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ABSTRACT

The Los Alamos National Laboratory Low Level Waste Disposal
Facility, Areo G, is located in a semi-arid region on the top of a narrow mesa
composed of fractured lavers of volcanic deposition known as Bandelier Tuff,
Tritium, disposed in vertical shafts to depths of 60", has diffused by vapor
transport through the mesa interior and from the mesa surface. Surface
efflux measurements have characterized the scope of the tritium plume at the
ground surface which gives a direct estimate of the in-situ diffusion scale
length. Numerical and analytic diffusion solutions are compared to the field
measurements to find an cffective in-situ diffusion coefficient, Doy, for
tritium of Dy = 15m=/yr. The diffusion coefficient estimates are consistent
with a cylindrical source from the disposal shafts, implying tritium diffuses
rapidly within the disposal shaft and then slower throurh the surrounding
sorous tuff, The tritium travels by combined vapor and liquid phase paths,
dominated by vapor phase flow in the dry regime at Arca G. In this situation,
analvsis indicates the observed effective diffusion coefficient corresponds to
an in-situ vapor phase diffusion coefficient, Dy, Of Ding ~ 103 m2/s within
the mesa. This is about 40 times larger than that expected for vapor diffusion
within the pore space of the Bandelier Tuff mesa. The data suggest the highly
fractured volcanic tuff enhances the in-situ air permeability and convective
flows driven by fluctuations in pressure or temperature further enhance the
in-situ vapor diffusion or dispersion.

The relatively dry region observed in the immediate vicinity of the
tritium plume suggests the vapor diffusion coefficient derived here will
likely be conservative as a maximum value at Ared G, Uncertaintics suggest
the result from this study is within a factor of two of the mean vadose zone
vapor diffusion ncar the surface of the site. Analvses also suggest that the
diffusion cocfficient decreases below 60, and is smaller by about a factor of 4,
than the value derived in this study. The in-situ diffusion enhanced by
convective fluctuations implies that all saseous species diffuse similarly, and
thus the derived in-situ diffuson coefficient is a rcasonable first estimate to
applv in the assessment of transport Of Zaseous or vapor species other than
tritium. The derived in-situ diffusion cocfficient can also be used to quantify
the water vapor flux and its significance relative to liquid phase transport in
understanding the hydrology of the site.
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The observed distribution of tritium tlux from the ground surtace over

| i 2
an area where hnown guantities of trinum are disposed provides an H
opportunity to determine an effective in-situ vapor diffusion coefficient 0
appropriate to the vadose or unsaturated zone beneath the mesa top low- L

level radioactive waste disposal facility at Los Alamos National Laboratory,
Area G, This information is need for the Performance Assessment of the
Arca G disposal facilities [1] as required by USDOE orders, The results of this
study are used to calibrate computational models and thus to accurately
predict dispersion of vapor or gaseous phase contaminants from the disposal
facility, The information also p*owdu critical understanding of the basic
hvdrolo;,v at the site and can be used in quantifving the extent that vapor
phase flow dominates within the mesa volume [2].

The disposal facilities at Arca G are shown in Fig. 1 imposed on a .
contour map which shows the slope of the terrain, This highlights the edge
of the irregular finger mesa with sides which fall abruptly about 100" (~30m)
to the adjacent canvon floors. The saturated zone is estimated to be 900
(~270m) below the mesa surface, 50 that transport within the mesa and
directly below oceurs within the unsaturated or vadose zone. The upper
lavers of the mesa are highly fractured strata of voleanic dupmition.

Tritium has been d1~po~«.d in vertical sharts to 60° (20m) depth at the
disposal facility for several decades. High-level tritium disposal oceurs in the
shaft field located in the central area thh.n the highlighted box in Fig. I, with
the same area shown in detail in Fig. 2. Tritium efflux from the ground
surface in the vicinity of the shafts has been accurately measured at the
sample locations shown in Fig.2, This was previously reported in detail [3]
and relevant field results will be summarized in this report,

The poals of this study are threefoid: one, to compare field data with
numerical and computational solutions to determine the best estimate of an
‘offective diffusion coetficient' for the field observarions of tritium, two, to
use the analvtic solutions for multiphase transport to derive an in-situ vapor
diffusion coefficient from the effective trittum diffusion coefficient, and
three, to examine relevant ficld data to determine how the diffusion estimate
from the fieid measurements should be related to an average Area G value
for gas or vapor diffusion within the mesa,

Field Data

The available fleld data of greatest importance in determining an
effective scale length for the tritium diffusion from the disposal shasts are
tritium ground surface efflux measurements. These allow one to ‘map out’
the surface area of the trittum plume and then to back caleulate effective
diffusion scale lengths for comparison to amalvtic and numerical solutions.
These data are summarized at the end of this section, In order to better

2

w



interpret those surface flux measurements in terms of an effective diffusion
coerrcxent a number of relevant picces of field data are presented first in this
section. These data pieces will contribute to the discussion and interpretation
of the results. In retaining the units associated with the original ficld data,
some length scales are presented in units of feet, while some of the data 'md
calculations are considered in metric units.

Moisture content and tritium concentrations in borehole samples

Moisture content and tritium concentrations in moisture from core
samples recovered from two monitor holes drilled near the tritium disposal
shafts are shown in Fig. 3 and . The locations of these monitor holes, NPIH-8
and NPH-9, are shown in Fig. 1, with NPH-8 ~ 30" east of a high level disposal
shaft, #1534, and NPH-9 directly between two high level shafts, #150 and #1531,
separated from cach other by less than 75"

" The moisture content (Fig. 3), determined by a calibratud neutron
moisture probe (4], is especially low, about 1% vnlumutric, at depths of about
10 - 20m (30 - 60') in borchole NPH-S and 5 - 22m (15 - 68"} in NPH-9, This
low moisture content region has been analv?ud previously and found to be
associated with neg .;.,xblc liquid phase tflux [-r] and a small vapor tlux, typically
~ 0.1 cm/vr liquid equivalent flux {2]. The monitor hole, NPH-9, is the driest
seen at Arca G and the implied vapor flux there is the preatest seen at Area G.
This vapor flux is locally ~ 1 ¢m/vr in magnitude (liguid equivalent flux)
with ne net flow direction apparent throughout the boruholu or the dry
region. The detected flux levels are comparable to the flux resolution, limited
bv the uncertainty of the analysis [2],

The tr:tmm concentrations in moisture from recovered core sample
are seen in Fig, 4. In both holes the tritium maxima are seen at about 20 m or
about 60°, the approximate maximum depth of the tritium disposal shatts,

Both holes show an exponential decrease with greater depths, being very clear
“in the deeper hole, NPH-9, where the maximum tritium concentrations are
found. At depths less than 20m or o0', the tritium concentrations decrease
towards the surface in both holes, but there is a less distinet trend.

Permeability, in-situ vs. recovered core samples

Permeability measurements were made in a nearby borehole (NTH-S or
C-3) located as shown in Fi ig.1. This proximity is u\pucwd to give a reasonably
good representation of prorxlc~ in thc tritium shait feld region,  Inesitu air
pcrmcabxhtv was measured by a borehole packer isolation method using an
air injection test method [3]. lndcpunduntl\ air permeability on core s amplu
recovered from the same borehole was measured in the lab as a function of
moisture content (6], The air permeability values measured in the laboratory
at the dry moisture content limit are shown in Fig. 5 and compared with the
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in-situ permeability results verses depth in the borehole. The bottom figure
shows the moisture profile for reference, and the stratigraphic unit interface
locations. The three interfaces in this profile, using one of the standard
nomenclatures (e.g., see Fig.3 in Ref.[7]), separate Units 2b, 23, 1b, and 1a,

Both permeability values decrease with depth throughout the top unit
(2b) to about 13m or about 50, with the in-situ value being about an order of
magnitude larger at cach location, In the second unit (2a) to depth 21m, the
permeabilities approach a common value to within a factor of two. Below
this there are local increases in both permeability values near the depth
associated with a moisture spike at the ‘vapor phase notch’, ~ 23m, This
depth is coincident with the interface between the devitrified and the vitrified
tutf, and also near the elevation of an adjacent (Pajarito) canvon floor, which
is saturated in portions of the canvon floor alluvium,

The in=situ permeability of 300 Darcies (300.x10°12m?2) reported at 27m
(~ 90" is 2 maximum limit of the measurement svstem {31, It shows that the
air injection test could not effectively isolate this interval cither due to poor
integrity of the borehole walls or the presence at this depth of a significant
fracture traversing the interval. An interesting point and possibly significant
correlation, is that the core sample recovered at 927 was also reported to have
a fracture through the sample (6], which may have increased the purmeability
measured on the core sample as well. In either set of measurements then, the
maximum permeability seen throughout the hole appears o coincide with
the depth of the 'vapor phase noteht',

It is also noted that the horizon near the interface of Units 2b and 2a
(~13m) does not exhibit unique values of permeability even though the
moisture content decreases dramatically there,  This supports the notion
previously discussed [4] that this horizon is not unigue in transport
properties, but rather the depths above this are moister than usual due to
proximity to moisture sources, either disposal units or fractures which
conduct surface transients. Below 15m, the usval 'vapor phase dominated
flow” exists [2] and is sufficient to create drving conditions which dominate
the apparent moisture sources in the upper laver.

Air permeability differences between in-situ values and core samples
similar to those observed here were first reported in detailed hydrologie
studies [S] at Area G and Area L (adjacent to Area G) as summarized in [9).
They found the ratio of ins-situ permeability, measured by the air-injection
test method, to the laboratory analysis of core permuability to be factors of 16
to 22 in Units 2b and 2a, respectively, and factors of 4.6 and 3.3 in Units b and
ta, respectively,  These values for the ratio of in-situ to core sample
permeability, and the trend of a greater permeability ratio in Units 2 than in
Units 1, is similar to that seen in Fig.a,

The larger permeability difference in Units 2 s consistent with
observations of fractures on the walls of open disposal units which show a
dramatic decrease in continuous fractures below the Unit 2b-2a interface.
Previous observations throughout the local area have also shown a dramatic
decrease in fractures continuing below the 'vapor phase noteh at the Units
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1b-1a interface (10]. Atmospheric pressure fluctuations measured along the
depth of 1solated borehole segments have been observed to attenuate slowly
to depths of about 100' and then more rapidly with greater depths [11]. This
finding 1 consistent with a fracture network down to about 100" although
there mav be other explanations. This issue needs to be explored in future
work.

Temporal variation of tritum flux and concentration in air

The temporal variation in tritium flux is not expected to significantly
effect the observed scale lengths for the plume of tritium surface flux, and
therefore it is not critical to the determination of the in-situ vadose zone
diffusion coetficient. However, to better understand the tritum surface effiux,
and to present a more complete set of field observations, several pivees of data
on the temporal variability in tritium flux or airborne concentrations in
atmospheric vapor are presented here.

A monthly averaged tritium surface flux was measured at a location in
the cast end of Area G over an older disposal unit in the carly cighties [12),
Tritium flux data from that study verses month of the year s plotted in Fig,
6A, showing the scasonal variation over that particular interval and location.
Monthly mean temperature data are also plotted in the figure and show a
similar seasonal trend.

In the bottom figure (6B), the tritium flux is shown plotied against the
mean monthly temperature values, and a linear regression is applied.  With
all the flux data points, the tritium flux, [y3 [Bg/m=], is found to be lincarly
correlated to the ambient temperature, T, [Cl, as

["H.._: {Bq/m:[ = 0.350~0.1"2 Ta {C»? (1)

with a regression coeficient, r<, equal to 0.39 indicating a modest correlation.
By removing one point which appears in Fig.oB to be an outlier, the linear
relationship is changed slightly, to

FCz [Bg/me] = 0345« 0.140 T, {C] (2)

while the correlation coefficient improves to r= = (.81, indicating a good
correlation (~814% of the variance in flux is attributed to the temperature
variation),

Tritium congentration in atmospheric moisture at two continuous air
samplers located at Area G is shown in Fig. 7 for monthly averaged data
collected over the period from 1984 to 1992, There is an apparent downward
trend over the whole time, while the scasonal variation is also noted in most
vears. A large variability between the two stations and between different vears
is also apparent, These airborne tritium concentrations are well above the

“Ji

»
»

~ s SN E s R




regional background levels, tvpically less than 2 pCi/md (13], and therefore are
expected to correlate directly with the surface efflux from Arca G,

As part of the detailed tritium surface flux study [3], surface flux
measurements at one location were made over a 30 hour period to assess the
diurnal evele of tritium flux, The mass flux of moisture evaporated from the
ground surface was measured at this location with results shown verses time
of day in Fig.8. Also shown is several of the temperatures monitored as part
of the flux study, the ambient air (T-amb), the air temperature inside the
tritium flux measurement chamber (T-chamber) described in the next section,
and the soil temperature (T-soil) measured adjacent to the tlux chamber
location during the sampling,

The mass flux, as seen in the figure, varies by about a factor of four
over the diurnal ¢cycle, while the final results for tritum flux [3] varied in a
similar pattern by a factor of 2.5 to 3. The tritium concentrations are not
expected to change rapidly enough to see a diurnal variation, so the total
moisture mass flux and the tritum flux should have similar values, The
uncertainty in the moisture mass flux is smaller than the final uncertainty in
the tritium flux numbers and so the mass flux in Fig§ may reflect 2 more
accurate portrayval of the diurnal variation of surface flux than the tritium
numbers, Correlations to temperatures of the mass and tritum flux over this
diurnal period were examined. The correlation with ambient temperature
over this diurnal peried resulted in a similar temperature dependence to that
found above for the scasonal tritium flux variation,

Tritium efflux from the ground surface

Tritium flux from the ground surtface was measured at over 300 points
at Area G by RADIAN Corporation in an initial campaign during the
summer of 1993 and in a followup study in 1994, with the complete results
reported previously [3]. These flux measurements are made by an EPA
approved sampling technique with extensive quality assurance.  Each
measurement samples a ground surface arca of 0,13 m2 and generaliv requires
integration of surface flux over about a 4 hour period during the summer
daytime conditions in order to collect an adequate moisture sample under the
semi-arid conditions at the Arca G site. The Area G flux study included
measurements across all of Area G For the present study, we will consider
only the results from the area surrounding the high level tritium shadts at the
sample locations that were identified in Fig. 2.

Following the first vear of flux measurements, the tritium flux results
wer contoured on a facility map, as seen in Fig, 9, showing the loy of e
Iritium flux in order to capture the full range of the results. This figure
shows the sample locations (rom the first vear (a subset of the complete
locations shown in Fig. 2).  The contours are generated by a simple
interpolation scheme and show the arca where the tritum plume falls to
background levels, The results from all the sample points atter the complete
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two year sampling program did not change the contours greatly as will be
discussed in the Results Section,

Analyses

Transport Equations

Comparison of the ficld results to model predictions requires an -

analvtic framework for relating the transport of tritium via the vapor and
liquid phases, The simple conceptual model for subsurtace tritium migration
is as follows. Tritium in the disposal shafts is assumed to oxidize rapidly in
the near saturation conditions within the subsurface pore spaces and so it
moves as tritiated water both in the vapor phase and in the liquid phase.
Further reference to ‘tritium’ actually refers to tritiated water, indicated with
the subscript, g2 Tritium migration is assumed to be isotropic and at the
ground surface, it is lost as evaporation.

[n the vapor phase, tritium movement is driven by several
mechanisms including pressure driven convective motion of the air through
the pore spaces, diffusive vapor movement driven by gradients in moisture
content and in temperature, and diffusive movement driven by the gradients
in tritium vapor concentration. In the liquid phase, tritium moves with the
subsurface water flow (unsaturated flow near Area G) and by diffusion in the
liquid phase., The local tritium content will be dominated by the liquid phase,
while the flux can have significant contributions from the vapor or the liquid
phases depending upon the local conditions, Fluctuation driven vapor
transport terms due to barometric or temperature oscillations may be
important. They are included here in an empirical manner and will be
claborated in a separate forthcoming report. The following analysis which
provides the framework for comparing model and field results is based on the
work of Smiles et.al {14].

A single fluid continuity equation can be written,

(7]

7732 - T =0 (3)

for mass density, p, and the flux, ["= pu, which represents the bulk flow at
average flow velocity, n. A multiphase approach v appropriate for transport
via the parallel paths of vapor or liquid phase movement.  Multiphase
transport allows each species, i, to diffuse with respect to the bulk flow,
described by the volumetric flux expressions given in the following
discussion. This leads to a multiphase contiulty equation for spegies, i, in
phase, j, of the general form

-~




:/_(____3,;:,_) - Vbpiuy = Dy Tpi )
where the phase volume fraction, ¢, is folded into the effective dittusion
coefficient, D).

Phase volume fractions {phase volume/total volume] are indicated
here as 6, (for air including vapor) and 6 {liquid phase). In media with
porosity, 7, then the relation, 6, « 6= 1, can be used to determine 6, when
is known by measurements and 8 is measured or computed. The vapor and
liquid phase mass concentrations [mass/(phase volumel] for species, i, are
denoted p; and C;, respectively, Diffusion vccurs for the mass density, p;, in
the gas or vapor phase and occurs for a concentration, C,, in the liquid phase,
according to a diffusive flux,

Fa = -DuVpy (3)

for the air, gas, or vapor phase ana
Fw = - D VC, {6)

for the liquid phase, where the diffusion cocfficient subscripts denote the
species, f, diffusing through the media, air, a, or water, @) |

The flux through a porous media is evaluated in terms of the
empirically determined coefficients of permeability, kp, hydraulic
conductivity, K, (or unsaturated hvdraulic conductivity as a function of water
content, K[ 6)), and the matric potential, Ity (here expressed as a head in units
of iength). In the present study, the diffusion coefficients, Dy and Dy are
also empirical.

Vapor phase transport

The volumetric convective flux for the air phase, i, is given as

ke
fa = Batty = - Oy —}—;: \'V' (7)
balll

where it is assumed that the permeability, kp, has been evaluated for air in
extreme dry conditions and therefore corresponds to transport through the
full effective porosity, 1, at air visgosity, Ug.

[n the case of water vapor as the species of concern, the vapor phase
mass concentration depends strongly on temperature through the saturated
vapor pressure and on the liquid phase moisture content as detailed

N




3
. _ ey
A {7
a1
. elsewhere [Refs.2,15,16], In (2], itis shown that the vapor diffusion flux in air, ~
k [, can be rewritten approximately as Q)
°|
- (P2 Py N
r:o“ = - DWI Vp?' = =~ D:v‘, Pa ¢ (p~ p‘,/ .,.::
i 1) =
a (0P Dy 1 ’
~ - Du ‘;1'( “:L]“ VT ;T"-—- vo ], (%) o
Pai v ¢ do J

where p; is the temperature dependent saturation vapor pressure, and fre is
the static equilibrium constant, RT/Mg), evaluated for the temperature and
molar mass of the water vapor. The diffusion coefficiont, Doy, is 2 net
offective of in-situ diffusion coefficient in the pore space air. A weak
dependence on absolute temperature is ignored in this approximation.
Combining Eqn.7 with Eqn.8, the total vapor flux, [ includes the
contribution from the convective air movement, ga, Carrying vapor density,
O, and the vapor diffusion contribution, or

;\.f' - [J“(‘j—E_h‘ pg l{h”l -
Fo o= - pu BtV - Dy B eT L B ]
: P: Gn ELy p “p,,\uT e 40 } e

Foe the case of tritiated water movement, in addition to this vapor
gradient driven diffusive flux, there s also a diffusion ux driven by the
wradient in trittated water vapor, PHlae The net flux of tritinted water in the
vapor phase, 3.0 then becomes,

Fiae = PHivdger = Dua VPHss (10)

where qe = Iw/pe and [ is given above in Eqnb. The net effective
diffusion cocfficient, Dpq, observed for vapor or tritium transport in the feld
can result from several possible mechanisms as discussed in the following.

The pressure gradient and tempurature gradient terms in Eqnd are
oscillatory in the subsurface environment and are expected to decay with
depth from the surface where serindic forces cause the barometric pressure
and the temperature to vary with daily and scasonal fluctuations. These
terms drive vscillatory convective motion which can enhance the effective
in-situ diffusion cocfficient, Dng.  In fact, the pressure oscillations ¢an
enhance the temperature gradient diffusion coefficient which will then
increase the temperature gradient flux. This can in turn enhange the effective
diffusion coefficient in the mowsture gradient and in the tritium
concentration gradient terms,  The nature of these oscillatory forces and the
resulting transport is planned to be analvzed in a subsequent and separate
report.

For our purposes here, it is suificient to note thar there are several
possible driving terms which can enhance the observed diffusion coutficient

u
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above that expected for static diffusion into the air. Philips and deVries [15]
reviewed several experimental studies where it was scen that the effective
diffusion was 4 to 20 times greater than the simple theory (classical diffusion
into still air in a porous media) and they investigated the temperature
dependent term as the possible cause.

Barometric pumping has been suggested as a significant mechanism iy
the Los Alamos mesa subsurface environment by several investigators. [n a
recent preliminary estimate, the contribution to the ctfective dirfusion at
Area G due to naturally occuring barometric pumping was quantified and
found to be a possible cause of the observed effective diffusion [17]. That
ostimate will be considered further in the Discussion section.  In-situ air
permeability was seen in the previous section to be an order of magnitude
larger than the core sample air permeability at many horizons under Area G.
Surface connected fractures, or subsurface arcas disturbed by disposal
excavations are assumed to contribute to the increased in-situ permeability.
This is likely to enhance effective diffusion and may have a combined effect
with the mechanisms which can drive oscillatory flow through the regions of
increased permeability.

Returning to our present purpose, there is likely to be an efiective
diffusion cocfficient at play in the in-situ environment which is enhanced
above that expected by the simple theory of isothermal diffusion into static air
in a porous media, It is the total effective diffusion coefficient, Dy, we are to
determine in comparing model results to field studies of tritium diffusion.

The vapor flux was found to be small at Area G in the boreholes in the
vicinity of the tritium disposal shafts {2). That result assumed a large etfective
diffusion coefficient based on preliminary estimates from this present study,
and is likely to be a maximum estimate of the actual vapor tlux. Beeause the
gradients will be dominated bv the gradient in tritium concentration, then it
is safe to assume the following conditions apply. The tritium vapor flux in
the region near the tritium disposal shafts is dominated by the tritium
gradient driven diffusion term, which is characterized with an erfective or in-
situ diffusion coctficient, The background flux of vapor due to gradients in
pressure, temperature, or moisture content will be muen smaller under the
conditions at Area G.

Liquid phase transport

The volumetrie tlux for the liquid phase or Darey tlux, ¢, can be written
for the unsaturated zone in the form

g = Bu o= KW = KWy -z, (1)
in terms of the empirically determined parameters, unsaturated hydraulic
conductivity, K[g] and the moisture matric potential or tension, iy, [8],

expressed as a head in units of length.

0
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. The liquid phase flux of reitiated water, THaw in the unsaturated -‘-:,
subsurface comes from combining Eqns.ll times the tritium liquid 0
concentration, Cp3. with Eqn.b to obtain 1

2

Faze = Ciawd - Duzae VG (12) )

. »

The unsaturated hydraulic conductivity, K[8), which drives convegtive %

liquid phase flow, g, as in Eqn.11, decreases exponentially as moisture content
deercases. In the very dry conditions prevailing at the tritium disposal site (as
seen in Fig.3), it was determined that the Darey flux in the boreholes, NPH-S
and NPH-9 was negligible throughout much of the profile {4]. It is safe to
assume that the Darey flux, ¢, is negligible compared to the liquid phase
diffusive flux term in the region near the tritium disposal at Area G.

Combined phase transport
The vapor phase continuity equation for tritum with decay constant,

A143, in @ source free region becomes

f)( 9!' }‘,3 '} - - - .
__._'g.t__l_ w Vtpuza TV = V(Dw Ve - AusbiPise.

(13)
The liquid phase continuity equation for tritum becomes

(68 Cya.q) . " ) .
'-'*'5;"“"‘“ Vi(Cuawq) = ViDuzw VCraw - An38Chsin.

(1
The tritium vapor and liquid concentrations are partitioned in the
same way as are the water vapor and liquid water at the same temperature,
and are thus related as the ratio of their densities and in terms of pressures as

Prie _ Lo PePsPu | Pelsfe BP0 g
CHJ::U pw p,pupm ,’.1.~pllp!v Pan

using the saturation (subscript s) values for density and pressure, and noting
that pw ~ s This expression defines the ratio, H, (the same M as used by
Smiles,et.al.[14]). It is evaluated at a seasonal average temperature of T = 100
C, using po/pa ~ 13mbar/1000mbar [Ref.2) and pa/pw = 1.2 % 109, so that H =
1.56 x 10°5. Expressing the vapor concentration as Qi3 = H Cyze from
Eqn.15, the total tritium is theretore approximately equal to that in the liquid
phase,
fa Pz + 0 Chzw = (1 +16:/6) H)0CHu3w ~ 9CHiuw. (16)
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The vapor phase and liquid phase continuity equations for tritum are next
added together to vield a combined phase or total tritium continuity equation
which can be written,

(3(9 CH&H')
st

- V‘ { C”B.:(‘ (7 - pHJ 1 n') -~

T (Do VCh e * Do VP11 = Aya8 Crane (1N

As described above, in the conditions that prevail at Area G, it is a good
assumption to neglect the convective flux for the vapor, /%, and for the
liquid, g, relative to the tritium gradient driven diffusive flux. Although
these convective fluxes are negligible, the fluctuation ¢onvective
mechanisms may still acr to enhance the effective tritium vapor diffusion
coefficient, Dy This simplifies the tritium continuity equation, cffective at
Arca G conditions, to

NOCrzw) - - .
—-——-97—-—1- - (DHS.(U VCH};_;‘) « Do v Pzl = STRL CH3.:G'

= U ((Dpsp = HDuse) VCiaw < A28 Chase  (18)

Under the assumptions, one, that moisture is a slowly varving function of
time (demonstrated to be valid for vapor and for liquid phase transport,
respectively in Refs.[2] and [4]) and two, that the diffusion coefficient is
approximately constant in space, (o7 if a spatially averaged value is assumed)
then this becomes

f;{CH ) (DH_;‘H - I‘[ D'u ) .
r).‘M ) l 6 = F0 T Chusnd = Arr Citzan

3 Dur V= Cizw - 4143 Chsaw (19)

where this defines an ‘effective diffusion coefficient’ with respect to liquid
phase concentration of tritium, which is migrating in the field by vapor and
liquid phase diffusion. The vapor diffusion is in turn possibly enhanced due
to oscillation effects, dual permeability interactions, or other unknown cffects.

Under the semi-arid conditions assumed by $miles et.al, [14], the liquid
phase diffusion will be small compared to the vapor phase diffusion at
maisture contents below about 20%, and it will decrease with moisture as
43, The Area G tritium study area is well below the 20%, averaging about
1% volumetric throughout the region near the tritium waste sources, 1t is a
good assumption in these conditions to simplify the above expression further
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by neglecting liquid phase diffusion and redefining the effective diffusion
coefficient at Area G, as

H D,
D("‘,‘. (A"L‘(I G} ~ T . (:O)

As used here, the tritium vapor diftusion coefficent, Dy, incorporates
corrections to account for the porous media and for unknowns in the realistic
field conditions, [t is convenient to account for these effects in two separate
factors, €(8,) and Ap, such that

Duw = €l 6) Ap Didu (21)

where Dpgy is the binary diffusion coefficient for water vapor diffusing in air.
The factor, £(6y) is less than one, and accounts for porosity, tortuousity and
the actual air volume fraction.  Millington [1§8] originally suggested the
dependence used by Smiles etal{14], that €8y ~ 6,*°. The combination,
(£ 64) Dpga). is the diffusion within the pore space expected by ‘classical
theory in a porous media’ as described by Philips and deVries [15].

The factor, Ap, is considered a 'diffusion amplication factor’ equal to
the in-situ diffusion relative to the classical diffusion. The ‘inssitu vapor
diffusion’ is actually a vapor dispersion which accounts for any empirical
factors that act to enhance the in-situ diffusion, including barometric or
tempurature oscillation driven flux, coupling to a sccond media with
different permeability (e.g., a fracture network), or other unspecified effeets.
An in-situ diffusion coefficient, Djny, is defined as

D = Ap Dy 22

This assumes that the porous media correction is made in £,/6,) and then
Dins represents the in-situ diffusion within the pore spage due to
enhancements over classical diffusion, With this in-situ value, a comparison
to the classical binary diffusion cocfficient provides a direet estimate of the in-
situ enhancement, or diffusion amplitication factor, Ap.

The equations developed in this section will be used in the
interpretation of the results,

Numerical 3-D model
For numerical modeling, it is convenient to write a general equation

soverning the production, decay and diffusive transport of a nuclide's
concentration, C. (similar to Eqn.19) as

WL s OO ¢ 2O




—”- - Gy~ V- Dl,l'.'.'Y;CI) = 5 (23)
ot :
where 4, is the radiologic decay constant for nuclide, 1§, Dy is the vifective
diffusion coefficient for nuclide i through the combined transport paths in
the matrix and S, is a source of nuclide i, In our case, the source represents
diffusion from the waste package, and is a continuous source, This can be
specified using a volumetric source term as in Eqn.23 and as described below
for the npumerical implementation,  The continuous source can also be
specified as a flux boundary condition in attempting to derive an analytic
solution to the 1-D problem.

A point source of negligible volume and an initial concentration of
sritium, Co, was treated by Smiles, ct.al[14] where the analvtic solution is
found to be of a general form,

C} o Cn (Di,('f;"l‘ ).3‘,: L'.\,‘f.’ (- ’:/f';D[,l-‘i,l 1} - ).’ ), (‘:-‘r

The scale length, Ly, for the exponential attenuation expected in the field due
to diffusion is scen from the exponential arguement to be Ly =N+ Dygggt - In
this case, the part of the solution due to the decay of tritium, cxp( - At), is
separable because all tritium is introduced at a single time, 1 = 0. However, in
the case of a constant source needed to represent the continuous loss of
tritium from a waste package, then the decay correction is less
straightforward, and the analytic solution must be integrated in time and in
the appropriate geometry.

Anaivtic solutions for the case of the continuous source of a
conservative (non-decaving) species in spherical geometry are expressed in
terms of the complimentary error function, while the solution in cvlindrical
geometry is expressed in terms of the uxponential integral (see for example,
sections 10,.2-10.3 in Ref.[19]). The solution to the continuous source in planar
geometry combines an cxponential term, as in Eqn.24 above, with a term
involving the complimentary crror function. In vach of these cases, the
characteristic scale length in the arguement of the integral function is the
same,

Ly=~N+ Dt (25)

This will prove useful for scaling results at a given time, independent of the
geometry, using diffusion coefficients, D, and scale lengths, L, as

|

Dy L
D

5. = i ] (26)

Tt
2= ]

The complexity of the analvtic solutions in the actual case of a
continuous source with species decay and in spherical or cvlindrical
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geometries, led us to the approach where the governing diffusive equation
(23] is solved numerically. This was done for two cases. In one, a 3-D
rectilinear grid is used with sources located at estimated depths, based on
actual inventory, and & uniform diffusion coefficient is used. In the second
case, the decaved diffusive transport equation is solved numerically in a 1-D
curvilinear geometry which can be modified to represent cither eyvlindrical or
spherical geometry.

The diffusion equation {23] for a constant diffusion coetficient, D, in 3-D
rectilinear coordinates is

oC . ( ~C ~C C Cilx.t)
- =i = DT+~ T3+ "—\ — 27
ot \ X - o= T

A computational model implements this form with empirical coefficients
chosen to match tritium surface cfflux measurments. These coefficients
include a constant diffusion coefficient, D, a shatt-specific release time
constant, 7. and a shaft-specific source concentration, Cyfx.t). This latter factor
is evaluated as a delta function, non-zero only at the locations of the waste
disposed within the high level shafts,

The magnitude of the tritium plume depends upon the source
concentration and release rate while the characteristic dimensions, or spatial
attenuation length, of the plume will depend only upon the effective
diffusion coefficient (as in Egn.23) in the subsurface media for a given source
geometry and known decay constant, 4. Therefore, an attenuation length
observed for the tritium plume in the field can be used to assess the effective
diffusion coefficient. [f desired, the tritium concentrations in core moisture
can be used to estimate the release rate, 7 when the source quantities, Cofaut),
are known. A detailed evaluation of the value for 7 is bevond the scope of
this study, but a preliminary estimate is given in the Discussion section,

The computanonal volume was specified with the number of grid
points per axis as, nx = 30, ny-= <0, 1z = 20 and with grid spacing dimensions
as dx = 20/t du = 20ft, dz = 7.5/t in the initial runs, Some final runs used a
finer rcsolutxon. dx = dv = 10 f, to resolve the attenuation length around the
shafts, The numerical code integrates the transport operators explicitly in
time and treats the radiologic decay term implicitly using standard difference
approximations [e.g., see Ref.20]. The top compuratxonnl surface corresponds
to the ground level. Tritium flux to this boundary is assumed lost to the
atmosphere. The other boundaries are far enough from the source that the
boundary conditions there have a small impact on the solution.

The source data input to the 3-D modLl is summarized in Table L. The
source concentrations ar tritium, Cp(x,!), are specified by year and by 3-D
location for the model input as

|
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Colxt) = Crolz ! >t exp CALL)) (28)

for cach of the 10 maximum annual shart disposals entered in the Arca G
inventory data base, where ! is the time of disposal of tritium quantity, A,,
and the source concentration, C. is simply taken as the annual disposal
quantity, A divided by the local grid cell volume. These 10 mspo\al-. cover
more than 95% of the tritium disposed at Area G, and happen to occur in only
three shafts with the greatest inventory, #1530, #151 and #154. The opurating
life times for each of the disposal shatts are used to approximate the depth, 2,
for tritium disposal in each vear, assuming a linear filling of the disposal shatt
over its lifetime, The values for shalt release time constants, 7, were chosen
to best match the fieid results, The value for Tat the newer steel lined shatt
#154 was initially taken to be 3 times larger than the value at the older
unlined shafts, #150 and #131. This seemed to match the preliminary field
data best in a qualitative manner, however, in the tinal analysis, it was seen

that the shafts all had similar release rates and the same value of + was used
to characterize the release from cach of the shatts,

The 3-D model simulation is run explicitly from the time of the oldest
tritium disposal to the date of the field study for comparison to ticld data,
The results are discussed in a following section.

Numerical 1D curvilinear model

The geometry of the tritium source (see Fig.10) and subsequent
diffusion problem can be characterized in spherical geometry or in ¢ylindrical
geometry depending upon the diffusive charactcr1-t1c~ of the soil matrix
rclarwu to that of the disposal shatt itself.  Both geometries are considered
here and the results and 1mplxcanons compared in the Discussion section.
First, spherical geometry is assumed with isotropic diffusion from a point
source at the tmtium waste package location. This neglects the differences in
diffusion characteristics through the tuff matrix and through the disposal
shaft volume. Sccond, a cvlindrical geometry is assumed, consistent with a
tritium source diffusing rapidly throughout the disposal shaft volume
relative to its slower diffusion in the tuff matrix,

The waste sources containing tritium were seen in Table 1 to be
dominated by a few waste packages disposed at specitic times and therefore
related to specific depths within the disposal shafts, This could be modeled in
spherical geometry for each tritium source at each disposal depth. To simplify
this case further, the tritium waste is anprommnwd as being logated in a single
waste package in cach shaft at a single ‘effective’ disposal depth, This
‘effective depth’ {or cach shaft is listed in Table I, labeled as dygg =fte, where
this value is estimated from the actual disposal quantities and depths
indicated in Table 1. The disposal shaft geometry used for the spherical
geometry approximation is sketched in Fig, 10.
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In this Figure 10, the tritium plume observed at the surface has an
exponential decay length on the ground surface of Le. This plume surface
dimension is determined from the conrours of the field data results by
measuring the e-folding distance around each shaft in each of the four
cardinal directions. The average and deviation of these rour lengths are
shown in Table 11, labeled as Ly tfor cach of the shafts, with the average across
the three shafts of Ly = 27.7f! with an 18% variation between shafts. Tt is an
approximation that the c-folding length is taken as the appropriate
attenuation length, independent of the geometry,

For isotropic diffusion from a point source where the geometry and
cross-section of the disposal shaft itself are neglected, then the tritium
concentration at point A (Fig.10) is the same as at the point, D, equidistant
from the assumed single-point source at point, C. Thus, the attenuation
length of Lg observed along the surface corresponds to the attenuation length
of Ly, projected along the spherical axis of symmoetry centered at the waste
source, C. It is evident from the figure that the length, Lop is given as

L.,‘ = \,,lil"“": bt L.'\'-‘ . ({lv'f:". (29)

This value, Lo, is determined from the surface attenuation lengths observed
for the field data, Lo, and from the assumed effective depth, des, to the point
source for cach shart in Table 1. The average value over the three shafts is
Lo = 106 £ This attenuation length corresponds to the observed field
conditions if the source is diffusing with spherical symmetry.

If tritium migrates rapidly within the volume of the disposal shaft
relative to its migration through the tuff matrix surrounding the shaft, then
the effective geometry for the tritium source for diffusion into the tuff would
be cvlindrical. As the source geometry approaches a evlinder, then deys in
Fig.10 goes to zero and so the projected scale length, Ly approaches the scale
length observed at the surface, Le, This point will be used to show the results
are more consistent with a cvlindrical source geometry than with the
spherical source geometry assumed initially in the numerical modeling,

To compare results in both geometrics, the tritium diffusion problem
was examined in the spherical and in the cylindrical case. As discussed above,
an analvtic solution was not determined for the actual field conditions which
incorporates a flux boundary condition appropriate to the long term release
from the disposal waste package, Therefore, the 1-D tritium diffusion
eguation was sojved numerically in the two geometries,

The numerical problem was treated by finite differencing the diffusion
operator, V(D VC) from Eqn.23, for 1-1D geometry using a constant grid size, Ar,
with index, /, along the 1-D axis, as




WDVC) = —
Ar(1)= ccli)

-~ (eeti) = ccliel)) , . (celi) = celis1)) ~, ... .
[L(I/Dm by | (Ci-1) - Cli) ) - ( a7Bar = b ) (€ - €6-10) )
(30)

The geometry factor, cc(i), ¢can be modified to accomodate the desired
geometry, ccli) = il for spherical geometry, celi) = rfi) for cvlindrical
geometry, and cc(i) = 1 for planar geometry. This expression can also
accomodate a spatially varving diffusion coefficient, D(i), but this option was
not exercised in the present study,  Results in the spherical and ¢ylindrical
geometrics are presented in the following,

Results

Tritium results, 3-D computations vs, field data

[n preliminary calculations of the tritium diffusion in the 3-D model a
diffusion coefficient of 100{t2/vr (=10m=/yr) was found o be qualitatively in
good agreement with the carly field results shown in Fig9 {Ref.17]. The
tritium results from the 3-D model are shown in Fig.11 for comparison.
Computational results show in-situ concentrations (log of concentration
data), which are directly comparable to the surface flux measured in the tield
data, provided that the evaporation rate is reasonably constant throughout
the surface area. This is a reasonable assumption for the field conditions
where vegetative cover is consistently sparse in the vicinity of the tritium
disposal shatts,

The top of the computational volume in Fig.1l corresponas to the
ground surface, and it can be seen that the sources introduced into the three
high level shafts provides a qualitatively good match to the field data in Fig.9.
Figure 11 also shows some isomeric surfaces of concentration levels which
reveal the higher tritium concentrations in the subsurface vicinity of the
disposal shafts, It shows that at the highest concentration levels depicted,
only two shafts (#150, and #151) contribute in this simulation.

fn Fig.i2, the computed tritium results (log concentrations) for the
surface plane are extracted from the 3-D solution and shown, comparing 3
values of the diffusion coefficient, D = 50 fi2/yr, D = 100 ft=fyr, and D = 250
ft2yr. Considering the scale of these figures it appears qualitatively that the
best agreement with the field data is for the results in the range, D = 50 ~ 100
ftelur,

The results in Figs. 9, 11 and 12 depict the log of the tritium
concentration (or flux) values, where the log transform is important to
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visualize the range observed in the tritum data, However, the contour plot of
the log of the data is sensitive to the background level and to the magnitude
of the source above the background. Because the diffusion solution is
exponential, the log of the solution will decay linearly with distance from the
source and onlv levels out at the background concentration. Thus, the log
contour plots are sensitive to the source strength and to buckground levels
and are not convenient to quantify an e-folding or attenuation length.
Rather, they provide a good estimate of the scale length over which the
solution falls to the level of the background concentration.

To avoid this problem, the solutions for the field observations and
from the 3-D model were replotted in lincar scales to more accurately
determine an e-folding attenuation length to represent the characteristic
diffusion scale length. The contour results of the (linear) tritium field flux
data are shown in Fig.13 with an inset that compares contours from the 3-D
solution using a constant diffusjon coetficient of D¢ = 150 ft</ur. Note that the
inset area (for computed results) is approximately equivalent to the dashed
area for the field results, but the contour levels are not quantitatively
comparable between the field and computea results. The computed results
were plotted with several different contouning levels to best resolve the
attenuation around cach of the shafts,  From these plots, the surface
attenuation (1/¢) scale length for the 3-D caleulation, Lye, was determined
from four different plume transects, and found to be Lye ~ 207 25",

This can be compared to the value for the ground surface scale length
determined from the observations, L, = 277" ~ 28 in Table 11, an average from
around the three shafts of concern. Using these results with the scaling law,
Eqn.26, the diffusion coefficient in the 3-D model caleulation that would
reproduce the scale length observed in the field Qata is D3p (Lee = Ly), where

rhgy?
Dipllee=Ly = Do | Cee
o e (202 s _ o,
= 130 ftefyr [-','0-}} ~ 290 fredyr = 27 m=Sur

3N
This is a first estimate of the cffective diffusion coefficient from the 3-D
model compared to the ficld data.

Tritium results, 1-D curvilinear computations vs. field data

Results from the 1-D model for a point source in spherical geometry
are compared for two diffusion coefficient values, D = 100 f1</yr and D = 200
SAafyr in Fig14, From the figure, the attenuation length is seen to be constant
in the intermediate range of distances, where the zrid resolution near the
source and the far boundary condition do not intiuence the diffusion. From
the figura, the observed attenuation lengths over these intermediate distances
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. for the two cases are LJD=100ft</ur) ~ 17" and Ly( D= Ow. “fur) ~ 24°. Their :7
ratio, L D=200ft3/yr)/L{D=1001"/ur) = 24/17 ~ 1.4 = N2, as c\pccted from the }

analytic solution scaling law, Eqn.26, for Dy/D2 = 200/100. A

Again, the scaling law is used to estimate the diffusion coefficient 5

needed in the numerical computation to mateh the observed field results, ¥

The scale length for a point source in spherical geometry projected from »

surface attenuation length observations, Lo, war denoted, Ly, This was e
determined using Fig.10 and Eqn.29, resulting in Loy = 10,6/t ~ T1ft as -

summarized in Table I Using the scaling Eqn.26, the ditfusion coefficient in
the 1-D spherical numerical solution which will match this field observed
value is Dip; (Lyp = L), evaiuated as

‘ '!

= 42 fRMhr ~ G mifyr, (32)

]

Dip, (Lip=Ly) = 'lOQf:3,/]1)'f\J

‘-h

\I

This estimate will be compared in the Discussion to the previous value from
the 3-D model results of 27m=/vr.

[n Figurc 13, the diffusion solution is evaluated for a diffusion
coefficient of D=1350ft2/yr, and compared for the cases of spherical (point
source) and cvlmdrxcal ine source) gseometry.  The observed attenuation
lengths from that figure respectively for the spherical and cvilindrical case, are
Le (D=15042/ur) = 21" and Le (D=15011¢/yr) ~ 25°. This spherical case result is
consistent with the cases shown in the previous figure and with the sealing
law, Eqn.26.

If the whole vertical d:apom} shaft acus as the tritium source term, and
if one can neglect ‘end effects’ near the ground surface, then release of tritium
can be approximated in cylindrical geometry.  In this case, the cvlindrical

solution in Fig.15 can be corrected to the observed field attenuation lengths, to
prov\du an estimate of the diffusion coer ti‘.ignt i:’ the source is ¢vlindrical.
The field scale length to use in this case is L= 27.7 ft from Table 11, and so the
corrected diffusion coefficient estimate ror a L,\'lmdmcal source geometry, Dipe,

becomes
- (2/-/- Y B YR g - 9 -
Dipely=L) = IJQH-/yr-\"'j-\l = 18+ fte/ur ~ L7 mefur. (33)
/
Discussion

Best estimate of Degt from comparisans of field and model results

The disposal shaft is backfilled with crushed tuff, Crushed and intact
tuft have simular transport properties, so it is not obvious which geometry,
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. spherical or cylindrical, should be the more accurate case. 1 the shatts are -"]
7 tightly packed after being backfilled, a spherical source geometry may exist, O
while if the disposal shafts are less tightly packed, then a evlindrical source is 1
! likely, as the tritium diffuses rapidly throughout the shaft before diffusing 9
signiticantly into the surrounding tuft, i
Comparisons of numerical calculations in ‘spherical geometry’ with "
field results provided disparate estimates of the effective diffusion coefficient, 2
27m=/vr using the 3-D model and 4 m=/yr using the spherical geometry 1-D 3
model, (The 3-D model is effectively in spherical geometry because it
specifies a set of point sources which have been located at a few discreet point
locations within the disposal shafts and the diffusion is isotropic.) A simple
average of these estimates is 15.5m=/yr. A geometric mean of the two
estimates is 10 m2/vr with geometric standard deviation of almost 4,

indicating a large discrepency.

The first two numerical models (3-D and 1-D spherical) differ in the
way spherical geometry is incorporated. In each case, if the source term were
in evlindrical geometry, the diffusion coefficient estimate needed to match
field data would tend to converge towards some intermediate value of the
estimates in spherical seometry. Tivis was shown directly in Eqn.33 for the 1-
D cylindrical geometry case where the diffusion coefficient becomes 17 m=/yr.

In the 3-D numerical case, the sources were input at discreet depths
(Table 1) and the uniform diffusion coerficient assumption does not
distinquish any different properties of the disposal shaft itself.  Thus, the
effective depth is approximately the actual disposal depth, 1Y diffusion were
rapid within the disposal shaft relative to that through the tuff matrix
surrounding the disposal shatt, then the source would be cffectively
cylindrical and the ‘effective depth’ to the source would be less than the depth
to the actual tritium waste packages. Refering to Fig. 10, an effective depth
can be calculated which allows the computed scale lengths to match the
observed scale lengths, For the case with D=150f2/yr, this occurs for depth, ~
30ft.  This is a reasonable estimate for the cffective depth in eyvlindrieal
geometry, This is slightly less than the waste depths assumed (Table 1) and
shows the strong sensitivity of the resuits to the assumed effective depth,

These considerations support an estimate of the diffusion coefficient
near the value used in the simulations shown in Fig.11l of D=150f2/ur
(T4m=fur). The uncertainty in the source term geometry, especially in the 3-D
simulations, lvads to a large uncertainty in the final estimate of the diffusion
coefficient in tihis method as discussed later,

Additional 3-2 simulations were run with the source modeled as a
¢evlinder which did show good agreement between the 3-D model and field
results when the top of the cylinder was located below the depth of 207 (3 grid
cells from the surface). The implications of the field data and computational
comparisons are clear that the source term is effectively eylindrical. The 3-D
code would need to be modified to allow different diffusion characteristics
inside the disposal shaft compared to outside the shafts, in order to more
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realisticatly march the field data. The 3-D code resuits cannot provide an
accurate match to field results with the constant diffusion coefficient used in
the present study,

Tritum flux values measured directly over the disposal shart caps
were high as discussed in detail previously [3], and were not included in the
contour results for the field data in Fig.¥ or in Fig.13. 1t was caleulated (3] that
about 90% of the tritium flux was emitted from the shaft cap circumierence.
Only 10% of the total tritium is depicted in Fig.9, diffusing through the soil or
tuff matrix. This supports the finding that the source geometry is effectively
cvlindrical, «.omcxdm;, with the disposal shatt geometry, and contirms the
implication that the tritium released from the waste packages diffuses
relatively rapidly throughout the disposal shaft and then slower from the
shaft through the surrounding tuff.

Summarizing the model and field data comparisons, the average of the
initial estimates from the two numerical methods in comparison to fivld
observations and assuming spherical geometzy was 16 m=/vr, and using the 1-
D cvlindrical geometry, a diffusion coefficient of 17 m2/yr was estimated. In
the 340 code, D = 14 m=/yr was used in simulations which matched the field
results if the ‘effective depth’ of a evlindrical source were reduced to about 30°
or less. The combination of these estimates sugeests that the effective
diffusion cocfficient is about 15me=/vr. The following analysis assumes this
value applies to this region of Arca G, and so the cffective in-field tritium
diffusion coetficient is taken to be

Deie(Area Gl ~  15me/yr, (34)

Determination of the inesitu vapor diffusion coefficient from Dy

Combining Egns.20 and 21, the effective diffusion coetficient for
tritiated water, Dew ts related to an insitu gas or vapor phase diffusion
coetficient, Diy,, defined in Egn.22, as

H D.., H e)(0p) Dy
Do (Area G) = ""(;'*L ~ """"‘"(_;"'"*’l' : (35)

We assume the form for &(6,) used by Smiles etal.[14], based on work
by Millington [18], that €i(0s) ~ #7735, From the vertical profiles of moisture
near the tritium shafts (Fig.3) the average moisture content in the vicinity is
about & ~ 0.01. The average porosity for units 2b and 2a which surround the
trittum disposal shafts are very nearly equal to 047 {Ref.21), Thus, in the
vicinity of this study, 6, is approximately equal to 047 - 0,01 = 040, This gives
the porosity correction at the disposal shartts vicinity of
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Eql Bl ~ 0,46 %45 ~ 0.30. (36)

The in-situ diffusion coefficient for vapor phase transport in this vicinity
within Area G then is determined from the best estimate of the effective
diffusion coefficient, Degs ~ 15 m=fur, using Eqn.33, as

0D _001x15
H g6, 15603 x0.36

Dins (AI‘L'(I G)

~  26700mifyr = 8.5 x 10 mfs ~ 1 x 107 mafs,

Implications

The binary diffusion coufficient for water vapor in air at this
temperature is 2.5 x 109 m=2/s. The effective diffusion within the pore space
observed at Arca G is enhanced above the classical diffusion by a factor of I x
10°3/2.5 x 105 = 40 times. This is the value at Arca G of the diffusion
amplification factor, Ay, introduced in Egn.2l. This factor is expected to be
closely related to the ratio of in-situ air permeability to the air permeability in
unfractured core samples. As discussed previously, this ratio was found at
Area G to vary from a factor of 4 in the lower units to a factor of 22 in Unit 2a
and a factor of 16 in Unit 2b [2]. In the profiles at borehole G35 as shown in
Fig.5, the ratio in the upper units (2b and 2a) is seen to be typically 10 or more
and somewhat less, 34, below 60" depth.  These observations are in
agreement with the diffusion amplification found above and supports the
notion that a fracture network at least throughout the upper lavers enhances
the in-situ diffusion and the air permeability.

Barometric or temperature fluctuations may also contribute towards
the enhanced in-situ diffusion. They may contribute independently or
synergistically towards enhancing the diffusion coefficient, depending upon
the fluctuation mode numbers, periods, and effective transport distance over
a single oscillation.

Barometric fluctuations with a diurnal or scasonal period penctrate
deeply into the mesa (10s to 100s of meters). A simple model of diffusion
resulting from barometric pumping at Arca G was made previously {17],
which led to the maximum (near surface) diffusion coefficient, Dy, of

Kn 9}7.3
Dpp = s~ -5 (38
P Hau Pa )

where P, is the ambient pressure, and dps is the pressure mode amplitude at
the ground surface. This maximum (near surface) diffusion coetticient was
shown to be independent of mode number, and so the pressure mode

-
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amplitude, Aps can be taken as a sum over individual modes. Using tvpical
Arca G parameter values, &n = 05810 12m=, dpg ~ 10mbar = 103Pa, py ~ 22105
N-s/me, Py ~ 800mbar = 0.82105Pa (Area G, Los Alamos is at 6300 elevation),
this results in an estimate for the diffusion coerficient due to barometric
pumpiny at Area G of

Dpp ~ 30 m=jur . (39)

This is the same magnitude as the best estimate derived from the field study,
15m&/vr. It agrees within a factor of two, possibly related to an overestimate

of the pressure fluctuation amplitude, dps, but is in relatively good agreement
considering thu uncertaintics as discussed below. Note that the mechanism
implied in the derivation of this diffusion coufticient, Dpp, is barometric
pumping th"ou;.h the pore matrix.  Fractures are not included in obtaining
the coefficient of this ma;,mtudu although the permeability data suggests that
the fracture network does play some contributing role to the in-situ diffusion.
Theretore, it is likely that the barometric pumping in the pore space is
actuallvy smaller than the estimate in Egn.39.

Temperature fluctuations are not expected to penetrate more than
several meters into the mesa and should therefore have a minimal effect on
the in-situ diffusion deep within the mesa, There might be a greater effect in
the presence of a significant surface-connected racture network, for wiiich
there is some evidence at Arca G, The issues on both temperature and
barometric pumping will be examined in greater detail in a subsequent
followup studv.

Analyses in the present study (e, as in Fig,13), found that the release

time from the disposal sharts, = best {it the field data when the same value for

v was used at all the shafts. The newer shaft, #1534 is lined with corregated
steel, while the older sharts, #1530 and 151, are unlined, In initial runs, the
lined shaft was assigned a longer release time constant (slower release) and
modest agreement with the ncld data was obtained. This s reflected in Fig, 11
showing the log results. In the comparisons of the data on lincar scales, for
cxamplé as depicted in Fig. 13, the characteristic tritium plume dimensions
are casier to estimate, Here, the relative dimensions and magnitude of the
tritium plumes around cach shaft suggest that the better match to the field
data (Fig.13) occurred for a shaft release value, 7 which was the same for each
of the three shafts in the 3D model. This suggests that the lined shatts and
the unlined shafts have similar release rates, and the lined shatts do not
provide additional barriers to the tritium diffusion into the surrounding tuff,

The absolute magnitude of the shaft release constant, ¢, can be
determined from field data such as the subsurface tritium moisture
concentrations seen in Figeh, The maximum value seen in the core sample
moisture is about 107 pCi/m3 or 10 Ci/m3. This is a moisture concentration
where the sample volume is that of the liquid phase, about 1% of the total
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colume, and thus corresponds to about 0.1 Ci/m5 tritium per total volume,
The computational results from between the shafts 130 and 151 correspond to
the location of the field profile in Figd (top). The maximum computed
tritium concentrations at this location were found to be 2 Ci/md (calculated as
a total volume concentration) when setting a value of ¢ = 50 wears, The
solution is linear with 7/', 50 to correct the computation to the field result of
01 Ci/m3, then value of Trequired in the computation to match the field dara

7= 50urs x(2/0.1) ~ 1000 years. This is the effective release time constant
from the tritium waste packages.

The tritium moisture profiles in Fige also provide a direct estimate of
the attenuation length along a vertical axis cue to the effective diffusion. The
‘cleancst region’ to determine an attenuation length in the profiles in Figd is
downward from the shaft bottom (at 60" ~ 20m). Over this region in both
plots the e-folding length, L, is clearly in the range of L < 8" 10 10", This is
coincidentally similar to the attenuation length used in Eqn 32 showing that
for the 1-D sphemcal symmetry case, then the corresponding effective
diffusion LOL‘fﬁCiL‘ t was 4 m</vr. Spherical geometry is probably a good
approximation to the geometry when looking downward {rom the source at
the disposal shaft bottom. Threfore, the effective diffusion coefficient in the
region below the shaft bottom at = 60" is about 4 m=/yr.,

This is about 4 times smaller than the best estimate of the effective
diffusion coetficient at Area G in Egn.34, derived from diffusion in the upper
most 60" of the tuff.  The difference may be attributable to the large
uncertainties (as in the following section), but suggests a real difterence in the
inesitu diffusion coetficient averaged over the depth from the surface to 60
compared to that for the deptis below 60", The observed deerease in fracture
density at about 60" (at the unit 2b-2a interface) would support the finding that
the diffusion cocfiicient is greater in the upper lavers which are more
fractured. The decrease in effective diffusion coefficient at depths > 60', is in
line with the decrease in permeabilitios from Units 2 to Units 1, and as seen
in Fig.5.

The variation of teitium flux in tunme exhibits significant diurnal and
annual variations as seen in the Field Data section, Good correlations with
temperature were found,  Tritium flux measurements used o characterize
the tritium ground plume were made during the warmer part of the day and
during the warmest season of the vear, both tending to bias the sampled data
above the annual mean values. When the guantitative magnitude of the
flux data is important, as in estimating the actual emission releases of tritium
from the lepONJl facilities, then rhu results should be corrected for these
trends, for L\ﬂmpr‘ by using the established temperature correlations. For the
purposes of this xtudv the dimunsions of the tritium plume will not vary
greatly in time and so a time dependent correction is not needed in the
present study.

The in-situ diffusion or dispersion coefficient is enhanced by about a
factor of 40 over that expected by clasaml diffusion in a porous media with
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the properties of tive Bandelier Tuft. This enhanced transport is likelr due to -':;x
convective driven transport due to some combination of barometric and gl
temperature fluctuations, along with possible coupling to transport in the L
fracture network in the upper lavers of the mesa. [t is assumed that the [y
nhanced diffusion is due to oscillatory convective movements which act &
slmxlarlv on all gases and vapors. Ruzermg back to Eqns.9-10, this may not be w
true for gases with different temperature dependences if tcmpcrature 4
gradients are important. 1t is more likely that the barometric pumping of the &

total pore air volume is important at depth, which implies similar transport
for any entrained species in the gas or vapor phase. The effective diffusion
movement is then not dependent upon the molecular mass of the gascous or
vapor species, Therefore, the diffusion coefficient determined in this study is
considered applicable to other gas or vapor species of interest at Area G,

Uncertaintics

The net error in the inesitu diffusion coefficient 1n Eqn.35 can be
evaluated rigorously from the propagation of errors {22]. The error in H is
assumed small, error terms are assumed to be ndcpundunr, and so the total
error in Dins I8 Gpue. approximately given as

v oa
GDm\ I | G

- ©
l"D“"‘/l LN, L

Grt _ [Gnt .
Y . (40)

Unfortunately, the errors in cach of the contributing factors are fairly large
and difficult to quantify,

The two determination methods which assumed isotropic diffusion
from point sources (spherical symmetry) located at the depths of the tritium
waste packages produced two estimates of the effective diffusion coefficient,
Desr, with an arithmetic mean and deviation of ~ Joms/ur = 9m/ur or
geometric mean and deviations of 10m=fur = 4, indicating a wide disparity in
the estimates. The estimates from the two methods converge towards an
intermediate value 1f the sources are assumed to be evlindrical.  An exact
assessment of the uncerrainty would require @ more complete analysis but is
estimated here from a qualitative review of these analyses, and asmmmg that
the effective geometry of the source is evlindrical. The expucted value for the
effective diffusion coerficient is 15m=/vr, and the actual value is most likely
between 10m= ~/vr and 20m=/ ve, Qualitatively then, the effective diffusion

coetficient is Dew = 15 25 me/ur, or with an error estimate of about 30%.

The moisture content varies considerably throughout the vertical
profile as seen in Fig3. o a detailed modeling efforr, the actual moisture
profile could be input to the model, however, in the present analysis, we are
interested in an average value which is weighted in some manner for the
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depths nearest the tritium source, To the extent the source is actually
cylindrical, then weighting the vertical profile may in fact not be necessary.
The estimate for the average moisture has been taken as 8 = 0.01. A detailed
¢rror estimate could be made from the data in Fig.3 or from Fig.4 (showing
tritium, M3, concentrations and H3/(vol% water) ). Again, for the present
analysis, a qual tative judgement is made that the error in the mean moisture
content is avout 50%.

The crror in the porosity correction, &£46,] is also not known and
estimated here to be about 30%. Refering back to Eqn.40, the total error for the
in-situ diffusion coefficient is cvaluated approximately as

O-Dms\‘i: . N . N . J
B, = (03) - (05) - (03) -0 G0

This is an estimate of the uncertainty of the in-situ diffusion coefficient
derived from this particular study at this particular location, and corresponds

to a relative errot, (Gpy/Dins), of about 66%,

Added to this, there is additional uncertainty introduced if one applies
this number to the diffusion of other gas or vapor species at other locations at
Arca G, An xmphcatxon of the large disffusion amp‘mcmon factor, Ap ~ +0, is
that the diffusion coefficiont does apply equally well to other species, so this
extrapolation should introduce small errors. An implication of the moisture
content near the tritium shafts being among the lowest values observed at
Area G is that vapor flux is greatest at this location and therefore the in-situ
diffusion here is likely to be a maximum compared to other locations
throughout Area G, On the other hand, all locations at Area G are similarly
dominated by vapor flux throughout an intermediate range in depth within
the mesa [2] and should not exhibit widely disparate values of the in-situ
diffusion cocftficient, This variation is not quantifiable, but the n-situ
diffusion estimate is likely to be within a factor of two of the correet value at
other Area G locations, and as indicated, this estimate is probably on the high
side of the actual value at other locations,

Additional factors contribute to the uncertainty in ways which are
more difficult to quantify. Computational concentrations are only

compazable to the field surface flux measurements if the evaporation rate is

constant on the average throughoutr the region,  This is a reasonable
assumption in the sparsely vegetated area of this study, but remains to be
demonstrated. This could be demonstrated with the available data from the
tritium flux studyv (3],

Characteristic attenuation lengths are evaluated from the field results
and from the numerical solutions assuming eo-folding lengths, which s
rigorously true only for the exponential solution valid for the instantaneous
point source. The characteristic lengths may vary slightly in the actual
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geometries with the integral functions which characterize the exact analytic
solutions for the continuous source and in the different geometries.

Conclusions

Field measurements of tritium surtace flux indicate the spatial extent
of a tritium plume near the disposal shatts at Arca G The observed
characteristic scale lengths are compared to model predictions in different
geometries to determine a value for the effective tritium diffusion coefficient,
Do, for the combined transport paths of tritiated water, Doy = 15 2 5 m=fur,
Initally assuming spherical geometries, the diffusion estimates were dxsparatc
but in assuming cyvlindrical geometry the estimates from different
comparisons converge and the tma! uncertainty in D is estimated to be
about 30",

Transport analysis is used to relate this effective diffusion coctficient to
the in-situ vapor phase diffusion coetficient of Dy ~ [x70°3 ma/5, This value
is about 40 times greater than expected by simple theory for porous media
diffusion. Barometric pumping and the increased permeability of the fracture
network in the upper layers of the tuff material surrounding the disposal
shatts both appear to be contributing to the enhanced in-situ diffusion. There
are several uncertain factors in the derivation of the insite diffusion
coefticient, which leads to an estimated uncertainty of about 70" or more in
this value,

In the tinal analyses, the time scale for release from the disposal shaft,
T, was scen to provide a good match to the field data when the same value
was used for all the shafts, lined or unlined. This implies that the newer
lined shafts do not contain tritum significantly better than the older untined
shafts.  This point should be examined in greater detail if it becomes an
important issue for disposal operations. Comparison of model results to
measurements of borehole core sample trittum moisture content indicates
the effective time scale for tritium release from the waste package is about
1000 wears.

The comparisons of field data with analvtic and numerieal solutions
indicate that the source term ;,eomcrrv 18 not determined by the localized
point sources gorrL‘\pondm" to the largest inventory disposal packages but
rather corresponds to a cvlindrical geometry source of the disposal shatt, This
implies that after release from the waste package, the tritium vapor diffuses
within the shaft relatively fast compared to its slower diffusion from the shatt
and through the surroundxm. subsurface tuff. Data supgests that the vapor
diffusion coufficient derived at this study location is likely to be a maximum
value, but within a factor of two, of a mean value across Ared G, Analvses
also suggest that the diffusion coefficient below 60" is smaller by about a factor

of 4, than the value from this study, Dy = 15235 m</ur,
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Because the in-situ diffusion is significantly enhanced above the
classical vapor diffusion, the diffusion coetficient derived in this study is
considered to be applicable to other gas or vapor species of interest in the
assessment of the performance of the disposal units at Area G, The diffusion
value derived at this particular location is likely to be conservative and over
estimate the average at Area G, but is likely to be within a factor of two.

Nomenclature

Do~ effective diffusion coefficient (via all diffusion mechanisms) in the
transport equation for the liquid phase concentration of tritium, Cya.

nomenclature table pending referee requirements
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Table I, Tritium inventory and disposal data - input for 3-D numerical model

' shatt 1D H3 source veardisposed |depth (esttt) | ap (vrs)!
(105 Ci) )
! | |
shart 154 1.2 |89 ol Y
7 | N6 | 38 S
1.3 |87 |23 |7
| | l
shaft 150 0.3 177 | 6U |17
U.4 | 7S 43 16
U.b 7Y 38 15
0.3 'S0 23 14
l
shatt 151 0.3 |'S2 &0 12
0.6 [ 85 Y Y
U.bb | 'S7 | 23 7

Table 11. Point source approximations for spherical geometry.

1. At is vears from disposal to 1994 (the vear of the field flux measurements)

parameter | shart 154 | shatt 151 shart 150 faverages
| i l
Ly ~ft=1 [32(=33%)3 |20 (=573 | 22(=11) 3 1277 (=180 3
doff =tt- 35 | 25 35
Atnv VT S b‘ 13
Lu -t = 124 13.2 0.3 10.6 (= 36) 3

~n

(P

1. L ~ft= average of ficld observations as discussed in text.
2. Lo-ft- computed from Ly and degy a8 discussed in text.

5. All errors are expressed as = (the sample standard deviation divided by the
sample mean)
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Pig. | LANL Arca G Disposat Facilities - showing open disposal units (selid tines) and cotcred disposal
units (dashed fitees) and shafis (snwal citles and boxes) neposed on fesizin contouss of the nwesatop. The
Lirge box highlights the arca around the tritinm disposal shafts detailed in Figare 2 andin the surface Ty
result figures. Thiee wonitor holes discusced in the text, NPH-5, NPH-8, and NPPH-9 are shown.
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Fig. 2 Locations of tritium flux samplers in the vicinity of the high level
tritium disposal shafts (area shown as box in Fig.1), including samples
collected during 1993 and during 1994.
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Fig, 5B (Bottom) Moisture content protiles are shown for referonce with the
unit interface depths.
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Fig. 6A (Top) Tritium surface efflux (data from Ref. 7) and monthly mean
temperature shown verses month of the year,

Fig. 6B (Bottom) Linear correlation of monthly tritum flux with temperature

for all points and for points

with one ‘out-lier’ omitted.
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Fig. 7 Tritium in monthly integral air samples collected at two
locations within Area G from late 1984 to 1992,
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Fig. 8 Variation of temperatures and a relative measure of the water mass
flux rate (evaporation rate) determined over 3 period of about 30 hirs, from
late morning to the afternoon of the next day.
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Fig. 10 Diagram of the disposal shaft and tritiwin waste package geometry
used for the point source approximation in the 1-D spherical modeling,.
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Fig. 11 Volume rendering of the computational resulis for ritium
concentration. The top figure shows results ont the surface of the entire
computational volume while the lower figures show only coatours of
progressively greater concentrations, indicating the geometry of the disposal
shaft and waste package sources.
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Fig. 12 Comparison of tritium contours computed at the ground surface for three values of the diffusion

elficient, Dgg = 50 f12fyr, 10 fi2fyr and 250 2 fyr. The contouss show fagl0 of the tritiun concentration and
indicate the area where the plume Qalls to background levels. “The solulion area shawn is 600° (x) by 800 (y)-
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Fig. 13 Contour results of tritium flux in the vicinity of the high level tritium
disposal shafts. Fiela results are shown on the site map, interpolated from
sample data at the locations shown in Fig.2. The inset (left conter) shows the
The inset
window area is (x,) = 600" x 800°, approximately the same area as the dashed
region on the map. The contour levels in each plot are relative and not
quantitatively comparable between the field and the computational plots.

computational results for the same arca from
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the 3-D model.
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Fig. 14 Numerical solutions to the 1-D diffusion problem in spherical
geometry compares spherical solutions for two values of the diffusion
coefficient, D = 100 f2*/ur, and D = 200 ft</ur, expected to bound the field
results,
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Fig. 15 Numerical solutions to the 1-D diffusion problem in spherical and in
cylindrical geometry compares the spherical and the cylindrical geomesry
cases for the diffusion coefficient, D = 150 #12/r, expucted to closely mateh the
field results.
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