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l'I'UMERICAL MODELING of' UNSATURATED GROUNDWATER FLOW and 
RADIONUCLIDE ~~SPORT at MDA G 

by 

Kay Bird~ll, Wendy Soli. 
Nina Ro:o;cnberg and Bruce Robinson 

ABSTRACT 
This report presentli a post-clisposal groundwater flow model and radionuclide transport 
calculations for Material Disposal Area (MDA) G located on Mesita del Buey at Los Alrunos 
National Laboratory. We first present a prc-disposal11ow model bru;cd on comparisons of 
calculated sarurntions for a range of infiltration r.ttes to in-situ d:lta measured at or near the site. 
Results f-rom this study suggest that net infiltration rates into the mesa surface must be extremely 
low. about 0.001 em/yr. to match site data for the mesa-top units. However, a net inrlltration rate 
of 1 mm/yr is required to match saturations in the deeper units. This suggests that perhaps an 
additional source of water supplies water to the deeper units. Since results from scparJ.te fracture 
flow studies of Bandelier Tuff suggest that episodic fracture flow occurs only under extremely 
wet conditions and also preHminary calculations suggest that transient event~ are damped ncar 
the surface, we usc a steady-state continuum approach in our post-disposal flow model. In this 
model. an inflltrntion rate of 1 mm/yr is applied over the unclisturbed surf<~ce of the mesa top 
with a higher infiltration ~:e, 4 mmlyr. applied to the five disposal pill\ in the modeled cross· 
section of the site. This post-disposal flow model forms the basis for radionuclidc transport 
calculations. We also investigate the importance of evaporation from mesa sides and frnctures 
on flow within the mesa nnd conclude that it very likely plays a key role in keeping the mesa dry. 
However, this process was not explicitly included as part of the post-disposal model. 

Transport of 30 parent radionuclides from the hjstorical inventory at MDA G is considered in 
· this report. Based on these tronsport calculations, tbe following purent rndionuclides are 
considered to be the most important to the Performance A"'sessmcnt (PA) of MDA Ci: Am-241. 
C-14, Pu-241. and ~p-237, These spedcs reach their peak concentrations before 10,000 yrs. 
Np-237 is transported more quickly than most species because of it11 very low Kd (0.007) which 
leads to a peak concentr..ttion at 4500 yrs. Since Arn-241 and Pu-241 both d¢cay rnther quickly 
to Np-237, these rudionuclides arc also important. C-14 is potenthllly import.."'llt because it does 
not sorb, and peaks at about 3.900 yrs. Transport c~uculalion were not perfonned for the 
following rndionuclides because their half-Jives are short compared to there transport rates: Ag· 
108m. Ba-1.33, Cd-113m, Co-60. Cs-137. Eu-152. Eu-154, Od-148, H-3, Sm-151. Sr-90. Nb-94. 
and Ra-226. Tr..tnsport calculations performed for the following radionuclides showed that they 
reach peak concentrations nt times larger th~t.n 10,000 yrs: Hf-1 ~2. Mo-93. Pu-238, Pu-239. Pu-
240, Pu-242. Tc-99. Th-232. U-233. U-234, U-235, U-236. and U-238. Concentration 
breakthrough curves are presented for use as input to a dose assessment model for the: Area G 
PA. 

The mn.in uncertainty in the calculations stems from uncertainties concerning the hydrologic 
processes th:tt control flow at the site. Speciflcally, the roles of evaporation, transient infiltration. 
and fracture flow nrc still not clear. The main data uncertainties ru-e in the hydrolo~c properties 
for the bottom 70% of the vadose zone at the site and in site-specific sorption coefficients (Kd) 
for weakly sorbing rndionuclides. Our calculations take no eredh for tr.lnsport through this lower 
portion of the vadose zone, wltich is an extremely conservative a.'isumption . 
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INTRODUCTION 

Transport calculations arc performed to predict the long-term migration rates of water soluble 
r:Jclionuclides at MDA 0 in support of a r~diologica.l performance ussessmcnt (PA) for the site 
(Hollis et al., 1995). We arc examining the flow bch<~.vior at the site in order to subsequently make 
predictions of radionuclidc migr • .ltion from the site toward the accessible environment. This report 
has four main sections which investigate and describe the t1ow and transport at MDA Ci through 
modeling studies. In Part I. we describe a stc~1dy-stJtc t1ow model for a two-dimensional cross 
section at the area under prcdisposal conditions. In Part n, we take a closer look at some 
processes, namely fracture flow and evaporation from mesa side:-;, .fractures. and surge beds, to 
better understand how these processes may affect flow at the sue. In P:u1 nr, we use the 
information from Parts I and Il to develop a steady flow model for MDA 0 under current or post .. 
disposal condition),. This is the model that is used for the subsequent PA transpon calculations 
presented in Part IV. 

The conceptual model of subsurface transpon beneath MDA G (Turin. 1995) describes the flow 
and transport mechanisms at the site u.-. alternating between an episodic infiltrntion state and the 
nonnal drying state. The fracture system may allow episodic deep infiltration during spring snow 
melt or summer thundcrstonns. Such infiltration event." urc then followed by the more typical 
process of evaporative drying at the mesa surface and in the fracture system. Leakage from the 
ulluvial :.tquifer in Pajarito Canyon may act a.-; uctive recharge to the deep aquifer and provide a 
fu...;ter flow path for radionuclidcs migrating downward from the site if water from the canyons 
flow laterally beneath the mesa. 

In Part I, the prcdisposaJ or background now model, we consider steady intiltration throu~h and 
beneath the mesa under prcdisposa.l conditions using a two-dimensional representation of MDA G. 
Simulated results are compared to measured saturation data from the site. We look at the 
sensitivity of the system to infiltration from wet canyon bottoms. uncertainties in hydraulic 
conductivity. and short-term deviations from the steady infiltrntion rate. 

In Part Il, we study some of the processes that complicate the flow in this region, as pointed out in 
the site conceptual model (Turin, 1995). These processes arc frnc:rurc flow and evaporation from 
the mesa sides, fractures and surge beds. The mesas on which LANL. sits arc highly fractured, 
with observed fracture spacings of 2·3 meters (Krier et al .• 1995). Mapping of the regional 
fractures has identified areas where the fractures arc filled and where clay and caliche coatings exist 
along some of the fracture walls. Continuity of fractures from the upper unit...; of the mesas to lower 
units is unknown. The ubiquitousness of the fractures, and the potential for fractures to act both as 
a fast path for water or contaminants during episodic infiltration events and a.'> conduits for 
evaporation under dry conditions con!1rm the need to understand the role that fractures play in this 
system. For this reason, we have undertaken a study to analyze the influence of different fracture 
char.1cteristics, namely fracture: coatings and tills. on the imbibition of water from frnctures during 
infiltrntion event~. We have also looked at the role that fi"'JCtures may play in c:vapor.1tion at the site. 
These processes urc transient and occur local to the fr4lcture making them more ctif!icult to studv at 
the mesa scale. For this ~ason, this modeling is done over smaller spatial and tempor.U scales.· 
In Part Ill, we summarize the lessons lc~ed from Parts 1 and II, make some assumptions 
regarding the effect that the cUsposal pit'i have on flow at the site, and combine this information into 
a post-disposal 11ow model th<lt is used for calculating transport of radionuclides from the pit~. 
Thls flow mode: I is closely tied to the background flow model and a.'isumes steady intiltr:1tion. 

Finally in Part N. we perform tran~port calculations for radionuclides that are present in the: 
historic inventory at MDA G. A time dependent source term is used to describe the n:lea.~e of the 
nuclides from the disposal uniL-.. We use a generic source term to develop a screening tool that 
preclicl" breakthrough as a function of sorption coefficient. This screening tool is used to eliminate 
many nuclides from further consideration. Result-; for transport simulations for the remaining 
nuclides are presented. 
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Our approach here is to study flow and transport at MDA G using a :-:tcady flow a..;sumption. The 
calculations are performed with the finite element code FEH\1 (Zyvoloski et ul .. 1995) which 
simulates fluid i1ow, heat transport. and contaminant trans~ort through porous and fractured 
medja, Steady infiltration is a.'\sumed in previous PA calculat:ons used for other sites (Burnard and 
Dotkery. 1991. and Wood ct a.l., 1994). The basis behind tltc steady Oow model is that although 
processes at a site arc cle:U'ly tr.msient, that at depth und ovc: long time scales. they average out to 
yield a near steady flow. By using a high. steady infil ~ration rate and other conservative 
assumptions concerning flow at the site. the subsequent u~nsport calculations arc then also 
assumed to be conservative. 
The steady flow model should be questioned at each site, and it clearly cv~flict" with the site 
conceptual model for MDA Ci. However, it is the obvious first step for predictinr long·tcrm !low 
and transport at any site. The next step is to study tbe system in a transient fa.'\h~on. FEHM has 
the capability to srudy tr:~.nsient mutrix/l'r.tcture flow and transport using a dual pcr.ne~bility model. 
The dual pcrmc:tbility model is currently being verified. and we hope to use :.t in the future to 
challenge the ste<~dy now and transport model. Calculations would study the r.ystem response to 
episodic inflltration events followed by drying in the fracture system over tim.: periods which are 
shorter than a typical performance assessment calculation (hundreds rather than tens-of-thousands 
of years) because of numerical constr:.UnL'\. The: value of such calculations would be to determine 
the appJjcabiJity and the conservatism of the steudy now modc:l by helping to detcnnine whether 
contaminant transport is significantly enhanced by periodic pulsing of the fracture system. 
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PART I • PRE-DISPOSAL .FLOW MODEL 

Modclin~ Approuch 

Our nppro••ch for modeling the flow behavior at MDA G is co first run a set of background steady 
flow simulations and to compare the results to site field data. The computational grid is based on 
realistic strutigr"Jphy and topography. We use a two-dimensional cross section defined by Krier 
(Krier et nl .. 1995) as shown in Figure 1. The topographic informution W<l.~ obtained for this cross 
section from contour data developed from the LA.NL Environmental Restoration Project ;~erial 
survey. performed in September. 1991. We assume that unifonn. steady infiltration occurs along 
the mesa top. Several infiltration rates are applied: I .0 cmlyr, 0.1 em/yr. 0.01 em/yr. 0.001 crnlyr 
and 0.0 em/yr. In1iltration is applied uniformly over the top of the mesa from 850 ft (259 m) to 
1750 ft (533 m) along the distance of the cross section. ali shown in Figure 1. Evaporation and 
runoff from the mesa top are indirectly accounted for in the a,'\sumed low infiltration rates which 
arc: much lower lhan the average precipitation rate measured at MDA 0. 3S.6 cmlyr (Bowen, 
1990). Figure 1 shows the computational grid used for the now and tran:-port simulations for this 
cross section. The grid has 2,931 nodes and is made up of 5,581 triangular clements. It extends 
to the water t<lblc. 

Mean hydrologic properties (Krier ct. al, 1995) arc a.'>signed to Unit1b, Unit 2a, Unit 1 b, Unit la. 
the Cerro Toledo. and the Otowi Member. These properties urc shown in Table 1. Properties for 
the Otowi Member a.rc u..;signcd to the Guaje Pumice. the Cerros del Rio basalts. :md the Puye 
Fonnation because no hydrologic parJmctcrs arc available for these units. Samples collected thus 
far for the basalts display extreme variability (Turin, 1995) so that no best guess for hydrologic 
properties can be made. Because of the lack of dat<l, radionuclide transport times through the 
lower three units (the Gu~1je Pumice, the Cerros del Rio ba...,alLo;. and the Puye Fonnation) will be 
neglected. We a."sumc that assigning hydrologic properties of the Otowi Member to these three 
unito; for the purpose or establishing a flow lield will have little effect on the subsequent trJnsport 
c~uculations. For these simulations, the: side boundaries arc impermeable. The bottom boundary is 
held at a satUr"Jtion equal to 0.99 to represent a water table boundary condition. 

Table 1. Mean Hydrologic Properties (from Krier et. al, 1995) 

llJili ~ lW~ van Genus:bteo 12iU:i\Ql C9t, a Ccm· 1....ru 

Unit 2b 4.27 X lQ•4 0.481 0.013. 0.0060. 1.890 
Unit2a 1.48 X 10•4 0.517 0.002. 0.0030. 1.932 
Unit 1 b 1.67 X 10·4 0.509 0.009 0.0033,1.647 
Urtit la 1.88 X 10•4 0.480 0.006, 0.0053. 1.745 

Cerro Toledo 8.65 X 10·4 0.473 0.008, 0.0152. 1.506 
Otowi Member 2.49 X 10·4 0.435 0.0!88, 0.0059. 1.713 
Guajc: Pumice ... ... 

Cerros del Rio bt1...11alts ... ... ... 
Puye Formation ... • • 

• Dam is unavailable. Properties for Otowi Member used for these uniL'i, 
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Within the background flow study. we consider the effect t.'lat infiltration from canyon bottoms has 
on the flow system. Incren.o;c:d satur.1tions arc applied n.o; boundary conditions (see Figure 1) to the 
adjacent canyons. We also look at the system response time to deviations from the steady 
infiltration rate. and consider the sensitivity of the resulting saturation profiles to the saturated 
hyclr.tulic conductivity of the vru-ious stratigrJphic units. 
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Fi~ure 1. Cross section of Western MDA G (bused on Krier et al. 
1995) used for 2-dimensional simulations. Boundary conditions for 
infiltration region and fJXcd canyon saturations are indicated. 
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Pre-disposal Flow Modeling Rcsullo.; 

Figure 3 shows sready·s~te saturation profiles ar the center of the mesa for the S infiltration rates. 
The measured in-situ saturation data arc also shown. The simulations were run for a period or 
500,000 years to achieve steady flow throughout the domain at each now rate. The simulation 
result' are compared to saturation data from Unit 2b down through the Otowi Member. Here we 
sec that the shape of the curves mimic the shape of the data (e.g. saturations decrease from Unit 2b 
to Unit 2a ru1d then increase again in Unit 1 b. etc.). However. no single infiltration rate tits 
through the entire set of saturation data. Results for the lowest infiltration rates (0.001 and 0.0 
cmlyr) most closely match the site saturation data in Units 2b and 2a, the two unit-. located within 
the mesa top. HJgher inn.Jtration rates (0.1 and 0.01 cmlyr) nrc needed to match the saturation dnta 
from Units lb and la. nnd an even higher rate ( .. ] crnlyr) is needed to match the data in the Cerro 
Toledo and Otowi Member. Figure 4 shows the full 2·d s:tturacion pro tile for the mesa calculated 
with nn infiltration rate of 0.1 em/yr. The saturation at the edges of th.: mesa is lower becau!'e 
infiltration occurs only along the mesa top a...; shown in Figure 1. Water added at the top spread.; 
laterally to the drier sides but can not leave the system through the sides of the mesa which arc 
impermeable tc water now in these particular simulations. 

Uni1l1 

c~ 
~ 

Otowi 

-
o o.os o.t o.H o.2 o.zs o.3 o.~s o.4 

Suturution 

• • • • •1 r:mlyr 
-O.lc:m/yr 
-- •O.Olcm/yr 
-0.001 cm/yr 

-··0 cm/yr 

Figure 3. Comparison of site data (gray boxes) co calculated steady-state saturation 
pro tiles for severa.l infiltration rates. Calculated profiles arc located at the center of 
the cross section. 

The st~dy satumtion profile calculated for any single intiltration rate does not match all the in-situ 
saturation dam gathered at the site. Saturations within the mesa top (UniL"' 2b and 2a) are extremely 
dry. Saturations below the base of the mesa (Unit lb and below) arc higher. Several factors 
wruch may contribute to this discrepancy include: l) intiltrntion from canyons resulting in higher 
saturations below the ba.'ie of the mesa, 2) evaporation from the mesa sides and from fractures 
resulting in very low saturations within the mesa top, 3) uncertainty and heterogeneity in 
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hydrologic propenies yieliling different calculated saturation profiles. 4) unsteady infiltration rates, 
and 5) frJcture now resulting in incren.o;c:d moisture in deeper unito;, In the remainder or the flow 
modeHng sections of this report, we look at the effect-; that these various factors may have on the 
steady state saturation profiles described here. 

Effect of Infiltration from Canyon Bottoms 

A pererutial ;~qui fer ex.ist~ in Pajarito Canyon while: an interntinent stream runs thtough Canada del 
Bucy (Turin. 1995). Infiltration from these two canyons which bound MDA G may flow later:Uly 
causing increa.~>ed flow rates beneath the mesa. Such a source could decrea.o;e contaminant transport 
times and contribute to the higher saturations measured beneath the canyon floors relative: to the 
mesa top. Simulations are used to study the effect-; that moisture from the canyons may have on 
the flow systcnl beneath the mesa. 

We usc the computational grid for the DE cross section (Fig, 2) ror the canyon study. Fixed 
saturations arc assigned to nodes that represent the canyon floors (Fig. 1 ). A suturation vruuc of 
0.9 was chosen for Pajurito Canvon to represent the perennial aquivcr, and a value of 0.5 was 
chosen for Canada del Buey a" the intermittent stream. These simulations are run to steady state 
with a constant infiltration r.ttc along the mesa top of 0. 1 crnfyr. Saturation clistributions as well a.10 
a panicle tracking technique are used to study the flow field. FigureS shows color figures of the 
saturJtion distribution for the entire grid with (Fig. Sb) and without (Fig. Sa) the wet canyons. 
(Note that Fig. Sa represenl-t the same infonnation as Fig. 4, but the color scale is changed.) The 
increased moisture clearly incrca...;es saturations in the area below the canyons themselves, but has a 
weaker effect beneath the mesa. The saturation proftlc calculated for the center of the grid matches 
that for the simulation with the same intiltrJtion rate but nonflowing bound:uies along the canyons. 
This indicates that saturations and velocities ru'C not affected by the wet canyons .:1t the center of the 
grid. However, faster contaminant transport near the outer edges of the mesa might still occur. 
To determine whether increased transport occurs ncar the canyons, a line of tracer particles wa.o; 
placed at the ba.'ie of Unit 2a. Time snap-shots were studied to see the difference in particle 
movement between tho simulations with and without the wet canyons. The difference is quite 
small over a 10.000 yr simulation. Particles located ncar the outer edges at the base of the mesa are 
pushed a few meters in toward the center by water now from the canyon. However. these 
particles are nearly stagnant The majority of the p:uticles, which tr.J.vcl with water infiltrnting from 
the mesa top, fed no influence from the wener canyons. 

These preliminary simulations indicate th<lt wa.-.te traveHng from MDA 0 should experience very 
little decrease in travel times due to infiltration from the adjacent wetter canyons. There are, 
however, sevcr.U details not included in these simulations which could change these re."ults. First. 
only small portion:; of th: canyons floors are treated a." regions of constant saturation in these 
simulations (sec Figure 1 ), A more arpropriate boundary condition may be to apply infiltration 
over larger portions of the canyon floors. similar to the bound:ll')' condition used on the mesa top. 
This would represent infiltr.ttion of run-off and might yield more wide-spread higher saturations in 
the units from Unit l a downward. Also, these simulations use isotropic. porous media 
representations for the units that underlie the canyons. Although few fractures arc observed in 
these units (Krier ct a! •• 199S), some frJcturing might enhance the lateml distribution of water from 
the perennial <tquifer in Pajarito Canyon. Anisotropy in hydrologic properties could also contribute 
to lateral flow from the canvons . . 
These simulath:ms do not include the alluvial layers thal blanket the noors of both canyons (Turin. 
1995). In our simulations. the high s:tturation boundary conditions, which represent the canyons, 
are applied directly to the top of Unit 2a and result in predominantly downwarcl11ow. A" shown in 
FigureS, the high saturJtion zones below the canyons arc fairly localized beneath the canyons. The 
alluvial aquifer could distribute the water differently resulting in a more l:~.ternl infiltration pattern. 
The low pcnneability deep ba.o;aJt.o; might also act as a penncability barrier causing some spreading 
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of the high saturation plume at the upper interface of this unit. Because of a lack of hydrologic 
property data for the deeper unit11, these processes were not investigated. One other detail that is 
not included in these simulations is that the alluvial aquifer runs normal to the two-dimensional 
grid. Water in the alluvial aquifer may run down the drainage rather t11an infiltrating :ts it is forced 
to do in this simulation. The question of incrca.'icd flow rntes due to infiltration from the canyons 
should be revisited in the future when more data concerning the alluviall<iyers and the hydrologic 
properties of the deeper unit'> become available. 
Response Time to Chan~es in Surface Infiltration 

Infiltration at MDA G is not the steady process shown in the previous calculations. Some 
sensitivity runs arc presented here to determine the system response time to a short-term variation 
in the steady. infiltration rate, The system is pc:rturbcd by varying the steady infiltration rate for a 
period of S years. and monitoring the saturation pulse as it moves through the system. Three 
variations arc examined and in each ca.'\e the infiltration rare returns to its steady value after the 5-yr 
deviation: steady infiltr.1tion at 0.001 cmlyr with a 5-yr pulse at 1.0 em/yr. steady infiltr.ttion at 0.1 
crnlyr with a S-yr pulse at 1.0 em/yr. and steady infiltration at 0.1 cm/yr with a 5-yr pulse at 0.001 
em/yr. The steady infiltr.1tion results show that the saturation in the deeper unit'> seem to be the 
result of higher infiltration than in the mesa-top unit'i. These runs are intended to answer the 
following questions: arc the h.igh satur.ttions at depth the result'> of a previous short-term period of 
high infiltr..1tion. or arc the low s:Iturations jn the mesa the result of a more recent short-term period 
of low infiltration? The results of these calculutions are fairly inconclusive because the 5-yr 
dur.1tion for the deviation in infiltr.ttion rate was not long enough to capture the lar~e discrepancy in 
the upper and lower saturation profiles. We will. however. discuss the results because they 
illustrate the extremely slow response time of this system under matrix flow conditions. 

The results for the lowest. buckground inliltration rate (0.001 cm/yr) followed by a 5-yr pulse nt 1 
cm/yr show that the pulse moves extremely slowly through the upper layer, Unit 2b, taking more 
than 1500 yn- to move through. Finally af1er 2000 yrs, a higher s:tturation is seen in Unit 2a. Th.: 
background infiltration rate in this case is too slow to force the pulse into the deeper unit'i, rather 
the pulse is damped out before rencrung the units below Unit 2n. 

The results for a higher. background in1iltration rate (0. 1 cmlyr) followed by a 5-yr pulse at 1 
crnlyr show thttt the pulse moves more quickly through Unit'> 2b and 2a. After SOO years, a slight 
increase in saturation develops in Unit ~a. and at the Unit 1 b/la interface. By 1000 years. the 
pulse causes a slight increase in saturation in the Otowi Member (0.193 vs. 0.192). 

The results for a higher. bnckground infiltration rate (0.1 cmlyr) following by a S-yr very low 
infiltration rate (0.00 l crnlyr) show ~~ very slight dccrea.o,;e in s:.~turation in Unit 2b for the tirst 300 
years. After 500 years, the saturation profile returns to that for the buckground infiltration rate. 
The rc:sulL'> of these three simulations indicate that a short duration deviation in infiltrarjon r.tte can 
not explain the apparent discrepancy in saturation between the mesa top uniL'\ and the sub-mesa 
units. We think thut a previous long-term (maybe lOO's to even 1000's of years) hi~h infiltration 
event followed by a more recent (or current) long-term low infiltration event could better explain 
the site satur;ltion data. This suggest'\ a climate change scenario that could be further examined 
through licld and modeling studies. The system response is very slow a,'\ indicated by these runs 
and by the very long simulation times (about 50,000 to 500,000 years) required to achieve steady 
~tate tlow in the base ca.o,;e simulations. We do not believe that the large discrepancy in satur.1tion 
data between the mesa-top and deeper uniL'\ can be explained by normal yearly 11uctuations in 
infiltration rate if the system is controlled strictly by now through the matrix material. Deep 
infiltration through fractures is considered later in this report. 

Sen:;itivitv to Saturated Hvdraulic Conductivitv w • w 

The hydrologic properties used in these simulations a.11sume homogeneous. isotropic properties for 
e•1ch unit. Data from core samples (Krier et al., 1995) show that much variability in hydrologic 
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properties actually cxhas. Here we present u brief sensitivity analysis to the property saturated 
hydraulic conductivity. Ksat• in the four upper units (Unit 2b. Unit 2u. Unit 1 b, and Unit la). 
This analysis also assumes homogeneous. isotropic propcnies for each unit, but we vary Ksat up 
and down by an order of magnjtudt: in variou." combinations to determine the effect that uncertainty 
in Ksut can have on the calculated saturation profiles. Seven different cases were run using a 
steady inflltration rate of 0.01 em/yr. This now rate was seen to match the data in Unit 2b. Unit 
lb, and Unit la quite well, but gives results that are too wet for the mea.l\urcd saturJtion in Unit 
2a. The resulting saturation protiles for four of the ca.<;es along with the base ca.<;e (0.01 crn/yr 
infiltration) rcsulto; are shown in Figure 6. 

2040 

c: 

~ :ooo !=====~~~~=~~=::;;~ 
.!: ... 

19HO 

1960 

0 0.0$ 0.1 0.1~ o.: 0,25 0.3 
Suturutlon 

• • • • •0.01 cm/yr 
-1\..PilDP 
-- •k..PPilm 
-k..Pcmm 
--·k..mmmm 

Figure 6. Comparison of site data (gray boxes) to calculated steady-state saturJtion 
profile:-; for :o;eveml variation!~ in Ksat· The infiltration rate is 0.01 ern/yr. 

The naming convention for these runs uses J single letter (either p or m) forc:1ch unit from Unit 2b 
down to Unit I a to signify if the K5;11 for that unit is either an order of magnitude larger (p) or an 
order of magnitude smaller (m) than the average for that unit. For example, for Ca.~e ppmm. KSJ1 
wa.o; increased by an order of magnitude for Unit"i 2b and 2a and decre~\Sed by an order of 
magnitude for Unit~ 1 band la. The best calculated tit to the average in~situ saturation data at thls 
flow l"'Jtc occurs for Case pppp where all of the Ksnt values are increa.o;ed by an order of magnitude. 
A higher Ksut value allows the steady now to pa.'is through the system at lower saturmions. giving 
a better overall tit to the data by bringing the calculuted S.ltur.ation closer to the data mca.l\urcd in 
Unit 2a. A lower Ksat in Unit la or in both Unit l:t and Unit 1 b forces the saturation up in both 
unit~ for a given steady flow rate, which still matches the data in these: two unit'i, but also forces 
higher saturJtions in Unit 2a which is undesirable in terms of matching the data. Note that 
although Case pppp matches the data well through Unit 1:1. the profile is much too dry to match 
saturJtion dam for the Cerro Toledo and Otowi Member (see Figure 3) . 

This modeling assumes that each unit in homogeneous, The true system is actua.lly quite 
heterogeneous. and water may flow prcfercntia.lly through u path with higher Ks:~t resulting in an 
overn.IJ lower saturation. Th.is influence could partially explain Lhe very low saturations in Unit 2.'1 
and Unit 2b, but would work agrunst the higher observed saturation values in the deeper units. 
Here ag:Un, we don't believe that the apparent discrepancy in saturation between the mesa-top unit" 
and the deeper units can be explained fully by uncertainty in the values for the matrix. saturJtc:d
hydrnulic conductivity. 
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PART n ·A STUDY OF SPECIFIC FLOW PROCESSES 

Fracture Flow 
We have perfonned another study uJo>ing FEHM to analyze the innucncc of different characteristics 
of a fractured system on the movement of fluids in the subsurfucc. The study focuses on 
conditions that are relevant to our local system, particularly the influence of fracture co~tings <tnd 
fracture fllls on infiltrJtion of water, and on the extent of matrix-fracture communication. This 
work is described in full by Soli ( 1995) but the rcsulL<; are summarized here a.o.; they pcrtuin to the: 
development of the flow model for MDA G. 

In an attempt to isolate behaviors. we have chosen a system that is a single vertical fracture 
centered in an otherwise uniform block of matrix (Figure 7). There are four parts of the system: 
the matrix. the fracture. the fracture coating and the fracture till. The matrix charJcteristics 
represent Bandelier Tuff properties from Mesita Del Buey, Unit 2a. The fracture aperture and 
spacings arc averugc values from local measur~:mcnt.; (Krier ct al •• 1995). In this study the 
fracture is given the hydrologic properties of a highly porous and highly permeable sand. This 
assumption allows us to study a fractured system using a porous media simulutor, but the results 
must be interpreted in context with field observations and measurement'\, 

.___..JI Matrix 

I I Fracture 

f.WJI4@ Fracture Coating 

•• Fracture Fill 

Figure 7. System Configuration for Fracture Flow Study. 

The system is discretizcd such that a thin coating layer can be assigned along the walls of the 
fmcture. For simulations where no couting is present these element'\ are assigned matrix properties. 
thus ma.intainjng the S-mm fracture aperture through all simulations. Fracture fill can be emplaced 
by replacing the fracture's hydrologic properties with fill properties for some given length of the 
fracture. When present, fracture coatings and frncture fills arc <l'isigned clay parameters. We use 
clay parameters from the literature because there arc no values available for the local clays and 
caliches. 
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Two cliffc:rc:nt inflow conditions arc used at the: top of the fructurc. One in !low condition Ot.'sumc:s u 
consunt influx. at a rate of S cmlduy. which we considered to be representative of an extreme event 
for a single day. However. this inflow rate was applied for the entire time period of the 
simulations. often up to 100 days. The other inflow condition used was a ponded condition at the 
top of the fr.1cture applied for 0.5 days, followed by removal of the source. This was effectively an 
infinite source of water for O.S days with infiltration rates controlled by the frJcture·mutrix. system. 
Both of these inflow conditions result in an amount of water entering the system in u matter of days 
that far exceeds the amoum of precipitation seen at Los Alamos over a period of years. These 
extreme conditions allow us to focus on absolute worst ca...;c:s. 

The most domjnunt observation from the simulations is that in all but the most extreme intiltr:ttion 
events, fractures in the Bandelier Tuff of MDA G do not appear to provide a 'fast flow path' for 
liquids. Even under extremelv high infiltration event.._, fractures with no contings or fills a.re not 
able to carry liquids very far. and the invading saturJtion front looks very similar to that observed 
in a non-fractured system with point injection. 

We found that the effect of a coating along the walls of the fracture is dependent on the relative 
conductivities of the coating and the matrix. A coating with only 2 orders of m01gnitude less 
conductivity than that of the matrix does virtually nothing to prevent liquid in the fracture from 
being imbibed by the matrix. When there is a larger (4 orders of magnitude) reduction in 
conductivity at the fracture-matrix interface. water is strongly channeled in the fracture. Any 
conductivity reduction aces to spread the infiltrating front further down the matrix. allowing water 
to penetrate deeper during an intiltration event. However. a discontinuity in the low conductivity 
coating interrupt~; the fast flow down the fracture. This suggests that the high capillarity of the 
Bandelier tuff will rapidly draw water into the matrix near any break in a fracture coating. The 
simulations also show that fr~1cture flow driven by the ponded boundary condition cea..;es once the 
source is removed. 

When we consider the role of tills in affecting water infiltration. we lind that frJctures that are iilled 
at the exposed surface of the fracture arc effective barriers to inflow into the fracture. These 
observations are in agreement with Rosenberg et al. ( 1993). Fills below the surface are effective 
barriers to continuous now down the fracture. With no coating or only minimal conductivity 
reduction above the Jill, water entering the fracture is simply imbibed into the matrix 01nd proceed...; 
down a.~ matrix flow. When a continuous. low conductivity coating is present. the water does not 
pass beyond the fill, and simply ponds at the surface. A fr-Jcture that ends within a unit, or at the · 
interface between two unit~ will behave like a fracture that is lilled at that level. The path for the 
water in rhe fracture is eliminated, and the water must lind an alternate route through the 
subsurface. 

We have also run a simulation where a 1 meter "cap" of matrix material is placed across the entire 
fracture-matrix system. This condition represent" the current surface cap at MDA G and the 
conditions at the floor of the waste dispo!ial pits. The matrix cap was then held at saturations 
ranging from SO% to 90%. In none of the simulations did water break into the fracture. although it 
moved a." a steady front through the remaining matrix material. These result.; are consistent with 
resul~ obtained by Rosenberg c:t al. ( 1993) using a different numerica.l mode:!. 

Although most or these resulto.; indicate that fractures do not play a significant role in moving water 
from the surface: to the water table, there arc reasonable. possible local conditions that may be 
sufficient to produce significant flow. There are rugh influx conditions such a,~; snow melt or large 
runoff event." that could cause water to move: a significant distance in a fractured system. There is 
some evidence for such now at other LANL locations (Turin, 1995). Il must also be kept in mind 
that there is wide variation between the: different fractures, and that it is possible for one or two 
fractures to be carrying water while most others do not. 
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We do not expect fractures to be a fast path for contamin;tnto; out of the bottom of the pits because 
these fr.1cturcs arc covered with crushed tuff. However, if water is able to pond within the pit it 
may be: possible for that water to exit the pit through fructurcs on the face of the pit, which are not 
filJed or covered. Fracrures that are not directly beneath the pit.; may pl::~y an indirect role in the 
movement of water and contaminunto; t'rom the pits. Increases in matrix saturation ao; a result of 
wuter moving in the fractures arc a potential source of water bcneuth the pits. As observed in the 
simulations, water that enters the matrix rapidly redistributes throughout the matrix block toward a 
unifonn saturation. This can act to increase snturntion beneath the pit, thus raising the hydraulic 
conductivity o.nd allowing more rt~pid movement through the matrix. 

Evaporation from Mesa Sides. Frm:ture~. and Sur~c Beds 

Very low net infiltration rates arc required to match the field observed saturation in the two mesa· 
top unit...;, Unit...; 2b and 2a. Evaporation from the top and sides of the mesa and possibly from 
fractures is a likely player in keeping the mesa dry. Some data (Rogers et al., 1995) sug~cst that 
groundwater 11ow may be upward toward the volcanic surge beds located at the ba...;e of Unit 2b. 
Thls flow could be driven by evaporation occurring in the surge beds. Some simple simulations are 
used to study these effects. 

First we consider evaporation from the mesa sides and from ven.ical fractures with both 1 O·m :1nd 
5-m. fr01cture spacing. A two-dimensional rectllngul<~r grid (25 m wide, 5 m tall) composed of a 
homogeneous material, either Unit 2b or Unit 2a. is used. Figure 8 shows the problem set up. 
Unifonn intiltration of 0.1 cmlyr occurs along the upper boundary. This infiltration rote account" 
for evaporation from the mesa top, but is higher than the flow rates found previously to best match 
the in-situ saturations of Unito; 2b and 2a ( 0 to 0.001 cmlyr). We compure the resulting vertical 
saturation prolilc:s for the following cu..;es: in1iltrntion only. infiltration with evaporJtion occurring 
a.lon~ the right boundary (mesa edge), and infiltration with evaporation along the right boundary 
and from fractures of either l 0-m or 5-m spacing. For the intiltration onlv case, the right boundlllj' 
is impermeable. The evaporotive bounda!)' is modeled by fixing the saturation at that boundary to a 
low ~aturation corresponding to 50% r:lative humiclity. For the fracture runs. the fractures are also 
held at a low saturation corresponding to SO% relative humidity. The corresponding saturation 
values arc 0.032 for Unit 2b and 0.00892 for Unit 2a. 

Uniform Infiltration = 0.1 cmlyr 

J .../ 
Fractures with Fixed Low 
Smur.1tion 

Right Boundary. 
Either Impermeable 
or Fixed Low Satur.ttion 

Figure 8. Problem set-up for study of evaporative effect" frortl 
mesa sides and from frJctures. 
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Figures 9 and l 0 show the simulated saturation profiles for a horizonta.l slice through the center of 
the grid for Unit.'\ 2b and 2a respectively. For both units, it appears that evapor.ttion affect" the 
saturation profile ton distnnce of about 7 m from the mesa edge: not much for a mesa that is over 
300 m wide. However, assuming that frnctures with S-m spacing act as conduit.'\ for air f1ow, 
evaporative effect~ may decre:1.o;c satur:ttions throughout both unit'\ in the mesa top. With fractures 
spaced 5 m apart, average satur~ttion decreases by -0.05. From Figure 3 we see that this order 
decrease in saturation corresponds to approximately an order of magnitude decrett.;;c in the net 
steady infiltration mtc. Actual fr.tcture spacing in these units is 1.0 to 1.3 m. but only a fraction of 
these may be flowing. Some low air flow is required to remove water vapor from tuff. :l.'\ the 
relative humiruty of the ui.r in a non-flowing fracture would equilibrate with that of the sUITounding 
matrix. It is quite possible that fluctuations in the barometric pressure (Nilson et al., 1991 ), 
thermal gradienL~. and topographic effects (Week.~. 1987) could drive such air flow in a fractured 
system located on a mesa top. 
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Figure 9. Resulting SaturJtion Profiles for Evaporation along a Mesa Edge (right 
side) and from fractures with 5-m and lO·m spacing, Unit 2b. 
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Figure 10. Resulting Satur:1tion Profiles for Evaporation along a Mesa Edge (right 
side) :md from frncrures with S·m :md 10-m spacing. Unit 2a. 

We note here that evaporation in these simulations and the one that follows is modeled as an 
isothermal process with saturations fixed at low values corresponding to a relative humidity of 
SO%. 7hcse results arc nearly identical to simulated results, also calculated with FEHM. under 

· non-isothermal conditions which account for vapor pressure lowering and binary diffusion of air 
and water vapor. For these examples. evaporation results in a simple c:apill:u-y pressure driven 
wicking toward the drier. atmospheric boundary. Water vapor contributes less than 1% of the 
ma.'IS in the system for these particular examples which were held at or very close to 2QOC, even 
for the non-isothermal simulation:->. However, the more complex processes may have a larger 
effect under more realistic non-L..;othennal conditions (e.g .. geothermal gradients or solar heating of 
the mesa sides). 
The next example examines the hypothesis that air flow through the surge bed'> located at the base 
of Unit 2b can cause upward moisture t1ux from Unit 2a. Two layers, Units 2b and 2a. are 
modeled with their appropriate: hydrologic properties and thicknesses. Unifonn infiltr'Jtion at a r:.tte 
ofO.l cmlyr is applied along the upper boundury. Again we compare the resulto;.with infiltration 
alone to result'\ which include evaporation along the "surge bed". The surge bed is modeled simply 
a." a set of low saturation nodes, corrcspondin,g again to a relative humidity of 50%, along the 
interface of the two layers. Figure 11 and 12 show the steady-state saturation and capillary 
pressure profiles for this case. Saturation values throughout both units are significantly lowered 
by the fixl!d low saturntion at the interface. In Figure 12. the cruculated vn.lues are compared to 
suction duta reported by Rogers et ru. (1995) for Borehole O·S, which is located at MDA G. The: 
datn arc translated spatially to force the surge bed to align with that from the simulation. We sec 
that the calculated capillary pressure lies between the two datn sets reported by Rogers. 
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These simulntions show that cvaporntion along fractures and surge beds can contribute to 
significant drying of the mesa top units, possibly causing the very low saturations seen in these 
units. We feel that the mesa m:ty act as a "natural dry brurier" which contributes ncar zero net 
infiltration to the units below the mesa during the "normal drying stltc" described in. the conceptual 
model. This theory needs to be substantiated with more data and modeling studies. 
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PART Ill • POST-DISPOSAL FLOW MODEL 
Summary of FindinJ:S From Part I ~md Part II 

Simulations a.'\suming low, stcudy infiltration (S 1 mm/yr) into the mesn yield saturations that are 
consistent with those mensured at TA-54. However, no single infiltration rute produces a 
saturation profile th:H matches the measured saturation daw. a.~ a function of depth. There is an 
apparent discrepancy in saturJtion between the t\YO unit.' that make up the mesa top (Unit.' 2b and 
~)and those below. The: limited number of calculations presented here do not indicate that the 
discrepancy b; due either to unsteady mm:rix flow conditions or to variations in Ksat values. The 
mesa top unit~ art! so dry that their saturations seem to be controlled by evaporative effects. We 
feel that saturations in the sub·mesa units result from additional sources of water to these deeper 
unit' - possibly periodic infiltration from a few flowing fractures, infiltration of run-oft' in the 
flatter areas that make up the canyons (not considered U.'i part of this study), infiltration from the 
alluvial aquifers in the canyons or some other unidentified source such as an upsradient recharge 
area. 

Effect of Disposal Pit~ 

The site flow model requires some modification to account for the disposal pit'i wruch alter both the 
subsurface hydrology and the upper boundary condition. The disposal pits are dug from the 
surface into Unit 2b und some extend into Unit 2a. They arc backfilled with crushed Bandelier 
Tuff. Ph empl~cement destroys any fractures within the pi to; themselves and disturbs the site's 
natur.U frocturc network. 

Here we speculate regarding the effects that the emplacement of these pits has on the subsurface 
hydrology of the site. Several hydrologic effects may change due to the disruption of the fracture 
network. First, Jess evaporation (than background) wiU take place in the pit.' themselves because 
they are now unfractured. Less evaporation may aho occur in the inmct tuff that immediately 
surrounc.l" the pits because some fr.Jcturc connections are broken. Pit emplacement also disrupts the 
natural vegetation. which curbs tra.nspirution from the site. Over time, these factors could result in 
higher net infiltration rates, which would yield higher smuration values in the mesn top unit." than 
those currently observed. 
Next. since fractures don't run through the pits thcmsc:Jvcs. instance:-; of episodic fracture now that 
may have occurred m these locations will be disrupted. The addition of crushed tuff co the upper 
and lower surfaces of the pill\ should also help curb any fracture now into or out of the pit.;. These 
factors could however cnuse more uniform intiltration into the subsurface. Fr:~cturcs adjacent to 
the pilo; could still potentially transport water, but it is unlikely that they would pick up waste from 
the pits. which the modeling result' show moves predominantly downward. 

The pits extend to the bottom of Unit 2b, and in some ca.'\eS into Unit 2a. Transport ofwa.'ite from 
the piLl\ should be dominated by the now 1ield in the crushed tuff I"Jthcr than thut in the inmct Unit 
2b tuff. Deep percolation estimates for the pil'i performed by Springer ( 1995) result in a average 
rate of 3.8 mm/yr. This estimttte is for a ba.o;e case cu1culution using estimates for precipitation. 
surface run-off, interflow. and evapotranspiration and contains much unccrta.incy (Springer, 1995). 
Resulting Flow Model 

The resl.!lting flow model is based on the two-dimensional steady simulations presented in Part I of 
this p:\per. The crosl> section is modified as shown in Figure 13 to include five disposal pit'\, Pi to.; 
32, 35. 36, 37. and 38. Thl!se pits arc approximately Jocatccl within the cross section that is 
modeled. and are taken to be reprc!'lcntative of a typical disposal area. Becnuse the: clisposal pi to.; arc 
bacld'illcd with crushed Bandelier Tuff, the computational nodes tL'\SOciated with the pit!\ arc 
a.'\signed hydrologic properties for crushed tuff. These values are (Springer, 1995): Kst1t = 2.89 x 
10-4 crn/s, porosity= 0.3308, er= 0.01, a.= 0.1433 cm·l, and n = 1.506. 
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Figure 13. Two-dimensional cross section used for numerical 
simulations, modified to indicate five waste disposal pitr.;. 

We assume a steady in11ltrntion rate of 1 mm/yr over undisturbed portions of the mesa top and 
include increa.'\cd saturations along the canyon floors. Infiltration into the pitli is assumed to be 4 
mm/yr, bused on Springer's (1995) estimate. We feel that the 1 mmlyr flow rate yields a good 
match to saturation data in the sub-mesa unit~. This flow rnte is much higher than that required to 
match saturation data in the mesa-top units, but transport in these unit'\ is likely to be dominated by 
the 4 mrn/yr inftltr:ltion rate u.r.;sumed for the disposal pit~. Increased saturations m-e included along 
the canyon floors in the event that some nuclides diffuse laterally and are affected by the faster flow 
field beneath the wetter canyons. The calculation is run to steady state using the boundary 
conditions described above. The resulting two-dimensional saturation field is shown in Figure 14. 
This can be compared to the saturation field for the "background" canyon simul01tion (Figure Sb) •. 
and the inC!QSed sattlr.ltion associated with the pit~ is ea.'\iJy identified. We must point out that our 
modeling takes no account for Oow and transport times throus:h the lower three unit~ (Guaje 
Pumice, Cerros del Rio Ba.~alt'\, and Puye Formation) because so little data exist for these unit~. 
These three units ~ccount for approximately 70% of the unsaturnted zone as shown in Figure 1. 
To summarize, the difference between this flow model and the background flow model Lo;; that the 
iniiltr.ttion rate into the five pits is incrt:ascd (4 mm/yr vs. 1 mm/yr), the pit'> arc given crushed tuff 
hydrologic properties, and increased saturations arc included along the canyon floors. The 
resulting stcndy flow field fonns the ba.'>is for vadose-zone transport calculations that are presented 
in the remainder of this report. We were concerned that since the 4 mm/yr pit infiltration rate 
represent~ a "nt!w" boundary condition for the system. the transport simulations might be sensitive 
to the propagation of this boundary condition through the system. Result-; for transport 
simulations using both the steady flow field just described and a transient flow field (where the 4 
mmlyr flow rate 1s applied to the previous steady. flow iield using the 1 mm/yr boundary condition 
aJong the upper surface) showed that the tr.mspon: rcsuJL'I nrc not sensitive to the propagation of 
this wetting front. From this, we concluded that little error is induced by assunung that the pit 
infiltr.ttion rate of 4 rrun/yr is in eqwlibdum with the background 11ow field rather than being a 
"new" transient boundary condition. 
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PART IV· TRANSPORT MODELI='G 

Modclin~ Approach 

The post-disposal. steady flow model dcvc:lo~d in the la.o;t section fonns the basis for the: transport 
model. A concentration breakthrough curve is developed for each parent nuclide and it.; daughter 
product-:. This breakthrough is monitored :~t a point located at the top the Ccrros del Rio Basalt 
formation a.o; shown in Figure 13. This point was found to receive both the earliest breakthrough 
and the highest concentrations because of il'i location beneath the two deeper pi to; and beneath a 
cluster of closely-spaced pits. We ignore transport through the basalt unit and the Puye Formation 
because of the uncertainty associated with ca.lculating flow through these urutl\. 
Time dependent source terms. provided by Void (1995). are used to simulate the total rele:1sc of the 
various radionuclides that make up the historic inventory, which is defined as waste buried 
between September. 1988 and December, 1994. Future calculations will also consider the legacy 
waste disposed of at MDA G between 1957 and 1988 (Hollis ct aJ .. 1995). E<:ch source term is 
represented in tabular form as a flux term (i.e., moles/yr). The source is divided uniformly. based 
on pit volume, between the five pitli in the modeled cross section. The historic source term is 
defined for each parent nuclide at the same 45 time values through 50,000 years. For simulations 
which run longer than 50.000 years. the source term drops to zero ~ter 50.000 years (except in the 
c<tscs of Hf-1 ~2 and Th-232 which rtrc discussed later). Linear intc:rpolalion of the source term 
table is used between table entries. Time stepping within FEHM is controlled so thut the source 
term is sampled several times within each set or adjacent mble entries. This insures that the correct 
inventory is input to the simulations. 
Tr-~sport properties for both the porous media and the radioactive specie!\ arc required. These 
properties include effective diffusion coefficient.'\. dispcrsivity values. sorption coefficient'\, and 
radioactive half-lives. The diffusion coefficient is a function of both the radionuclide and the 
porous rncdi~1. The radionuclide hus its own diffusion coefficient in water. However, within a 
porous medium. the diffusion coefficient decrea~es substantially because ito; path becomes quite 
tortUous. A single diffusion coefficient of JO·IO m'2/s was used for aJI of the nuclides, which 
a."sumes a molecular diffusion coefficient of 1 Q-9 m"ls und a tortuosity of 0.1. A dispe~ivity value 
of 1.0 m wus also used. The sorption cocflicient. Kd. reported for each nuclide on tuff (Krier ct 
a.l.. 1995) was used in the pits :md the rl'lCk layers from Unit 2b down through the Otowi Member. 
A Kd value of ~cro wa." U.'isigned to lhe bt.ls:.Ut unit because we urc t.uking no credit for rclllrdation in 
the ba.•mlt. This means that the liquid concentmtion reported at the top of the ba.o;ult represent-; the 
full dose reaching that point. The appropriate half-lives for each species (Void, 1995) arc also 
used. 

Generic Source Term 
A generic source term was used in order to perform scoping transport ca.lculations. This source 
was used to study the effect of the sorption coc:flicicnt (Kd) on transport times for a non-decaying 
species to the top of the basalts. These results arc: useful for con tinning that subsequent, more 
complicated rcsu!L" for decaying species are cruculated correctly, and also for narrowing the list of 
nuclides that require full transport calculations. Figure 1 S shows the time-dependent. generic 
source term. as well as a plot of concentration vs, time for S different Kd values: 0.0, 0.3. 1.0. 
2.0, and 1 0.0. We examine two characteristics for each of these curves: 1) arrival time for the 
peak concentration. nndr2) first aJTival time, which we define to be the aJTivaJ time for a 
concentration that is 11 of the peak value. Table 2 gives results for time to peak concentration and 
first arrivru vs. Kd for,csc 5 Kd values. 

22 

.. 



::1 ... 
I 
I 
·I 
I 
I 
I 
I 
I 
I 
I 
I 
·I 
I 
·t 

Fi~e 15. 

I 
.J 
.I 
··I· I ' ' ' 

Generic Source Term ., 
10 Nr~~·-"-'"~1 -·~·~"1--~'1~'"~"1----111~1 1~~~~~~~~-~~"1~1 1 , 

~ ········ ~ :g 10 ° f............ . .... ·. ~ 

:l1o ·2 ~ .\ i 
e 10 

4 r \ i 
: 10 "6 ~ ~ i 
j 10 .lJ: \ i r · ............. 1 

10 -1or .. 1 ...... I.,,, I"""' . . .• "" •. II ... 1, 

0.01 0.1 1 10 100 1000 10000 

Time (yr) 

Generic: Flux Calc:ulatlons 

10 -3 -QIJ ... •••••Kd·O ~ • • • • -Kd•0.3 • . ~ • • --·Xd•1 - . 0 • 10 -4. • -Kd·2 5 • -·-••Kd•1 0 - • 
~ ~ • 

1 
c ~ • 

t • 0 . ·- • -~ 
10 ·St 

• • ... . - .. :: . 
~ Q,j .. • • • ol CJ • c: ' 0 • ::.; ' ' 

10 '"6 • 

1000 101)00 100000 1000000 

Time (yr) 

(a) Time dependent. generic source tenn and (b) Conccntrntion breakthrough 
curve for generic source tenn assuming different Kd values. 

...• 
'. . .. 
.... 
..... 
. ' 
o I 

'· 
I' 

•' ... . 
" 

. ' ... . . 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Table 2. Times to peak concentration and first arrival as a 
function of Kd for the ~eneric source term. 

Kd Time (yr) for Peak Time (yr) or First 
Concentration Arrival 

0 4.200 1.100 

0.3 16,000 4,600 

1.0 44,000 10,000 

2.0 79.500 21,000 

10.0 395,000 99.000 

Peak mival time can be estimated for larger Kd values by multiplying the retardation factor, R. by 
the time to peak concentration for a non-sorbing species. 

R = 1.0 + Kd(Pb/9) 

Here Pb is the bulk density and is appro;cimately 1.2 glcm3 for the tuffs at the site. e is the 
moisture content. A value of 0. l 3 fore is close to site datu and produces results that arc consistent 
with those presented in Table 2. For large Kd, we can estimate R = 9.2 x Kd, and the arrival of 
the peak as R x 4200 years. This same concept also works well for estimating the time of first 
arrival (e.g. 1% of peak concentration) as R x ll 00 years. Table 3 gives estimates for the arrival 
time of the peak and first arrival for Kd values ranging from 20 to 200. We see that large sorption 
coeflieicnt'> (e.g .• Kd = 40 and above) result in transport times to the top of the basalt in excess of 
a million years. 

Table 3. Estimated times to peak concentration and first 
arrival as a function or Kd for the generic source term. 

Kd Estimated Time (yr) E.~timated Time (yr) 
for Peak of First Arrival 

Concentration 

20 770.000 210,000 

so 1.9 X 106 520.000 

100 3.8 X J06 LOx J06 

150 5.8 X ]Q6 l.S X 106 

200 7.7 X 106 2.0 X. !06 

IDSTORIC I~'VENTORY 

A toul of 30 parent nuclides were expected to require full tr.tnsport calculutions based on their 
inventories. Using the resulL\ from the generic source runs. the number of nuclides requiring full 
simulations was dc:crca."icd to 17. Results for each of the 30 nuclides are given in the following 
section. These result\ include the justification for eliminating 13 of the nuclides based on a 
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screening technique, and the resuJt.'\ for the 17 parent nuclides and their d:1ughter products that 
required full transport calculations. 

Sc:rccnin~ 

The 30 nuclides were screened by comparing their half-lives to their transport times. Of these, 13 
nuclides were cl iminatcd based on this screening technique: Ag-1 08m. Ba-133, Cd-ll3m, Co-60, 
Cs-137, Eu-152, Eu-154, Gd-148. 1-1·3. Nb-94, Ra-226. Sm·ISI. and Sr-90. The screening 
process compares the hu.lf-life to the transport time for lirst arrival, which is a function of Kd. lf _ 
twenty times the half-life is less thun the transport time for first arrival, the nuclide should have no 
release to the deep aquifer. because the source concentration hus dccavcd to 1 x 1 0·6 times its 
original concentration. If this is the cusc, the nuclide is climinared 'and requires no further 
calculation unless it is the parent to other lons·lived species. Twelve nuclides that were eliminated 
have no dtlughters. For the one that ha." a daughter products, Ra-226. both the parent and daughter 
have short half-lives in comparison to their transport times. Table 4 gives justitication for the 
screening of these nuclides . The table shows that for every nuclide, the time of iLrst arrival is 
many times greuter than twenty times the: half-life. 

Tublc 4. Scrccnin~ Criteria for Radionuclidc...;. 

Radionuclidc Half-life 20 X Kd Time (yr) of 
(yr) Half·lifc First Arrival 

(yr) ba."ied on Kd 

Ag~108rn 127 2.540 90 900.000 

Ba-133 10.5 210 946 9,000,000 

Cd·113m 13.6 272 80 800,000 

Co-60 5.26 lOS 0.45 4,500 

Cs-137 30 600 428 4,000,000 

Eu-tS2 12.7 254 so 500,000 

Eu-154 16 320 50 soo.ooo 
Gd-148 84 1680 50 500,000 

H-3 12.3 246 0 1.100 

1\,·94 20,000 400,000 100 1,000,000 

Ra-226 1600 32,000 200 2,000,000 

Pb-210 20.4 408 25 250,000 

Sm-15 1 87 174 so 500.000 

Sr-90 27.7 554 116 1,000.000 

This estimate for tritium (H-3) transport considers only liquid-phase movement of the species. 
Tritium can also move in the gas phase as HTO vapor. H2 gas, or '.:H4 ga.o;. Vapor-phase 
transport of tritium to the surface is considered a.'\ part of the Perfor-~nance As!olessment (Void, 
1995). However, vapor-pha.l\c transport of tritium to the water Utblc is neglected at this point. 
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Result~ of Trunsport Calculations 

Simulation result~; for the remainin~ l7 parent nuclides :lnd their daughter product.~; are presented in 
the following sections. These nuclides are Am-241, C-14, Hf·l ~2. Mo-93. Np-237. Pu-238, Pu· 
239, Pu-240, Pu-241, Pu-242, Tc-99, Th-232. U-233, U-234, U·235, U·236. and U-238. For 
a1J the nucHdes except Mo-93, we show the time dependent source and the resulting concentrJtion 
breakthrough curve. We also prel'ent a technique that wa...; used to help verify that each simulation 
produced results that are correct. Table 5 gives the haJf .. Jivcs (Void, 1995) and sorption 
coefficientc.; (Krier et al, 1995) used for the remaining simulations for the historic inventory. 

Table S. Half-lives and Sorption Coefficient" 
required for Transport Calculations 

Radionuclide Half .. life (yr) Kd 
Ac-2':.7 21.6 130 
Am-241 432 130 
C-14 5,730 0 
Hf-182 9.00 X 106 soo 
Mo-93 3.500 4 
l'o"b-93m 13.6 100 
Np-237 2.14 X J06 0.007 
Pa-231 3.25 X 1010 so 
Pb·210 :!0.4 2S 
Pu-238 87.8 1 10 
Pu-239 2.41 X 1 ()4 110 
Pu-240 6.5"70 110 
Pu-241 14.4 110 
Pu-242 3.76 X J05 110 
Ra-226 1,600 200 
Ra-228 5.75 200 
Tc-99 2.13 X 10~ 0.3 
Th-229 7.340 500 
Th·230 7.70 X ]()4 500 
Th·232 1.40 X JOIO 500 
U-233 1.62 X JQ!I 1.8 
U·234 2.47 X 10~ 1.8 

U-235 7.04x lOH 1.8 
U-236 2.34 X 107 1.8 
U-238 4.47 X ]Q9 1.8 

A trnnspon. calculation for Mo-93 showed no relea.c.;c to the top of the basalt. Based on its Kd of 4, 
we expect it to first arrive after about 40,000 years and to peak at about 150,000 yel.U's. Twenty 
times it...; half·lifc is 70,000 years, so this nuclide was not eliminated based on the screening 
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criteria. However, its concentr:ltion decays to about 1 x lC>-4 it~ initial v:~.lue by its expected first 
arrival and to about 1 x 10·13 its injtiaJ value by it~ expected peak time. Based on thjs analysis, it is 
not surprising that we see no release of this species. It~ daughter product Nb·93m has n short h:!.lf· 
life. 272 years, and also shows no breakthrough. 
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Am-241 

The two figures below show the timc·dcpendcnl source term and the concentration breakthrough 
curve for the Am-241 decay chain. Am-241 forms the chain: Am-241 -> Np-237 ·> U-233 ·> Th· 
229. The sorption coefficients on tuff and half-lives arc given in Table 5. Using the screening 
technique described above. we expect the Am-241 peak to occur after about 5 x 1 Q6 years. This 
time is much longer than its half-life of 432 years, and no release of Am-241 is measured at the 
monitoring point. We expect to see the Np-237 peak after about 4,500 years with a slight lag of 
the order of 400 years (about the half-life of Am·241) to allow some ingrowth of this species. The 
peak occurs at 5.068 years indicating that this result is correct. The U-233 and Th-229 peaks 
occur shortly after the Np-237 peak. Their concentrations are much lower (4 and 6 orders of 
magnitude:) because of the long half-life of Np-237, 2.14 x I Q6 years. This slow ingrowth of U-
233 and Th-229 produces a relatively constant source term for these species which yields 
breakthrough curves that nrc relatively flat at long times. 

Figure 16. 
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(a) Source: term and (b) Concentrntion breakthrough curve for Am-241. 
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C-14 

The figures below show the time-<lependcnt source term and the concentration bre<lkthrough curve 
for C-14. C·14 has no daughter products. Here we are treating the C-14 a.o,; a w:~.ter-pha.'ic 
cont:J.minant. B:J.Sed on its Kd of zero, we expect to see its peak at about 4.200 years. The penk 
occurs at 3.890 years, which is close to the predicted value. The difference is probably because 
the C-14 ha.o,; had some time to decay ba.'icd on it"i 5,730 year half-life. We note that C-14 can a.lso 
migrate as the gases CI-4 and C02. Gas-phase transport of C-14 to the surface is included as part 
of the Performance A~sessment (Void, 1995). We do not include ga.o,;-phase tro.nsporr of C-14 
toward the water tnble. 

Figure 17. 
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(a) Source term and (b) Concentration bre:tkthrough curve for C-14. 
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Ht'-182 

The figurc:s below show the timc·clcpendcnt source terrn and the conccntr.1tion breakthrough curve 
for Hf·182. Hf-l 82 forms no daughter product....;. lt~ release is solubiLity limited which leads to a 
source term that is constant for 1.6 billion years. This constant source produces a flat 
breakthrough curve rnthcr than a peaked curve as seen for most of the other parent species, 

Fjgurc 18. 
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(a) Source term and (b) Conccnlr.ltion breakthrough curve for Hf-182. 
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Np-237 

The two figures below show the time-dependent source term and the concentration breakthrough 
curves for the Np-237 decay chain. Np-237 forms the decay chain: Np-237 ·>·U-233 ·> Th-229. 
Based on its sorption coefficient, we expect the Np-237 ~ to occur after about 4,500 years, 
which agrees exr~ctly wjth the caJcuJoted result'i. Similar to the results for the Am·24J de~y chain, 
the U-233 and Th-229 peaks occur shortly after the Np-237 peak with much lower concentrations 
and flartails because of the long half-life ofNp-237 . 

Figure 19. 

-... Np·Z37 Source Term ~ 
~ , • I 0014iij I I 

I ""I I iilfilj I I I iiihf ; I I ""I ''"'if 
~ -c= s ._... 
e ... 
~ 

Q,l 
(,1 
a.. 
:::::1 
0 
~ 

-Cl.l) 

10-6 
,. 
r 

10-M 
,.. 
r • r. • 10 ·10 ,. 

10 ·12 r 
r 

10 ·14 r 
r 

10 ·16 
.,. 
r 

10 ·1!! r ' I 

0.01 

~ 10 -12. :' 
~ : 0 

0 ,..· - .. C 'o 

- 10 ·14 : 
c : 

• 
·····-·····'J· -···· ··. . 

I I 
0.1 

• • • • . 
• • • • 

0• 

0 

0 

• 
0 

' ' IIIII ' II 1111 I I I II~ I I I I Ul~ 

1 10 100 1000 
Time (yr) 

Release Concentrations trom 
Np·237 Decay Chain 

I I I I 

"4 

~ 
"4 
"4 ., 
1 
""! ., , 
""! 

IIIJ 

10000 

..... 

-

·-.. ·. .. ·· ... . 

•• • •·• Np-237 
-U·233 ., 
-- ·Th·229 ., 
... . ., 

= t .. j e 10 -l6e ___ ·····~ 
... t, ,. .... __ ... 

~ 10 ·18~ // ----------1, 
c • I 
u r 1 1 
to·2o-·J~~~~~~~~~--~~~ 

0 SOOO 10000 lSOOO 20000 25000 30000 

Time (yr) 

(a) Source term m1d (b) Concentr.J.tion break'through curve for Np-237. 
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Pu-238 

The time-dependent sou:·ce tenn and concentration breakthrough curve for the Pu-238 decay chain 
are shown below. Pu-238 fonns n decay chain: Pu-238 ·> U-:!.34 -> Th-230 ·> Ra-~6 ·> Pb-
210. Because of the short half-life or Pu-238 (87.8 years), the parent docs not break through to 
the basalLo.;. We expect to sc:e the U-234 peak after about 70,000 years with almost no lag time to 
allow for ingrowth of thi~ species. The peak occurs :tt 70.950 years indicating that this result is 
correct. The Th-230, Ra-226, and Pb-21 0 peaks occur shortly mtcr this. The tails on the 
breakthrough curves for these last three daughter products decrea.lie becnusc: their half-lives :t.rc 
short in comparison to the simulations time of 300.000 years. 

Figure 20. 
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(a) Source: tc:nn :tnd (b) Concentration breakthrough curve for Pu-238. 
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Pu-239 

The two figures below represent the source tenn and concentration breakthrough curves for the Pu-
239 decay chain. This nuclide forms the dccuy chain: Pu-239 -> U-235 ·> Pa-231 -> Ac-227. 
Ba.'ied on it'i Kd of 110, we don't expect the Pu-239 peak for over 4 m.i!Hon years, at which time it 
has decayed away. and no release occurs for the parent of this chain. The U-235 peak should 
occur 70,000 yenrs after a lag time of about 24,000 years (approxlm<~te half-life of Pu-239) to 
allow for ingrowth, The calculated peak occurs at 97,950 years indicating that the simulated 
results are correct. 

Figure 21. 
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(a) Source tcnn and (b) Concentration breakthrough curve for Pu-~9. 
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Pu-240 

The figures below show the time-dependent source tenn and concentration bre~ough curve for 
the Pu-240 decay chain: Pu-240 -> U·236 -> Th-232 ·> Ra-228. Again, we estimate the nrriva.J 
times of the peak.~ using the screening technique described above. We expect the Pu-240 peak to 
occur after about 4 million years. Th.is time is much longer than it..; half-life of 6.570 years. and no 
release ofPu-240 occurs. The U-236 peak should occur at about 76,000 years based on its Kd of 
1.8 and a Jag time of 6000 year~ to account for some ingrowth of this species. The actual peak 
occurs at 81,950 years. The next two duughter products, Th-232 and Ra-226. have very Oat 
breakthrough curves bcc4lusc their ingrowth depends on the long half-life of U-236, 7 x 1 OS years. 

Figure 22. 
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Pu-241 

The figures shown below give the source tenn and concentrotion brcuk.'through curve for the Pu-
241 decay chain: Pu-241 ·> Am-241->·Np-237 -> U-233. In this case. neither the p:l.I'Cnt nor the 
fil"!\t daughter, Am-241, breakthrough to the monitoring point becuuse of their short half-lives, 
14.4 years and 432 years. respectively. We expect to see the peak for the second daughter 
product, Np-237. after about 4.500 years whh a lag on the order of 400 to SOO years to allow the 
:first two species to decay. The peak occurs at 5.099 years. The U-233 occurs sholtly after the 
Np-237 peak. Again, slow decay or Np-237 produces a relatively constant source tenn for the U-
233 and the breakthrough curve has a flat tail over the 30,00Q..year time scale of this simulation. 

Figure 23. 
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(u) Source tenn and (b) Concentration breakthrough curve for Pu-241. 
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Pu-242 

The source tenn and concentmtion breakthrough curve for the Pu-242 decay chain nre shown in the 
figures below. The decay chuin for this species is: Pu-242 -> U·238. Pu-242 should peak after 
about 4 x 106 years. We don't run the simulation that long. but can see that the Pu·242 curve is 
still growing after two million years. The U-238 peak should mkc 70,000 years (b:~.,..cd on iLii Kd) 
with a relmively long lag time for ingrowth because of the 376,000 year half-life ofPu-242. The 
~tctual peak occurs at 156,000 years but ~pers off linearly because of the slow decay of Pu-242. 

Figure 24. 
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(a) Source term and (b) Concentration breakthrough curve for Pu-242. 
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Tc.:.99 

The time-dependent source term and concentration breakthrough curve for Tc-99 follow. Tltis 
species bas no daughter products. The peak for this species occurs after 16,000 yelll'S as predicted 
using ito; sorption coefficient of 0.3. 

Figure 25 . 
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Th-232 

The figures below show the time-dependent source term and the concentration breakthrough curve 
for Th-232. which forms no daughter products. The source term for this species is constant for 
8.5 x 107 years because its release is solubility limited. This produces a flat brenkthrough curve 
simil~ to that seen for Hf-182. 

Figure 26. 
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U-233 

The time-dependent source term and concentration brc~rough curve for the U-233 decay chain 
are shown in the figures below. U-233 decays to form Tb·229. We expect to see the U-233 peak 
after 70,000 years. It occurs at 71,950 indicating that the calculation is correct. The Th-229 peak 
occurs shortly after ttlls. The Th·229 breakthrough curve ramps downwm-d becuuse its half-live is 
short, 7340 years. compared to it'> l"Jtc of formation (half-life for U·233 is 162.000 years) and to 
the simulation time . 
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Figure 27. (:1) Source term and (b) Concentration breakthrough curve for U-233. 

39 

~;, .... ... 
'"'i' . .. .. .... 
-· I 
\.,.,. .. 
·" .. 

. ...:;. 

'.: 



.. · .. 1' 

··I .. . ''. 

·.1 

··I 
I 
'' 

I 
I 

.:1 

.I 

·I 
I 
I 
· .. I 
I 

·I 

. U-234 

The figures below show the time-dependent source tenn :md concentration breakthrough curves for 
the U-234 decay chain: U-234 ·> Th·230 ·> &1·226 ·> Pb-21 0. We expect to see the U-234 peak 
after about 70,000 years, and it occurs at 74,480 years. These results arc very similar to those for 
the Pu-238 chain because the chain is the same. The Th-230, Ra-226, and Pb-210 peaks occur 
shortly after the U-234 peak, and the tails on the brenkthrough curves for these daughter product~ 
r.unp downward in time. 
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. I Figure 28. (a) Source term and (b) Concentration breakthrough curve for U-234. · 
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U-235 

The time-dependent source tcrrn and concentration breakthrough curve for the U-235 decay chain · 
are shown below. U·235 decays to Pa-231. Again. we expect to see the Uranium peak nfter about 
70,000 years. The peak occurs at 74.450. There is a \'cry slight peak for the Pa-231 at about 
100.000 years, but the tail for this speci~s is flat because of very slow ingrowth. -a.. 
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Figure 29. (a) Source tenn a!'ld (b) Conccntr.1tion breakthrough curve for U-235. 

41 

... 
.r:. . ' ·;( 
·' ,_ 
,. 
·-
: i .... , 
... ... 
"• --
l'o 

' ., 
-J 

•' 

. 



:I-' 
. :1 

I 
I· 
.I 

I 
I 
I 
.I 
·I 

·I 
I 
·I 
I 
I 
I 
I 
J. 

.. 1· ··: 

U-236 

The time-dependent source term and concentration breakthrough curve: for U-236 arc: shown 
below. U-236 has no daughter product"i. ltc; pe:ak conccntrntion occurs after 75,110 years which 
again is quite close co the 70,000-year time estimated from the generic source tenn runs. 
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U-238 

The figures below show the source tenn and breakthrough curves for the U-238 decay chain: 
u .. 238 ·> U-234 ·> Th-230 ·> Ra-226. The U-238 peak occurs at 74.950 years which is 
consistent with the rest of the Urnnium calculations. The U-234, Th-230, and Ra-226 peaks occur 
shortly after this time, but with much lower concentrations because of the long half~ life of U-238, 
4.47 x 1 Q9 years . 

U·l3H Sourc:c Term 
10: ~ I '" I I I 4 ""'I ' ' ""'I 4 ""'I '" 'I r I ""'! a 
1o 1 r .......... ······ ................ ···: 1 
10 ° t.. : 1 
10"1 

,. : 1 
10 •l ~ : 1 
10"3 : I . 1 
10

4 
r ·····~ 10 ·5 ~ 

[ .] 
10 ~01 · • (i:i' .. "i" · · i'o' , ·)·~ · ·1~ • ·1oo~ 

Time (yr) 

Rc:lcu.'lc ConccnlrMtions from 
.., U-ZJH Decay Chadn 

~ ~: =~ ' ..... :.: .. : ... · I ' 

0 0 

... :.~~l~ ij' 

i L f: • 0

" 
0

" ::.::.:~~~8 · s 10 "V : •• •• 
'-"" . . . . ~ 

= 10 -s r.: - . . .. . . . . . 1 
~ ~ ······~ ·- ~· . 
~ ~ 1 .!: 10 ·10 • - . c . , -........ 1 
~ r I ..,_ 1 
C~ 10 ·12 ~ I • - - - --..., 

t) 10 ·14 ~d / = : :::=:- .=::::-- j 
0 1011 1 1(}~ : 10~ 3 10' 4 10~ S 10~ 

Time (yr) 

Figure 31. (a) Source term and (b) Concentr.ttion breukthrough curve for U·:-38. 
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Summary of Resull"i 

The result~ from these transpon calculations are input to lhc aquifer ctilution model (Void, 1995) 
which in turn are used for human dose assessment calculations (Shuman, 1995). Relca."c from the 
vadose-zone transport calculations enter into the dose predicted for the Postinstitutional control 
period, a period of 10,000 years after institutional control of the site h~s ended (DOE Order 
S820.2A). The parent radionuclides Am-241, C-14, Pu-241, and Np-237 arc considered to be the 
most important to the Performance Assessment of MDA G because these species reach their peak 
concentrations bc:fore I 0.000 yrs. Np-237 is transported more quickly th~ most species because 
of its very low Kd (0.007) which leads to a peak conccntl'!l.tion at 4500 yrs. Am-241 and Pu-241 
both decay rather quickly to Np-237 which result." in their relatively short IJ"..tvel times. C-14 does 
not sorb. and peaks at ~~bout 3.900 yrs. The water chemistry of C-14 is complex :..nd J~,uds ro 
losses us COz gas, but we: trcut it as a conservative watcr-phu..;;c trucc:r in this calcul•lllon. 
The following parent nuclides require subsurface transport calculations. but reach peak 
concentrations at times greater than 10.000 yrs: Hf-!82, Pu-238. Pu-239. Pu-240, Pu-242, Tc-99, 
Th-232, U-233. U-234, U-235, U-236, and U-238. The peak arrival time for those species 
requiring full transport calculations is shown in T:1ble 6. Mo-93 shows no release to the basalts. 
The following nuclides were: clirrunatcd from further consider..1tion because: their half-lives arc short 
compared to there trunspon r.1tes: Ag-108m. Ba-133, Cd-113m. Co-60, Cs-137. Eu-152. Eu-154, 
Od-148, H-3. Sm-151, Sr-90, Nb-94, and Ra-226. 

Table 6. Peak Arrival Times for Nuclides rcquirin,:: 
Full Transport Calculations 

Radionuclidc Peak Arrival Time (yr) 

Am-241 (no release) 
Np-237 5.068 
U-233 6.505 
Th-229 7.779 

C-14 3.890 
Hf-182 (no peak) 

Np-237 4,500 
U-233 5.924 
Th-229 7.217 

Pu-238 (no rc:lcasc:) 
U-234 70.950 
Th-230 73,950 
Ra-226 ~W.540 

Pb-210 82,450 
Pu-239 (no release) 

U-235 97.950 
Pn-231 113,500 
Ac-227 113.500 
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Pu-240 (no relca.o;e) 
U-236 81.950 
Th-232 ) 12,000 
Ra-228 112.000 

Pu-241 (no rclca."c) 
Am-241 (no relea.~) 
Np-237 5,099 
U-233 6,500 

Pu-242 >2.0e6 
U-238 156.000 

Tc-99 !6.000 
Th-232 (no peak) 

U-233 71.950 
Th-229 73.950 

U-234 74.480 
Th-~0 76.550 
Ra-226 84.480 
Pb-210 86.SSO 

U·23S 74,4SC 
Pa-231 100.400 

U-236 75.110 
U·238 74,950 

U-234 81,950 
Th-230 85.450 
Ra-226 92.950 

The result'\ from these U11nsport calculations arc inp11t to the aquifer dilution model (Void, 1995) 
which also requires :1 value for the vadose-zone da:cy velocity. We reported a value of 2.59 
mmlyr which corresponds to the velocity at the breakwough monitoring point. 
Many assumptions are implicit to these results and arc discussed throughout the report. However, 
here we will point out a."sumptions that are thought to make the calculations conscrvntive. The 
most conservative assumption is that the transpon result.; assume that Oow and transport through 
the lower three units (Guaje Pumice, Cerros del Rio basalts and the Puye Formation) arc 
instantaneous. We take no account for these unit.o.; because the data that exist are sparse und show 
high variability. This assumption is very conservative as these unit.o.; account for approximately 
70% of the unsaturated zone. as shown in Figure 1. 

The concentrations reported represent both the earJiest breD.kthrough ::md the highest concentrations 
reaching the top of the: basalt. The monitoring point is located benenth a cluster of pits and also 
beneath the two pil'i that arc the deepest and ha"e the largest pits volumes, which results in a larger 
source term for these simultttions. Also, this point is located within the basalt unit which has no 
sorption. The liquid concentration that is reported represents the full dose reaching that point 
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DISCUSSION OF UNCERTAINTY 
As in nny predictions of Jong·term radionuclide migration through the subsurface, the resulto; of 
these transport simulations inherently contain many uncertainties. Here we will a.o;sess whut we 
think arc the grt:Oitcst uncenaintics and discuss their impact on the rcsulLo;. 
As discussed above, these results take no credit for transport times through the lower three 
hydrogeologic unito; because of a great uncertainty a.o;sociated with the hydrologic data for these 
units. Because these unit-; make up approximately iO% of the vndose zone, this assumption is 
extremely conservative. The inclusion of these units is likely to add severJl thousand to tens of 
thousands of years to transport times. and result in lower peak concentrations to the saturated zone. 
The dose assessment c:.Uculntions show that releases due to vadose-zone transport contribute very 
little to the human dose calculated from the historic inventory loc<ltc:d at MDA Ci (Shuman. 1995). 
An uncc!'Ulinty that adds conservatism to the tr.tnsport result" prob:~bly doesn't wmant further 
study at this time. This issue may need to be revisited if releases by vadosc .. zone trJ.nsport which 
include the Legacy Waste Inventory are more significant to the c:tlculated human dose. 
The steady Oow a.o;surnption is an unccrt:linty that is related to an underst.anding of the processes 
that control flow at U1e site. The use of this a.o;sumption warrenLo; further study because it is unclear 
whether its usc leads to conservative or non-conservative results. The site: conceptual model 
(Turin. 1995) describes the site as a transient system that alternates between an episodic infiltration 
state and a nonnal drying state. The: transport simulations arc: ba.,.c:d on a steady, background flow 
rate of 1 mm/yr th~t flows continuously from the top of the mesa through the underlying units. We 
feel that the hydrology ofth~: mesa top unite; may be strongly controlled be evaporation. The low. 
stcr~dy infiltration :-ate indirectly r~ccounts for evaporation by yielding low saturations. However. 
by explicity including evaporation in a tr:msient fashion. we may sec different results. It is 
possible that the mesa and the sub-units are not strongly connected hydrolo~ic systems. The 
wctler saturations beneath the mesa may be the result of recharge from a different source than 
recharge through the mesa top. The mesa it.'lelf may act a.o; a dry barrier to downward migr.ttion of 
waste which could lead to enhanced waste isolation. 

The fr..tcturc int1ltration study lead us to the conclusion that fracture flow is diffucult to initiate (e.g. 
requires a large source of water) and is short-lived once the water source is removed. This 
conclusion helps justify the use of the equivalent continuum model for the subsequent transport 
c:Uculations. However, if some fractures do now periodicaJly. pulses moving throuf!h these 
fractures could potentially lead to fa.'ltcr transport of contaminants. ln the frJcturc in1iltr:ltion 
study. we considered only infiltration cvcnLii. Another imporw.nt consideration is the effect of the 
drying out period between inliltrJtion event.;. The time between intiltration events that is necessary 
for evaporative conditions to effectively nullify the infllti"Jtion is unknown. Also the effect of these 
alternate periods of wetting and drying on contaminant tr".lnsport down the fractures is unknown 
and w:UTcnt" further study. 
The steady pit infiltration rate is a further uncertainty contained in the transport simulations. The 
mean pit pcrcohnion rate of 4 mm/yr stems from a series of Monte Carlo simulr~tions thr~t yields a 
range in annual percolation from 0.0 mrn to 120 mm. The distribution is hir:,hly skewed toward the 
low end with 80% of the values equal to 0.0 mm (Springer, 1995). 'Ve plan to 01ddress the 
uncertainty associated with using a steady pit intiltration rate bv running a few tr'J.nsient runs with 
variable annual pit percolation rates to determine whether tr.msicnt pit intilt:-ation avemgc:s to some 
steady value. Similar studies that consider the background intiltration rate rnay also be: considered. 

As shown in Figure 15. the transport simulations are very sensitive to the value of the sorption 
coefflcient. Kd. Uncertainty in this parameter for weakly sorbing nuclldc:s j.; a dllm uncertainty that 
can play a., important role in the results of the transport simulations and the subsequent human 
dose a~scssmcnt calculations. From Table 2. we sec that nuclides having a Kd vruue of 1.0 or 
less. first arrive at the ba.o;alts in a period of 10,000 years or less. A lower Kd for some of the 
more prev•llent nuclides (e.g .• uranium) could lead to much higher doses. The Kd values that are 
used in this PA (Krier, ct al, 1995) arc ba.o;cd on values mca.o;urcd for Yucca Mountain tuffs. Site 
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specific vnlues for nuclides which are weak sorbers or have large source tenns should help 
decrease the uncertainty in the transport calculations that result-; from the data uncertainty in this 
propeny. 

At this point. we feel that uncertainty associated with the hydrologic processes themselves 
(conceptual model uncertainty) dominates our ability to make predictions of tr.msport at the site 
more so than uncertainty associated with the hydrologic and geochemjcnl properties (data 
uncertainty). 
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