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GEOLOGIC, GEOHYDROLOGIC, AND GEOCHEMICAL DATA SUMMARY OF 

MATERIAL DISPOSAL AREA G, TA-54, LOS ALAMOS NATIONAL 

LABORATORY 

1.0 INTRODUCTION 

by 

Donathan Krier, Patrick Longmire, 
Robert Gilkeson, and H. J. Turin 

This report provides geologic, geohydrologic, and geochemical descriptions of rock units 

surrounding Material Disposal Area (MDA) G at Technical Area (TA) 54 on Mesita del 

Suey at Los Alamos National Laboratory (LANL), New Mexico. This information is used in 

the LANL performance assessment of MDA G. The assessment, which is required by 

Department of Energy Order 5820.2A, is an evaluation of the long-term performance of the 

tow-level radioactive waste disposal facility and will provide dose estimates as a function 

of time for radionuclides migrating from the facility to various depths and available to 

different exposure pathways, including to the regional aquifer. We reviewed the literature, 

laboratory, and field data of physical and geochemical properties for lithologic units that 

compose the stratigraphic section beneath MDA G. The physical properties data for the 

rock units hosting MDA G. vary in quality and in applicability to the numerical flow and 

transport modeling effort, which will model MDA G as specifically as possible. This report 

attempts to compile the most reliable and consistent data for use in the performance 

assessment modeling and analysis. · 

This report is composed of four sections and three appendices. Section 2.0 presents 

summary geologic information of the stratigraphic units that underlie Mesita del Busy and 

host, at great depth, the regional aquifer for the Pajarito Plateau. New observations from 

recent drilling activities are included. Section 3.0 is a compilation and discussion of the 

hydraulic properties of these rock units. The hydrologic infonnatlon focuses on 

stratigraphic unit hydraulic properties measured in drill core from Meslta del Suey and 

adjacent canyons and follows the approach of Rogers (1994) and Rogers and Gallaher 

(1994a, 1994b, and 1995). The Rogers and Gallaher technical memorandums are valuable 

source documents for the present work and a resource for calculations of metric potential 

[6('1')] and hydraulic conductivity [O(K)] as functions of volumetric moisture content and 

other physical properties of the rock matrix. The data presented draw from the 

measurementS chosen by Rogers and Gallaher based on data reliability, but differences 

exist because additional data were included In this report. Section 4.0 Is a review of 

relevant geochemical data required for solute-transport calculations and for Input to the 

numerical model FEHM (finite element heat and mass transfer) (Zyvoloskl at al. 1988) 

used for the performance assessment effort in modeling subsurface flow and contaminant 

transport. Appendix A Is a referenc:e source listing of publications cited in Sections 1, 2, 

and 3 and of related papers for which ·no journal references or LANL reports exist; 

reproductions of each publication are provided to the principal investigator for the MDA G 

perfonnance assessment. Data from these publications were used as input to the MDA G 
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periormance assessment modeling. Appendix B describes in situ moisture in drill cores 
from beneath MDA G and adjacent areas. Appendix C presents subsurface air­
permeability measurements at various locations on Mesita del Buey. 

2.0 GEOLOGY OF THE MDA G AREA 

2.1 Introduction 

Mesita del Suey is composed of layers of volcanic materials that vary in thickness from a 
few feet to many tens of feet. Deeper stratigraphic units include rocks o1 sedimentary 
origin. Section 2.3 describes each layer and includes discussions of transition zones 
between layers. An important feature is the occurrence of numerous fractures in the 
uppermost volcanic layers of the mesa. Descriptions of the adjacent canyons are 
Included; they are useful for compiling a complete hydrogeologic picture of MDA G. 

Geologic descriptions of the MDA G area are drawn from numerous sources. Rosenberg 
and Turin (1993) provide a recent summary of MDA G geologic, hydrologic, and 
seismologic observations. Numerous characterization studies have been undertaken over 
the years, and most are referenced in Rosenberg and Turin (1993) and in this report. 
Some of the more important studies on specific topics are by Baltz et al. (1963), Smith 
and Bailey (1966), Purtymun and Kennedy (1971 }, Kearl et al. (1986a, b), Heiken et al. 
(1990), and Rogers and Gallaher (1995}. More recent or less available sources have 
been Included In Appendix A. 

2.2 Stratigraphy and Stratigraphic Nomenclature 

Mesita del Buey Is composed of a complex series of nonwelded to moderately welded 
rhyolitic ash-flow and ash-fall tuffs called the Bandelier Tuff (Smith and Bailey 1966, Smith 
et al. 1970, Heiken et al. 1990}. The tuff was deposited during violent eruptions of 
volcanic ash from the Valles caldera, located about 18 km (11 mi.) west of MDA G. The 
Bandelier Tuff has two members: the Tshlrege Member (upper) and the Otowi Member 
(lower}, and both are present beneath Meslta del Buey. 

Different stratigraphic systems for the Tshirege Member have been developed over the 
years because of local variations In lithologies. Broxton and Reneau (1995) present a 
correlation chart for the systems developed since 1963 for Pajarito Plateau and propose a 
general system that can be used across the plateau (Figure 1 ). That system can be 
applied at Meslta del Suey and currently is In use for Environmental Restoration (ER) 
Project drilling at TA-54. For simplicity and ease in tracking historical properties ·data, 
however, we have chosen to utilize Baltz et al. (1963) (Figure 1) because of Its 
widespread use In many physical prop~rties investigations related to MDA G and to other 
waste disposal and hydrologic issues at the Laboratory. 

From the suriace downward, stratigraphic units beneath TA-54 consist of the Tshirege 
Member of the Bandelier Tuff (Units 2b, 2a, 1 b, and 1 a, and the basal Tsankawl pumice 
bed) and the Otowi Member of the Bandelier Tuff with its basal Guaje pumice bed. The 
members are separated by an ash-fall/fluviatile sedimentary interval (Cerro Toledo 
lntervaQ. Underlying the tuff Is a thin deposit of poorly sorted coarse sandstones 
alternating with ashy layers, assigned to the Puye Formationi a thick sequence of basalt 
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flows and breccias of the Cerros del Rio basalts; and conglomerates and sandstones of 
the Puye Formation, which host the regional aquifer. From the region surrounding MDA G, 
Units 2b through 1 b crop out on the tops and sides of Mesita del Buey, and all rocks that 
predate Unit 1 b are observed only in boreholes penetrating below the base of the mesa. 
At Mesita del Suey, the potentiometric surface of the regional aquifer is at an elevation of 
about 1768 m (5800 ft) (Purtymun 1984). The mesa· top elevation at MDA G is 
approximately 2048 m (6720 tt). 
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The scope of available data specific to MDA G is limited. Hydraulic data do not exist for 
units deeper than the Otowi Member. Data on fractures are limited to Units 1 b, 2a and 2b, 
which crop out on the top and sides of the mesa, and these data are Incomplete because 
of limited exposure. A few boreholes in the area adjacent to MDA L extend to depths of 
about 100 m (328ft), but within MDA G no boreholes extend deeper than abo.ut 46 m 
{148ft). . 
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2.3 Description of Stratigraphic Units at Meslta del Suey 

The following sections contain descriptions of the stratigraphic units at Mesita del Suey. 
These units have wide distribution across the Pajarito Plateau except for the deeper 
basaltic lava flows section. The basaltic lava flows are limited to the eastern and 
southeastern. plateau. Some descriptions are drawn from recent lithologic logging in 
boreholes near MDA L by F. Caporuscio (1994) and J. Marin (LANL, in progress). 
Broxton et al. (in progress) give detailed petrographic and geochemical descriptions of the 
units beneath the mesa. Figure 2 gives location information for MDA G and nearby 
boreholes. 

2.3.1 Bandelier Tuff 

2.3.1.1 Tshirege Member Unit 2b 

Unit 2b is a brittle resistant caprock that forms the top of Meslta del Suey and adjacent 
mesas. It is the distal part of an extensive ash-flow sheet that is moderately welded and 
about 12 m (39 ft) thick at MDA G. This uppermost stratigraphic unit hosts the disposal 
pits and shafts that are the focus of the performance assessment 

Unit 2b is composed of crystal-rich devitrified pumice fragments in a matrix of ash, shards, 
and abundant phenocrysts. The rock is extensively fractured because of the contraction 
of the welded ash matrix as it cooled after deposition. The vertical cooling fractures have 
been described In several studies, but most thoroughly In studies of Disposal Pit 39 
(Reneau and Vaniman 1994) and of the north wall of Pajarito Canyon (Reneau et .al. 
1995). 

Maps of Pit 39 show that the mean fracture spacing In Unit 2b ranges between 0.6 and 
0.8 m (1.9 and 2.6 ft}, and apertures range between <1 and 13 rnrn (<0.03 and 0.51 ln.) 
with a median of 3 rrrn (0.1 in.) (Figure 3}. Previous fracture mapping in disposal pits 
(Purtymun and Kennedy 1971, Purtymun et al. 1978) Indicated larger spacing (about 2.2 
m, 7.1 ft); this may be attributable to incomplete mapping of minor fractures on the pit 
walls. Fracture orientations vary in Pit 39, but greatest frequencies are In the N 50° E and 
east-west directions. Fracture dip In Unit 2b averages 90° (vertical). 

In Pit 39, fractures are typically filled with smectite clays to a depth of 3 to 4 m (9.8 to 13.1 
ft) and with opal and calcite below this depth. Opal and calcite deposition Is associated 
with presence of tree root molds. The association suggests that biological· activity or Its 
cessation results In mineral precipitation, which ·works to partially occlude transport 
pathways. In a root study, Martens and Barnes (1993) found the distal ends of roots of 
living plf'\on trees in thin joints at dE!pths of 14 m (46 ft) in Pit 39, a fact often cited as 
evidence of moisture availability to this depth in the tuff. Living roots were observed to 
the bottom of the pit at a depth of 14.2 m (45 ft) (Reneau and Vaniman); their maximum 
depth Is unknown. Observations In neighboring Pit 38 reveal one set of live roots at a 
depth of about 20 m (66 ft). The 3· to 4-mm-diameter (-0.1 ln.) roots have grown 
downward within a prominent, near vertical fracture that Is filled with clay and extends from 
the surface to below the bottom of the pit. 

Deposition by wind and/or water of clays and carbonates in fractures is demonstrated by 
Davenport (1993) in a study at MDA J, about 2 km (1.2 mi.) northwest of MDA G. In 
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Figure 2. Location map for MDA G and nearby boreholes. 

detail, calcium carbonate deposition is usually interior to clay deposition where they 
coexist within a fracture. In Davenport's model, calcium carbonate precipitates from 
percolating water trapped in smectite shrinkage cracks as the clays rehydrate and swell. 
The swelling lowers fracture permeability within the upper several meters of fractured tuff. 
He concludes that the presence of calcite within clay fillings suggests that "clay fill alone 
does not completely seal the fractul'es or preclude water movement through them." 
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Kearl et al. (1986a, b) report an increase in the number of fractures within more welded 

portions of Units 2b and in underlying Units 2a and 1 b. A much smaller population of 

fractures is observed in the nonwelded to slightly welded Unit 1 a. They describe one 

case of a dense lining (csse hardening) along a cored fracture in Unit 2b at a depth of 10.0 

to 13.4 m (35 to 44ft), which they suggest may indicate preferential flow of water or water 

vapor in the fracture at that depth. Furthermore, their gravimetric moisture content data 

show increases in moisture associated with two specific fractures at depths of 11.6 m and 

13.8 m (38 and 55 ft}. 

Recent ER Project drilling at the TA-73 landfill (airport site) has revealed elevated moisture 

associated with fractures at depths to 41 m (135 ft). Detailed fracture mapping along 

outcrops at TA-73 has demonstrated intervals of increased fracture density for tuff In cliff 

exposures. The development of these intervals is attributed to the strain response of 

brittle, moderately welded tuff to tectonic movement in the deeper subsurface rather than 

to cooling contraction immediately after deposition (Matt Walters, personal communication, 

1995). Differential block motion along cooling fractures or planes of weakness is also 

evident. Along Mesita del Buey, this type of detailed fracture mapping has not been done. 

A thin (<1 0 em, <4 in.) interval of crystal-rich, fine sand-sized material is commonly found at 

the base of Unit 2b. This interval of lenticular and sometimes cross-bedded layers Is 

attributed to deposition from the basal surge associated with violent eruptions. It rises in 

stratigraphic position 1 to 3 m (3 to 1 o· ft) toward the west (Broxton et al., in progress). In 

eastern TA-54, these layers (surge beds) occupy the highest levels of Unit 2a and 

progressively climb in stratigraphic position westward beyond MDA G where they. 

occupy the basal portion of Unit 2b. The elevations of the surge beds have been 

• . surveyed on the edges of Mesita del Suey and are shown In Agure 4 (D. Broxton, 

• personal communication, June 1995). The surge beds are displaced by small faults; 

displacements range between 5 em (2 in.) and 60 em (23.6 in.), with relative motions 

down to the west. Twenty-six such faults were measured along the north wall of Pajarito 

Canyon, but the number may be greater because of poor exposure In some areas. 

These small faults appear along cooling joints in the upper part of Unit 2b, but they have 

no aperture at the elevation of the surge beds. It is not known whether the faults die out In 

underlying poorly welded tuffs, as the majority of cooling joints do. There Is evidence from 

borehole packer tests (Appendix C) that the thin surge beds allow higher air flow within 

the mesa interior because of impinging winds and fluctuations in barometric pressure. 

2.3.1.2 Tshlrege Member Unit 2a 

Tshlrege Member Unit 2a underlies Unit 2b and consists of devitrified ash-fall and ash· 

flow tuff {Purtymun and Kennedy 1971, Kearl et al. 1986a, b). The unit Is about 14 m (46 

ft) thick near MDA G, Is slightly welded at its base, and becomes moderately welded up 

section. In outcrop, it has a massive and unjointed appearance, but its upper parts host 

downward extensions of more prominent cooling fractures that originate in Unit 2b. In 

outcrop and limited angled borehole data, the fractures dle out downward as the tuff 
becomes less consolidated. Because of the very weak nature of the unit, attempts at 

retrieving core from Unit 2a near MDA L during ER Project investigations (Fall 1993, 

Summer 1994) invariably resulted in unconsolidated material. 
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2.3.1.3 Tshirege Member Unit 1 b 

Kearl et al. (1986a, b) describe Unit 1 b as a slightly welded, devitrified ash-flow tuff at its 

base and top that becomes more welded in its center. However, the unit never exhibits 

the jointing characteristics of moderate welding shown by Unit 2b, which caps the mesa. 

Unit 1 b is 7 to 8 m (23 to 26 ft) thick in eastern MDA G and 15 m (49 ft) thick near MDA L. 
It has a greater content of unflattened (nonwelded) pumice lapilli (size of 4 to 32 mm, 0.1 to 

1.3 in.) than the overlying tuff (Unit 2a), which may contribute to a decreased density 

(Kearl et al. 1986a, b). The pumices are devitrified and show spherulitic crlstoballte 

structures but become slightly more vitric with depth. 

Unit 1 b is more resistant to erosion that overlying Unit 2a and can form a small ledge in 

weathered outcrops. In the outcrop, the tuff hosts closely spaced (7.6 to 12.7 em, 3 to 5 

in.) vertical fractures that give the tuff an appearance of vertical colonnades. 

Unit 1 b Is exposed at the base of the south-facing slope of Mesita del Suey. In drill core, 

its basal contact is marked by a rapid change [vertical distance of -0.2 m (-0.7 ft)] from 

devitrified to vitric glass in underlying Unit 1 a. Vitric pumices below this interval stand out 

in relief on weathered surfaces; devitrified pumices above this interval are eroded out 

leaving holes that wind, water, and ice continue to enlarge. This transition results in a 

preferentially eroded recess defined by alignment of small caves, some as tall as 1.5 m (5 

ft); this recess Is named the vapor-phase notch by Baltz et al. (1963). Characteristics of 

this interval at TA-21 are summarized by Broxton et al. (1995). 

2.3.1.4 Tshlrege Member Unit 1 a 

Unit 1 a is the oldest unit of the Tshirege Member. It is a vitrlc, pumiceous, nonwelded ash-

•• flow tuff that has a thickness of about 15 m (49 ft) beneath MDA G. Purtymun (1995) 

observed thicknesses in drill holes ranging between 15 m (49 ft) east of MDA G and 13 m 

(43ft) west of MDA G. Further west, drilling beneath MDA L has penetrated 36 m (118 ft) 
of Unit 1a. Outcrops on south-facing slopes near MDA G suggest 15 m (49 ft) as a 

minimum thickness, perhaps because of local thickening from north to south through the 

mesa. There is little information about extent or characteristics of fractures In this unit. Kearl 

et al. (1986a, b) report encountering only 2 fractures in 11 holes cored into· Unit 1 a, 

although the entire thickness of the unit was never penetrated. Typically, nonwelded tuffs 

do not support fractures because of ·their weak matrix properties and relatively cool 

temperature at deposition. 

2.3.1.5 Tsankawl Pumice Bed and Cerro Toledo Interval 

The Tsankawi pumice bed near MDA G is a thin (<0.3 m, <1.0 ft) layer of gravel-sized, 

vitric, nonwelded pumice. Its presence is widespread across the Pajarito Plateau at the 

base of the Tshirege Member. The Cerro Toledo interval stratigraphically underlies the 

Tsankawi pumice bed and is composed of interbedded and lenticular beds of tuffaceous 

sandstones, siltstones, ash and pumice falls, and intercalated gravel and cobble deposits 

derived from mafic to intermediate lavas of the Tshicoma Formation. Some layers show 

evidence of reworking by running water during or soon after deposition. 

The distinct Tsankawi pumice bed and the Cerro Toledo interval separate the upper and 

lower tuff members of the Bandelier Tuff but were often Included as part of the top of the 
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underlying Otowi Member tuffs during past core logging at TA-54. In recent drilling 
beneath MDA L, 9 m (29 ft) of Cerro Toledo interval and <0.5 m (1.6 ft) of overlying 
Tsankawi pumice bed were encountered~ Because the Cerro Toledo interval thins 
eastward across the Pajarito Plateau, we assign a 5-rh (16-ft) thickness to this interval 
beneath MDA G. Physical properties of this interval would probably be dominated by 
Cerro Toledo sedimentary beds because the Tsankawi pumice bed is very thin. In 
borehole 54-1015 (Figure 2), Cerro Toledo interval core was damp with moisture and was 
the shallowest visible moisture encountered In the borehole (elevation 1994.3 m, 6543 ft). 
No contaminants have been measured with field instruments or in core sample analysis in 
thls interval. 

2.3.1.6 Otowi Member 

Otowi Member tuffs are about 30 m (98 ft) thick beneath MDA L and thin eastward toward 
MDA G. No complete thickness has been measured for MDA G. The tuffs are composed 
of a massive, nonwelded, pumice-rich, mostly vitric ash-flow tuff. Pumices are fully 
inflated, meaning that the tubular pumice structures are not collapsed by any 
postdepositional welding. Beneath MDA L, the pumice makes up about 20% of the tuff, 
ranges in size between 0.5 and 7.0 an (0.2 and 2.8 in.), and is vitric. The matrix is an 
unsorted mix of glass shards, phenocrysts, perlite clasts, and minute broken pumice 
fragments. Lithic fragments make up about 2% of the rock, and rare pumice swarms (with 
up to 30% pumice) occupy intervals as much as 0.6 m (2ft) thick. No visible moisture has 
been observed in cored Otowi Member beneath Mesita del Buey. 

2.3.1.7 Guaje Pumice Bed 

The Otowi Member overlies 3 m (10ft) of the Guaje pumice bed at a depth of 117.6 m 
(386ft} beneath MDA L, corresponding to an elevation of 1955 m (6414 ft). The unit is 
composed entirely of pumices ranging between 0.3 and 1.5 an (0.1 and 0.6 in.) In 
diameter. The pumice fragments are nonwelded but silicified and brittle beneath MDA L. 
Pumice tubes are partially filled with silica cement and may have reduced matrix 
permeability nea·r that locr;11ity. The Guaje pumice bed Is reported as 3.7 m (12 ft) thick In 
well T -5, located in Pajarito Canyon south of MDA G. Correlations between boreholes at 
MDA G suggest a shallow southward component of dip to the Guaje pumice bed. 

2.3.2 Pre-Bandelier Tuff Units 

In borehole 54·1015 at MDA L, the base of the Guaje pumice bed overlies about 3m {10 
ft) of poorly consolidated, interbedded, coarse sand, slit, and ashy layers that are 
probably related to the Puye(?) Foimation. The thin finer-grained layers in the core were 
damp, but the basalt Immediately below the contact was dry. 

Layers of thick mafic lava flows and flow breccias of the Cerros del Rio basalts underlie 
the thin interval of Puye Formation. Little Is known about fractures and internal contacts 
within the Cerros del Rio basalts beneath MDA G. Exposed basaltic flows In steep 
canyons on the Pajarito Plateau are highly fractured; discontinuous fractures form a jagged 
network with unfilled open apertures. Flow breccias are found separating individual flows 
and occupying the toes of flow fronts. Breccias are more easily eroded in outcrop and do 
not support fractures extending through the denser lava flows. 
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The Cerros del Rio basalts have been cored in boreholes 54-1015 and 54-1016 in the 

canyon north of MDA L. They consist of· rubbly flow breccias and dense fractured 

microporphyritic lava flows with up to 10% vesicles, with zones of moderately vesicular 

to very frothy lavas (as much as 60% open vesicles) In the uppermost 21 m (69 ft). In 

borehole 54-1 015, the circulation of drill air and retrieval of cuttings were lost when the driB 

encountered the frothy basaltic lava 1rom about 1 00 to 105 m (328 to 345 ft); this indicated 

high permeability of the frothy baf;aJts. On the other hand, drill air and cuttings were 

retumed in the denser basaltic lavas, and little loss of circulation occurred through these 

inteNals. However, during drilling of borehole 54-1016 at a depth of 33 m (1 08 ft) below 

the top of the basalt, the drill air was observed blowing out from borehole 54-1015, 107m 

{351 ft) east of 54-1015. Both holes were uncased within the basalt. An -500 ft2/mln. 

blower had been used for drilling borehole 54-1016, but the borehole had completely lost 

circulation1 and an estimated 5 to 10% of the injection air had flowed to the distant well (J. 
Eddy, personal communication, March 1995). The observed flow of drill air horizontally 

through the basalt indicates high permeability in the frothy basaltic section. 

Total thickness of the Cerros del Rio basalts beneath MDA G is unknown. In borehole 54-

1015, a thickness of 48 m (157 · ft) of basalts were drilled with no lower contact 

encountered. Puye Formation sedimentary rocks were encountered beneath 82 m (269 ft) 

of basalt in well PM-2, located south of MDA L. No basal contact was encountered in well 

T-5, south of MDA G, after drilling through 28m (92ft) of basalt. 

Elevation of the top of the basalt directly beneath MDA L in borehole 54-1015 is 1949.5 m 

(6396 ft) above sea level. Hole LGC-89-32 in western MDA G encountered basalt at 

1967.2 m (6454 ft) elevation; hole LGC-89·33 In eastern MDA G encountered basalt at 

1980.7 m (6498 ft) elevation; and well T-6, south of MDA L, encountered basalt at 8133 m 
(6015 ft) elevation {Purtymun 1995). These elevations indicate that the basalt dips about 

5° toward the west and possibly steepens east of MDA G toward basalt outcrops at 

State Road 4 and Pajarito Road. Basalt rock textures similar to those found near surface 

volcanic vents have been located near this Intersection, about 1 km (0.6 mi.) east of MDA 

G. 

Underlying and interfingering with the basalts are sedimentary conglomerates and 

fanglomerates of the main body of the Puye Formation. The upper approximately 200 m 
(656 ft) are composed of coarse basaltic, latitic, and quartzite gravels in a poorly sorted 

matrix of sand- and silt-sized grains. Well PM-2, located about 1.5 km (0.93 mi.) west of 

MDA G, Is the nearest hole to intercept the Puye Formation and underlying Tesuque 

Formation, which host the regional aquifer (Cooper et al. 1965, Purtymun ·and Cooper 

1969). No boreholes at MDA G extend deep enough to encounter these deeper units. 

2.3.3 Alluvium and Canyon Bottoms 

The canyons that bound Mesita del Suey in the region of MDA G are Pajarlto Canyon to 

the south and Canada del Buey to the north (Figure 2). Canyon alluvium \s composed of 
unconsolidated silty to coarse sands of quartz and sanidine feldspar crystals, crystal 

fragments, and broken pumice fragments weathered from the surrounding mesa tops and 

sides. Occasionally, fragments of ratite or similar composition lava are Incorporated, as are 

cobble- or smaller-size fragments of welded tuff. Alluvial packages are lensoid in cross 

section and reach 3 to 4 m (1 0 to 13 ft) in thickness (Purtymun 1995). 
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The canyons transport water and loose sediment by way of surface runoff from the mesa 
and flow originating upstream from MDA G. Pajarito Canyon, on the south side of Mesita 
del Suey, transmits water intermittently throughout seasons of heavy precipitation. 
Canada del Buey, on the north side, drains a much smaller area and flows only during 
heavy snowmelt or heavy rains. Pajarito Canyon hosts a known narrow alluvial aquifer 
system in an area near but upstream of MDA G. However, drilling within Canada del 
Suey near MDA G shows that these canyon sediments contain no perched water, 
although thin moist lenses of silt and clay are reported (Devaurs 1985, Devaurs and 
Purtymun 1985, Purtymun 1995). (Perched water, probably related to discharge from a 
nearby water supply well, is reported in two boreholes in Canada del Buey 
approximately 1800 m (6000 ft) upstream from MDA G; see Purtymun 1995, p. 114.). 

2.3.4 Structure Sections Through the MDA G Area 

Figure 5 indicates the lines of structure sections shown in Figures 6 and 7. Geologic 
controls for the sections are from boreholes shown on the figures. Bandelier Tuff units thin 
from west to east and dip about 3° to the east; borehole data suggest very little southe!ist 
component of dip to these sheet-like deposits, but measurements on outcrops at MDA G 
indicate a strlke and dip on Unit 2b oi approximately N 68° E 3° SE. The Bandelier Tuff is 
about 90 m (295 ft) thick beneath the west boundary of MDA G and 44 m (144 ft) thick 
beneath the east boundary. The thickness of Unit 2a in hole LGM 85-11 suggests a 
southerly component of dip to its upper contact, but other unit thicknesses are consistent 
with a gentle eastward dip. The GuaJe pumice bed has been identified in the western map 
area, but the unit, if present, Is very thin in the east. 

Other than the minor faults described above at the base of Unit 2b of the Tshirege 
Member, no geologic faults or surface expressions of buried structure have been identified 
at Meslta del Suey. Cooling joints In the tuffs provide the only known fracture flow paths 
within the Bandelier Tuff. 

3.0 HYDROGEOLOGY OF THE MDA G AREA: FACTORS PERTAINING TO 
SUBSURFACE CONTAMINANT TRANSPORT 

3.1 Introduction 

The portion of the performance assessment to which this document pertains Is concerned 
with radionucllde contaminant transport beneath MDA G. If such subsurface transport Is 
significant, it will be controlled by flow processes. The processes that drive flow and 
transport at MDA G are extremely complex, Involving two phases (liquid and gas) In a 
variably saturated medium. The system is further complicated by the presence of open to 
filled fractures. Liquid flow in the partially-saturated (vadose) zone above the water table 
is driven by energy gradients and controlled by the hydraullc conductivity and structure of 
the medium. At the same time, the gradients and the conductivity are strongly affected by 
the moisture content distribution. This Interrelated feedback system results In complex 
nonlinear behavior that Is described by nonlinear partial differential equations. These 
equations cannot be solved analytically, so to accurately predict fluid movement and 
distributions, It Is almost always necessary to use a numerical modeling approach. The · 
accuracy of the numerical model depends on the accuracy of the characterization of the 
system. This Includes knowing the values of the different material properties and 

12 



.... 
(,) 

fFEiJ Active Pit 
-Former Pit 
IZSZJ 50 foot Contour Interval 
12S£1 Perennial Stream 
OOBorehole 
[I] Shaft 

FII\AA[l G10288210Jan 95 

til 

. . 

- ~-·-J 

/ San lldefonso B 

·--
>i 

.. '-., 
· ............. ~ 

0 :;:,. I ·y.~ >q::=-

Figure 5. Location map for geologic structure sections, MDA G. 



I I 

relationships called for in the equations. The purpose of this section is to summarize 

available data on material properties, report values that are representative of the different 

hydrogeologic units under MDA G, and provide references to the original data sources. 

Most of the data presented or referenced in this section pertain to the upper Bandelier Tuff 

units because those are the units in which virtually all of the cores and measurements 

have been taken. The approximately 190 m (623 ft) of basaltic and underlying 

sedimentary rocks between the Bandelier Tuff and the water table have never been 

cored beneath MDA G and have rarely been cored elsewhere on the Pajarito Plateau, and 

thus, the hydraulic properties are largely unknown. Once measured, they would provide 

additional information on radionuclide transport times away from the disposal areas. 

3.2 Material Properties 

Some material properties and relationships are needed to characterize the subsurface 

system. Rock Ptoperties include porosity, bulk density, and saturated hydrauUc 

conductivity. Properties that characterize the fluid/rock relationships in the vadose zone 

include e, the volumetric moisture content (a measure of the amount of water present); "'' 

the matric potential (suction, tension) (a measure of the energy state of the water); and K, 

the hydraulic conductivity {a measure of the ability of a fluid to flow). These three 

properties are strongly interrelated. The relationships between them are called constitutive 

relationships and include the e-'1' relationship, the characteristic curve, and the K-e and K­

'1' relationships, the unsaturated conductivity curves. In the following tables, we have 

compiled values for these properties and relationships. 
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Table 1 lists published and unpublished hydraulic property data measured from selected 

cores of MDA G and the vicinity. The data listed represent the best available based on 

the stratigraphic assignments of the samples, the analytical procedure used, and 
traceability of the data. However, in the case of stratigraphic assignments in Kearl et al. 
(1986a, b), we have reassigned a thickness of 8 m (26ft) to Unit 1 b, based on measured 
thicknesses in several outcrops and comparisons between the section originally 
described at Mortandad Canyon (Baltz et al. 1963) and Mesita del Buey. In doing so, we 
moved core measurements from upper Unit 1b {Kearl et al. 1986a, b) to their correct 
assignment in lower Unit 2a. This reassignment affects only three samples. 

Individual sample data in Table 1 come from a variety of sources. For 16 of the samples in 
Table 1, volumetric water content was estimated from core moisture profiles reported in 
Kearl et al. (1 986a, b). The original plots of the core moisture data as a function of depth 
are reproduced in Figure 8. The estimated data are sufficiently similar among the holes and 
agree sufficiently well with recently measured values that this approximation is acceptable 
for characterization of these layers. 

3.2.1 Density and Porosity 

Porosity Is used in equations for flow and transport. Both porosity and bulk density are 
needed when converting moisture content to saturation, which is the form used in the 
model calculations. Numerous density and porosity measurements on Bandelier Tuff in the 
vicinity of MDA C3 have been reported by Kearl et at. (1986a, b) and in various reports 
by Stephens and Associates, Inc. (1994a, 1992b, 1992a, 1991 ), as summarized by 
Rogers and Gallaher (1994b). 

In general, the best published descriptions of the pre-Bandelier units in the vicinity of 
MDA C3 are the drilling logs from water supply wells PM-1 and PM-2, (Cooper et al. 1965). 
However, no density or porosity measurements are reported. 

3.2.2 Characteristic Curves 

The characteristic curve (8 vs. 'I') is needed for any numerical prediction of flow In the 
unsaturated zone and can also be used for estimating field head ('!') gradients from more 
readily available e measurements. The determination of the characteristic curve for a c;ore 
sample can be found in Bear (1972} and Klute (1986) and provides the types of data 
listed In Tabla 2. 

Table 2 lists the moisture characteristics of dr~inage curves (water displaced by air), as 
measured In laboratory experiments on 45 samples of tuff. Data sources are shown after 
the table. The values reported in Table 2 use pressure-plate-derived data up to 
pressures of about 1 bar (-1021 em) and psychrometer-derived data at the hlghe.r values 
of tension. Rogers and Gallaher (1994b) discuss the rationale for accepting measurements 
in reports from the geotechnical laboratory of Daniel B. Stephens and Associates and from · 
Bendix (Kearl et al. 1986a, b). Because pressure-plate measurements do not equilibrate 
above -0.5 bar (-511 an water), psychrometer measurements should be used In high­
tension regimes (Stephens and Associates 1992a). 
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TABLE 1 

HYDRAULIC PROPERTIES DATA FOR MOA G STRATIGRAPHY FROM 

SELECTED BOREHOLES 

Tshirege Member, Unit 2b 

Borehole Depth pb e Porosity Saturation KsAT e, N a. 
(tt) (g/cm3

) (vol. %) (%) (%) (em/sec) (%) 

LGM 85-11 3 54.0 5.4x10'4 

LLM 85-02 7 41.5 4.4x10"4 

5 LLC 85·15 10.0 1.46 1.0 46.4 2.2 1.6x1 o·3 3.8 2.044 .0060 

LLM 85-05 15 0.7* 52.6 1.3 5.4x10-4 

LGM 85-06 29 1.0* 42.5 2.4 4.8x10"4 

8 LLC 85·14 · 29.0 1.39 2.0 44.1 4.5 4.2x10"4 0.0 1.890 .0060 

LGM 85-11 30 1.9* 51.5 3.7 2.8x10-4 

LLM 85-01 30 3.8* 39.6 9.6 1.1x10-4 

LLM 85-02 36 3.7'· 46.5 8.0 1.2x10"4 

LLM 85-05 36 2.0* 73.6 2.7 2.2x1 o·4 

54-1006 41.5 1.28 4.7 44.9 10.5 4.1x10"4 0.0 1.760 .0064 

LGM 85-06 51 1.3* 40.2 3.2 8.4X10'5 

Tshirege Member, Unit 2a 

. . Borehole Depth pb 9 Porosity Saturation KsAr e, N a 
(ft) (g/cma) (vol. %) (%) (%) (em/sec) (%) 

LLM 85-01 52 1.3* 64.4 . 2.0 2.7x1 0'4 

2A LLC 86-22 54.5 1.26 1.3* 51.0 2.5 8.2x1 0'5 2.0 2.238 .0037 

28 LLC 86-22 54.5 1.26 1.3 48.3 2.7 2.5x10'4 0.0 1.932 .0045 

7 LLC 86·22 65.0 1.27 1.4* 48.7. 2.9 1.4x1 0-4 0.0 2.347 .0026 

LLM 85-02 67 1.3* 43.3 3.0 e.8x1 o·5 

54-1001 67.8 1.20. 1.9 41.4 4.6 1.3x10-4 ·0.0 1.894 .0034 

LLM 85-05 76 2.6 74.2 3.5 1.3x10-4 

64-1006 76.2 1.28 0.6 44.5 1.3 9.8.x10'5 0.0 1.880 .0030 

54-1001 82.5 1.25 2.6 46.0 5.7 1.1x10-4 0.0 2.225 .0022 

54-1002 91.8 1.26 1.5 46.0 3.3 8.1x10-s 0.0 2.213 .0012 

LLM 85-01 101 3.4* 62.1 5.5 2.5x10-4 

54-1001 101.5 1.19 3.9 51.4 7.6 1.6x10'4 0.0 1.782 .0034 

54-1003 101.5 1.22 ·1.5 51.0 2.9 1.3x10-4 0.0 1.733 .. 0030 

• Moisture content (9) estimated from moisture profiles in Kearl et al. (1986a, b). 
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IAeLE l (continued) 

Tshirege Member, Unit 1b 

Borehole Depth pb e (vol. Porosity Saturation . Ks~T e, N 
(ft) (g/cm3

) %) (%) (%) (em/sec) (%) 

LGM 85-11 94 14.6* 64.3 22.7 1.1x10'4 

LLM-85-06 99 11.0* 52.6 20.9 1.3x10'3 

LLM 85-02 117 8.4* 48.5 17.3 1.7x1 O"' 

54-1003 119.0 1.22 6.4 59.9 10.7 9.9x10'5 

54-1001 121.5 1.18 9.0 46.4 19.4 2.2x1 o·5 0.0 1.583 .0041 
54-1002 121.5 1.23 3.2 49.5 6.5 4.6x10'5 0.0 1.773 .0031 
54-1006 124.0 1.22· 2.5 43.5 5.7 4.5x10'5 0.0 1.721 .0035 
1 LLC 86·22 131.5 1.05 20.0* 50.7 39.4 1.9x10'5 1.2 1.586 .0021 
1BLLC 66- 131.5 1.05 22.0 50.8 43.3 2.1x1o·a 4.4 1.709 .0021 
22 

54·1 006 136.0 1.28 6.3 47.2 13.3 s.1x1o·s 0.0 2.087 .0014 

54-1001 141.5 1.20 15.6 48.2 32.4 a.2x1 o·5 0.0 1.429 .0037 

54-1002 142.5 1.19 11.5· 49.1 23.4 2.5x1 o·5 1.7 '1.393 .0154 

Tshlrege Member, Unit 1a 

Borehole Depth pb e (vol. Porosity Saturation KsAT a, N a 
(ft) (g/cm3

) %) (%) (%) (em/sec) (%) 

CDBM·1 23.5 1.17 . 2.7 48.8 5.5 6.2x10'5 0.0 1.939 .0029 

CDBM-1 34.0 1.07 5.8 46.2 12.7 2.2x10-4 0.0 1.634 .0055 
CDBM·2 38.0 0.94 8.3 48.4 17.2 4.5X1 0-4 2.6 1.791 ·.0071 

CDBM-1 44.0 1.26 9.3 44.5 20.8 7.0x10'5 0.0 1.682 .0041 

CDBM-1 54.0 1.09 8.9. 44.6 20.1 4.6x1 o"' 0.0 1.519 .0070 
CDBM-1 64.0 1.23 11.2 45.1 24.9 1.2x1 o"' 0.5 1.724 .0053 

·LLM 85-06 115 56.3 9.1x10-s 

LLM 85·11 115 60.1 1.8x10-4 

LLM-85.06 . 123 65.6 1.6x10"' 

LLM-85·01 124 48.9 2.2x1o"' 

64-1003 156.0 1.14 4.9 43.2 11.3 1.3x10-4 2.6 1.765 .0040 

54-1006 160.5 1.13 1.8 52.6 3.4 1.2x10-4 

54-1002 178.5 1.16 6.6 39.3 16.8 6.5x10-s 0.0 1.815 .0043 

64-1003 206.0 1.18 8.0 42.8 18.7 1.5x10"' 

54-1002 243.5 1.14 27.0 39.3 19.1 1.7x1o·4 0.0 1.745 .0062 

54·1003 260.5 1.11 9.6 48.8 19.7 2.7x10-4 

54-1003 270.5 1.31 12.1 41.0 29.5 2.6x10-4 

• Moisture content (9) estimated from moisture profiles In Kearl et al. (1986a, b). 
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IAE!I..I; 1 (concluded) 

Tsankawi/Cerro Toledo 

Borehole Depth pb e (vol. ·Porosity Saturation KsAT 9, N .a 
(ft) (g/cm3

) %) (%) (%) (em/sec) (%) 

CDEIM-1 89.0 1.20 17.6 44.3 39.9 2.3x1 o·4 0.0 1.428 .0131 

CDEIM-1 94.0 1.05 10.4 50.3 20.8 1.5x10'3 1.6 1.585 .0173 

Otowi Member 

Borehole Depth pb e (vol. Porosity Saturation KsAT a, N a 
(ft) (glcm3

) o/o) (%) (o/o) (em/sec) (%) 

CDBM-2 66.5 1.16 11.6 44.6 26.1 5.0x10'4 1.7 1.598 .0084 

CDBM-2 67.5 1.22 12.3 44.0 27.9 2.7x10_. 3.9 1.987 .0060 

CDBM-1 104.0 1.20 15.1 44.6 33.8 2.3x10'4 0.0 1.489 .0064 

CDBM-1 114.0 1.29 15.6 45.1 34.6 1.6x10'4 2.5 1.778 .0045 

CDElM-1 124.0 1.10 . 11.0 43.7 25.1 2.9x10'4 0.0 1.447 .0082 

CDBM-1 134.0 1.24 11.7 44.7 26.2 1.6x10-4 1.2 1.646 .0057 

CDBM-1 144.0 1.14 10.2 42.8 23.9 4.2x10"41 4.2 2.307 .0055 

CDBM-1 154.0 1.29 11.1 41.0 27.1 1.ox1 0"4 2.7 1.890 .0039 

CDBM-1 164.0 1.21 10.6 43.6 24.2 1.7x10_. 0.0 1.485 .0061 

CDBM-1 174.0 1.18 10.1 41.2 24.4 2.1x10"4 3.0 1.897 .0053 

. CDBM·1 184.0 1.18 9.3 43.2 21.4 3.0x1 o·4 2.6 1.894 .0062 . 
CDBM·1 189.0 1.19 9.4 43.0 21.9 1.8x10"4 0.8 1.648 .0057 

The laboratory method for determining characteristic curves Involves the measurement of 8 
at discrete values of 'If, while for most purposes, some sort of continuous function [either 
8('1') or '1'(8)] is desired. Various curve-fitting functions have been proposed, ranging from 
simple .power-law fits to more complex multiparameter models. One mu\tiparameter model 
that has met with wide acceptance is the van Genuchten curve (van Genuchten et al. 

1980), given by the following function: 

- 9-9r 1 
9= = 

[1 +la.'I'INt 
(1) 

e.-a, 

where 9 = effective saturation, 
e = moisture content (cm3fcms), 
9, = residual moisture content, 
e.= saturated moisture content (porosity), 
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Figure 8. Volumetric moisture vs. depth for 12 boreholes (Kearl et al.1986a,b). 

'I' = metric suction, 
a, N = van Genuchten fitting parameters, and 
M= 1-1/N. 

The van Genuchten curve Is fit to the measured data by varying the two parameters, a 
andN. 
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Figure 8 (concluded). Volumetric moisture vs. depth for 12 boreholes (Kearl et al. 1986a,b). 
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TABLE 2 
PRESSURE HEAD VS. MOISTURE DATA FROM LISTED SOURCEs• 

54-1001' 67.8b 54•1 0011 82.5 54-1001, 101.5 
Pressure Moisture Pressure Moisture Pressure Moisture 

Head (vol. %) Head (vol. %) Head (vol. %) 
(-em water) (-em water) (-em water) 

0.1 41.4 0.1 46 0.1 51.4 

51 38.6 51 43.3 51 46.8 

112 37.3 112 41.3 112 44.1 

326 29.3 326 38.1 326 37.3 

918 25.7 918 . 35.1 918 21.4 

6884 1.3 4304 2 6333 1.9 

18101 1.2 14012 1.1 12656 1.2 

54·1 001' 121.5 54-1001, 141.5 54-1002, 91.8 
Pressure Moisture Pressure Moisture Pressure Moisture 

Head (vol. %) Head (vol. %) Head (val.%) 
(-em water) (-em water) (-em water) 

' 0.1 46.4 0.1 48.2 0.1 46 

51 42.4. 51 44.6 51 43.8 

99 . 40.4 112 43.1 112 42.4 .. 
308 34.6 326 37.7 311 38.4 

920 21.7 918 26.8 903 32.3 

5304 6.5 5599 11.2 5915 2.1 

12074 3.8 21283 7.8 1794~ 0.7 

54·1 002, 121.5 54-1002, 142.0 54-1002, 178.6 
Pressure Moisture Pressure Moisture Pressure Moisture 

Head (vol. %) Head (vol. %) Head (vot. %) 
(-em water) (-em water) (-em water) 

0.1 49.5 0.1 49.1 0.1 39.3 
•· 

51 45.3 61 43.6 51 37.7 

112 43.6 102 33.9 102 36.2 . 

311 37.4 301 27.8 306 25.9 

903 22.5 923 26.6 918 20.9 

6884 1.9 7118 9 5721 2 

20886 1.2 17071 7 25495 1.6 

a. Stephens and Associates 1991, Stephens and Associates 1992b, Stephens and Associates 1994a 

b. Hole designation, sample depth (ft) 
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54·1 002, 
Pressure 

Head 
(-em water) 

0.1 

51 

102 

306 

918 

5283 

14094 

54·1 006, 
Pressure 

Head 
{·em water) 

0.1 

51 

102 

296 

918 

7536 

13257 

54·1 006, 
Pressure 

Head 
(-em water) 

0.1 

51 

112 

311 

903 

4691 

14746 

-

243.5 
Moisture 
(vol. %) 

39.3 

37.3 

33.1 

22 

20.7 

2.2 

1.9 

41.5 
Moisture 
(vol. %) 

44.9 

40.8 

38.5 

24.8 

15.5 

2 

1.1 

136.0 
Moisture 
(val.%) 

47.2 

45.3 

44.3 

40.7 

29.8 

4 

1.9' 

-

TABLE 2 (continued) 

54-1003, 101.5 
Pressure Moisture 

Head (vol. %) 
(-em water) 

0.1 51 

51 46.1 

112 44.4 

311 37.8 

903 27.7 

5599 1.7 

27769 0.7 

54-1006, 76.2 
Pressure Moisture 

Head (vol. %) 
{-em water) 

0.1 44.5 

51 42.1 

112 40.9 

~i11 34.4 

903 29.3 

6098 2.5 

21630 0.9 

54-1006, 16 0.5 
Pressure Moisture 

Head (vol. %) 
(-em water) . 

0.1 52.6 

51 42.3 

102 40.5 

306 34 

918 32 

6853 0.8 

13961 0.9 

- -
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54·1 003, 156.0 
Pressure Moisture 

Head (vol. %) 
(-em water) 

0.1 43.2 

51 41.7 

102 40 

306 30.2 

918 28.1 

7169 5.3 

14818 4.6 

54-1006, 124.0 
Pressure Moisture 

Head (vol. %) 
(-em water) 

0.1 43.5 

61 39.8 

102 38.7 

296 33.3 

923 20.5 

6557 3.8 

14104 2.2 

8LLC85·14, 29.0 
Pressure Moisture 

Head (vol. %) 
(-em water) . 

0.1 44.1 

53 39.6 

104 38.1 

512 16.1 

1030 8.2 

3040 2.8 

5080 1.4 

15200 1 
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TABLE 2 (continued) 

5LLC85·15, 10.0 2ALLC8622, 55.0 2BLLC8622, 55.0 
Pressure Moisture Pressure Moisture Pressure Moisture 

Head (vol. 0/o) Head (vol. %) Head (vol. %) 
(-em water) (-em water) (-em water) 

0.1 48.2 0.1 51 0.1 48.3 

0.1 46.4 53 49.3 53 45.8. 

53 48.2 104 48.5 104 43.3 

104 39.1 512 21.8 512 21.3 

512 16.6 1030 11.1 1030 10.4 

1030 10.1 3040 4.7 3040 4.1 

3040 5.6 5080 3.1 5060 2.6 

5080 5.1 15200 2.3 15200 0.1 

15200 4.1 - - - -
7LLC8622, 65.0. 1 LLC8622, 132.0 1 BLLC8622 1 132.0 

Pressure Moisture Pressure Moisture Pressure Moistl.lre 
Head (vol. %) Head (vol. %) Head (vol. %) 

(-em water) (-cmwater) (-em water) 

0.1 46.7 0.1 50.7 0.1 50.~ 

53 47.7 53 49.7 53 50.9 

104 46.1 104 48.3 104 49.9. 

512 27 512 37.7 512 37.1 .. 
1030 11.6 1030 31.8 1030 30.9 

3040 3.4 3040 17.1 3040 16.6 

508Q 1.4 5080 12.1 5080 11.7 

15200 0.7 15200 8.7 15200 9.3 

CDBM1, 23.5 CDBM1, 34.0 CDBM1, 44.0 
Pressure Moisture Pressure Moisture Pressure Moisture 

Head (vol. %) Head (vol. %) Head (vol. %) 
(-em water) • (-em water) (-cmwater) 

0.1 48.82. 0.1 46.18 0.1 44.53 

34 47.59 31 44.7 31 43.68 

111 44.59 107 40.5 107 41.44 

308 35.54 306 27.84 306 30.77 

714 24.26 714 20.68 714 19.25 

2295 21.33 1632 18.8 1632 13.94 

5303 18.35 4875 16.96 4875 11;26 

15348 14.8 15909 15.93 15909 10.06 

2917 3.63 3885 4.99 5354 4.43 

6200 3.07 11208 3.3 14400 2.49 

19519 2.1 22517 2.56 - -
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COBM1, 

Pressure 

Head 

(·em water) 

0.1 

34 

111 

308 

714 

2295 

5303 

15348 

4120 

18428 

-
-

CDBM1, 

Pressure 

Head 

(-em water) 

0.1 

31 

107 

306 

714 

1632 

4876 

15909 

5792 

24118 

-

54.0 

Moisture 

(vof. %) 

44.6 

42.43 

37.31 

25.24 

22.51 

20.49 

18.81 

16.3 

5.6 

3.09 

-
-

94.0 

Moisture 

(vol. %) 

50.25 

44.11 

32.6 

18.93 

16.59 

15.59 

13.15 

12.21 

4.94 

3.06 

-

TABLE 2 (continued) 

CDBM1, 64.0 

Pressure Moisture 

Head (vof. %} 
(·em water) 

0.1 45.12 

31 43.42 

107 39.53 

306 27.41 

714 17.3 

1632 14.26 

4875· 11.69 

15909 10.79 

4304 4.25 

20212 2.64 

- -
- -

CDBM1; 104.0 

Pressure Moisture 

Head (vol. %) 

(-em water) 

0.1 44.58 

69 41.39 

136 37.39 

208 31.4 

301 29.27 

707 21.31 

1448 18.53 

5252 17.21 

15042 15.47 

7506 6.07 

20743 4.43 
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CDBM, 8 9.0 

Pressure Moisture 

Head (vof. %) 
(·em water) 

0.1 44.25 

68 35.91 

134 30.96 

207 26.56 

301 25.71 

707 22.26 

1448 19.74 

5252 17.12 

15042 13.09 

2774 7.79 

7791 6.04 

20835 4.89 

CDBM1, 114.0 

Pressure Moisture 

Head (vol. %) 

(·em water) 

0.1 45.08 

31 43.61 

107 40.27 

306 30.52 

714 18.38 

1632 14.15 

4875 11.49 

15909 10.4 

4171 6.83 

15746 4.23 

- -
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TABLE 2 (continued) 

COBM1, 124.0 CDBM1, 134.0 CDBM1, 144.0 

Pressure Moisture Pressure Moisture Pressure Moisture 
Head (vol. %) Head (vol. %) Head (vol. %) 

(-em water) (·em water) (-em .water) 

0.1 43.73 0.1 44.7 0.1 42.84 

69 39.33 68 41.07 31 41.18 

134 35.48 135 37.63 107 38.04 

207 28.64 207 32.31 306 20.57 

301 25.97 301 28.02 714 18.63 

707 22.46 707 18.44 1632 18.47 

1448 17.97 1448 15.32 4875 18.04 

5252 16.85 5252 13.98 15909 17.63 

15042 13.92 15042 12.39 4395 5.37 

6037 6.46 2499 6.38 19978 3.59 

13359 4.68 5242 5.91 - -
- - 16857 3.66 - -

CDBM1, 154.0 CDBM1, 164.0 COBM1, 174.0 

Pressure Moisture Pressure Moisture Pressure Moisture 
Head (vol. %) Head (vol. %) Head (vol •. %) 

(-em water) (-em water) (-em water) 

0.1 41.03 0.1 43.56 0.1 41.22 

31 39.52 68 40.27 31 40.08 

107 37.23 136 37.02 107 36.6 

306 28.71 209 30.55 306 23.9 

714 16.68 301 27.74 714 18.77 

1632 14.96 707 24.8 1632 16.64 

4875 13.24 1448 22.11 4875 14.28 

15909 12.37 5252 20.61 15909 13.41 

4395 5.64 15042 18.31 2978 6.47 

16378 3.89 5374 5.3 5711 4.7 

- - 25128 3.95 21895 3.41 
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CDBM1, 

Pressure 
Head 

(-em water) 

0.1 

70 

1"37 

210 

301 

707 

1448 

5252 

15042 

2458 

4151 

21487 

CDBM2, 

Pressure 
Head 

(-em water) 

0.1 

34 

111 

308 

714 

2295 

5303 

15348 

2580 

4752 

16266 

183.5 

Moisture 
(val.%} 

43.23 

39.44 

34.35 

27.1 

24.35 

20.81 

18.07 

16.79 

14.33 

5.39 

4.67 

3.67 

37.5 

Moisture 
(vol. %) 

48.39 

45.63 

39.58 

24.94 

19.53 

16 

11.89 

9.37 

6·.77 

5.5 

3.88 

I I 

TABLE 2 (concluded) 

CDBM1, 18 8.5 CDBM2, 27.5 

Pressure Moisture Pressure Moisture 
Head (vol. %) Head (vol. %) 

(·em water) (-em water) 

0.1 43 0.1 47.9 

28.4 41.81 34 41.13 

97 38.4 111 28.3 

316 25.8 308 22.76 

714 17.66 714 20.95 

1530 16.06 229~ 19.47 

5150 13.61 5303 18.25 

15297 12.26 15348 16.45 

7448 4.17 6608 9.65 

13250 3.31 19019 7.71 

24.531 2.86 - -
- - - -

CDBM2, 66.5 CDBM2, 67.5 

Pressure Moisture Pressure Moisture 
Head (vol. %) Head (vol. %) 

(-em water) (-em water) 

0.1 44.56 0.1 43.97 

34 42.12 34 42.43 

111 36.69 111 37.72 

308 22.13 308 23.02 

714 17.69 714 19.02 

2295 14.22 2295 . 17.43 

5303 13.11 5303 16.38 

15348 11.74 15348 14.76 

495.6 5.82 4844 5.75 

16847 3.91 18214 3.88 

- - - -
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Rogers and Gallaher (1994b and 1995) provide a compendium of moisture retention curve 
fits for the tuff core data and include data from measurements made on crushed tuff 
(Abeele 1979a, 1984). Mean a and N values for Bandelier Tuff core samples beneath TA-
54, as compiled by Rogers and Gallaher (1994b), are listed in Table 3, along with other 
physical properties of tuff; the properties help constrain the performance assessment 
models. The software program RETC (van Genuchten et al. 1991) was used for the 
curve fitting. Full details of the 9·'1f measurements are contained in the original references 
cited above. The data and references in Table 2 are provided to enable the reader to 

· critically evaluate the quality of the data and to use curve-fitting methods other than van 
Genuchten, if desired. 

3.2.2.1 Tuff 

Numerous characteristic curve calculations have been made for crushed Bandelier Tuff · 
(Abeele 1979a, Abeele et al. 1981, Abeele 1984, Abeele et al. 1986) and intact core 
samples from beneath TA~54 (Rogers and Gallaher 1994b). 

3.2.2.2 Alluvium 

No characteristic curve data exist for alluvial units on the Pajarito Plateau. Alluvial cover on 
Mesita del Buey and MDA G is less than 1 m (3.3 ft) thick and is highly disturbed by 
human activity. Application of crushed tuff, asphalt roads and parking Jots, cement pads 
and caps on shafts, heavy truck traffic on unpaved roads, and maintenance of natural or 
replanted vegetation have created a unique soil environment over the disposal units. Any 

· influence on infiltration of moisture by the alluvium must be evaluated in future modeling 
efforts when data are available. 

3.2.2.3 Pre-Bandelier Units 

To date, there has been only one characteristic curve measured for units other than the 
Bandelier Tuff. This is a curve measured in the geotechnical laboratory (Stephens and 
Associates 1994b) on a basalt core sample taken from borehole SHB-1. This single curve 
cannot be considered In any way representative of the heterogeneous basaltic flows and 
flow b;ecclas beneath TA-54. 

3.2.3 Saturated Conductivity and Unsaturated Conductivity Curves 

Saturated hydraulic conductivity, K .. , Is a measure of how readily a single fluid moves 
through a porous medium at saturation. Laboratory measurements are part of the typical 
analysis suite performed on core samples in geotechnical laboratories. Conductivity 
values for the stratigraphic units presented In Table 3 are taken from Stephens and 
Associates (1994a, 1992) and Kearl et al. (19B6a, b). 

The unsaturated conductivity curve relates the hydraulic conductivity of a fluid to Its 
saturation In the system and must also be known for making numerical predictions of flow. 
The K-9 curve can also be used to estimate in situ infiltration rates from field moisture 
content measurements, given a number of simplifying assumptions. If the 9-\fl 
characteristic curve relationship is known, then given either the K-9 or K·'lf curve, the 
other can be calculated. 
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TABLE 3 

SUMMARY OF GEOHYDROLOGIC PROPERTIES BENEATH MDA G, MESITA DEL BUEY 

Description 

Stratigraphic Unit 2b, Tshlrege Unit 2a, Tshirege Unit 1b, Tshlrege Unit 1a, Tshlrege Tsankawl Pumice/Cerro 

Unit Member Member Member Member Toledo 

Thickness 12.2 m 13.7 Ill 7.6m 15.2m Tsankawl: 1.B m (6ft); 

(typical) (40 It) (45ft) (25ft) (SOH) Cerro Toledo: 5 m (16ft) 

Lithology Massive crystal- Massive crystal-rich Massive crystal- Massive Tsankawl: Massive alr·fall 

··.;; Summary rich slightly welded nonwelded alt, rich nonwelded aft, nonwelded tuff of 1-1 0 em white pumice 

(eft: ash-flow all, devllrltled, davllrllled, p!Jmlce- devltrlfled, pumice- nonlndureted alt, lapllll, 0.3-m surge bed of 

tuff) 
vapor-phase rich, gray-brown rich, brown crystal- vilrlc, pumice-rich, crystals and ash on top. 

altered, local crystal-rich lapllll rich lapllll (>12% pumice are silky 

pumice swarms, (> 12"/o by vol.) by vol.), local and vitreous, Cerro Toledo: Moderately 

thin (0.2 m) basal pumice swarms, crystal-rich lapllll 
bedded, medium- to fine-

surge ash falls 
grained tuffaceous 
sandstone and siltstone, 
moderately to poorly sorted. 

Fracture 1.0·1.3 m, 1.0-1.3 m (up~r3 No data, few No data, lew . No data, rare lractur~ In 
~ ·~ 

::'1 
Speclng fractures m), fewer fractures. fre,ctures observed fractures observed outcrop 

.'•: continuous Into deeper In outcrop In outcrop 

upper Unit 1v 

Fracture Dip 87• median, :3 mm · 84" median, 3 mm No data, assumed No data, assumed No data, assumed vertical 
... nnd Aperature median (3.1 ± 2.1 median (5.3 ± 1 1 .1 vertical fractures vertical fractures fractures 

mm), max 13 mm mm), max 100 mm 

Fracture Fill 72% are filled, 9% 82% are filled or No data No data No data 

(XRD) plated, 19% open. 'plated with brown 
Feldspar> trid-Q- clays. 18% are 
crist> calcite>> open. No cellche 

gyp, hematite. fracture-nil 
Smectite> observed In this 
feldspar-Q-trld· unit. 
crist> calcite 

Denelty (glcm3) 1.37 1.26 1.20 1.14 1.12 

·median 1.37:!:.09 1.24±.03 1.18±.08 1.15±0.09 1.12:1:.10 

-mean (n=3) (n=B) (n=9) (n = 13) (n•2) 

Poroalty (%) 46.7 48.7 49.3 48.2 47.3 
'.'\ ·median 48.1±9.33 51.7±9.63 50.9±5.80 48.0±7.22 47.3:1:4.24 

-mean (n •12) (n=13) (n•12) (n = 17) (n•2) 

Vol. moleture 2.00 1.60 10.0 8.3 14.0 

(%) 2.57±1,91 1.89±0.95 10.88±e.20 8.94±6.22 14.00±5.09 

·median (n•S) (n .,13) (n•12) (n .. 13) (n=2) 

-mean 

Kaat(cm/a) 4.15x1o-4 1.30x1o-4 6.15x1o-s 1.60xto-4 B.65xto·4 

•median 4.37x1o-4 1.4Bxto-4 1.670x1o-4 1.sex1o""' a.65x1o""' 

-mean :1:4.02x10 ... ±6.59x1o-6 ±3.EOx1o-4 ±1.19x1o-6 :1:8.98x1 o-4 
(n"' 12) (n = 13) (n •12) (n a17) (n•2) 

Saturation (%) 6.7:1:4.29 3.7:1:1.73 21.3:1:12.06 16.9;1:7.22 30.3:1:13.60 

~ean (n •3) (n •13) (n •12) (n = 13) (n•2) 

van Genuchten Br=O.O Or .. 0.0 OraO.O e, .. o.o e, .. o.a 

Filling 1.3±2.19 0.2±0.67 0.9±1.56 0.6±1.11 0.8:1:.1.13 

Parameter• (n .. 3) (n = 9) (naB) (n•9) (n=2) 

-median 
·mean ()( ... 0060 a• .0030 ()(10 .0033 a ... ooss a.• .0162 

.0061±.0002 .0030:1:.0009 .0044±.0046 .0052±.0014 .0152±.0030 
(n = 3) (n"" 9) (n .. 8) (n"' 9) (n .. 2) 

n= 1.890 no:1.932 n= 1.647 n•1.745 

1.898:1:.1422 2.027±.2279 1.660:1:.2196 1.735±.1183 n=1.506 

(n .. 3) (n • 9) (n .. a) (n .. 9) 1.506±.1110 
(n•2) 
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TABLE 3 (concluded) 

Description 

Stratigraphic Otowi Member Guaje Pumice Cerros del Rio Puye Formation Santa Fe Group 
Unit basalts 

Thickness 36.6 m 3.7m >36.6m -200m >350m 

(120ft) (12ft) (>120ft) (-650ft) 

Lithology Massive Basal nonwelded Dense highly Fanglomerate&, Fluvial sandstones, 

Summary 
moderately pumice lapllll bed, fractured multiple conglomerates, siltstones, conglomerates, 
crystal-rich vltrlc basaltic to fluviatile and with subordinate eolian and 

(aft: ash-flow no.nwelded aft, andesltlc lava debris· flow lacustrine deposita, and ash 
tuff) vitrlc, ra ra pumice flows, &epareted deposits, minor beds; Interbedded basalt 

swarms, but may by 1·3 m thick flow Interbedded ash llows and breccias constitute 
contain up to 30% breccias, and pumice falls, 16-45% of the group 
pumice Interbedded with lnterstratltled basalt beneath Meslta del Buey 

Puye Formation flows may 
dominate In upper 
half, Includes 20 m 
of coarse poorly · 
consolidated basal 
conglomerate 

, (Totavl Lentil) 

Fracture No data, few No data, rare No data, - 0.3 m No dele, poor No data 
Speclng fractures observed fractures observed estimated from fracture 

In outcrop In outcrop outcrops development In 
outcrops 

Fracture Dip and No data No data No data, - 5 mm No data No data 
Aperature estimated from 

outcrops 

Fracture Fill No data, some No data Nona No data No data 
(XAD) filled with caliche 

In outcrops 

Denalty (g/cm3) 1.20 No data No data, estimated No data No data 
·median 1.20±.056 2.4-3.1 
-mean (n • 12) 

Poroalty(%) 4s:e No data No data No data No data 
-median 43.6±1.32 
-mean (n • 12) 

Vol. Moleture 11.60:±2.01 No data No data No data No data 
(%) 

·mean (n •12) 

K11t(cmla) 2.20X10-4 No data No data No data No data 

•median 
2.49x1o-4 
:1:1.1Bx1o-4 

•mean (n•12) 

Saturation (%) 26.4±4.12 No data No data No data No data 
(n •12) 

van Oenuchtan 6r•2.1 No data No data No data No data 
Fitting 1.88±1.49 

Parameten (n •12) 
(Br, a, n) 

a •.0059 
.0060±.0009 

(n •12)) 

n•1.713 
1.766±.2628 

(n •12) 
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In writing the governing equations for flow, the unsaturated conductivity is often factored 

into two terms: the saturated conductivity (Ksa1) and the relative conductivity (or relative 

permeability) (Kro1), i.e., 

(2) 

with 0 ~ Kro,~ 1. 

Unsaturated conductivity curves can either be directly measured or can be estimated in a 

number of ways. Direct measurement techniques Include both field and laboratory 

methods. Direct measurements of K 11/l5111 tend to be difficult, time-consuming, and expensive 

and are therefore much less common than Ksat measurements. Examples of techniques 

include laboratory column and· ultracentrifuge studies and field infiltrometer studies (Conca 

and Wright 1992). 

A faster and less costly alternative to direct measurement of unsaturated hydraulic 

conductivity is to use a mathematical estimation technique for K"'' (9). Candidate models 

· have been proposed by Campbell (Abeele 1979b), Mualem (1976), and Burdine (van 

Genuchten et al. 1991). These models assume that the shape of the characteristic curve 

implies certain properties of the pore structure of the medium and, using characteristic 

curve-fitting parameters, predicts K,-' as a function of saturation. K.,n,., is then computed as 

the product of the K,., function and a measured value of K •• , . 

(3) 

In situ field permeability measurements form another category of directly measured 

conductivity data. These measurements, which include downhoie air permeability tests, 

packer tests, slug tests, and aquifer tests, all measure conductivity (or some closely 

related parameter) at a single field moisture content. Therefore, they do not provide 

information on K-8 for other values of 9, which would have to be extrapolated by some 

other means. They are also more difficult to perform and interpret than laboratory tests. 

However, these tests are the only ones that provide data on field-scale properties that 

reflect large-scale heterogeneities and fractures, data for relatively undisturbed materials, 

and the only data for soft or unconsolidated geologic Intervals that are Impossible to core · 

Intact. 

3.2.3.1 Tuff 

3.2.3.1.1 Intact Tuff 

Measurements on intact tuff by the geotechnical laboratory of Daniel B. Stephens and 

Associates have produced numerous relative permeability curves for Bandelier Tuff at 

TA-54 and elsewhere on the Pajarito Plateau. These curves were produced using the van 

Genuchten/Mualem model (van Genuchten et al. 1991 ), with laboratory. characteristic 
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curve. measurements on core samples. Results are summarized by Rogers (1994) and 
Rogers and Gallaher (1995). 

As part of the current ER Project site characterization efforts at TA-54, a number of in situ 
air permeability measurements have been conducted. Details of these studies are 
summarized in Appendix C. One of the ER Project studies included the use of corehole 
dual packer methods to measure in situ air permeability values in six boreholes in the 
proposed expansion area for MDA G. The measured air permeability values in each 
borehole are presented in Tables C-1 to C-6 and are summarized in Table C-7. Borehole 
locations are shown on Figure 8-1. All of the measurements were performed with the air 
extraction method at an open interval of 27 in. (69 em) between the borehole packers. The 
stratigraphic units tested were 2b, 2a, 1 b, and 1 a of the Tshirege Tuff Member; the 
Tsankawi pumice bed; the Cerro Toledo interval; and the Otowi Tuff Member tonly one 
measurement (0.55 darcies) was performed]. For all measurements, air permeability 
values ranged between 0.35 darcies and 172.47 darcies. The highest values were 
measured on borehole intervals ·with open joints that were identified from geologic 
description of the continuous core. 

The greatest range in air permeability values was measured in Unit 1 b (0.63-172.47 
darcies). The low values are believed to reflect the low air permeability of the matrix while 
the high values are due to measurements on open joints. Air permeabilities measured in 
the central and lower section of Unit ta were low, with a median value of 1.12 darcies 
(Table C-7). The Otowi Tuff is also believed to have low air permeability; a low value of 
0.55 darcies was measured in the one straddle packer test performed in this stratigraphic 
unil 

•• Laboratory measurements of air permeability were conducted on core from four of the six 
boreholes where straddle packer measurements were performed (Table C-8). In general, 
the core measurements determined lower air permeability than the colocated straddle 
packer measurements. This Is expected because the laboratory measurements were on 
unfractured 6-ln. (15-cm) lengths of core whereas the straddle packer measurements were 
on 27-in. (69~cm) borehole Intervals where features such as open joints, fractures, or 
changes in rock matrix could Influence the measurement results. 

3.2.3.1.2 Crushed Tuff 

Crushed Bandelier Tuff has historically been used for lining new disposal pits to a depth 
of about 0.3 m (13.0 in.), for separating some disposed of containers within the pits, and 
for covering pits. Stephens and Associates (1994b) provide one analysis of the hydraulic 
properties of a crushed Bandelier Tuff sample; the method of analysis was the pressure­
plate and thermocouple psychrometer. The following values were reported: density was 
1.40 ficm3

, initial moisture content was 7.5 vol.%, e,., equaled 38.3%, and saturation 
equaled 19.6%. Using Equations (1, 2, and 3) for curve fit to the retention data, van 
Genuchten parameters are a equals .0083 and N equals 1.779, with a residual saturation 
calculated at 0.0%. K,., for this single sample is 8.2 x 10"' em/sec. Calculated unsaturated 
conductivity for moisture ranging from 10% to 20% apparently vary from 10-a to 10-a 
em/sec (Rogers and Gallaher 1995). 
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3.2.3.2 Alluvium 

Local hydraulic information on alluvial aquifer materials comes from slug tests. These are 

single-well aquifer tests that provide only gross, and sometimes inaccurate, K,81 estimates. 

One set of slug tests has been conducted for the alluvial aquifer in Pajarito Canyon (Los 

Alamos Technical Associates 1991 ). These tests show Ksat ranging between 4.2 x 1 0-e 

and 1.2 x 1 o·5 em/sec (0.012 and 0.035 ft/day). These numbers are surprisingly low, much 

lower than the results of nine slug tests in Los Alamos Canyon alluvium that indicated a 
range of 1.5 x 1 0'3 to 4.0 x 10'2 em/sec (4.8 x 10'5 ft/sec to 1.3 x 10'3 ft/sec) with an 

average of 1.4 x 10"2 em/sec (4.7 x 10"" tt/sec) (LANL 1993). The Environmental 

Surveillance Group has also conducted slug tests of the alluvial aquifer in Mortandad . 

Canyon, but results have not bE3en finalized or released (D. B. Rogers, personal 

communication, 1995). 

3.2.3.3 Pre-Bandelier Tuff Units 

The only available hydrologic data on the pre-Bandelier units of the Pajarlto Plateau 

consist of estimates of saturated conductivity within the regional. aquifer;· these data were 

derived from specific capacity tests in production wells and test wells. These data, 

summarized by Purtymun (1984) (Table 4), are limited to good production zones; less 

permeable units, such as massive parts of the Cerros del Rio basalts, are not 

represented. 

TABLE 4 

SATURATED CONDUCTIVITY VALUES FOR PRE-BANDELIER TUFF UNITS 

Unit Saturated Hydraulic Conductivity 

(gpd/ft2
) (em/sec) 

Tesuque Formation mean 5.6 2.6 x10 ... 

(sedimentary) 

range 3-9.3 1.4-4.4 x 1 o·• 

Tesuque Formation with mean 8.2 3.9 X 10.,. 

Interbedded basalts 

range 5.3-11.3 2.5-5.3 x 1 o"" 

Tschlcoma Formation mean 19 9.0 X 10"" 

(volcanic flows) 

Mixed Tesuque Formation range 53-83 2.5-3.9 x 1 o·a 

and Puye conglomerate 

Puye conglomerate* mean 98 4.6 X 10 -a 

• Purtymun 1984 
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Pumping tests done at Test Area North (TAN) at the Idaho National Engineering 
Laboratory (now Lockheed Idaho) provide data for saturated permeabilities within a 
basalt aquifer. For TAN, saturated permeabilities were 1 m/day at TAN-20, 43 m/day at 
T AN-18, 8 m/day at TAN-21, and _177 m/day at T AN-24A. At TAN-23, permeability was 
estimated at >213 m/day, but the water level could not be drawn down for a long enough 
time for reasonable measurement _(W. Soli, personal communication, 1995). We might 
expect similar large ranges for saturated conditions beneath the Pajarito Plateau. 
Conductivities for a piece of cored basalt from borehole SHB-1 west of Mesita del Suey 
gave values of 3 x 1 0"11 and 3 x 1 o-e em/sec {Stephens and Associates 1994b). 

3.2.4 Hysteresis 

One physical process that is not typically characterized or measured In the laboratory is 
hysteresis of parameter values. Hysteresis in the e-'1' relationship is the difference in the 
saturation of a fluid at a given pressure as a function of the fluid displacement history .. It Is 
caused by a change in displacement behavior of a fluid depending on whether it is by a 
drainage displacement (air displacing water) or an imbibition displacement {water 
displacing air). It Is worth mentioning because it can have a significant effect on e-'1' 
values, as noted for Bandelier Tuff by Abrahams (1963), but .is almost always Ignored 
because it introduces major complications into the modeling and prediction effort and 

·requires more than double the number of experiments. Furthermore, the same hysteresis 
that affects the e-'1' curve will also affect the K-'1' curve, although the K-e relationship Is 
Inherently less hysteretic. We will also Ignore hysteresis, out of necessity, because there 
are no data available. 

3.2.5 Geohydrologlc Properties of Rock Units beneath MDA G 

Table 3 lists representative properties of the geologic units beneath Mesita del Suey in 
the region of MDA G for the purpose of modeling performance of the disposal site. There 
are many properties, mostly for the deeper strata, for which no relevant data exist. The 
uncertainties produced by these data gaps should be alleviated by investigations below · 
our current depth of sampling. The thick Interval of unsaturated rock between the relatively 
well-known tuff and the deep aquifer provides additional delay of radionuclide transport to 
the water table, but current data limits any quantification. 

3.3 Hydrologic Conditions Below MDA G 

The previous sections focused on hydrologic properties Intrinsic to the geologic materials 
In the vicinity of MDA G. From these properties, we can tell how the materials might 
behave under a wide range of hydrologic conditions, but we can only speculate about 
how these materials are behaving under the disposal pits. In this section, we look at 
Information about present conditions and processes. Both types of information are critical 
because together they can provide an understanding of the processes that affect flow 
and transport today and also predictions of the effects of the processes in the future. 

3.3.1 In Situ Moisture Content 

Numerous measurements, both laboratory measurements of fresh core samples and 
neutron probe measurements, of in situ moisture content have been conducted in and 
around MDA G (Kear1 et al. 1986a, b; Rogers and Gallaher 1994a). The data indicate a 
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fairly predictable moisture profile through the different stratigraphic units of the Bandelier 

Tuff. Generally, field moisture content in the upper 33m (100ft) of tuff is less than 2% by 

volume in areas that are undisturbed by disposal pits and shafts, and most notably, 

asphalt cover. Around disturbed settings caused by disposal activities, near-surface 

moisture content dramatically increases above the natural background state because of a 

less of plant evapotranspiration and suppression of atmospheric venting by installation of 

large asphalt surfaces. There is evidence that the increased moisture content may occur to 

depths of 15 m (50ft) beneath disturbed areas. Appendix B describes our current data for 

in situ moisture content measurements. 

3.3.2 Perched Aquifers 

There is no evidence of extensive perched aquifers under Mesita del Suey. Gardner et al. 

(1993) report wet samples and equipment from the Otowi section in borehole SHB-4 in 

Pajarito Canyon 2.4 km {1.5 miles) northwest of MDA G. During drilling near MDA L, moist 

fine-grained Puye Formation was encountered directly overlying the basalts. Within the 

basalt, thin zones (~0.3 m, 1.0 ft) of wet basalt were observed f1) in the. drJJJ. air retum 

from the drill hole during drilling, (2) when the drill air was first turned on in the momlng after 

being shut down overnight, and (3) as saturated zones in vesicular basalt core. The drill 

holes were not cored continuously. The elevations where water was observed In the 

basalt in borehole 54-1015 were 6278 ft (1913 m}, 6260 ft (1908 m), and 6250 ft (1905 m). 
The elevations where water was observed in the basalt for !Jorehole 54-1016 were 6292 

ft {1918 m), 6258 ft (1907 m), 6204 ft (1891 m), and 6201 ft (1890 m). Chemical analysis 

of the water samples collected from the drill air was not warranted because of the 

impromptu collection methods. Monitor ports to collect groundwater, if present, were 

installed in the Tsankawi pumice bed, the Puye Formation, and selected zones in the 

basalt. To the present time, sampling events have not found water to be present in any 

of the ports. We believe that small quantities of water were trapped either soon after 

basalt deposition or en route toward the deep aquifer (Section 2.3.2). 

3.3.3 In Situ Matrlc Tensioo 

Keart et al. (1986a, b) measured downhole matric tension profiles In two holes at TA-54 

using thermocouple psychrometer arrays. Rogers and . Gallaher (1994a) present 

laboratory-derived matric tension profiles for five wells drilled at MDA G during 1994; the 

cores were measured using the chilled-mirror psychrometer method. These measurements, 

together with measured water contemt, can be used to infer a direction of liquid movement 

based on head gradients. Based on head calculations from such measurements, Rogers 

and Gallaher (1994a) show that moisture is driven toward a dry, hlgh"suction Interval that 

Is associated with the pyroclastic basal surge deposits at the base of Unit 2b. This high­

suction interval is present to a degree in nearly all MDA G holes where matrlc tension data 

exists • 

3.4 Areas for Further Investigation 

Tables 3 and 4 indicate that much critical information is lacking about the hydrogeologic 

system beneath the Pajarito Plateau and below MDA G, specifically. The following are 

areas for further Investigation. 
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1. There is almost no information available for pre-Bandelier Tuff lithologies, including 
hydrologic properties, thicknesses of basalt, and elevation of the top of the 
sedimentary rocks that host the regional aquifer below MDA G. A carefully cored well 
east of MDA G that penetrated the deep aquifer could fill in some information. When 
completed as a groundwater monitoring well, it would be the nearest monitoring station 
downgradient of the disposal units at Mesita del Suey. Aquifer testing, ·laboratory 
analysis of hydraulic properties for selected deeper stratigraphic units, and long-term 
monitoring activity would provide tighter control on numerical modeling and checks on· 
aquifer integrity. · 

2. Little is known about fracture presence, frequency, aperture, continuity, and coatings 
or fillings below Unit 2a. Definitive characterization of fracture fillings and coatings Is 
missing for all units. The available information Is insufficient to determine whether 
fractures may be a critical flow path in the system. Characterization of this site would 
benefit from study of fracture coatings and fills and their material properties to augment 
existing data on population, aperture, and orientation. This information is most 
accessible from existing and future disposal pit walls. 

3. Rnal disposition of MDA G and the other disposal areas on Mesita del Buey awaits 
federal and state agreement on scientific, economical, and political issues. One 
potential outcome is capping and stabilization of wastes in place. A pilot study in the 
ER Project is looking at the feasibility of large-scale atmospheric air movement through 
permeable geologic layers beneath disposal units. Dry atmospheric air can absorb 
and vent moisture from porous media, thereby decreasing the mobility of contaminants 
and Increasing the effectiveness of natural retardation effects of the matrix. Future . 
performance assessments might take Into account the.beneflts of such an engineered 
stabilization system, particularly If a passive system can be made reliable. 

4.0 GEOCHEMICAL BASELINE INFORMATION AND DATA 

4.1 Introduction 

The purpose of this section is to provide a review of the relevant geochemical data and 
information required for solute-transport calculations that will be used In the performance 
assessment. These data will serve as input to the mass/heat transfer mC?Cfel FEHM 
(Zyvoloskl et al. 1988). Specific geochemical data used as input to FEHM Include sorption 
isotherm models, consisting of the linear (K0), Freundlich, modified Freundlich, and 
Langmuir; Henry's Law constants for liquid and vapor species; chemical rate laws using 
the Arrhenius equation; and solubility data for solid phases. 

A detailed discussion on water/rock processes Is also presented In this section. 
Geochemical parameters, such as pH, Eh, solution composition, mineral solubility, and 
presence of competing and complexlng ligands, have the greatest impact on the sorption 
behavior of the elements of concern present in the pits. The release of radionuclides from 
the pits will be controlled by hydraulic flux, pore-water chemistry, mineral solubility, and 
sorption behavior. The following data and information are needed to verify and quantify 
geochemical reactions: source-term characterization (types, forms, and amounts of 
contaminants); source-term geochemistry (mineralogy, speciation, solubility, sorption, 
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pore-water chemistry, and reaction rates); and hydrogeological/geochemical 

characterization (mineralogy, fracture distribution, fracture mineralogy, sorption capacity of 

fracture material, hydraulic conductivity, porosity, and moisture content) of Bandelier Tuff 

and other geologic media at the site. 

Very little site-specific geochemical data on sorption capacities of the Bandelier Tuff are 

available (Polzer et al. 1992}. Parameter data for Freundlich, modified Freundlich, and 

Langmuir isotherms generally are not available from Yucca Mountain experiments, and 

application of these isotherms to the existing sorption data is not possible. Geochemical 

and hydrological processes influencing solute-transport processes within the Bandelier 

Tuff are extremely complex; therefore, site-specific data used as input to FEHM will be 

required to obtain the most relevant and meaningful results for the performance 

assessment. 

4.2 Source-Term Inventory and Geochemistry 

Predicting the release of radionuclides from MDA G is complex because of the variety of 

contaminated material disposed of in the pits and shafts. Elements of concern include 

americium (Am), carbon (C), cesium (Cs), cobalt (Co), neptunium .(Np), strontium (Sr), 

plutonium (Pu), technetium (Tc), tritium tH), and uranium (U). This list is based on waste 

inventories provided by CST-14. Specific isotopes of these elements . and their 

associated activities are provided in Table 5. Contaminated material in Pit 37 includes 

metal, cellulosics (cardboard), concrete, soil, and sludge. In Pit 37, most of the activity is 

associated with U-contaminated metal (8.16 Ci) and· Pu-contaminated cellulosics (4.37 Cl). 

In terms of activity per volume o1 contaminated material, U-contaminated metal (0.0198 

Ci/m
3

) and Pu-contaminated sludge (0.0218 CVm
3

) are the most abundant waste forms in 

this pit. Other waste forms in Pit 37, which are not included in Table 5, are irradiation 

sources consisting of encapsulated materials. These materials are not considered 

leachable and are not included in the total inventory of radionuclldes listed in Table 5. A 

separate investigation is being conducted to quantify the amounts of radionuclldes 

potentially migrating from the pits. Radionuclides are characterized by different leach rates, 

which are controlled by desorption and dissolution processes. 

Cement sludge that was processed at TA-50 is disposed of in Pit 37. The sludge consists 

of an alkaline (pH 12) mixture containing Si(OH)4 (40 wt%), Ca(OHh (31 wt,o), and 

Fe(OH)1 (19 wt%) with varying amounts (approximately 10 wt%) of AI(OH)1 , Mg(OH)2, 

NaOH and other metal hydroxides, metal sulfates, and metal chlorides. Typical activities 

of radionuclides in theTA-50 slud~e are as follows: Pu-239/240, 1.0 x 10
4 

pCVg; Pu-238, 

6.5 x 10
4 

pCi/g; Am-241, 1.0 x 10 pCi/g; U-235, < 5 pCI/g; and U-234, 200 pCi/g (Terry 

Filer, CST-9, personal communication,· July 28, 1995). The radionuclide content and 

activities of older TA-50 sludge is characterized by the following: Pu-239/240, 4.0 x 10
4 

pCI/g; Pu-238, 1.0 x 10
4 

pCi/g; and Am-241, 5.0 x 1 o" pCi/g (personal communication with 

Terry Filer, CST-9 on July 28, 1995). The chemical composition (major ion) of this 

hydroxide-rich sludge is representative of hydrated· cement containing Ca(OH)2 and 

Si(OH)4 (Berner 1992, Krupka and Serna 1995}. 
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TABLE 5 
SUMMARY OF RADIONUCLIDE HALF·LIVES AND TOTAL ACTIVITY IN PIT 37 

AT MDA G, TA-54, NOVEMBER 1994 

Nuclide Mass (g) Half-life (yr) Total Inventory (CI) 

aH . -3 
1.24 X 10 12.33 1.2 X 10 

1 

1•c 2.02 5.73 X 10
3 

.9.0 
60

Co 6.64x10 
-3 

5.27 7.5 
90

Sr 2.34 X 10 "' 29 3.3 X 10 
-2 

99
Tc 1.55 X 10 

·1 
2.13x10

11 
8.2x 10 

·1 

1291 ·7 
5.76 X 10 ? 1.59 X 10

7 1.0 X 10.10? 

137Cs 2.76 X 10 
·3 

30.17 2.4 X 10 
·1 

233u 1.05 X 10 
·1 

1.59 X 10
6 

1.0 X 10 
-3 

234u 1.52 X 10 
1 

2.44 X 10
5 ·2 

9.5x 10 

l!35u 1.26 X 10 
5 

7.04 X iO 
8 . ·1 

2.7 X 10 

238u ·1 
4.81 X 10 2.34 X 10

7 ·-s 
3.1 X 10 

238u 2.13 X 10 
8 

4.47 X 10
8 

7.1 X 10 
·1 

mNp ·2 
1.42 X 10 2.14 X 10

8 •II 1!41 
1.0 x 1 0 , Ingrowth from Am 

23aPu ·2 
5.87 X 10 87.74 1.0 

230Pu 1.42 X 10 
1 

2.41 X 10 "' 8.7 X 10 
·1 

~Pu 3.18 X 10 
·2 3 

6.54 X 10 
-3 

7.2x 10 

241Pu -3 
1.09 X 10 14.7 1.1 X 10 

·1 

NPu •II 
2.12 X 10 3.76 X 10 

I 
8.3 X 10 

.. 
141Am 8.95 X 10 

·2 
432 

•1 
2.9 X 10 

Source: Keller, D., personal communlcatlon with P. Longmire on November 21, 1994. 

A geochemical conceptual model for MDA G is shown In Figure 9. This geochemicaJ model 
Is based on relevant geochemical and mineralogical data and information collected from· the 
ER Project at the Laboratory and from the Yucca Mountain Project. The key features of this 
model are discussed below. 

1. Surface water (snowmelt, rainwater, and/or storm runoff) enters the pits. Rainwater 
and snowmelt will have a low total dissolved solids (TDS) content and an acidic pH 
because of low concentrations of bicarbonate, calcium (Ca), sodium (Na), and 
magnesium. Storm runoff may have a higher TDS content and near·neutral pH 
because of its contact with soils, sediments, asphalt, fill, and Bandelier Tuff. 
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2. Pore water will be generated as surface water enters the pits. This solution may 
approach equilibrium with crushed Bandelier Tuff, waste forms, dissolved gases, 
radionuclides, and other contaminants. The TDS content will increase in response to 
chemical reactions and pore-water residence time (mass/flux). Relatively oxidizing 
conditions probably prevail under unsaturated-flow conditions in areas deficient of 
chemical reductants, such as organic sludges, hydrogen sulfide, and methane. 
Localized reducing conditions are restricted to areas in the pits where reactive chemical 
reductants are present. 

3. Important geochemical reactions controlling the release of contaminants from the pits 
include contaminant diffusion through waste forms, desorption of contaminants from 
waste forms, partial dissolution of waste forms, dissolution of contaminants, and gas 
generation. These geochemical reactions will be controlled by pH, Eh, speciation of 
contaminants, temperature, advection, and residence time of pore water. The pH may 
vary from near neutral to strongly alkaline values, especially If pore water comes in 
contact with concrete. Near-neutral pH values are expected to be dominant, however, 
because of the localized distribution of concrete and unsaturated-flow conditions within 
the pits. Contaminant leach rates will be controlled by the hydraulic flux, desorption, 
E.nd equilibrium solubilities of the waste forms and contaminants. 

4.3. Geochemical Transport Parameters · 

Release of contaminants (including radionuclides) from MDA G depends on the pit pore­
water chemistry and the solubility and sorption behavior of the radionuclides. This section · 
presents information and data derived from literature on sorption and equilibrium solubility 
for elements of concern at MDA G. Leach rates of radionuclides can be evaluated by 

• • considering equilibrium solubilities of solid phases containing the element of interest, e.g., 
U, Am, and Pu, and by determining ranges of the flux rate under unsaturated-flow 
conditions. Sorption values for devitrified tuff from Yucca Mountain are the primary focus of 
this discussion. Below MDA G, the Bandelier Tuff consists of both devitrified and vitrified 
rock. Other hydrogeologic units present beneath MDA G include basalts, Puye Formation, 
and the Santa Fe Group sediments, which are important to consider for the solute 
transport calculations. Unfortunately, very little hydrological and geochemical data have 
been collected on these strata, except for the Bandelier Tuff. Site-specific geochemical 
data for MDA G will make the calculations more technically defensible. Data needs are 
discussed in Section 4.4, Uncertainties and Future Investigations. 

Distribution coefficient (K0} values and solubility data from literature pertaining to Yucca 
Mountain were evaluated to estimate the potential for release of radionuclides from the pits 
and through the Bandelier Tuff. The Yucca Mountain experiments have relevance to MDA 
G because of similarities in mineralogy and sorption capacities of the Yucca Mountain tuffs 
and the Bandelier Tuff. The major controls of radionuclide adsorption include mineralogy 
and distribution of the adsorptive phases and major-ton chemistry of the solution 
containing the adsorbate(s). The mineralogy of devitrifled volcanic tuffs at Yucca Mountain 
(Wolfsberg 1980) is similar to the bulk mineralogy of the Bandelier Tuff (Broxton et al. 
1995). The Bandelier Tuff consists of devltrifled and vitrified rock, which Is assumed to 
have similar sorption capacities as Yucca Mountain tuffs for elements of concern based on 
similarities of bulk surface areas for devitrified and vitrified tuff. The dominant minerals 
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occurring in the de vitrified tuff at Yucca Mountain include quartz, cristobalite, and feldspars 

with less than 5 wt% clay minerals and zeolites (Wolfsberg 1980). Devitrified sections of 

the Bandelier Tuff (Tshirege Member) are characterized dominantly by feldspar and quartz 

\Nith some cristoballte and tridimite (Broxton et al. 1995). Clay minerals compose less than 

2 wt% of the Tshirege Member (Broxton et al. 1995). · 

The groundwater chemistry of well J-13 at Yucca Mountain (Thomas 1 987) is similar to the 

Water Canyon Gallery groundwater at Los Alamos (Table 6). There are some important 

differences, however, in temperature and major-ion chemistry, which may influence 

adsorption processes. The temperature of the J-13 groundwater (31.0°C) is higher than 

the temperature of the Water Canyon Gallery groundwater (11.3°C). The dominant 

cations and anions in both groundwaters are Na, calcium, and bicarbonate. The higher 

bicarbonate concentration in the J-13 groundwater probably accounts for the limited extent 

of adsorption of uranyl [U(VI)] species onto the Yucca Mountain tuffs. K0 values for U 

determined by Triay et al. (1 994) under oxidizing conditions are less than 2 ml/g. The TDS 

content of the J-13 groundwater is higher than the TDS content of the Water Canyon 

Gallery groundwater by appro~imately a factor of 1.7. The J-13 groundwater ·may have a 

longer residence time within the tuff(s), which may account for the higher TDS content. 

The pH values for the Water Canyon Gallery and J-13 groundwaters are 7.6 and 6.9, 

respectively. 

The geochemistry of soils Is relevant to the migration of radionuclldes in surface and near­

surface environments at T A-54. Soils present on the Pajarito Plateau have extremely 

variable physical and chemical properties, including particle size, percent calcium 

carbonate, clay mineralogy, iron o)(ides, and trace element chemistry (Longmire et al. 

1995). These properties influence the adsorption of potential contaminants that may be 

released to soils. Variations of element concentrations in soils are related to climate, 

topography, and to the parent materials, which include alluvial fans, sheet wash material, 

colluvium, wind-blown sediment, El Cajete pumice, and the Bandelier Tuff. Soils have 

higher concentrations of aluminum (AI), arsenic (As), barium (Ba), Ca, Cs, Co, chromium 

(Cr}, and iron (Fe) than Bandelier Tuff samples because of the soil's higher sorptive 

capacity (Longmire et al. 1995). Bandelier Tuff has higher concentrations of beryllium (Be), 

lead (Pb), Na, potassium (K), th~rium (Th),. and U than the soils because of element 

partitioning during eruptive episodes. 

A well-developed B horizon Is a dominant characteristic of well-developed soli profiles. 

The B horizon contains a greater abundance of clay minerals and iron oxides than the A 

and C horizons. Clay minerals and Iron oxides hElVe relatively high surface areas that 

increase the adsorption capacity of a well-developed B horizon for trace elements. The B 

horizon contains higher concentrations of trace elements compared wlth A and C horizons. 

Distributions of the trace elements Th and U in soil horizons and in the Bandelier Tuff 

suggest that there has been little migration of these two elements from the soils. 
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TABLE 6 
ANALYTICAL RESULTS OF WATER CANYON GALLERY GROUNDWATER, 

LOS ALAMOS, NEW MEXICO, AND WELL J-13 GROUNDWATER, 
YUCCA MOUNTAIN, NEVADA• 

Element/Parameter Water Canyon Gallery Well J-13 

Temperature (C) 11.3 31.0 

pH (field) 7.6 6.9 

Total dissolved solids 106b 278 

AI 0.2b 0.03b 

Ca 6.94b 11.5b 

Cl 0.69b 6.4b 

F 0.06b 2.1b 

Fe 0.05b 0.04b 

HC03 44.6b 124b 

K 1.79b 5.3b 

Mg 2.79b 1.76b 

Na 4.9b 45b 

N03 (N} 0.98b 0.23b 

Sl01 39.8b 64b 

so4 2.85b 18.1b 

a. Groundwater chemistry of Well J·13ls summarized by Thomas (1987). Input data for model simulations 
(speciation and mineral saturation Index calculations) are described In the text using results of chemical 
analyses from Water Canyon Gallery, Los Alamos, New Mexico. 

b. Concentration units reported in mg solute per kilogram water. 

4.3.1 Element·Radlonucll~e Adsorption Behavior 

Radionuclide-contaminated waste present in pits occurs as metals, cellulosics (cardboard), 
concrete, soli, and sludge. We assume that aR radlonuclldes will be released from the 
waste forms and that partial sorption will only occur onto surfaces of pit fill material, 
Bande~er Tuff, and other hydrogeologic media. This assumption Is applied to the 
goochemlcal-solute transport modeling because there Is no site-specific data relevant to 
waste form radionuclide chemistry. In reality, some amount of each radionucllde will remain 
within or adsorbed onto waste-fonn surfaces. 

Numerous batch and column adsorption studies of elements of concern and their 
associated radionuclides onto volcanic tuff have been performed at Yucca Mountain (Trlay 
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1:Jt al. 1994, Wolfs berg 1980, Thomas 1987, Nitsche et al. 1993, Fuentes et al. 1987). 

Results of these investigations were ·used to select average values for batch Ko 
measurements, assuming that the Bandelier Tuff is the only reactive medium. Batch K0 or 

R0 values for Am, Cs, Np, Pu, Sr, Tc, and U were experimentally determined by Triay et 

al. (1994) and Wolfsberg (1980) using the following equation. 

moles or activity of radionuclide per g of solid phase 
KD== 

moles or activity of radionuclide per ml of solution 
(4) 

Other K0 values were selected from other literature references. 

The dimensions for Equation (4) are [M/M/MIL
3
] or [L

3
/M], and the units of Equation (4) 

used In this report are mllg or cm
3
/g. R0 is the same as K0 , except that no approach to 

equilibrium is assumed. Average K0 values for the different elements are summarized in 

Table 7. Wolfsberg (1 980) points out that, in an equilibrium situation, identical values for 

sorption should be obtained for all conditions intermediate between all activity initially on 

the solid {desorption) and all activity initially in solution (sorption). Wide ranges of sorption 

values for Cs and Sr are summarized in Wolfsberg (1 980). Sorptive properties of the tuff 

vary with the abundance and composition of primary and secondary minerals, glass, and 

lithic fragments. Ranges of selected K0 values for Cs, Np, Sr, Pu, and U measured on 

devitrified tuff (Yucca Mountain) are summarized in Table 8. 

Rundberg (1987) reports that Cs and Sr adsorb onto Yucca Mountain tuffs with 

moderately high K0 values and rapid kinetics. This suggests that the sorption kinetics for 

Cs and Sr are sufficiently fast so that equilibrium is reached for the retardation of these 

two elements under groundwater-flow velocities that would be reasonable for solute­

transport simulations (Rundberg 19137). Rate constants for these two elements were high 
-2 d ·1 ., -6 

(for Cs, 1e1 ranged between 5.9 x 10 an 4.0 x 10 s and Ke ranged between 4.2 x 10 
-4 ·1 d b -3 ·3 •1 

and 1.4 x 10 s ; Jor Sr, K1 ran~e:, etwee.n 1.1 x 10 and 9.5 x 10 s and 1Gz ranged 

between 6.7 x 10 and 2.0 x 10 s ). The parameters, 1C1 and~. ~ue the rate constants of 

forward and backward reactions, respectively. The time-dependent sorption data suggest 

a two-step diffusional model, where diffusion inside the intracrystalline channels of zeolites 

and clay minerals proceeds much more slowly than does diffusion in the intercrystalllne 

pore space (Rundberg 1987). The adsorption process at mineral surfaces, however, was 

rapid in the experiments simulating porous-media flow. However, the kinetics of 

adsorption under fracture-flow conditions are not well understood. 

The actinides, specifically Pu, exhibit a slow time dependence for adsorption (Rundberg 

1987). This effect is shown in Table 8, where the desorption K0 values for Am, Pu, and U 

are within a factor of 17 (greater than the adsorption K0 values for these elements). Rate 

constants K1 (6.37 x 10-7 s·1) and K2 (6.37 x 10-9 5"1) for Pu are smaller than the rate 

constants for Cs and Sr (Rundberg 1987). These higher desorption K0 values, however, 

may be reflective of mineral precipitation in addition to sorption reactions. 
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TABLE 7 
AVERAGE SORPTION RATIO, K0 OR R0 (MLIG), FOR VOLCANIC ROCK, YUCCA. 

MOUNTAIN TUFFS, OXIDIZING CONDITIONS, PH 7, 25°C 

Element Devltrlfled Tuff 

Actinlum8 130 

Aluminum8 130 

Americlumb 130 

Bariumb 946 

Cadmlumc 80 

Californium& 130 

Carbond 0 

Chlorlned 0 

Ceslumb 428 

Cobalt& 0.45 

Curiumd 50 

Europlumd 50 

Gadollnlumd 50 

Hafnlumf 500 

Hydrogen (Tritium) d 0 

lodlned 0 

Leadd 25 

Molydenumd 4 

Nlckeld 50 

Nloblumd 100 

Palladlumd 50 

a. Kos are estimated based on chemical similarities between americium (Ill) and californium (Ill), americium 
(Ill) and aluminum (Ill), and americium(lll) and actinium (Ill). 

b. Wolfsberg 1980 
c. Thibault et al. 1990 
d. Brooklna 1984 
e. Polzer at al. 1985 
f. Hafnium (IV) Is chemically similar to Zr (IV). 
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Plutoniumb 

Potasslumc 

Protactinlumd 

Radlumd 

Samariumd 

Seleniumd 

Silicone 

· Silver: 

Strontlumb 

Neptunlum9 

Technetlumb 

Thoriumd 

Tind 

Uranlumb 

Zlrconlumd 

b. Wolfsberg 1980 
g. Trlay et at. 1994 
d. Brookins 1964 

Element 

c. Thibault et al. 1990 

!ABLE 7 (concluded) · 

Devltrified Tuff 

110 

15 

100 

200 

50 

2 

35 

90 

116 

0.007 

0.3 

500 

50 

1.8 

500 

The KD values selected for the Bandelier Tuff (Table 7) represent a conservative set of 

values for soils forming on the Pajarito Plateau. The soils will have a higher sorptive 

capacity than the Bandelier Tuff for most of the elements of concern. This is because a 

higher abundance· of geochemically active phases (clay minerals, ferric oxyhydroxide, 

caldum carbonate, and solid organic matter) is present in well-developed soils found at 

TA-54 (Davenport 1993) and throughout the Laboratory. In addition, soils have higher 

surface areas than the Bandelier Tuff, which enhances adsorption processes (Longmire et 

al. 1995). 

Geochemical data for cement were provided by Brapbury and Sarott (1995) for source­

term and transport analyses; the data consisted of Kn values for radionuclides measured 

under oxidizing conditions. These KD values (Table 9) are the· most current and critically 

reviewed data available from literature. Site-specific adsorption data for cement are not 

available for TA-54. The K0 values listed in Table 9 represent .equilibrium values where 
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the contaminant has had adequate time to diffuse into all available internal surlaces of the 
fine-grained hydration gel minerals and related reaction products, such as silica and 
·carbonate phases. These phases may be present within local alkaline conditions that 
may occur at the interface between alkaline sludge and the pore solution within the 
unsaturated zone. 

TABLE 8 

SORPTION AND DESORPTION RATIOS, K0 OR R0 , (MUG) FOR VOLCANIC 
ROCK, YUCCA MOUNTAIN TUFFS 

L Wolfsberg 1980 
b. Trlay et al. 1994 

Element 

Americlum8 

Ceslum8 

Neptunlumb 

Plutonlum8 . 

Strontium8 

Uranlum8 

Element 

Americlum8 

Ceslum8 

Neptunlumb 

Strontlum8 

Plutonluma 

Uranlum8 

·oevltrlfled Tuff (Sorption) 

130 

150-870 

0-3 

110 

53-190 

1.6-2.2 

Devltrlfled Tuff (Desorption) 

2200 

310-630 

unknown 

56-200 

1100 

6-13 

Krupka and Serne (1995) reviewed and generally agreed with the selected ·sorption data 
(Table 9) presented by Bradbury and Sarott (1995). Bradbury and Sarott (1995) provide 
detailed discussions on waste- and disposed-material-induced process~s that influence 
the extent of sorption of different radionuclldes under oxidizing and reducing conditions. 
We have selected values, based on observed mineralogy (Fe20 3, Fe(OH) 3, Fe30 4), of 
the sorption data for oxidizing conditions that prevail in the organic-poor unsaturated zone 
within the Bandelier Tuff. 
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TABLE 9 
AVERAGE. SORPTION RATIO, K0 OR R0 , (MUG) FOR CEMENT [CA(OH)2], 

OXIDIZING CONDITIONS, PH 12.5, 25oca 

Element Cement 

Actinium 2,000 

Aluminum s,ooob · 

Americium 5,000 

Barium so.ob 

Cadmium soob 

Californium s,ooob 
2· 

Carbon {C03 ) 70,000 

Cesium 20.0 

Chlorine 20.0 

Cobalt 100 

Curium 5,000 

Europium s,ooob 

Gadolinium s,ooob 
Hafnium 5,000 

Hydrogen (tritium) 0 

Iodine 0 

Krypton 0 

Lead 500 

Molybdenum 0.1 

Neptunium 5,000 

Niobium 500 

Nickel 100 

Palladium 100 

Plutonium 5,000 

Potassium 0 

Protactinium 5,000 

Radium 50.0 

a. Bradbury and Sarott 1995 
b. Sorption ratios estimated as follows: Sl(IV) is chemically similar to Sn(JV); Cd(ll) is chemically similar to 

Pb(ll); Ba(ll) Is chemically similar to Ra(ll); and AI (Ill), Sm (Ill), Eu(lll), Gd(lll), and Cf(lll) are chemically 
similar to Am(lll). Hafnium (IV) is chemically similar to zirconium (IV). 
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Samarium 

Selenium 

Silicon 

Silver 

Strontium 

Technetium 

Thorium 

Tin 

Uranium 

Zirconium 

Element 

TABLE 9 (concluded) 

Cement 

s,ooob 
0.1 

1,ooob 
1.0 

1.0 

1.0 

5,000 

1,000 

2,000 

5,000 

b. Sorption ratios estimated as follows: Si(IV) is chemically similar to Sn(IV); Cd(ll) Is chemically· similar to 
Pb(ll}; Ba(ll) is chemically similar to Ra(ll); and AI (Ill), Sm (Ill), Eu(lll), Gd(lll), and Cf(lll} are chemically 
similar to Am{lll}. Hafnium (IV) Is chemically similar to zirconium (IV). 

Fracture flow within the Bandelier Tuff and other hydrogeologic units may be significant 
beneath the pits at MDA G. Burkholder (1976) presents the following equation expressing 
the distribution coefficient, KA, on a per unit of surface area basis . 

mass of solute on the solid phase per unit area of solid phase 

KA. = concentration of solute In solution 
(5) 

The dimensions for Equation (5) are [L
3
/M x MIL

2
) or [L], and the uriits of Equation (5) are 

an. Surface-area measurements (BET-N2 gas method) of the Bandelier Tu·ff range 
between 0.4981 and 5.3856 cm

2
/g (n = 21) with a mean of 1.5599 m

2
/g (1.5599 x 10

4 

an
1
/g) (Stephens and Associates 1994a). Using the K0 values listed In Tables 7 and 8 

and an average surface area of 1.5599 x 10
4 

cm
2
/g for the Bandelier Tuff. KA values were 

calculated (Table 10). These KA values are quite low, suggesting that very little 
adsorption within fractures Is likely based on the small surface area of the Bandelier Tuff. 

A retardation equation for fracture flow presented by Freeze and Cherry (1979) is shown 
as Equation (6). 

v 2KA 
-=1+-
Vc b 1 
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where vis the average flow velocity, 
vc is the average flow velocity of a given contaminant, 
K11 is the cjistribution coefficient per unit of surface area, and 
b is the aperture width of the fracture. 

The ratio v/v, is equivalent to the retardation factor. Equation (6) assumes that fracture 
surfaces are planer; however, some of the fracture surfaces at TA-54 are irregular and 
contain coatings of calcite, solid organic matter, smectite, kaolinite, and ferric 
oxyhydroxide(s) (Davenport, 1993). These coatings probably have higher surface areas 
than the Bandelier Tuff; therefore, the amount of sorption may be greater In filled or lined 
fractures than in unlined fractures. Fracture widths (parameter b) measured at MDA G 

consist of median apertures ranging between 0.2 and 0.4 an (Reneau and Vaniman 
1994). The mean fracture aperture on the lower walls of Pit 39 is 0.53 ± 1.11 em (n = 122), 
although some fracture openings reached 1 0 em in width (Reneau and Vaniman 1994). 

Using the KA values listed in Table 10 and a mean fracture aperture of 0.63 an, retardation 
factors were calculated for fractured volcanic rock (Table 11 ). These retardation factors are 
quite low, suggesting that elements of concern will migrate at the same rate as water within 

the fractures. · 

TABLE 10 

RANGES OF SORPTION RATIOS PER SURFACE AREA OF FRACTURED ROCK, 
K,a (CM) FOR VOLCANIC ROCK, YUCCA MOUNTAIN AND BANDELIER TUFFSb 

Element Devltrl11ed Tuff 

Amerlclumc 0.0083 

Carbon 0 

Cesiumc 0.0096-0.0558 

CobaJtd 0.00003 

lodlnec. 0 

Neptunlume 0-0.00019 

Plutonlumc 0.0071 

Strontlumc 0.0034-0.0122 

TechnetlurnC 0.00002 

Uranlum0 0.00010-0.00014 

.:.:.m;.;;;a.:.:ss::..:o:.:.f..:.so.:.:l.:.:.:ut..:.e..:.o:.:.n .:.:.:th_e_s_ol_ld...:.p_ha_s_e...:.p..:.e;...r u_n .... lt_a .... re..:.a..:.o.:.:.:fs_o..:.lld~ph..:.:.a;.:;.:.se 
a. KA= . 

concentration of solute in solution 
b. Average surface area of Bandelier Tuff is 1.5599 x 104 cm2/g (Stephens and A$sociat~s 1994a). 
c. Wolfsberg 1980 · 
d. Polzer et al. 1986 
e. Triay et al. 1994 
Sorption and desorption ratios of Cs, Sr, Am, Pu, U, Np, I, Tc, and C are determined from Yucca Mountain 
tuffs, whereas the sorption ratio for Co Is dlltermined from the Bandelier Tuff. 
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TABLE 11 

RANGES OF RETARDATION FACTORS8 FOR FRACTURED VOLCANIC ROCK, 

KA (CM) FOR VOLCANIC ROCK, YUCCA MOUNTAIN AND BANDELIER TUFFS 

Element Oevitrified Tuff 

Americlumb 1.0313 

Carbon 1.0 

Ceslumb 1.0362-1.2106 

Cobaltc 1.0001 

iodlneb 1.0 

Neptunlumd 1-1.0007 

Plutonlumb 1.0268 

Strontlumb 1.0128-1.0460 

T echnetlumb 1.0001 

Uranlumb 1.0004-1.0005 

a. Sorption and desorption ratios of Cs, Sr, Am, Pu, U, Np, I, Tc, and C are determined from Yucca Mountain 

tuffs, whereas the sorption ratio for Co Is detennined from the Bandelier Tuff. The retardation factor le 

given by vlv. · = 1 + 2KA/b where vIs the average flow velocity, v. Is the average flow velocity of a given 

contaminant, ~ is the distribution coefficient per unit surface area, and b is the aperture width of the 

fracture. The mean fracture aperture on the tower walls of Pit 39, MDA G, is 0.63 em (Reneau and 

Vanlman 1 994). 
b. Wolfsberg 1980 
c. Polzer et al. 1985 
d. Trlay et al. 1994 

4.3.2 Element~Radlonucllde Rock/Water Interactions 

The following discussion focuses on rock/water interactions, such as pH, Eh, solution 

composition, and presence of competing and complexing ligands, that have the greatest · 

Impact on the sorption behavior of the elements of concern present In the pits. 

Knowledge of the redox conditions In the subsurface beneath MDA G is Important. The Eh 

of solution in a rock/water system can influence the solubility and sorption behavior of a 

radionucllde. The sorption experiments cited In this report were conducted under relatively 

oxidizing conditions, which are likely to dominate at MDA G. Under these condl~ions, 

sorptive capacities of the Bandelier Tuff are predicted to decrease for· U, Pu, N'p, and Tc, 

which are stable in higher oxidation states, based on experimental results reported by 

Wolfsberg (1980) and Triay et al. (1994). Solubilities of these elements In solid phase are 

much lower under relatively reducing conditions than they are under relatively oxidizing 

conditions (Brookins 1988). Oxidizing Eh values should be used in any proposed 

experimental work and In model simulations. · 
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The effect of ligand competition on the sorptive behavior of some elements of concern 
may be of seconda~ importance at MDA G. Radionuclides that adsorb/desorb by ion 
exchange, including 

37
Cs and 

90
Sr, may have higher affinities for ion-exchange sites 

available in the Bandelier Tuff than the major cations {Na•, Ca
2
•, Mg

2
•, and K+) P.resent in 

Pajarito Plateau groundwaters. The sorptive capacities of the Bandelier Tuff for 
137 

Cs and 
85 • 137 85 

Sr, however, could be qu1te low ( Cs at 0.661 ml/g and Sr at 0.224 mllg) (Polzer et al. 
1985). 

Changes in pH can have a major effect on the adsorption behavior of U, Pu, Am, and Np, 
where adsorption is controlled by surface complexation processes. When a net negative 
surface charge dominates on the adsorbent before the sorption reaction, sorption of 
cationic complexes is maximized above the pH of point . of zero charge (pHpzc)· 
Conversely, when a net positive surface charge dominates on the adsorbent before the 
sorption reaction, sorption of anionic complexes is maximized below the pHpzc. Anionic 
complexes of U, Am, Np, Pu, and Tc tend to adsorb less than cationic complexes at pH 
values greater than the pHpzo for specific adsorbents. Cationic species of the elements of 
concern .adsorb onto smectite and ferric oxyhydroxide to a greater extent than anionic 
species at pH 7 and higher (Triay et al. i994, ·sroo.kins 1984, GCX 1994). Cationic 
adsorbates are expected to adsorb onto solid surfaces to a greater extent than anionic 
adsorbates. 

For many of the elements of concern, the value of K0 is in part controned by competition 
between the sorbentlsurface site and complexing ligands (CJ·, F·, cot, HC03M, P04

3
·, 

S04
2
') present in solution and dissociated organic anions such as humic and fulvic acids. 

By increasing the concentration of a complexing ligand in solution, the value of K0 is 
typically decreased. Aqueous speciation of elements of concern is provided in Table 12, 
with the listed values based on spectroscopy and/or thermodynamic calculations. 
Analytical results of groundwater samples collected on the Pajarito Plateau show that 
HC03M is the anion found in highest concentration, typically exceeding miDirnolar 
concentrations. This ligand is important for radionuclide complexing of Np, Pu, and U In 
natural solutions (Clark et al. 1995}. Increases in ligand concentration, however, may 
enhance precipitation of the element, e.g., the mineral U02C03 , results in a decrease in 
solution concentration. Therefore, concentrations of ligands, irycluding HC03 ·, should be 
determined in porewaters for geochemical modeling simulations and experimental studies 
ofMDAG. 

4.3.3 Element-Radlonucllde Solubility Limits 

This section discusses solubility limits for the elements of concern In pits at TA-54, 
Solubilities of the elements of concern will be controlled by the degradation of wastes, 
e.g., corrosion of metal, breakdown of cardboard, and dissolution of soluble constituents 
within the concrete. Table 13 provides a summary of solubilities of solid phases for . _ 
elements C, Sr, and U. Solid phases ·Of U probably occur in waste as U metal and as 
U(IV) and U(VI). The values for C, Sr, and U are based on Yucca Mountain Project 
experiments and on thermodynamic calculations using the geochemical code MINTEQA2 
(Allison et al. 1991}. Solubility of CoC03 was estimated from thermodynamic data 
tabulated In Woods and Garrels (1 BB7). These calculations were performed assuming an 
open system with C 0 2 gas (PC02 = 1 o·w atm) (Kunkler 1969a, 1969b) to simulate 
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vadose-zone conditions within the Bandelier Tuff. Measured solubilities were available for 
Am, Pu, and Np (Triay et al. 1994, Nitsche et al. 1993). Molal solubilities for solid phases 
(Table 13) containing C, Co, Sr, and U were calculated using analytical results from native 
(background) groundwater discharging from the Bandelier Tuff In Water Canyon. 
Analytical results of groundwater collected at the Water Canyon Gallery are provided in 
Table 6. This native groundwater probably is representative of recharge 
(noncontaminated) pore water within the pits. Concentrations of Cl, N03, and P04 are 
less than 1 mglkg, suggesting that anthropogenic species are not present. The TDS 
content is 106 mglkg, which Is relatively low compared to other groundwater samples 
collected on the Pajarito Plateau (Blake et al. 1995, Adams 1994). 

TABLE 12 

RESULTS OF SPECIATION INVESTIGATIONS {MEASURED AND CALCULATED) 
FOR SELECTED ELEMENTS AT PH 7 WITH PC02 EQUAL TO 10-

2
'
11 

ATM UNDER 

OXIDIZING CONDITIONS AT 25°C 

Element 

Americiuma 

Carbonb 

Cesium 

Cob alto 

Iodine 

Neptuniuma 

Plutonluma 

Strontlumb 

• Technetium 

Tritium 

Uranlumb 

Aqueous Species 

AmC08+, Am(COa) 2• 

. Hco; {35%), CaHC03+ (58%} 

cs· 
Co2

+ 

( 

Npo2• (46%), Npo2co; (54%) 
+ + + + 

Ill+ polymer, 5%; IV •. 6%; V, 73%; VI, 18% 

st 
Teo"· 
3
HHO 

uo2 (C03h
2. (81%), (UO~MOH)t (1%), U02C03°(16%), uo2 (C03)a"" (2%) 

a. Speciation for Am, Np, and Pu were measured by Nitsche et aL (1993), Triay et al. (1994), and GCX 
(1994). 

b. Speciation calculations for C, Sr, and U were performed using the geochemical computer program 
.a.11 . 

MINTEOA2 (Allison et al. 1991). Partial pressure of C02 gas set equal to 10 atmosphere for the 
computer simulations. 

c. Speciation calculat(ons for Co were performed using data from Brookins (1988). Input dat!l for slrnulatlons 
are described In the text using chemical analyses from Water Canyon Gallery discharging from the 
Bandelier Tuff, los Alamos, New Mexico. 

Table 14 provides a summary of solubilities of solid phases at pH 12 using data provided 
by Ewart et al. (1989). Geochemical modeling was also performed on specific elements 
(Se, U, Cd, AI, and Si). The geochemical code MIMTEQA2 was used and equiliblum with 
Ca(OH)2 was assumed (Allison et al. 1991). Solubilities for nonredox sensitive elements 
are assumed to be constant, provided that the solid-phase controlling element solubility 
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reported by Ewart et al. {1989), which was measured under reducing conditions, applies 

for oxidizing conditions at TA-54. 

!ABU; 13 

PRELIMINARY MEASURED AND CALCULATED SOLUBILITIES FOR SELECTED 

ELEMENTS IN VOLCANIC TUFF AT PH 7, 25°C8 

Element Solubility (mol/kg) Element Solubility (mol/kg) 

Hydrogen very large Californiumd 1.2x10 
-8 

Cesium large Europiumd 1.2x10.9 

Strontlumb 0.0014 Barlumb 4.5x10 
-5 

Slllconb 
·4 

2.8x10 Aluminumb S.5x10.11 

Americluma 1.2x10 
-II 

Curiumd 1.2x10-9 

Plutoniuma 2.3x10 
·7 

Protactlnlume 1.3X10 
·4 

Thorium 1.9x10 
·10 

Radium0 5.5x10.11 

Samarium8 
·II 

1.2x10 Tine 4.3x10-37 

Gadollniuma 
-9 

1.2x10 Molybdenum large 

Iodine very large Sllverb 5.6x10.10 

Uranlumb 1.1x10 
-4 

Palladium 1.0x10 
-5 

Carbona 0.00034 Chlorine very large 

Technetium large Lea db 1.6X10 
·8 

Cobaltc 1.7x10 
·7 

Niobiumc 2.0x10-114 

Zlrconiumc 1.0x10 
·15 

Seleniumb 0.0079 

NlckeJb 
-li 

1.0x10 Neptunluma 1.3X10-4 

Cadmlumb 
-a 

5.0x10 Actlnlumct 1.2x10 
-8 

Hafniumc 1.0x10'
16 

a. Solubllltle6 for Am, Np, and Pu were measured by Nitsche et al. (1993), Triay et at. (1994), and GCX 

(1994). 
b. Solubilities for different elements were calculated using the geochemical computer program MINTEQA2 

(Allison et al. 1991). 
c. Solubilities for elements were calculated from thermodynamic data and redox Information presented In 

Brookins (1 988). 
d. Solubilities were estimated based on chemical similarities with Am(lll). 

e. Solubilities were estimated based on chemical similarities with NpM. input data for simulations cc;mslst 

of chemical analyses from Water Canyon Gallery discharging from the Bandelier Tuff, Los Alamos, New 

Mexico. 

4.4. Uncertainties and Further Investigations 

Geochemical and hydrological proc:esses influencing solute-transport processes in the 

Bandelier Tuff are extremely complex. Literature values from the Yucca Mountain Project 

(Triay et al. 1994) for geochemical calculations used in this report are reasonable 
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estimates for approximating solute transport in volcanic rock. There are uncertainties, 
however, associated with the application of these data to MDA G, which include 

TABLE 14 
PRELIMINARY MEASURED AND CALCULATED SOLUBILITIES8 FOR SELECTED 

ELEMENTS AT PH 12, 25°C 

Element Solubility (mol/kg) Element Solubility (mol/kg) 

Hydrogen very large Californiumb 3x10.
11 

Ceslumb large Europlumb 1x10.10 

Strontlumb 4x10""" l3ariumb 4x1o""" 

Silicone 0.116 Alumlnumc 0.250 

Amerlciumb 3x10_,, Curiumb 3x10.11 

Plutoniumb 10 ... to 10-10 
Protactlnlumb. 1x10.10 

Thoriumb 1x10"" Radiurnb 1 x10-
7 

• 

Samariumb 1x10.10 
Tinb 0.005 

Gadollnlumb 1 X1 a·IO Molybdenumb large 

lodlneb very large_ Sllverb 1x10 .... 

Uranlumb 4x10-
7 

Palladlumb 1x1o·
7 

Cerbonb 3x10.8 
Chlorineb very large 

Technetlumb large Lea db 4x10 .... 

Cobaltd ax1 o"17 
Nloblumb 1x1o·

7 

Zlrconlumb ·• 1x10 Selenlumc. Sx10-a 

Nlcketb 1X10"
7 

Nep1unlumb 10-a to 10·7 

CadmlumO 0.069 Actinium 1x10.
10 

Hafnlume 1x10 .. 

L Input data for 6lmulatlons consist of chemical analyses from Water Canyon Gallery discharging from the 
Bandelier Tuff, Los Alamos, New Mexico. 
b. Solubftlty data are from Ewart et aL (1989). 
c. SolubRitlea for Se, U, Cd, N, and Sf were calculated using the geochemical computer program MINTEQA2 
(Allison et al 1991). U(VI) Is assumed to be In equilibrium with CaU04 (personal communication with R. J. 
Same on April 26, 1995). Se(IV) Is assumed to be In equilibrium with CaSe03·H~, based on moderate 
oxidizing conditions and a pore water enriched with Ca2+ from the dissolution of portlandlte cement. Cd(ll) Ia 
assumed to be In equntbrlum with amorphous Cd(OH)2 under high pH conditions. Al(lll) Is assumed to be In 
equilibrium with amorphous AI(OH)3 under high pH conditions. SI(IV) Is assumed to be In equDibriLm wtth 
SI02 glass under high pH conditions. · 
d. Co(ll, Ill) Is assumed to be In equilibrium with Coa04, (Brookins 1988) under high pH and oxidizing 
conditions (Eh • 250 mV). 
e. Hafnium (IV) Is chemically similar to zirconium (IV). . 
Solubilities for nonredox sensitive elements are assumed to be constant, provided that the solid phase 
controlling element solubility reported by Ewart et al. (1 989) measured under reducing conditions apply for · 
oxidizing conditions. Log PC02 gas s~t at ·6 for model simulations. 
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application to field conditions at TA-54, laboratory-based sorption investigations as 

opposed to site-specific field calibrated investigations, mineralogy of waste/waste 

form(s), chemical characteristics of pore water, and sorption processes for matrix and 

fracture flow. 

Site-specific data are required as input to FEHM (Zyvolski et al. 1988) to obtain the most 

relevant and meaningful results for the performance assessment. Geochemical data needs 

for model input using FEHM {Zyvoloski et al. 1988) include sorption isotherm models, 

consisting of linear (K0), Freundlich, modified Freundlich, and Langmuir; Henry's Law 

constants for liquid and vapor species; chemical rate laws using the Arrhenius equation; 

and solubility data for solid phases. The release of elements-radionuclldes from the pits 

will be controlled by hydraulic flux, pore-water chemistry, mineral solubility, and sorption 

behavior. Data and information needs to verify and quantify geochemical reactions 

occurring at MDA G include source-term characterization (types, forms, and amounts of 

contaminants); source-term geochemistry (mineralogy, speciation, solubility, sorption, 

pore-water chemistry, and reaction rates); and hydrogeologicaVgeochemical 

characterization of Bandelier Tuff and other geologic media at the site (mineralogy,·fracture 

distribution, fracture mineralogy, sorption capacity of fracture material, hydraulic 

conductivity, porosity, and moisture content). 
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