt 

where Tis the flux and So is a source (So>O) or sink (So<O) term representing a volumetric 
addition to or loss from the matrix liquid phase. In the unsaturated zone, considering liquid phase 
transport only. the flux can be written 

T = -K[(J] { Vhmf(J} + z} (2) 

where [(Jj denotes a functional dependence upon the moisture content. Here, hm is a matric heactl4 

representing the capillary suction forces. It is equal to the matric potential, '¥ m expressed as a 

head, hm = 'l'mfpg. The matric head is a negative quantity since the matric potential, 'I'm, is by 
convention a negative quantity. The unit vector in the vertical axis, z, is directed upward, so the 
vertical component of flux can be written 

Tz = -K[(Jj { (dhmf(J}Idz) + 1. }. (3) 

Applying Eqn.(l) to flow in the matrix, the source term, So. represents volumetric source or sink 
terms relative to the matrix liquid phase. The source can include moisture exchange with the vapor 
phase. In a matrix volume which is near surface-connected fractures open to the atmosphere, the 
moisture content can be significantly reduced from the conditions expected in the mesa interior. 
Therefore, this source term includes moisture exchanged with fractures or other surface-connected 
zones of high permeability distributed throughout the matrix. This term, So. includes evaporative 
loss to the vapor phase when the source term is negative (a sink term), and could, for example, 
imply a net evaporative loss to a surface-connected feature within the local volume. 

Combining terms above and accounting for one horizontal flux component, Tx. along an arbitrary 
horizontal axis, x, the continuity equation can be rewritten, 

= Szeff = 
ae 
dt 

(4) 

where the left hand side is the vertical component of the divergence of flux, equal to an effective 
source term for the vertical flux, Szeff· This source term equals the right hand side terms, 
respectively repre~enting local exchange with another media (e.g., fractures) or with another phase 
(e.g., vapor), honzontal movement of liquid phase in the matriX, and transients which reflect the 
Change in local Storage Of moiStUre COntent. The horizontal flUX, r X, COuld be evaluated USing 
Eqn. 2 with the unit vertical vector equal to zero. 

4 
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The term representing the volumetric source, So, and the t~rm for the ho~ntal ~di~nt. of flux in 
Eqn.(4) are expected to be physically related when the mmsture at a specific location IS influenced 
by horizontal movement towards or away from a fracture. In this case of a fractured medium, 
these two terms can be related to the same physical mechanism and need to be evaluated together to 
represent a moisture source or an evaporative loss. 

In steady state, the last term in Eqn.(4) is negligible. In areas where recent disposal operations 
have disturbed the area, this last term is likely to be significant due to the increased moisture 
content associated with disturbances due to operauons. The time scale where transients are likely 
to be important is evaluated in the results. 

The left hand side of Eqn.( 4) can be expressed in terms of a discretized approximation at a vertical 
point with index, i: 

Tz(i-112) } 
(5) = { z( i + 112) z(i-112) } 

where the discretized vertical flux from Eqn. 2 evaluated at node, i+l/2, is 

r . ((hmf8);+} - hm£8];) 
z(z+I/2) = -K[fJh+l/2 (z(i+l) - z(i)) + 1.) (6) 

and a similar expression with the indices decremented by one holds for the flux at i-112. The 
notation hmf8]; means the matric head is evaluated at the moisture content at elevation, i, and 

K[8];+II2 implies hydraulic conductivity is evaluated as an average between the two elevations at i 

and i+l. Empirical relations required to define K[8] and hm£8) are discussed in the following 
section. Using field data and these empirical relations, Eqns. 6 and 5 can be evaluated for the 
vertical flux and its gradient, respectively. 

1t is convenient to express this gradient or effective source term to vertical flux in a number of 
ways. Multiplying Eqn. 5 through by L1z = {z(i+ 112) - z(i-112) } gives the effective source term, 
Sf (as in Fig. 3), as 

Sl = Szeff L1z = { Tz( i+ 112) Tz(i-112) J (7) 

expressed as an equivalent flux, in crnlyr for instance, which can be compared more directly to the 
local flux, to a net infiltration rate, or to the precipitation rate for comparison. This source term is 
not normalized per unit depth and so represents the total source (or sink) over the depth interval 
between the adjacent field data points at z(i+112) and at z(i-112). 

The vertical gradient in flux, arz ' can also be considered as an effective source term, az 
S zeffi (in Eqns. 4 and 7) to the vertical flux or to the recharge rate. In this form, this effective 
source has units of inverse time and represents the change in vertical Darcy flux per unit vertical 

• 

• 

distance, with units for example as [yr -1 = (m3wfm3) m/yr /m], where (m3wfm3) represents the 

dimensionless volumetric water fraction, 8. In this form, we interpret the source term loosely to • 
represent an inverse of the time scale over which the vertical moisture flux is changing. The 

5 
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inverse of this Szeffin Eqn. 4., the characteristic time scale for moisture flux, is. denoted .Sr-inv. in __ 
) the Results figures. 

• 

. • 

The time scale for which the moisture content is changing is this effective source term for vertical 
flux times the moisture content. This effective vertical source for moisture content (denoted Sinv 
in Fig. 3, and denoted, Sr-inv*vol%, in the Result figures) is written in several equivalent forms 

Sinv 
0 Liz 

= sr = 
0 Liz 

= Sr-inv*vol% = Sr-inv 0 = (Szeff)-1 0. (8) 

One can interpret this as a characteristic time scale for vertical movement, Vz, to change the 
moisture content, or, if the local source term is completely attributed to the time dependent change 
in moisture content (Eqn. 4) then this is the minimum time scale over which that moisture content 
is changing at the present flux rates. 

The finite difference equations, 5 and 6, form the basis for the flux analysis with the alternate 
source term formulations in Eqns. 7 and 8. Each term in these equations has an associated error 
based on the field measurement and analysis uncertainty which contributes to the net uncertainty 
for the expression. This is an important consideration in interpretation of the results and will be 
discussed in a later section. 

To summarize, the gradient of vertical flux implies a source term to the local recharge rate which 
can be expressed as a flux, Sl (in Eqn. 7), or as a characteristic time scale, Sinv (Eqn.(8)). The 
flux source, Sl, is interpreted as the moisture flux needed to account for the observed magnitude 
of the vertical flux gradient if steady state conditions prevail. The source term, expressed as a 
characteristic time scale, Sinv, is the minimum time over which the moisture content is changing if 
aJI of the vertical flux gradient is attributed to a time dependent change in moisture content at that 
location. In the field situation some combination of these two limiting cases is likely to apply. 
This combination will vary with location as discussed in the Results section for each of the field 
boreholes. 

Application to Area G 

The approach is to combine moisture content data with empirical fits for the functions, K[O] and 

hmfO], to evaluate the vertical flux and its divergence. Moisture content data are examined from 
several monitor holes as indicated on Fig. 1. Data from most holes are from neutron probe 
measurements because these show good precision and, if properly calibrated, reasonable accuracy. 
Thus, moisture content gradients are detennined relatively well, as discussed more quantitatively in 
the Uncertainty Section. 

Moisture content profiles for each of the holes labeled NPH# (Neutron Probe Hole) in Fig. 1 were 
made during the summer to fall seasons of 1994. These were reported in Loaiza and Voldl5, as 
determined with a neutron moisture probe which measures directly in moisture content volume 
percent ( JOOxO). Calibrations for each type of hole casing and hole diameter are documentedl5. 
Measurements in a monitor hole (NPH-1) into an active disposal unit confirmed earlier findings · 
that moisture content does not change appreciably in time below 1-2m depth. The moisture content 

6 
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in the two holes labeled LGM-85-# were taken from plots of results in a previous report 10 where 
the measurements were also made by neutron probe. • 

Borehole 54-1002 (in the LANL Environmental Restoration Program) is located on the mesa top 
about 112 km to the west of Area G, and is included because it is the deepest of the holes reported 
here. The moisture data are from gravimetric measurements of core samples from the borehole. 
Analytic determinations of the bulk density were averaged in each stratigraphic layer as 

summarized elsewhere2 and used here to convert this moisture content to a volumetric basis. The 
values used for bulk density averaged for each stratigraphic unit are shown in Table I. Because of 
these extra steps in the analytic procedures, the gravimetric profiles contain more uncertainty than 

· the neutron probe-determined profiles especially in the deeper layers where relatively few samples 
(2 in the Tsankawi-Cerro Toledo layers) were used to characterize the bulk density and unit­
averaged hydrologic parameters. 

Empirical relations required to define unsaturated moisture flux as functions of moisture content, 

K/8] and hm/8], have been compiled by stratigraphic units at Area G2 based on van Genuchten­

Maulem analyses3,16 as reported previously4.5. Stratigraphic unit mean values are used in the 
present study as summarized with their standard deviations in Table I. Although residual moisture 

content, 8-residual, is determined from curve fits, it is not applicable to the present analysis when 

field moisture data are less than the residual. 6(i) < 9-residual, therefore 9-residual was set equal 
to zero in this analysis. The stratigraphic unit interfaces in each borehole were determined from the 
borehole logs where borehole logs were available. Otherwise, a simple interpolation estimate was 
used by comparing depths of moisture profile peaks and inflection points, with those in logged 
holes. 

Only one of the holes (54-1002) which was used to determine the mean stratigraphic unit transport • 
parameters in Table I is the same as the holes examined in this present study. However, the 
moisture profiles in both sets are similar arid so the transport properties used here are expected to 
be representative of the unit mean values. Recent data from borehole G5 [Ref.17] at Area G were 
not included in calculating the means used in this study, however, as seen in Table I, in the last 
column. by including the G5 data for Unit 2b, the van Genuchten-Maulem fits are not changed 
greatly. 

Fitting parameters for the transport properties for the crushed tuff were taken from a separate 

reference 18 and are the same as the values used in the preliminary PA modeling and analyses 1. 
(Note that these values have been revised for subsequent PA analyses, however, they provide a 
basis for comparisons here and for an understanding of th~ sensitivity of the flux results to the 

assumed matric properties.) The origin of the crushed tuff samples is Unit 34, not the same as the 
stratigraphic unit of interest here, Unit 2b. Unit 2b is the nearest surface stratum at Area G and 
therefore comprises most or all of the crushed tuff used in the disposal operations as fill for the 
waste disposal pits and shafts. The difference in the source of the crushed tuff samples led to 
comparison tests discussed in the Results Section. 

Trends in the property variations within each unit have not yet been examined in detail and so 
possible systematic effects (e.g., a consistent vertical gradient of the fit parameters within a unit) 
are ignored in the field analyses, but considered to a limited extent in the uncertainty analyses. 
Matrix properties at a particular elevation, which deviate consistently from the mean value for the 
unit in which that elevation is included, can produce an error in the present analysis. 
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Unsaturated hydraulic conductivity was measured directly on several samples from hole G519 

using the UFA centrifuge technique20. As dis~us~ed elsewherel~,21 these measw:ements .ar~ in 
good agreement (factors of 2-3 difference near m-situ ~ge of m01sture content) With predic!Jons 
from the van Genuchten-Maulem fits in some cases and m poor agreement (an order of magrntude 
or greater difference) in other cases. In several of the cases with poor agreement, the centrifuge 
measurements suggested that liquid phase flow does not occur at the in-situ moisture content.19 

RESULTS 

Results are presented in three similar plots for each monitor hole, which show (A) the moisture 
profile, (B) the vertical flux (Eqn. 6) with the eff~tiye ~ource express~d as a flux (Eqn. 7), and 
(C) the inverse source term expressed as a charactenstic time for the moisture flux (Eqn. 5) and for 
the moisture content (Eqn. 8). In the vertical flux plots, the flux is downward if negative and 
upward if positive, and the source term is into the matrix volume if positive and out from the 
matrix (e.g., evaporation) if negative. In the source term plots, the source term is a magnitude 
only on a log scale and does not indicate a direction in or out from the matrix. In several cases, the 
flux and effective sources are dominated by large values in limited ranges of depth and so these 
terms are then replotted over selected depth ranges to focus on the trends in the 'low flux' depth 
range. 

Matric Head and Unsaturated Conductivity Results 

Intermediate results used in this analysis are useful to understand the limitations in interpreting the 
results in the following figures. Moisture content, matric head and the unsaturated conductivity are 
shown in Fig. 4 for a particularly dry moisture profile, in hole NPH-9, ER-1111, as located in 
Fig. 1. 

Fig. 4A identifies the interface locations between the stratigraphic units and shows the matric head 
with the moisture content for reference. The calculated values of matric head, hm. over the two 
ranges of depth, 0-1 Om and below 26m, are most consistent with the in-situ psychrometer data 

previously reported9 in the range, hm - 10-1 OOm. The higher matric potential values seen at the 
intermediate depth range are associated with a very low moisture content region, and there the 
matric potential fit curves may exaggerate the actual matric potential. 

In Fig. 4B, the vertical flux is compared to the unsaturated hydraulic conductivity. Both values 
appear to be negligible throughout most of the depth range. The more significant peaks in vertical 
flux are not associated with peaks in conductivity, but are associated with maxima in the local head 
gradient. 

The absolute magnitudes of conductivity and vertical flux are plotted together in Fig. 5A, to allow a 
log-scale presentation. Here one sees that the· magnitude of the flux is generally 1-2 orders of 
magnitude larger than that of the hydraulic conductivity suggesting that a 'unit gradient 
assumption' holds at few if any of these specific points in this dry borehole. This is clear in Fig. 

5B, which shows the absolute value of the vertical flux function, ( ahmf{)z + 1 ). At most points, 
this function is much greater than one, showing the differences in matric potential are critical in 
determining the magnitude of the moisture flux. 

This becomes very important in the very low moisture region, where very small changes in 
moisture content are associated with large changes in matric potential through the unit-averaged 
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analytic fits. In actuality, small local. chang.es in ~c properties ~y smooth the matri~ ~tenti~ 
profile. However, using the stra~graphic umt a~eraged propertles, then small vanauo~s. m • 
moisture content increase the magrutude of the vertical flux above the unsaturated conductivity. 
For this reason, the results may be 'noisy', with spikes attributed to the limitations of the unit­
averaged analyses. This effect is pronounced in these figures because this is a particularly dry 
borehole at Area G. An important implication is that it is necessary to look for trends common to 
many borehole profiles to 'smooth over' the noise of the analysis artifacts and to derive meaningful 
results. 

Field Borehole Results 

The field monitor holes.are located as in Fig. 1 (with one hole not shown, 54-1002 located on the 
mesa top about 1/2 km to the west of Area G). The drainage divide along the mesa top runs NNW 
to SSE near the north mesa edge approximately through holes NPH-2, NPH-3, and LGM-85-11. 
These holes should be near the locations of maximum surface run-off and are expected to be 
among the drier boreholes. 

The results from monitoring holes are presented roughly in order from drier to moister, looking 
first at a group of five shallower holes (<20m) which do not reach the depth of the adjacent canyon 
floors. and then at the deeper holes (>30m) which extend slightly below the depth of the Unit lb-
1 a interface. This interface is nearly coincident with the elevation of the adjacent canyon floor 
(Pajarito Canyon). This layer is identified as the vapor phase notch, just at or above the lb-la unit 
interface, the transition region from vitrified tuff (lb) to devitrified tuff (2a). This notch has been 
identified at outcroppings as a layer of preferential weathering22. It may have unique hydrologic 
transport properties but these have not yet been determined. 

Results for borehole NPH-2 (a background hole in relatively undisturbed tuff near pit 37) are • 
shown in Fig. 6. This moisture curve in Fig. 6A is assumed to be a nominal 'undisturbed' case, 
with moisture decreasing somewhat linearly with depth from 6-7% near the surface and leveling 
out at about I% below 6m. The inferred moisture flux in Fig. 6B is negligible below about 3m 
depth. In the upper most 3m interval, the vertical flux is predominantly downward, at 1-3 em/yr. 
The assoCiated moisture source is predominantly negative and of comparable magnitude to the flux 
suggesting a loss of the downward flux, possibly to evaporation in surface-connected fractures. 
The corresponding inverse sources in Fig. 6C suggest moisture content profiles are not changing 
within a 50 year time scale below 3m, and not changing within 500 years below 7m. In the top 2-
3 m. the time scale for change is about 0.5 yr, consistent with a source term frequency of 2/yr, 
suggesting a seasonal source, possibly the summer rains and the winter snow melts. 

Similar results are seen in Fig. 7 for hole NPH-3 another 'background hole' in a relatively 
undisturbed area also near the mesa top drainage divide. The moisture gradient and the flux 
become negligible at 4m depth. The flux is less than 1 crnlyr in the near-surface region (0.45 
cm/yr average to depth of 4m). The time scales are slightly longer than in the previous case, with 
no changes seen here on a time scale shorter than 2 years even at 1m from the surface. 

Fig. 8 expands the scale for flux and the flux source term over the depth range where the flux 
appears to be negligible in Fig. 7B. The flux and its source appear to be fluctuating with depth, 
with a maximum local magnitude of less than 0.4 mmlyr and an average flux of less than IQ-3 
cm/yr directed downward over this range in depth from 4m to 20m. The fluctuations may be 
artifacts of the analysis due to the large changes in matric potential implied by small changes in 
moisture at the dry end of the moisture range. The magnitude of implied moisture movement 
appears to be small compared to the error in the analysis as discussed later in the Uncertainty • 
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Section. On the other hand, the apparent fluctuations may have a real physical basis, suggesting 
small localized 'pockets' of moisture flux moving at slow rates in different directions . 

. Results in hole NPH-7c are seen in Fig. 9. This hole is in the tritium disposal shaft area and 
adjacent to a series of old burl~ trenches. ~sis considered a 'disturbed area', an? shows the 
increased moisture content relative to the previous two cases. The near surface mOisture profile 
behaves similarly to the previous cases, but now decreases from about 12% near the surface and 
levels out at a depth of about 8m to 2% or less. The vertical flux in the top 6m is 2.4 crnlyr 
downward. The source in this region is negative on average ( -0.7 crnlyr) indicating net loss from 
the matrix. A distinct positive spike in the source is seen in Fig. 9B at a depth of 3m, the location 
of a local maximum in moisture. This suggests a net influx of moisture either transported from a 
nearby moist region, a fractu~ or a disturbed trench excavati~n, or a ~e. depen~ent residual 
related to previous surface wettmg and more recent surface drymg. The minliDUID time scale for 
moisture change is about once per two years as seen in Fig. 9C, suggesting that if the profile is 
attributed to recent drying, the previous wetting cycle was at least two years ago, perhaps during a 
'wetter than average' year. 

Results for hole NPH-6 in the southeast comer of Area G are shown in Fig. 10. Moisture is about 
8% maximum and decreases from 3m to about 1Om, similar to the previous case. The local 
maximum at 3m depth is again possibly related to horizontal migration from nearby disturbances or 
to a time dependent response of a previously greater rate of surface infiltration followed by more 
recent drying. The positive (upward) Darcy flux in the top 3m suggests that the moisture profile is 
relaxing by upward moisture flux driven by surface or near surface evaporation. The positive 
source term in this depth range shows moisture is now (or recently) moving towards this region. 
The minimum time scale for moisture change is about once per two years as seen in Fig. 1 OC. 

A unique set of results are seen in Fig. 11 for hole NPH-4. This moisture content of 30% near the 
surface and the very slow decrease with depth were not observed at any other location. This hole 
is in an engineered drainage area where surface run-off is diverted towards this hole and so the 
infiltration is expected to be considerably higher than at any undisturbed location. Note that the 
monitor hole itself is cased and is not expected to be conducting water to the subsurface region. 
The average downward Darcy flux inferred in the upper depths is in the range of 100-200 crnlyr 
depending on the exact interval, corresponding to 3 to 6 times the annual average precipitation rate. 

The average source term over the same depth is negative indicating a net evaporation or loss in the 
mesa top. The drying is not sufficient to reduce the moisture in the top 16m to the typical observed 
background levels below 2%. The time scales for moisture content change are seen in Fig. 11c to 
be well below one year at most depths, with a minimum value (at depth= 14m) of about 0.05 year 
or a frequency of about one per two weeks, and with several near surface points at 0.1 year or a 
frequency of about once per month. Thus, changes at this location (NPH-4) are rapid relative to 
any other monitor hole. 

The monitor holes discussed up to this point did not extend deep enough to reach the elevation of 
the adjacent canyon floors. The remaining monitor holes are deeper than the adjacent canyon 
floors and show a characteristic moisture peak associated with the vapor phase notch near the unit 
lb-la interface. Fig. 12 shows the results in hole LGM-85-06, using the moisture profile 

previously reported10. Moisture content increases with depth beginning at about 20m, and shows 
a moisture peak at 30m. The borehole logging data shows this peak is in the 1 b unit, with the 1 b-
1 a interface at 32m. The profile in Fig. 12A is typical for a relatively undisturbed area near the 
surface. 

·.',·.·· The Darcy flux and associated source term flux (Fig. 12B) decrease rapidly near the surface and 
, appear to be significant again near the moisture spike at 30m. In this region the Darcy vertical flux 
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and the source term flux show a trend which is seen in nearly all of the holes which penetrate this 
depth. The apparent source term exhibits a large positive value at the de~th of ~e mois~ure peak 
suggesting net infiltration, in this case equivalent to. about 5 em/yr. To either Side of this source 
spike, the source is negativ~ sug~~sting net evaporative l~sses over~ depth range of 1-3 m. The 
corresponding Darcy flu~ IS positive a~ve the so~e spike suggesting upward movement away 
from the spike and negative below the spike suggesting downward flux from the source. 

This pattern suggests a source with movement away to either side· and as the moisture moves away 
it evaporates as indicated by th~ nega~ve sources to eitJ:ter side <;»f the ~pike. ~o~er interp~tation 
of the data is possible, if there IS a honzon near the mmsture spike which has sigruficantly different 
matric properties than the average values used for unit 1b (or 1a), then the moisture spike could 
still represent a static equilibrium, and correspond to negligible flux through the region. 

In this hole, LGM-85-06, the average vertical flux from 25m to 35m depth is -0.43 cmlyr, and the 
average source in that range is 0.016 cmlyr, indicating a significant downward movement but a 
negligibly small net source. The minimum time scale for moisture content movement is about one 
year and occurs at the depth of the moisture peak as seen in Fig. 12C. There is a region from 
about 15m to almost 25m depth where the minimum time scale is almost 1000 years indicating 
negligibly slow changes in this 'low flux region'. 

• 

Hole LGM-85-11 (Fig. 13) shows higher moisture content compared to the previous case but 
similar trends with depth, decreasing from 15% near surface to 2% at 5m, and increasing slowly to 
20-25m and then building to a local maximum or moisture spike at 28m, apparently the depth of 
the vapor phase notch at this location. The increased moisture content corresponds to much larger 
fluxes than the previous case, about 30 cm/yr near the surface and 10-20 cmlyr at the moisture 
spike at 28m. Except for one point at 5 m, the time scale for moisture content change (Fig. 13c) is 
one year or greater with the minimum values occurring near 28m. From 7 to 23m (a low flux • 
region in this borehole) the source term time scale is greater than 100 years. 

Each of the two ·previous cases showed negligible flux throughout the intermediate ranges of 
depth. In Fig. 14, the Darcy fluxes in the limited range are replotted to resolve this 'low flux' 
region for both holes. The vertical flux and source term in each case oscillate about zero with a 
maximum local magnitude of about 0.1-0.15 em/yr. The average flux over this region is -0.0017 
em/yr and the average source is -0.013 crnlyr for hole LGM-85-06, and for hole LGM-85-11, 
these respective values are 0.01 and -0.07 ern/yr. 

Results in Fig. 15 for hole NPH-8, near the tritium shaft field, show a modestly high near-surface 
moisture content consistent with profiles from other 'disturbed locations', falling to below 2% at 
depth 11m, more consistent with an 'undisturbed location' at depth. The maximum in moisture 
content at depth of 5m, with positive vertical flux and sources at shallower depths, is also 
consistent with a disturbed location as discussed for holes NPH-7c and NPH-6 in Figs. 9 and 10. 
The moisture peak at 27m is similar to that discussed for the previous two holes which penetrate 
the lb-la interface. The minimum time scale in Fig. 15C is about one year, with most points in the 
range of 20-1000 years. Fig. 16 shows the Darcy fluxes in this hole on an expanded scale over the 
'low flux' region from 12 to 2~ m dept~. The.maximum downward flux in this region is -0.033 

·em/yr. the average flux over this range IS -0.0038 crn/yr and the average sink over this range is -
0.0024 ern/yr. 

Fig. 17 ~bows results for hole NPH-9 (ER# 1111) located near the high activity tritium shafts. ~e 
low mOisture content throughout the profile suggests this area at least locally is relatively 
undistur~ed by t~e nearby dispos~ operati~ns, or it is dry due to its proximity to the mesa edge. 
The mOisture spike at the 1 b-1 a mterface IS at about 25m depth at this location and small in • 
magnitude, producing a minor perturbation in the vertical flux or flux source term. A moisture 
buildup at 1Om depth does show the same trends as previously observed at the 1 b-1 a interface 
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moisture spike, a positive source dissipating with mov~ment in the up~ard and downward 
directions and with adjacent negative sources possibly attributed to evaporauon. Except for two 
points, the time scale in this hole is ten years or greater as seen in Fig. 17C. 

Results are seen in Fig. 18 for hole NPH-5 (also identified as G-513.21), located in a central 
portion of Area G between a shaft field and older disposal units. This hole was previously selected 

for detailed hydrologic transport assessments including complete matric characteristic curves 17 and 
UFA centrifuge measurements of the unsaturated hydraulic conductivity curves19 on core samples 
removed at 10' intervals. These data have been discussed previously13,21, and will be considered 
further in the Discussion Section. 

The results in Fig. 18 reflect an atypical moisture profile, decreasing from about 10% to 7-8% in 
the top 15m. and then dropping precipitously to less than 2% at 16m. The interface of units 2b-2a 
occurs at this abrupt change in moisture content. Throughout the top 15m, the vertical flux is 
consistently downward with an average value over this interval of -1.1 cm/yr, and this average 
increases to -1.7 crn/yr in the top 17m, due to the large downward flux apparent at the abrupt drop 
in moisture. The net source term over these ranges are respectively, +0.36 crnlyr and +0.01 
em/yr. This condition may imply a significant connectivity between this hole and adjacent 
disturbed areas of increased moisture or adjacent surface-connected fractures which contribute to 
wetting the hole at certain depths and to drying the hole at other depths. 

There is an apparent sink at 17m of -6.5 cmlyr (Fig. 16c) which seems to be removing the 
downward vertical flux above that depth. Surge beds at this depth have been proposed as a surface 
connected feature which may preferentially dry this horizon23, 13. The source and flux values at 
this horizon are equal to that seen at 4m depth where the moisture profile undergoes a minor drying 
trend as evidenced by the local minimum in moisture content. In comparison to the profiles at 
other holes in this study, it appears that this is not a typical characteristic but is unique to this hole. 
[Note however, in a recently drilled borehole (Environmental Restoration Program, 54-1107) 
located near to G5, the moisture and matric potential profiles24 are similar to that seen at G5 
suggesting an area near the middle of Area G with similar characteristics, and similarly influenced 
by disposal operations and or by surface-connected fractures down through Unit 2b.] 

The hole ER-1002 is located on the mesa top about 1/2 km to the west of Area G. It is included 
because it is deeper than any hole within Area G, penetrating into the Cerro-Toledo member at 78m 
depth. The hole was drilled at 22° from the vertical but all depths reported here are corrected to 
vertical. The moisture data is from gravimetric analyses on recovered bore hole samples corrected 
to a volumetric basis with stratigraphic unit averaged bulk densities (Table I) and is thus considered 
to have a larger uncertainty than the neutron probe measurements. 

Results for hole 54-1002 in Fig. 19 show the trend expected for a relatively undisturbed area, 6-
7% near surface moisture falling to 2% or less by 5m depth, with the moisture spike at the 1b-la 
interface or vapor phase notch, at a depth of 40m at this location. Below this the moisture 
increases slightly until depths of 80-90 m where the moisture content increases and fluctuates 
significantly with depth. Using the limited data for the unit average properties at this depth, an 
apparent vertical flux and source term flux is seen (Fig. 19B) in the range 80-100 crn/yr at about 
80m depth and several values near 10-20 crnlyr occur at points below 80 m. 

If these data are valid, they suggest a moisture source at a very localized horizon at 80m which is 
primarily moving upward and evaporating or otherwise lost above 80m. This apparent flux may 
not be real however, it may be attributed to poor data in moisture content or to stratigraphic 
property variations at this depth which have not been resolved. The associated time scale in Fig . 
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19c is less than one year for several points ~this range. ~ magnitude of the ap~~nt source at 
first seems unlikely to represent a real phystcal source at this depth. However, smular apparent • 
sources have been seen in recent analyses on moisture proflles underneath nearby canyon 
locations, suggesting the possibility of lateral mixing at this horizon. 

Figure 20 (top) shows the rescaled Dare~ fluxes down to ?Sm to avoid the .erratic ~~avior near 
80m and deeper. This now agrees well wtth data from previous holes, show10g negligible flux or 
sources except near the surface and at the vapor ph~e notch (-40m here). Fig .. 20 (bott~m) shows 
the limited range of depth from 8 to 29m. Over this range, the average vertical flux 1s -0.0005 
cm/yr and the derived sink is -0.0006 em/yr. Dee~r interv~s ~ve s~ar~y neg~~ibl~ fl.ux :values 
until one includes the data below 76m. The vertical flux 10 this regiOn ts posttlve 10dicat1ng an 
upward movem~nt. ~f 6.6 cm/yr which suggests the data and or ~alysis in thi.s region ~ of 
questionable reliability. The average flux values over several mtervals are 10cluded 10 the 
following table. 

Average flux values for hole, 54-1002 

depth interval average vertical flux average source term 
(cm/yr) (cm/yr) 

0-7 m - 0.51 - 0.16 
8-29 m - 0.0005 -0.0006 
30-44 m - 0.005 + 0.0005 
45-75 m -0.004 + 0.0003 
76-90 m + 6.6 + 0.15 

Results for hole NPH-1 are shown in Fig. 21. This is a cased hole going through a portion • 
of an active and nearly filled disposal unit, pit #37. The zero depth in the figure is the current pit 
surface which is about lOrn below grade, while the pit bottom is about 30m below grade or about 
1Om below the accessible lOrn portion of this monitoring hole. The moisture profile is strongly 
invened with a maximum at 6m denth consistent with on-going fill and disposal operations in the 
open pit. 

The matric properties used in generating the fluxes and source terms in Fig. 21 B and C are 
for 'crushed tuff as reported in [18,8]. Fig. 21B shows that in spite of a moisture gradient 
driving upward flux the net flux is gravity driven, downward throughout the profile. The source 
term expressed as a flux in Fig. 21B is small and only positive near the 5-6m depth, probably 
indicating moisture sources from recent disposal operations. Fig. 2lc shows that the minimum 
characteristic time scale for moisture content movement is about 20 years, suggesting that seasonal 
or other short term fluctuations are dampened out in the crushed tuff matrix. 

The crushed tuff used as fill at Area G is mostly from the unit 2b. However, the 
stratigraphic unit which served as the source of the 'crushed tuff data is not from Unit 2b [p.l7, 
Ref.5]. There have been some indications that crushed tuff and in-situ tuff do not behave too 
differently in unsaturated hydraulic conductivityl9, nor in matric properties5. Some differences in 
matric properties, expressed as different exponents m power law fits of matric potential as a 
function of moisture content, have been noted25. 

As a check on the sensitivity of these results to the actual matric properties used, the vertical 
flux and source terms were recalculated using the matric properties for in-situ unit 2b. These 
results, labeled (2b-i), are plotted with the previous results for the 'crushed tuff properties, (2b-c), 

. for comparison in Fig. 22. Using the in-situ matric properties it is seen that the upward slope of 
the moisture profile is now sufficient to drive a small upward flux ( -1 cm/yr) between 4 and 5 .5m 
depth, and a small upward spike at depth of 9m. For these properties, limited upward movement 
occurs. The extent could be examined in greater detail to determine if contaminant transport is • 

13 



• 

• 

Appendix 2c Repon-54G-013,R.2 
3/28/97 

significant. Using the in-situ properties, the characteristic source term time scales in Fig_. 22B ~ 
reduced from the previous 'crushed tuff properties, and.are now in the.ran~e of 1-2 years. . 

The van Genuchten values for crushed tuff used m the Results m F1g. 21 were used m the 
preliminary draft Area G Performance Assessment1. These parameter values have since been 
revised for subsequent PA work to a 'corrected' set of ~um~rs for crushed tuff ~hie~ are similar 
to those for the uncrushed Unit 2b average values used m this study. The results m F1g. 21 serve 
as a measure of the sensitivity of the vertical flux to the assumed matric properties, while results in 
Fig. 22 labeled 2b-i represent expected field conditions. 

Bounding Case Results 

Results for two assumed profiles of moisture content are illustrated in Fig. 23, which 
bound the range in moisture content seen in the holes at Area G. The curves are useful to 
understand the limits of the basic analyses used here and to appreciate the nonlinear dependence of 
flux on the moisture content. Linear moisture profiles are assumed, one, from 6% near the surface 
decreasing to 1% at a depth of 15' ( -5m), and two, 12% near the surface decreasing linearly to 2% 
at a depth of 30' (-1Om), so that each has the same slope but in a different moisture range. These 
two profiles bracket the near surface profiles at Area Gin all holes with one exception (NPH-4). 

The slope in both profiles is 0.01m-1, which was chosen as a 'typical value', close to an 
average of the observed vertical gradients in near-surface moisture. Many of the holes are seen to 
exhibit a near surface moisture gradient of about this magnitude independent of the near surface 
moisture content. Properties of Unit 2b are assumed in computing K[B] and hmfB] in this 
example. 

The associated Darcy flux in Fig. 23B shows the vertical flux as a curve and as a line 
segment for each of the two moisture curves. The drier moisture content corresponds to the 
smaller flux in Fig. 23B, which is less than 1 crnlyr, and the larger moisture profile corresponds to 
flux in the range of <1- 7 cm/yr depending on the evaluation point. A curve and line segment for 
each moisture profile represent fluxes evaluated respectively, along the moisture ·profile curve 
(evaluated at each moisture point shown in Fig. 23A) and as an 'average' over the moisture profile 
curve (discretizing each moisture profile as a whole segment by evaluating Eqns.(4 - 6) using only 
the moisture profile endpoints and midpoint). The difference in flux in the continuous profiles and 
in these average segments is seen to be large. This indicates the sensitivity to the discretization in 
forming the non-linear difference expressions for the flux and for the source expressed as a flux. 
A reason for the sensitivity is that these flux expressions are 'integral measures between data 
points' and are not normalized per unit depth. This shows that the moisture profiles must be 
adequately resolved for meaningful results in these terms. 

Similar considerations apply to the source term flux curves in Fig. 23B. The 'average' 
over each moisture range is now just a single point, using two values of vertical flux or three 
values of moisture content to evaluate the source term per Eqn. 5. The inverse of the source terms 
(Eqn. 7-8) are plotted as characteristic times in Fig. 23C. This source term is normalized per unit 
depth and so the difference between the source term calculated along the moisture profile and the 
source term calculated as an average over the moisture profile is in good agreement. The assumed 
linear moisture profiles lead to characteristic ti~es for change in moisture content (indicated as (St­
inv)*vol% in Fig. 3C) of 15 or more years at the lower moisture profile levels and about 5 years at 
the higher moisture content. The time scale for change in moisture flux in Fig. 23C is larger than 
that for the moisture content by the factor, frl . 
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Accuracy of the results in this analysis depend on the ace~~ of fo~r main factors: the moisture 
profiles, the matri~ potentia! functions·.over ~ o~served m-~ltu ~o1s~ range, the u~saturated 
conductivity functiOn of mmsture, and the application of stratigraphic urut average functions to all 
the data points within each unit. ~e appli~tio.n o_f unit avera~~ functions was discus~ed in 
relation to the vapor phase notch, With the liDplicabon that additional field data are required to 
resolve the hydraulic properties throughout that region. In other regions, the average stratigraphic 
unit properties seem to better represent the whole unit based on the results in the previous section. 

The moisture profile accuracy is directly related to that of the neutron probe measurements for most 
of the data in this report. Neutron probe accuracy is estimated to be within 50% when properly 
calibrated. but the precision is expected to be better than 10%. In recent unpublished field data26, 

it is seen in the dry regime in boreholes at Area G that the precision or reproducibility error, L16, 

tends to about L16- 0.001 or 0.1% (in moisture content volume percent), independent of moisture 

content. Thus at 1% moisture content, the relative erroris L16/6- 0.00110.01 or 10% of the mean, 
and it is less at greater moisture content. It is the relative error or the difference between adjacent 
points as used in the moisture gradient determination which is important in this analysis and thus, 
I 0% is a reasonable estimate for the error. 

• 

The accuracy of the van Genuchten fits for unsaturated conductivity has been discussed in several 
studies examining data from the G5 hole discussed in this report 13,19,21. In that hole, unsaturated • 
conductivity curves as a function of moisture content were measured by the UFA centrifuge 
method19 and compared to van Genuchten fils using matric potential data17 with the saturated 
conductivities. These curves were compared for 10 core samples, located approximately one every 
ten feet in the G-5 hole. · 

Of the 10 curve comparisons, two were based on unreliable data, one was ambiguous (at 9.5'), 
three were in relatively good agreement throughout the range of the curves and four were in poor 
agreement. This suggests almost half or 3 out of 7 of the reliable measurements are accurate based 
on comparable results from two different determinations for the unsaturated conductivity used in 
this study. Of the cases in poor agreement the tendency was for the experimental conductivity data 
<UFA detennination) to asymptote at greater moisture content than expectedl3,19. In these cases, 
the actual conductivity at the in-situ moisture content was beyond the range of the experiment and 
therefore could not be determined. The discrepancy may have been attributed to experimental 
limitations, or to a real lack of liquid phase movement at the in-situ moisture content. The latter 
implies that the in-situ content could only be achieved by evaporation and vapor phase movement, 
a possibility considered further in a separate study27_ 

Generally, the matric potentials (matric heads) found in this study are consistent with the range in 
the in-field psychrometer results reported previously9-11. A possible exception is at the driest 
moisture contents where the matric potential predicted from the van Genuchten fits in this study are 
of greater magnitude than previously observed. Matric potential results between van Genuchten 
fits and chilled mirror psychrometry (CMP) on recovered core samples from hole G5 were found 
in good agreement I3. Matric potential from chilled mirror psychrometer measurements on • 
recovered core samples compared well to van Genuchten fits with moisture data in horizontal 
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boreholes at Area G, at least at the dry range of moisture content28. Recent unpublished results on 
CMP matric potential from core recovered in Area G boreholes as part of the Environmental 
Restoration Program24, agrees with results from moisture content combined with the unit-averaged 

van Genuchten functions within a factor of about two at most data points27. We find good 
agreement generally in matric potential observed in different studies and methods, however, it is 
difficult to quantify the overall accuracy of the matric potential determinations in these different 
studies without knowing which provides the 'right answer'. 

Error Analysis 

Assuming the overall validity of the analysis described in this report, an error analysis is used to 
understand the important contributions to error and the magnitude of the overall error associated 

with the analysis. The error or uncertainty associated with each variable is denoted as cr, 
subscripted with the appropriate variable name. 

For a general function, 

x = j(u,v,w, .... ), 

the propagation of errors is based on the standard form29, 

= ({}JJ 2 2 ({}JJ 2 2 ( {}JJ 2 2 
- (J, +- (J, +- (J au " av v aw w 

+ .... , (9) 
2 

which applies when there is no correlation between the independent variables. This is assumed in 
the present analysis. 

We are interested in determining the error associated with the flux given by Eqn. 6. In this section, 
simple analytic forms are assumed for the transpon properties (rather than the van Genuchten fits) 
which make it more convenient to analytically evaluate the uncertainty. Power law fits30 for 
unsaturated transpon properties over the low moisture content range [2%-20%] have proven to 

have high correlation coefficients [>98%] in Bandelier Tuff25. The unsaturated transport 

properties, expressed here as matric head, hmf 8 ], and unsaturated conductivity, K[ 8 ], are 
estimated in this uncertainty analysis as 

b b 
hm£8=2-20%] = ah fJ h and K[8=2-20%] = ak fJ k (10) 

where ah. bh, a~v and bk are fitting parameters. 

Equation 6, for the flux, is approximated by e_valuating all functions at a moisture content, e, at 

location, i, (index along the z axis), and the moisture gradient is estimated here as dfJ/dz =(8- (}_ YLlz. 
where fJ_ is the adjacent moisture measurement. Hydraulic properties are assumed to be only a 

function of moisture so that, Vhm = ( dhmld8) VB. This does not apply to the interface region 
between two dissimilar units, which must be considered separat~y, i.e., this applies only within a 

unit with average hydrologic properties. The vertical flux, rz, can then be expressed in several 
equivalent forms for this analysis based on 
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where Dz is a 'diffusive part' of the flux, and K is the convective part. These can be written out 
as, 

Tz = - K[(}] { (dhmf8]/{}z) + 1.}, 

-K£9}( ilhm£9](9- 9_) + 1. ) . = ()(} L1z 

Qk(lhbh bk+bh Qk(lhbh(}- (} bk+bh-1 b 
= (} + - ak 8 k, 

L1z L1z 

- - A + B - K. (12) 

Based on these simplified analytic forms, the derivatives, ()Tfda.k> ()Tf()(}, etc., needed in Eqn.(9) 
for the propagation of errors can be evaluated and combined to obtain an estimate for the error in 

the flux, expressed as arfT. This is found to be given by 

(c;:r = (::·Y + (va"•Y + (va6zy (B ae_y + --r ah r L1z r e. 

+ 2 (D Gb·Y (zne abk) + . r "7ih + (in(} D )2 -ab r h 

(13) 

Most of the terms have small uncertainties, probably about 10% (normalized) or better, considering 
a 'precision' error. Therefore-the terms of the form ( a,/u)2, where u is any one of the independent 

variables, are each much less than unity. Similar terms including factors of Dff or BIT are also 
small since these factors are also less than one. 

To simplify the term on the last line of Eqn. 13, we assume realistic values and evaluate these 
terms. Note that Wll, IB/11, and IK/11 are all less than or equal to one. Typical parameter values 

are bh = -1.3 ± 0.3 and bk- 7 ± 0.5 [Ref.25], and it is always true that (bh + bk) < bk since bh < 

0. This implies that the third line is less than ( b k ( ~8)) 2, which is approximately equal to 0.5 using 

bk = 7, and a£18 = 0.1. The 'precision' error for neutron probe moisture measurements is better 

• 

• 

than 10% if the moisture volume content exceeds 1%, so this is a maximum magnitude for this • 
term at most locations. 
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Fore= 0.02- 0.2, then ln8- 2- 4, where 4 applies at the low moisture content end of the range. 

The two terms containing ln8 then both exceed unity and dominate the error propagation. 
Retaining these two terms, the total error is then approximately, 

(14) 

which, in the low moisture content region, is estimated as 

(~f- I 4 x0.5 )2 + I 4 x0.5 x0.3)2 = 4 + 0.4 = 4.4, 

or 
2 2 

ar - 4.4 r. (15) 

About 10% of the error comes from the uncertainty in the exponential parameter for the matric 
potential curve fit and the rest comes from the uncertainty in the exponential parameter describing 
the unsaturated hydraulic conductivity. While these exponents could be independently determined 
from experimental data, in the van Genuchten-Maulem model,3,l6 the exponents are not 
independent. 

• This uncertainty analysis shows that the error associated with each point is larger than the mean 
value. This is characteristic of a log-normal distribution, which in this analysis has a8 =...piA - 2.1 
and is limited by the exponent of the moisture content used to characterize the unsaturated hydraulic 
conductivity. The implication, that the error for each point is larger than the mean, is that we need 
to interpret the results in terms of overall trends supported by each of the holes and by flux 
averages computed over large segments of the holes. In these average trends, the associated error 
is reduced in proportion to the number of observations included in the trend observation. 

In this analysis, the error is dominated by a single term related to the uncertainty in the exponent 
for hydraulic conductivity. A direct analog in the van Genuchten-Maulem model does not exist, 
but in that case, the error must be related to the van Genuchten exponent, N, as confirmed in a 
numerical error analysis of the van Genuchten parameters27, as summarized in the following 
section. Since N is typically 1.5 - 2 and bk- 7, it is reasonable to conclude that the error in the van 
Genuchten scheme is proportional to about four times the error in the exponent, N. The magnitude 
of the error does not depend upon the fining scheme used to define the unsaturated transport 
functions, so the result that a8 - 2.1 applies, independently of the fitting model used. Note that 

this value depends upon the assumption that _abk = 0.5, which was an estimate, and was not 
quantitatively determined from site data. 

As a final note, a moisture source term examined in this study was given by Eqns. 7 or 8. This 
source is the difference between flux at two adjacent points. The propagation of errors applied to 
the difference of two terms will double the magnitude of the error for the source term relative to 
that derived above for the flux at each point, giving an error for the source terms in this analysis 

,-~~ expressed as a geometric deviation of a8 = 2x2.1 = 4.2. 
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A minimum detectable flux of the liquid phase can be derived from the uncertainty or error 
analysis. In this section, we numerically evaluate the uncertainty in the flux derived from unit­
averaged van Genuchten relations. This is described in detail for the vapor phase flux 
elsewhere27. The minimum detectable flux can be considered as that flux which is statistically 
discernible from a zero flux estimate, and as such, is related to .the standard deviation or width of 
the uncertainty of the flux estimate. We consider a marginally detectable liquid phase flux, T min• 
(to be denoted LLD.flux in the subsequent result figures, where ILD refers to a lower limit of 
detection) and define it to be equal to the error expressed as one standard deviation of the flux 

-estimate, ar. Thus, 

Tm;n = ar. (16) 

To evaluate the uncertainty in our flux estimates, Eqn. 3 is rewritten for the magnitude of the liquid 
flux in the form, 

T[cmlyr] 
K[cmlyr] = -K[8} {Vhm + 1} = (hmJ- hm2 + L1z), 

L1z 
(17) 

where hmJ and hm2 are matric potentials (heads) evaluated at adjacent points separated in space by 

vertical distance, L1z. each evaluated in the same units of length. The uncertainty in the flux, CJr. is 

evaluated in terms of uncertainties in hmJ, hm2 and K, represented respectively by ahJ, ah2 and 

• 

af\. Assuming these uncertainties are not correlated and that uncertainties in the distance, Liz, are • 
negligible, this gives 

(
()TJ2 2 

- ah1 
dhj 

+ - ah2 . (
()TJ2 2 
dh2 

(18) 

Evaluating the derivatives in Eqn. 18 from the flux-given by Eqn. 17, and further simplifying with 
the reasonable assumption that matric potential uncertainties at adjacent points are comparable, or 
ah 1 = ah2 = ahm then the flux uncertainty becomes 

2 
ar = 

(
hmJ- hm2 1] 2 

2 + aK + 
L1z (KJ2 2 2. Liz ahm . (19) 

The nurumum detectable difference in matric potentials, lhmJ - hm2lm;n, is related to the 
uncertainties in matric potential, and again using a 'marginally detectable' criteria related to one 
standard deviation then _ 

(20) 

and so the flux uncertainty becomes 

(21) 
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In deriving hm with the unit-averaged van Genu~hte? parameters from~~ moistur~ conte~t, then 
the uncertaintY in hm is assumed to depend primarily on the uncerta.mues associated With the 

parameters. Nvg. CXvg. and moisture content, e. Un~ertainty .in the porosio/ and residual mois~ure 
contents are neglected. This is reasonable for porosity when m the dry regrme far from saturauon. 
It is a necessary simplification for the residual content, since the analyses proceeded under the 
simplification that residual . content. equals zero ~ order ~o a_ssure that all field data values f<:>r 
moisture content are assoctated wtth a real matnc potenual m the van Genuchten fits. In this 
simplification, the matric potential uncertainty from the van Genuchten method, Gmn, is written, 

(~J2 2 (~)2 IT 2 Go + vnvg + 
dO dNvg (~)2 2 Gavg . 

aavg 
(22) 

The hydraulic conductivity is assumed to depend primarily upon the saturated hydraulic 
conductivity. Ksat• the moisture content, and the van Genuchten parameter, Nvg· The uncertainty 
in the unsaturated conductivity derived from the moisture profile and the van Genuchten relations is 
then, 

2 (dKv8 J2 2 (dKvgJ2 2 GK = Go + Gnvg + 
dO dNvg (~)2 2 GKsat · 

dKsat 
(23) 

The derivatives in these Eqns, 22 and 23, are evaluated numerically from the van Genuchten 
relations in a spreadsheet analysis. The best estimates for the uncertainties in the dependent terms 
as applied to this study are, Go = 0.001 [volume fraction], Gnvg = 0.06 and, expressed as 

fractions of the mean values, Gavg = 0.2 avg and GKsat = 0.2 Ksat· The values for Go and for 
Gavg are discussed in [27], and Gnvg and GKsat values are discussed in the following. 

The variation in saturated hydraulic conductivity, Ksat• within a given stratigraphic unit is typically 

I 00% or more 2.4.5. However, the uncertainty we wish to characterize here is·not an overall result 
accuracy but the uncertainty in assuming Ksat is constant between two adjacent measured points. 
Thus, we need a measure of the variability of Ksat between adjacent profile measurement points as 

used in the flux analysis. This is estimated by considering the values measured at Area G 17 in 
borehole NPH-5 (G-5) as seen in Fig. 24. The uncertainty at a given point is estimated to be equal 
to a normalized difference in Ksat at adjacent spatial locations, 8Ksa1Ksat• evaluated as the in-field 

observed gradient in Ksat times the distance, 8zm. between two points where the moisture profile 
measurements are typically made. These assumptions are written as 

dKsat 
8 T Zm 

8Ksat 

Ksat Ksat 

(Ksatl - Ksat2) 2 8zm 

(z 1 - Z2) (Ksatl + Ksat2) 
(24) 

This estimate of the error in the saturated hydraulic conductivity is labeled dKsat!Ksat*dzm/dz in 
Fig. 24 and shown for the in-situ data, assuming &m = 3'- Jm. The value is less than or equal to 

about 0.2 at most points. At most locations then, it is expected that (JKKsat < 0.2. 
sat 
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The uncertainty in the van Genuchten exponent, O"nvg, is seen in numerical evaluations27 to • 
dominate the errors especially at low moisture content, consistent with the analytic results in the 
previous section. Typically, the Bandelier Tuff stratigraphic unit average statistics show a standard 
deviation for the van Genuchten exponent of about O"nvg = 0.2 [Ref.2] or about 10% of Nvg across 
each stratigraphic unit. The variation between two adjacent points is lik~ly to be much smaller. 
This is seen in Fig. 25 where the van Genuchten exponent, N vg. denved from core samples 

recovered from 10ft depth intervals13 is plotted verses depth in borehole NPH-5 (G-5). 

A normalized gradient is used to estimate the variance expected in N vg between two adjacent 
measurement points (separated by 1m) as discussed above for the Ksat error estimate. This is 
shown in Fig. 25, labeled, dNIN*dzm/dz. Most values are seen to less than 0.03 and since N is 
typically close to 2, then the magnitude of the error in Nvg is about, O"nvg = 0.03 x 2 = 0.06 at 
most field locations. This method is a simple means of estimating a spatial correlation scale length 
for the parameter. 

A simpler but less conservative estimate of the variance between two measurement points is to take 
the variance associated with the stratigraphic unit2 and simply assume the variance between two 
adjacent measurement points will be the total unit variance times the distance between two 
measurement points divided by the total unit thickness. For a 'typical unit thickness' in Area G of 
about lOrn. and dzm = lm, then for O"nvg = 0.2 associated with the unit, we expect O"nvg- 0.02 
associated with the variation between two measurement points at 1m separation. 

Using these estimates of uncertainty or error between adjacent measurements in the field then the 
error terms in Eqns. 22 and 23 are determined, the derivatives are evaluated numerically using the • 
van Genuchten relations, and the equations are solved for O"hm and O"K. These values are 
combined in Eqn. 21 which is a measure of. the . flux detection limit per Eqn. 16. This flux 
detection limit is shown as a function of moisture content in Fig.· 26 for the three values discussed 
ahove of uncertainty in the van Genuchten exponent, O"nvg (and labeled dN in the Figures). The 

value C5nvg = 0.06 is assumed to apply to the present study. The detection limited flux as a fraction 
of unsaturated flux is actually decreasing with moisture content, but not as fast as the unsaturated 
flux increases, thus the detection limit increases significantly with moisture content. 

Results in Fig. 26 apply to the averaged van Genuchten parameters for the stratigraphic Unit 2b. 
These results are compared to the flux detection limit using van Genuchten parameters for Unit lb 
in Fig. 27. In Unit 1 b, a lower liquid phase flux is detectable at any given moisture content. 
Results for Unit 2a are similar to that for 2b. Results for the other Bandelier Units are expected to 
be approximately bracketed between results for Units 2b and 1 b, by comparison to their hydraulic 
conductivity curves27. 

The detection limits derived from this uncertainty analysis can be compared to flux results predicted 
in the field boreholes. The region around the vapor phase notch was seen to exhibit an apparent 
moisture source and large moisture flux. In Fig. 28 the maximum magnitude of liquid phase flux 
observed near the vapor phase notch, for each of the six boreholes in this study which penetrated 
that region, is plotted against the peak value of moisture content in that region from that borehole. 
This is compared to the detection limit curve for Unit 1b (in which the vapor phase notch lies), and 
it is seen that the magnitudes of observed flux in each hole is consistent with the expected 
uncertainty in that Unit at that moisture content. This supports the notion that the apparent source • 
at the vapor phase notch may not be a source of real moisture but may be an unresolved variation in 
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matric properties which consistently occurs near the notch region. This possibility is c<;msistent . J with unique properties of the notch observed at other locations outside of Area G 22. 

• 

On the other hand, the points in Fig. 28 are plotted at the maximum moisture content associated 
with the borehole proflle. In some cases, this maximum is a narrow peak and not aligned exactly 
with the position where the maximum moisture flux is indicated. If one assumes that the actual 
moisture content is slightly less at the borehole position where the maximum flux occurs, then the 
borehole points in Fig. 28 move slightly to the left. Most points would then indicate flux levels 
which are above the detection limit, and correspond to a real source. Thus, the 'source' indicated 
at the notch region remains ambiguous. 

· In Fig. 29, the magnitude of the moisture flux resulting from the analysis at all depths in two of the 
boreholes is shown verses the moisture content at that borehole location. These two boreholes 
were chosen because they bracket the field results where LGM-85-11 is an 'extreme moist case' 
and NPH-9 (ERllll) is an 'extreme dry case'. The field results are compared to the minimum 
detectable liquid phase flux in Unit 2b and in Unit 1 b, using the best estimate of the uncertainty in 
the van Genuchten exponent, CTnvg (labeled dN in Fig.) = 0.06. It is seen that most of the flux 
levels determined are below the flux detection limits, and therefore cannot be considered as 
accurate values, but rather are 'below detection limit' results. As above, those points which lie 
very near to the detection limit curves are ambiguous and may or may not be significantly 
determined flux levels. About 10% of the moisture flux determinations appear to the left of the 
detection limit curves and are likely to indicate real flux values. 

Figure 30 compares the minimum detectable liquid phase flux in Unit 2b to the uncertainty in 
unsaturated hydraulic conductivity, C1K, (labeled sigmaK in the Fig.), for the best estimate of the 

uncertainty in the van Genuchten exponent, CTnvg (labeled dN in Fig.) = 0.06. The ( sigmaK) value 
is an estimate of the recharge or vertical flux uncertainty under unit gradient conditions where the 
recharge rate is simply the unsaturated hydraulic conductivity evaluated at the in-situ moisture 
content. The comparison shows that the flux uncertainty is dominated by that of the unsaturated 
hydraulic conductivity at higher moisture contents where the two curves are comparable. The 
minimum detectable gradient in matric potential contributes significantly to the overall flux 
uncertainty in the dry range, where the two curves diverge. 

In regions where it can be shown that the unit gradient assumption applies (e.g., where moisture 
content and matric properties are on the average constant with depth), then the detection limit for 
the vertical flux or recharge rate will be just (sigmaK). There is a substantial improvement in 
detection limit and therefore in estimating small recharge rates in the dry moisture range, when the 
unit gradient assumption can be justified. 

The flux detection limits under unit gradient conditions, expressed as ( sigmaK) derived from the 
van Genuchten averaged properties in three stratigraphic units are shown in Fig. 31. It is seen, for 
example, that in a region within the Otowi member where the unit gradient assumption applies, if 
the moisture content is 10-20%, then the respective flux uncertainties are about 0.4 - 10 ern/yr. 
Conditions similar to this example are observed in moisture profiles under some canyon locations 
at Los Alamos5. The flux uncertainties at these locations are large and may limit meaningful 
predictions of flux levels. 

!he minimum detectable flux described here relates to each flux determination in the profile as an 
mdependent me~urement: Each flux estimate which can be grouped within a similar region (e.g., 
the low flux region) contributes to a mean flux estimate over that region (as summarized in Table 
II) which has its own associated uncertainty. Propagation of errors analysis shows that the error 

associated with the mean of n determinations, each with an error, a, is equal to a;V;z. A typical 
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borehole proftle with 15 flux estimates throughout the 'lo~ flux region' would the~ ·have~ error 
in the average flux throughout that region of almost four umes less than that associated w1th each • 
flux detemrination. 

The sum of all flux estimates over all boreholes (the summary mean values in Table IT) involves 
about 100 points and therefore about a factor of ten reduction in the error ass~iated with the mean 
estimated over that whole region. Referring to Fig. 29, one sees that a reduction by a factor of ten 
in detection limit puts us into the regime of most of the individual point flux estimates, e.g., the 
detection limit for a trend in flux averaged over 100 points in Unit 2b at 1.5% moisture content is 

about l.x 1 o-3 ern/yr. This suggests the region-averaged flux values are reasonable estimates of the 
region mean flux in spite of the high detection limits on each point. However, it is not clear if the 
variance throughout each region is associated with a real variation in flux or with variation in matric 
properties throughout the region. 

DISCUSSION 

Three Subsurface Transport Regions 

The data and analyses reveal several trends. The Area G subsurface can generally be characterized 
by three regions. A 'near surface region' has a variable depth with hole location from about 5m to 
more than lOrn and is characterized with a decreasing moisture content typically from 6-12% near 
the surface to < 2% at depth. Below this is a 'low flux region' characterized by low moisture 
content, and small vertical fluxes and source terms in this analysis which are typically less than 0.1 
cm/yr locally (at any depth), less than 0.03 crnlyr in any hole, and less than 0.002 crnlyr averaged 
over the 'low flux' region and over all the holes. The third region is a moisture peak near the • 
vapor phase notch or 1 b-1 a interface. This is apparently associated with a moisture source term 
and local flux although the average vertical flux over the range of this third region is small in most 
cases. Limited data below this third region makes it more uncertain, however, it appears in this 
analysis that below this 'notch region' the flux returns to a 'low flux regime'. 

These trends are quantified in Table II which summarizes for each region, the depth intervals, the 
interval-averaged fluxes and source terms. The large variability associated with the 'near surface 
region' led to a geometric mean as the best characterization of the values in that region. The other 
regions were characterized with aritlunetic means, required to meaningfully average the flux values 
of changing sign. Results at hole NPH-4, which was observed to be near an engineered drainage 
area and quite different from any other hole, were eliminated before taking the geometric mean 
because its inclusion skewed the results excessively. 

The near surface region has a geometric mean depth of 7 .8m (-25') with a geometric standard 
deviation of 1.6, suggesting that 'plus or minus one sigma' of the holes fall between 7.8/1.6 = 
4.9m and 7.8* 1.6 = 12.5m. The mean flux in this region is -0.94 crnlyr, about 1 crnlyr 
downward, with a geometric standard deviation of 3.9, characterizing a large variability in the 
results. The source term mean is -0.11 crnlyr, about 1 mrnlyr net evaporative loss. The variability 

is huge (ag = 20.6) presumably skewed by two holes which have very small source terms (NPH5 
and NPH9). Eliminating these holes from the statistical sum gives a reasonable source mean of-

0.37 cm/yr, or about 40% of the vertical flux, and a more reasonable geometric deviation, ag = 
4.2. 

The depth, flux terms, and moisture content in this near surface region appear to be determined by • 
the extent that the local site has been disturbed by adjacent engineered operations associated with 
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waste disposal. The natural distrib~tion of surface-connected fractures in the. immediate area of the 
monitor hole may also play a role m some holes, notably NPH-5 (G5), and m the nearby, recently 
drilled test hole, ER-1107 [ref.24]. 

A low flux region is characterized below the near surface region. In the Table II, this low flux 
region is characterized with a depth down to th~ 'vapor phase notch' region, however, ~e ~ta ru:e 
also consistent with a low flux region extending down to greater depths than exammed m this 
study, with the vapor phase notch region imposed -as a local perturbation o.n top of a l?w fl~x 
region continuing to greater depths. The depth of the vapor phase notch regiOn has an anthmetlc 
mean of 21 ± 5.4m. Over the low flux region, the maximum downward net flux in any hole is 
0.007 crn/yr and the average flux over all the holes is 0.0017 crnlyr upward. The source term 
average is -0.013 ern/yr. implying net evaporation, consistent with a net upward movement. The 
magnitude of these terms are all considered negligibly small, consistent with the large characteristic 
time scales for the source terms. 

The vapor phase notch region, or units 1b-1a interface is somewhat arbitrarily identified in Table II 
as the range of depth for the moisture spike and the significant flux sources associated with this 
region, as seen in the earlier figures. This gives a mean range for the region from 21.3m to 34m. 
Though the local flux and source terms were seen to be significant in most cases, the integral flux 
and source terms over the region as shown in Table II, are small. The maximum region downward 
flux is 0.43 crn/yr calculated in two holes, while the average downward flux over all the holes over 
this region is 0.073 crn/yr or less than 1 mrnlyr. The derived source magnitude is 0.032 crn/yr, for 
a small net influx. The standard deviations show a relatively large variability imposed on the small 

mean values, but the deviations are still small in terms of absolute values of flux, i.e., ±0.3 crnlyr 
for the vertical flux . 

Source Term at Vapor Phase Notch 

The vapor phase notch region shows interesting local characteristics in this analysis as seen in the 
previous figures. A positive source term, possibly influx from a localized horizon, is flanked by 
two horizons in which the moisture is moving away vertically (up above the source and down 
below the source) and simultaneously being lost to horizontal movement or evaporation in the two 
horizons adjacent to the source. The source average over the adjacent regions (in Table II) 
becomes a small net value for all of the boreholes examined. Alternatively, the results may reflect 
variable hydrologic properties in the region which are not well characterized. 

One possible physical interpretation is that this source horizon is connected to a more saturated 
canyon region (Pajarito Canyon is the likely candidate at Area G) and the adjacent horizons are also 
surface-connected but to a less saturated region which thus acts as a sink. Another possible 
interpretation of the results is that this horizon is bringing in moisture from 'upstream' locations to 
the west (along the axis of the canyons), and the source represents a significant lateral moisture 
movement. 

A third possibility to explain this apparent source as a real physical mechanism, is that there is a 
significant fracture network which is connected to the surface of the mesa and extends downward 
ending somewhat abruptly at the horizon of the vapor phase notch, or at the Units 1 b-la interface. 
This could allo~ infiltration through open fractures during heavy summer thunderstorms, which 
then moves rapidly downward to the bottom of the fracture network. The water sits there and is 
wic.ked horizont~y into the Bandelier Tuff matrix at this horizon, producing the large local 
mmsture peak. Simultaneously, the water spreads from the source horizon into the matrix and 
migrates back towards th~ fracture, driven by evaporation from the fracture. Eventually most of 
the water evaporates, leavmg a small net source term when averaged over the region. 
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This possible source mechanism is consistent with the magnitude of the source. tenn ~xp~ssed as a • 
characteristic time scale which was seen to be as small as one per year near this honzon m several 
borehole results. This supports the hypothesis of an annual in~ux. This mechanis~ would. be 
consistent with stratigraphic unit properties which are approxunately constant With elevation 
through the vapor phase notch region. This source mechanism seems a likely candidate to explain 
the field data and analyses, and will be tested against detailed field data to be collected in the near 
future. However, the moisture spike at the vapor phase notch is observed at other locations (e.g., 
T A-49) where the depth from the surface to the notch is much greater ( -400'), making it less likely 
to be surface-connected by a fracture network, and more likely to be a region of significant lateral 
movement. 

Another possibility is that the present analysis is giving erroneous results, and there is no 
significant source at this hori.zon. !he analysis is b~ed on the assumption that matric potenti.al 
properties throughout a stratigraphic ~m~ are ~p~ro~ by the . a~erage value . for ~e umt, 
although it is known there are large vanauons within a umt. If the vanauons are consistent m some 
way, e.g., the van Genuchten exponent, N, increases linearly with depth throughout unit lb, then 
the present analysis can give erroneous results. If there exists a horizon near the vapor phase 
notch, where the matric properties are significantly different than the average values assumed (i.e., 
different from either unit 1b or 1a properties), then it would be possible to match the field observed 
moisture profiles while maintaining insignificant vertical flux and source term in these horizons. 
The flux detection limit analysis showed (Fig. 29) that the flux and source terms implied in the 
field near the notch region are within the range of uncertainty of the analysis, supporting the 
possibility that the apparent sources are not real but due to consistent matric property variations in 
the region. 

The issue, whether or not a moisture source exists at the vapor phase notch, is important for • 
understanding the unsaturated transport beneath the mesa. This will influence our understanding 
of the net vertical flux in and beneath the mesa top and therefore it is a critical issue for completing 
the Performance Assessment. The issue can be resolved by collecting core samples through the 
vapor phase notch region and doing a complete matric potential characteristic curve for each sample 
throughout this region. Care must be given in collecting the core to consider the possibility that the 
important controlling horizon may be very thin. 

Below the vapor phase notch, there are limited data. In the present study, several holes (LGM-85-
06. LGM-85-11, NPH-9, 54-1002) suggest a negligible vertical flux in the region below the vapor 
phase notch. The most data in this region included in the present study is from hole, 54-1002, 
<Fig. 19-20}, which showed vertical flux << 0.1 crnlyr at all points (Fig. 20) and the average over 
the interval below the vapor phase notch ( 45-75m) of -0.004 em/yr. The small average flux in that 
hole and the small average flux values over the vapor phase notch region as summarized in Table II 
each point to the possibility that the 'low flux region' actually extends deeper beyond the 'notch 
region' and that the 'notch region' is not more than a perturbation imposed on top of a continuous 
low flux region. The data in this hole, ER-1002, shows anomolously large flux magnitudes in the 
lowest interval, in the Cerro-Toledo unit. This needs further study to see if lateral flow or other 
effects are significant at that horizon. 

Uncertainty Implications 

The uncertainty analysis shows that the magnitudes of flux predicted at most borehole locations are 
within the range in the uncertainty in flux due to the variance in model parameters and field data. 
To some extent this variance is attributable to spatial variations in matric properties which could be 
resolved more carefully in field investigations. The potential moisture source term observed near • 
the vapor phase notch region is significant enough to warrant such further investigation. At some 
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point where the variance due to real spatial variations is minimized. the ~~~ de~tion limits _9e~v~d 
from this analysis method will be limited by the experimental reproduc1bihty m the detenrunauons 
of the matric properties. 

Most of the flux values implied at points throughout the borehole profiles in this analysis are not 
quantitatively accurate but are indication~ of flux below the 'de~ecti?n limits', derived ~d 
quantified in this study. Thus it can be smd that the flux at most pomts IS less than the detecuon 
limits for a given moisture content as shown in Fig. 27. It is expected that the trends in moisture 
flux observed across the boreholes are qualitatively correct and that the average flux value 
determined for each of the different regions is a good 'representative value' of the 'expected flux' 
in each of those regions, as discussed at the end of the section on the Flux Detection Limits. This 
could be quantified more thoroughly in future work by evaluating in greater detail the reduction in 
error when estimating a mean quantity from a large number of independent estimates of that 
quantity. 

Flux Implications 

The results section presented the vertical flux source as a characteristic time scale for change in the 
moisture content. This value was seen to vary widely, with a minimum of about one year or more 
in the moist regions in most holes. A seasonal variation was evident in the near-surface of one 
hole (NPH-2). In an engineered drainage area, hole NPH-4 showed a time scale of less than one 
vear. The magnitude of the source term in the low flux region of most holes increased to more 
than 1000 years reflecting the low turnover rate of moisture there by liquid phase movement. 

Throughout the vertical profiles, and especially in the low moisture content region, the unit 
gradient assumption is not valid for estimating flux in this region. Small variations in moisture 
content correspond to large variations in matric potential which significantly change the vertical 
flux from that predicted as the unsaturated hydraulic conductivity. These small changes in 
moisture content often predict a small fluctuating moisture flux which may reflect real transport 
between local pockets or may reflect the error and uncertainty in this analysis. 

Vapor phase loss by evaporation to surface connected features has been posited as a dominant 
mechanism in shaping the near-surface moisture profiles. Vapor phase transport, including effects 
of fractures in the matrix material, has not been analyzed in this report but will be the subject of a 
second report27. Anticipating those results, the vapor phase movement in the matrix is expected to 
play a role in the drier regions of the mesa top. 

The present analysis showed that NPH-5 (G-5) did not exhibit the typical profile observed at many 
other locations, having a high moisture content which did not decrease appreciably with depth until 
below 17m. The observations may be consistent with a highly fractured region. The 17m horizon 
is coincident with the interface of units 2b and 2a (where 2b is more fractured) and also with the 
approximate depth of the adjacent disposal shafts and pits which could contribute to the flux and 
source terms seen at this hole. Moisture, including some infiltration from adjacent disturbed areas 
or from fractures, moves downward until the fractures end at the unit interface, and the remaining 
moisture at this depth evaporates to the fractures. This analysis shows that G-5 is not a good 
'representative hole' for Area G profiles in general, however, it is similar to a recent profile in a 
nearby hole, ER-1107 { Ref.24], and may characterize a region in the central portion of Area G. 

In previous analysis for hole G-5 13, it was suggested that a unique horizon existed at the 2b-2a 
interface where vapor phase losses occur. The present analysis suggests that the horizon is not 
~spe~ially uniq~e, but rather the in~reased moisture content ~d flux ~hroughout the upper 2b layer 
IS umque. This supports the notiOn of an effect from adJacent disposal operations or surface-
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connected fractures. The impact of either could be reasonably expected to be limited to the Unit 2b 

layer. Vapor phase movement at lhl:s h?rizon will be discus~ed in a sel!~ate report27, ~here it will • 
be shown that vapor phase flux is s1gruficant under the mmsture condiuons observed m hole G 5, 
only below the depth of 17m at the 2b-2a interface. 

It is not clear that it would be worth applying the present analysis to moisture data in other deep 
holes due to the limited matric property data and therefore the large uncertainty in the results at the 
greater depths. C?n th.e other hru:td, it is imp<_>~t ·to pu~sue this type of analysis at greater depths 
for modeling caltbrauons and stte charactenzauon. It Is expected that the flux at depths below 
possible canyon source terms is more characteristic of that through the bulk of the unsaturated 
zone. and therefore this is important to know for site performance. This can be examined in a 
future study. 

Disposal Operations 

Disposal operations appear to contribute to the moisture profiles in the near-surface layer and act to 
increase its variability above that expected in undisturbed locations. This was evidenced by 
increased moisture content and flux at locations adjacent to disposal units and trenches as discussed 
in the Results Section. At one location (NPH-4) the engineered drainage has increased the typical 
moisture content by 4-5 times corresponding to an increased vertical flux of 100-200 times that in 
the relatively 'undisturbed' locations. The borehole is not deep enough to determine if the 
increased infiltration has penetrated through the 'low flux region' at this location. The results 
show that the hydrology can be disturbed relatively easily by unchecked disposal operations, 
although long term effects are uncertain. 

In relatively undisturbed areas, the mesa provides an excellent natural barrier to transport, • 
however, in the disturbed locations the integrity of the natural transport barrier is compromised. A 
desirable goal in disposal operations is to minimize the potential for contaminant migration. This 
requires minimizing operations that add water to the mesa top and avoiding surface engineering 
which enhances local infiltration of natural precipitation or which reduces the large natural 
evapotranspiration. All ·surface paving, culverts, drainages, etc., should be designed to direct 
water away from covered and from open (actively used) disposal units. Adequate vegetative 
covers similar to the natural systems must be maintained to assure significant evapotranspiration. 
New and continuing operations should be reviewed regularly with respect to meeting specific 
requirements derived from these general considerations. 

The depth of the low flux region or the top of the vapor phase notch region is comparable to the 
depth of the deeper disposal units in the area. As such, the low flux region may not provide a thick 
banier to contaminants moving from the bottom of a disposal unit. This emphasizes the 
importance of determining if the 'low flux region' continues to greater depths with the vapor phase 
notch region as a small local perturbation. 

Numerical Modeling Implications 

These results have important implications for numerical modeling of the contaminant transport 
from the disposal unit and can be used to help calibrate numerical models to obtain realistic 
moisture flow fields which account for localized variations in recharge rate. Specifically, the 
source terms derived in this analysis can used to provide input to numerical models. This should 
provide better agreement between numerical models and the field data, than that obtained with the 
more restrictive source term assumptions of a net infiltration only at the mesa top surface. These 

results, in conjunction with other analyses on vapor transport27, may be applied towards 
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completing a conceptual model of the complex flow in the mesa stratigraphy, ·and towards 
quantifying the contributions from liquid and vapor flux . 

CONCLUSIONS 

The flux analysis shows that unsaturated vertical transport in the mesa under the disposal site, Area 
G, can be characterized in three regions. A near surface region is influenced by infiltration and 

disposal operations and is spatially variable. It extends to 7 .8m ± 1.6, has a downward vertical 

flux of 0.94 crnlyr ± 3.9, and a characteristic vertical flux source term of -0.37 crnlyr ± 4.2 
(geometric means and standard deviations). The source te~ is ~bout 40% of the vertical flu'_(. 
with the difference assumed to be vapor transport, to be exannned m a separate study. Below this 

variable near-surface region, a low moisture flux region exists to at least 21.3 ± 5.4 m with 

average vertical flux (upward) of +0.0017 ± 0.011 crnlyr (arithmetic values). These flux values 
are negligible and comparable to the analysis errors. At greater depths, the vapor phase notch 

region is characterized with a moisture peak and derived downward average flux of -0.073 ± 0.311 
em/yr. This large variability suggests the net flux from this region to greater depths depends 
strongly on location. 

The data at the vapor phase notch suggest a moisture source which is dissipated by vertical motion 
and evaporation from the source horizon located at the peak in the moisture profile. A number of 
physical mechanisms were discussed which could contribute to this apparent source. One 
candidate mechanism, based on assessment to date, assumes a fracture network which is surface 
connected and ends abruptly near the Unit 1 b-1a interface. Major storm events could potentially 
send water to the bottom of the fracture network where it will soak horizontally into the Bandelier 
Tuff matrix. This could produce the apparent source seen in the present analyses, and would 
represent a real and important source term possibly driving moisture flux at greater depths. 

The apparent source may also be a non-physical artifact resulting from the analysis assumption of 
constant stratigraphic unit-averaged hydrologic properties. If this region has matric properties 
which are significantly different from the adjacent horizons, then the observed moisture profiles 
could be consistent with a flux which is everywhere negligible throughout the region. On the other 
hand, a horizon with distinct properties is likely to be associated with a real lateral moisture flux 
since the vertical variation in properties may act to interrupt vertical moisture flux. It is critical to 
distinguish these possibilities and detennine if the apparent source term is physical or not, because 
this region may or may not provide a moisture source driving flux at greater depths throughout the 
unsaturated zone beneath the mesa. This controls the overall unsaturated transit time to the ground 
water and thus the impact on the site Performance Assessment depends critically upon resolving 
the hydrologic flows in this region. The source term derived in this analysis can be used in 
numerical studies to improve the accuracy in the Area G PA effort. 

The large variability of moisture and flux in the near surface region indicates that operations may 
have a significant impact on the near surface unsaturated transport. Under extreme conditions as 
seen at the hole, NPH-4, near the drainage basin, operations could impact transport in deeper 
regions, and compromise the natural isolation provided by the low flux region. Any disposal 
operation which increases local moisture content or decreases evapotranspiration will degrade the 
natural integrity of the disposal site and degrade the site performance to some extent, and therefore, 
these operations should be reviewed regularly for impact. 

The uncertainty analysis indicates that many of the flux result values are less than the estimate of 
the flux uncertainty, and therefore must be regarded as 'below the detection limits' of liquid flux 
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for this analysis method. While specific flux values are less ~ detectable, th~ flux trends 
indicated by the composite of values and by the averages over reg10_n_s are good esumates of the • 
average flux. The flux detection limits _could be improved ~ith additional field da~a. bec~use ~e 
variance in the input parameters used m the present analysis reflects a real spatial vanance m 
material properties which could be res~lved_ ~ ~ted: regions (e.g., ~ OJ?-e or ~o~ selected 
boreholes). Ultimately, the flux detection limits m this type of analysis will be limited by the 
experimental uncertaintr associated w~th. the reproducibility in measurin~ the rna~. properties 
needed to define the mmsture charactenstic curves and the saturated· hydraulic conductivity. 
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Table I. Hydrologic Transport Properties Used in the Analysis (from Ref.2 except as noted) 

J 
Property 2b 2a lli 

n =#of samples (vG4 fits) 3 9 8 

vG4 alpha ( cm-l) 0.0061 0.0030 0.0044 

± 0.0002 ± 0.0009 ± 0.0045 

vG4N 

vG4 M = 1-l/N 

9-residual (>0) s 

9-saturation (%) 
Ksat (crnls) 
specific gravity-bulk-

1 - (Tsankawi-Cerro Toledo) 
2- from Ref.18 

1.898 2.027 

± 0.142 ± 0.228 
0.473 0.506 

1.3 0.2 

48.1 51.7 

4.3E-04 l.5E-04 
1.37 1.26 

3 - additional unit 2b data from hole 05 as reported in Ref.17 
4 - van Genuchten fitting parameters 

1.660 

± 0.220 
0.397 

0.9 

50.9 

l.7E-04 
l..L 

Unit 
1a Ts.,CT I Otowi crushed 2b (w/05}3 -

tuff2 
9 2 1~ 1 I 

0.005:L 0.0152 0.006 0.143 0.0041 
± 0.0014 ± 0.0030 ± 0.0009 

1.735 1.506 1.755 1.506 2.04" 
± 0.118 ± 0.111 ± 0.253 

0.423 0.335 0.430 0.335 0.51(, 

0.6 0.8 1.9 1.0 -
48 47.3 43.5 33 

1.9E-04 8.7E-04 2.5E-04 2.9E-04 
1.14 1.12 l..L -

5 - e-residual set equal to zero in present analysis to avoid inconsistencies where field data moisture is less than the average 

residueal, 9 < 9-residual 
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Table II. Flux characteristics summary by monitor hole and by 'flux region' 
hole near surface region low flux region v.p.l notch (unit lb-la interface) 

depth -m- flux2 source2 depth -m- flux2 source2 depth -m- 1 flux2 

nph-2 (bkg 0-4 -0.41 -0.17 4- 14 -0.0016 -0.0009 -
p37) 
nph-3 (bkg 0-4 -0.45 -0.27 4- 14 -0.0010 +0.0003 -
p30) 
nph-7c 0-8 -2.4 -0.65 8- 19 -0.006 -0.0009 -
nph-6 0-4 +0.87 1.4 10- 15 -0.007 -0.002 -

4- 10 -0.74 -0.24 
nph-4 0- 10 -178. -51. - -

10- 17 -96. -6.8 
LGM-85- 0-6 -0.29 -0.17 6-24 -0.0016 -0.013 24-35 -0.43 
06 
LGM-85- 0-7 -23. -II. 8-24 +0.009 -0.070 24-37 -0.43 
11 
nph-8 ·o -4 +0.49 +0.28 II - 25 -0.0038 -0.0024 25-29 +0.04 

5- 11 -1.42 -0.17 
nph-9 0-5 -0.14 -0.008 12-24 0.0001 -0.0011 24- 29-vp 0.0051 
(ER1111) 6- 12 -0.21 0.0001 29-35 0.0084 
nph-5(G5) 0- 16 -1.68 0.0078 16-25 0.029 -0.038 25-30 +0.38 
ER-1002 0-7 -0.51 -0.16 8-29 -0.0005 -0.0006 30-44 -0.0046 
summary-

mean3 7.84,5 -0.945 -0.11-0.375 21.34 0.0017 -0.013 34.04 -0.073 

std.dev3 1.64,5 3.95 20.6-4.25 5.44 0.011 0.023 5.94 0.311 

1 - vapor phase notch. 
2- average value over the indicated interval, units- cm/yr- 'flux' (vertical flux) and 'source' are terms plotted in Figs.I#.B. 
3 - arithmetic statistics used in low flux and vapor phase notch regions, geometric values used in near surface region (see text). 
4 - mean values for maximum of the depth range. 
5- excludes data from hole NPH4, the second value also excludes NPH-5 (G-5) and NPH-9 (ER1111) data as discussed in the text. 

• • 

source2 

+0.016 

+0.10 

+0.004 

0.0011 
0.0019 
+0.069 

+0.0005 

0.032 

0.042 
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Fig.2 Stratigraphy cross-section (N-S) through the west end of the mesa-top disposal site at Area 
G (adapted from Krier, et.al. 1995). 
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Fig.3 Schematic summary of analysis showing a control volume and flux elements through the 
control volume . 
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Fig. 7 Vertical profiles for hole NPH-3 (bkg near pit 30) showing: A. volumetric moisture 
content, B. vertical flux and the source term expressed as a flux, and C. source terms expressed as 
a characteristic 
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Fig. 9 Vertical profiles for hole NPH-7c (near trenches) showing: A. volumetric moisture 
content, B. vertical flux and the source term expressed as a flux, and C. source terms expressed as 
a characteristic response time . 

42 



Appendix 2c Report-54G-013,R.2 
3/28/97 

._ 
:;>-
Q) 

ro 
u 
Ill 
Q) 

E 

E 
.$ 
Q) 
(.) ._ 
::::l 
0 
Ill 
Q) 
Ill ._ 
Q) 

> c 

8 
I 

?ft-7 

~6 
I -c: 5 

Q) -c: 4 
0 

~ 3 ..... 
.32 
C/) 

"6 1 
E 

0 

3 

2.5 

2 
I .... 
>- 1.5 --E 
'? 
X 

~ 0.5 
>-u 0 .... 
ctl 
0 

-0.5 

-1 

-1.5 

100000 

10000 

1000 

100 

10 

1 

: 

; 

0 

-
. 

: 
: 
_: 

0 

!/"""' 1\. 

1 ---.. r.. 
1 "" I \ 

li ......_ 
l 
'--- ...-- --

2 4 6 8 10 12 14 16 
depth -m-

• 
tj J 

_._ vertical flux -cmlyr- ~ 

~ _._ source term -cm/yr- ~ 

\ Jt 

~' • 
~ ,.. V_\ -- . - - -
~ 1\ J. j 1 

\II ~ I ,., 
~ ~ 

2 4 8 10 12 14 1 6 
depth -m-

I • 
• • 

II 
• 

• I• • • • 
• • • - - • • • • • 

_... • St-inv 
1-• • • • (St-inv)*vol% • 1-

I I 
0 2 4 6 8 10 12 14 16 

depth -m-
Fig. I 0 Vertical profiles for hole NPH-6 (SE corner of Area G) showing: A. volumetric 
moisture content, B. vertical flux and the source term expressed as a flux, and C. source terms 
expressed as a characteristic response time. 

43 

• 

• 

• 



• 

• 

Appendix 2c 

35 
I 
0 
~ .30 
0 
:;- 25 ..... 
c: 
~ 20 
c: 
8 15 
Q) 

::; 10 
en 
'5 5 
E 

0 

400 

300 

200 

.!. 100 
~ 
E 
<? 0 

~ -100 

>- -200 
0 

(tj -300 
0 

-400 

-500 

-600 

10 

.!.. 
::;---

Q) 

co 
0 
fJ) 

Q) 

~ 
E ..... 
$ 
Q) 
0 ..... 
:::l 
0 

0.1 
fJ) 

Q) 

!!? 
Q) 
> c 

0.01 

0 

; 

: 

: 

: 

_; 

0 

-""- • lr' ~ Ill. .. • ... ,. -
~II" 1...__, ~ 

2 4 6 8 10 12 14 16 18 
depth -m-

• I 

" I 
I .... " ~ ~ ...... L. 

I 'A 1\ ~ .v ~ f'~ ... T -'I 111 ....... - - l I -
N' it 1\ I 

' ~I 
vertical flux -cm/yr----- I .... - _._ source term -cm/yr-

2 4 ~· 6 
J ... 
8 10 

.L 
12 14 16 18 

depth -m-

• • • I • • • • • • 
• • • • • • le • • • • • • • • 

• • • 
• 

• St-inv • 
• (St-inv)".vol% 

~· 0 2 4 6 8 10 12 14 16 18· 
depth -m-

Report-54G-013,R.2 
3/28/97 

Fig. 11 Vertical profiles for hole NPH-4 (near engineered drainage) showing: A. volumetric 
moisture content, B. vertical flux and the source term expressed as a flux, and C. source terms 
expressed as a characteristic response time . 
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Fig. 12 Vertical profiles for hole LGM-85-06 showing: A. volumetric moisture content, B. 
vertical flux and the source term expressed as a flux, and C. source terms expressed as a • 
characteristic response time. 
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Fig. 13 Vertical profiles for hole LGM-85-11 showing: A. volumetric moisture content, B. 
vertical flux and the source term expressed as a flux, and C. source terms expressed as a 
characteristic response time. 
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Fig. 15 Vertical profiles for hole NPH-8 (near tritium shafts) showing: A. volumetric 
moisture content, B. vertical flux and the source term expressed as a flux, and C. source terms 
expressed as a characteristic response time . 
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Fig. 17 Vertical profiles for hole NPH-9 (ER 1111) showing: A. volumetric moisture content, 
B. vertical flux and the source term expressed as a flux, and C. source tenns expressed as a 
characteristic response time . 
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Fig. 19 Vertical profiles for hole 54-1002 (East of AreaL) showing: A. volumetric moisture 
content, B. vertical flux and the source term expressed as a flux, and C. source terms expressed as 
a characteristic response time. 
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Fig. 21 Vertical profiles for hole NPH-1 (in pit 37) showing: A. volumetric moisture content, 
B. vertical flux and the source term expressed as a flux, and C. source terms expressed as a · 
characteristic response time. 
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Fig. 22 Vertical profiles for hole NPH-1 (in pit 37) showing: A. volumetric moisture content, 
B. vertical flux and the source term expressed as a flux, and C. source terms expressed as a 
characteristic response time. (2b-i =Unit 2b intact, 2b-c =Unit 2b crushed, matric properties from 
Table 1.) 
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Fig. 23 Two generic linear vertical profiles for moisture content which bound the range typical for 
the near surface at Area G, showing: A volumetric moisture content, B. vertical flux and the 
source term expressed as a flux, and C. source terms expressed as a characteristic response time . 
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Fig.24 Variation with depth in hole NPH-5 (G-5) of the parameter, Ksat (data from Ref.[l7]), 
and a measure of its error (dKsat/Ksat*dzm/dz) as described in the text. • 
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Fig.25 Variation with depth in hole NPH-5 (G-5) of the van Genuchten exponent parameter, N 
(data from Ref.[13]), and a measure of its error (d.NIN*dzmldz) as described in the text. 
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Fig.26 Flux uncertainty or minimum detectable liquid phase flux in Unit 2b from the flux analysis 
for three values of uncertainty in the van Genuchten exponent, dN = 0.2, 0.06, and 0.02. The 
best estimate for the present study conditions is dN = 0.06 . 
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Fig.27 Flux uncertainty or minimum detectable liquid phase flux compared in Unit 2b and in Unit 
1 b for the best estimate of the uncertainty in the van Genuchten exponent, dN = 0.06, under the 
present study conditions. 
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Fig.28 The maximum magnitude of the apparent flux resulting from this analysis at the vapor 
phase notch in 6 boreholes, compared to the minimum detectable liquid phase flux in Unit 1 b for 
the best estimate of the uncertainty in the van Genuchten exponent, dN =0.06. 
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Fig.29 The magnitude of the apparent flux resulting from this analysis at all depths in 2 boreholes 
(where LGM-85-11 is an 'extreme moist case' and NPH-9 (ERllll) is an 'extreme dry case'), 
compared to the minimum detectable liquid phase flux-in Unit 2h and in Unit 1 b for the best 
estimate of the uncertainty in the van Genuchten exponent, dN =0.06. 
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Fig. 30 Flux unrertainty oc minimum de~lable li]UD phase flux in Unit 2b COIIl'ared to the unrertainty _ 
in unsaturaled hydraulic conductivity (sigmaK = OK) for the best estirxlaE of t:be uncertainty in the Val 

Gmuchten exponent, dN = Onvg = 0. 06 . 

1E+4 

1E+3 

1E+2 

• 
. .6 

1E+1 -•..:;-
! ·-

1E+0 I ... • 
! • • 1E-1 

.:.. - ... 
~ 1E-2 E - ... -u 

I 1E-3 
~ 
Cll 
E 1E-4 

• .A. • .. _... _._ 
Ol 
'iii 1E-5 

I 
_... .... • • sigmaK-2b -

1E-6 • ..• sigmaK -1b • ----
1E-7 • ... 4 - ... sigmaK -Otowi -
1E-8 -A 

1E-9 

1E-10 • 
0.1 1 10 100 

moisture content -voi%-

Fig. 31 Uncertainty in unsaturaled hydraulic conductivity (sigmaK) in~h of three stratigraplU: units 
(2b, lb, Otowi) for t:be best estimat! of the uncertainty in t:be Val Gemx:hten expcnent, dN = 0. 06. 
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