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ABSTRACT

Fractures in the Bandelier Tuff are potential paths for water move-
ment and transpori of contaminants from waste disposal sites and
other contaminated areas al Los Alamos Nationa! Laboratory, Los
Alamos, NM. Contaminants transported in this way could ultimately
be found in Los Alamnos drinking watcr or in the Rio Grande, which
ficws threugh beavily populated areas in both the USA und Mexico.
We conducted this siudy 10 determine (i) the morphology and origin
of soil-like material in the fraciures, and (if) the likelihood of significant
water movement through the fractores, We examined thin sections of
fracture fills, soils, and tulis 10 obtain fabric and mineralogical data,
and collected field data on soil horizons. color, texture, structure, clay
films, snd root abundance. Fracture fills consist of clay. CaCO,. or
combinations of the 1wo with minor inclusions of tull and sand grains,
Clay cousists of thick, highly eriented argillans aligned parsllel to
fracture walls, and of discrete books in fracture interiors. Carbonate
consists of massive microcerysialline calcite, which compleiely fills some
fraciures, and laminae or infillings between clay laminae or books in
clay-dominated fractures. The carbonate was precipitated after clay
dcposition, suggesting 2 change to a more orid cimate. Weaker devel-
opment of argillans and carbonate features in the solls suggests that
the fractures may be derived from older soils that have boen siripped
by erosion. The presence of live roots throughout the fracture Flly
indicates the presence of water, byt the smectitic clay and massive
carbonuie make it unlikely that significant wzter movement is now
taking place through the fractures. The polential creation of new
macropores by a variety of processes. bowever, including seismic
activity and biologic disturbance, could allow rapid water movernent
and contaminant transport.

ROWING CONCERNS about environmental contamina-

tion increase the imporance of identifying and
evaluating possibie routes of contaminant traasport in
soils and shallow land burial waste disposal sites. Frac-
tures in the Bandelier Tuff are potential conduits for
water and contaminant transport on the Pajarito Plateau
of north-central New Mexico. Los Alamos National Lab-
oratory. an area with numerous waste disposal facilities.
as well as sites with surface and subsurface soil contami-
nation, occupies much of the plateau. Morphelogy af
the fractures and fracture-fill materials may provide im-
pontant information about the processes of rock weather-
ing, soil formarion. landscapc evolurion, and water move-
ment in this area. Purtymun and Kennedy (1971) and
Rogers (1977) suggested that the fractures in the Bande-
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lier Tuff are effectively sealed at or near the surface by
clay and CaCO;, both of which formed direetly from in
situ weathering of the tuff. A cohesive explanation of
the diverse morphology seen in the Bandelier Tuff frac-
ture fills has been lacking, however, and the assertion
that the fractures are sealed has not been rigorously
tesied. Although the regional water table is some 200
m below the surface (Purtymun and Johansen, 1974),
the vertical extent and abundance of these fractures makes
them possible conduits for rapid movement of water to
great depths. The role that the fractures play in movement
of water in this semiarid region 15 not known, but field
observations suggest that the movement of water among
soil, rock, and fracture fill is complex.

A number of srudies have examined various aspects
of fractured and welded tuffs, many in association with
the proposed high-level radioactive waste disposal site
at Yucca Mountain, NV, where mineral-filled fractures
have raised concerns abour possible high water tables
in the past. Isotopic analyses (Quade and Cerling, 1990;
Stuckless et al., 1991), x-ray diffraction, and micromor-
phologic examination (Vaniman et al., 1988, 1992) of
mineral deposits in fractures snd faults at Yucca Moup-
tain provide clear evidence that those fill materials (par-
ticularly carbonates) are the result of pedogenic or near-
surface processes. Fuller and Sharp (1992) examined
weathered surfaces in fractured Santana Tuff in Texas,
and conciuded that a thin weathering rind reduces the
permeability of the niff by about an order of magnitude,
thereby reducing movement of water between fractures
and the tuff marrix. Wang snd Naragimhan, in their
repont on models of fluid flow in ruffs (1990), stated that
data on unsaturated flow in fractures, faults, and even
the matrix of tuffs, is very limued. but that available
laboratory data on fractured wffs suggests that water
flow takes place primarily through the unsaturated tuff
matrix rather than fractures.

Our study of the Bandelier fractures has been based
on the assumption that the morphology of materials fiiling
the fractures can provide information about the processes
that produced that morphology. The origin of the frac-
ture-fill material, for example, is important to our under-
standing of water movement through fractures. An in
site origin would suggest that watet movement has been
dominantly through the tuff matrix (as discussed by Wang
and Narasimhan. 1990), whereas water deposition (illu-
viation) of these materials would indicate that the fracture
openings have been the main path of water movement.

The objectives of our study were to: (i) document
the micromorphological properties of the fracture-fill
materizls. the wifs. and the associated surface soils: (ii)
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determine how the fill material relates 10 the soil and
the wff in terms of micromorphology and mineralogy:
and (iii) understand the mechanisms by which the frac-
tures were filled. We propose and provide evidence for
the hypothesis that fractures in the Bandelier Tuff have
been filled by translocation of soil material, and that this
process was controlled or modified by a shift to drier
climatic conditions.

MATERIALS AND METHODS
Description of Study Area

The study area is located within the National Environmental
Research Park of Los Alamos Netional Laboratory (LANL),
on the Pajarito Plateau of north-centrzl New Mexico (Fig. 1).
The Pajarito Plateau covers approximately 800 km? between
the Jemez Mountains and the Rio Grande. The plateau slopcs
to the south-southeast from an elevation of 2380 m against
the Aank of the Jeme¢z Mountains 10 1800 m at White Rock
Canvon sbove the Rio Grande. Erosion has dissccted the
platcau into 2 number of finger-like mesas separated by steep
canyons. Through these canyons flow a number of mostly
mtermitient streams, which form a parallel drainage network
to the Rio Grande (Griggs, 1964). The area has a semiarid,
temperate mountain climate. Mean annusl precipitation for the
study areg is estimated 10 be about 36 cm, based on data from
LANL mctcorologicasl stations (Bowen, 19%0). About 40% of
the annual precipitation oc¢urs during July and August. Mean
z2unual snowfall is 132 cm (about 7 ¢m water equivalent). Both
rainfall and snowfall amounts increase with elevation. Native
vegetstion at the study site is dominsted by pifion pine (Pinus
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Fig. 1. Location of study ares.

edulis Engelm.) and one-sced juniper [Juniperus monosperma
(Engelm.) Sarg.), with blue grams [Bourcloua gractlis (Willd.
ex Kunth) Lagasca ex Griffiths] as the most common grass
species. The study site is near the upper cicvational boundury
of the pifion-juniper 20nc at about 2100 m. and has conditions
(elevation, climate, vegetation, geology, and soils) similar 10
those ar several LANL waste mansgement facilities.

The Bandelier Toff is divided into lower (Otowi) and uppcr
(Tshirege) members. These members have been radiometri-
cally dated at 1.4 and 1.1 million years, respectively (Spell
et al., 1990). Our study concerns only the upper portion of
the Tshircge member (more specifically, mapping unit 26 of
Purtymun and Kennedy [1971]), which forms the platezu sur-
face in the study area: hcre it is approximately 20 m thick.

The Tshircge member consists of ash-flow mffs that range
from nonwelded to densely welded. A striking feawre of the
unit is the large number of near-vertical fractures or joints,
believed to have formed by shrinkage of the ash-fiow deposits
2s they cooled (Purtymun and Kennedy, 1971). These range
in width from <1 mm to >100 mm and extend at lcast 6 m
from the base of the soil zone. It is possible that some of the
major fractures extend through the entire vertica) thickness of
the Tshirege member. In the study area. the fracture density
ranges from one fractuse in 2 10 3 m up to several fracmres
per meter, Most of the fractures are filled (entirely or partially)
with clay-rich, soil-like material, which also contains carbonate
and inclusions of sand grains and wif fragments. Some fractures
are devoid of fill for some portion of their depth and lateral
extent (Griggs, 1964: Purtymun and Kennedy, 1971: Crowe
et al., 1978).

Field Study

Numercus fractures arc exposed in two waste disposal pits
within an urea of =1 ha on Mesita del Buey (Technical Ares
54, LANL). The soil is also exposed for up 10 50 m on cach
of four long pit walls (¢ach pit measures approximately 20 by
50 m), The four soil pedons that served as the basis for
our study were sclected because they overlie relatively wide
fractures in the Bandelie: Tuff (Fig. 2). Fractures were sclected
to represent the variety of fracture-fill types (clay, carbonate,
clay and carbonate) observed in the area (Table 1). Each pedon
was described and sampled in the field and was clussified using
soil 12xonomy {Soil Survey $taff, 1975, 1992). Each fracturc
was also described in detail and sampled. Euch profile was
overlain by a 0.3- 10 1.0-m-thick layer of spoil consisting of
unconsolidated tuff material removed from the pits and spread
on the surface during excavation (Fig. 2). Care was taken to
sample only clearly undisturbed portions of the A horizons.

The soils of the study site have becn mapped as the Hackray
series of clayey, mixed. mesic Lithic Haplustalfs {Nyhsan et
sl., 1978). On the basis of our field descriptions (Table 2)
an¢ supplemental laboratory analyses of individual pedons.
we classified the soils as shown in Table 1 (Soil Survey Staff,
1992). The soils are typicslly shallow (30-70 cm), but are
decper (up to 130 cm) over large (greater than about 3 em
wide) fractures, filling pockets or depressions that extend below
the normal soil-twff boundary (Fig. 2). The soil material in
these pockets usually comprises a thickened argillic horizon
that appears to be continuous with the fracture-fill material.

Bulk samples and intact peds (for thin sections) were ¢ol-
lected, where possible, from each horizon in the soil pedons.
In some cases, the soil material was so friable that intact ped
samples were not obtainable. In thcse cases. grain moumts
(rather than thin sections) were used to eXxaminc the mineralogy
of the horizon. Bulk and intact samples of fracture fill were
collected at vertical intervals of about 30 ¢m throughout the
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Fig. 2. View of soil profile FS and soil “pocket” abave clay-flled
fructurce, Fill consists mostly of orfented clay with some carbonate,
Rk hammer is 32 ¢m long. Approximately 40 cm of spoi} grrow)
overlies soil profile.

exposed depth of the fractures. The intact samples were ob-
tained by using gypsum plaster to stabilize blocks of wif
spanning the fractures (Davenport, 1993). For comparison,
we collccted samples of unweathered and slightly weathercd
tuff from areas of the pit walls farthest from any major fractures
(and therefore least likely to have been affected by processes
associated with the fractures, such as illuviation of clav and
weathering).

Laboratory Study

Standard thin sections were prepared (Ireland. 1971; Cady
et al., 1986) from selected samples of s0il, fracture fill, and
tuff. The samples were impregnated with epoxy resin (Shell

Table 1. Selected characteristies of sofls, fractures, and fills.

R-813, refractive index = 1.51-1.53, Shell Chemical Co..
Houston, TX). cemented to glass slides, processed 10 a final
thickness of 0.03 mm, and examined peirographically using
plane-polarized and cross-polarized light (Bloss, 196!; Phillips
and Griffen, 1981). Each sample was described using the soil
micromorphology terminology of Brewer (1976), including
fabric; presence and degre¢ of development of ciay films;
degree of weathering of mineral grains; presence of voleanic
features such as spherulites, pumice fragments, and glass
shards; and types of voids. In addition. related distribution
patterns (Bullock et al., 1983) were noted.

Grain mounts were prepared from sand and silt fractions
of selected samples. Grains were mounted on glass slides in
immersion oils, normally with a refractive index of 1.54 1w
facilitate differentiation betweer quartz and feldspar. We identi-
fied and counted at least 300 prains on each mount and caleu-
lated the percentage of each of the most commonly observed
minerals (quanz, alkali feldspars, tridymite/cristobalite, glass,
hornblende. plagioclase feldspars, and opaque grains). Particle-
size distribution was determined for soil and fracture-fill sam-
ples by hydrometer (Bouyoucos, 1951).

RESULTS
Tuffs

The mineralogy of the Bandelier Tuff has been exam-
ined in detail by other researchers (Doell et al., 1968;
Warshaw and Smith, 1988), and our findings are gener-
ally consistent with these reports. The tuffs we examined
consist mainly of a fine matrix of feldspars, cristobalite,
ridymite. quartz. and devitrified glass shards, with abun-
dant euhedral phenocrysts of sanidine. Grain counts of
very fine sand show the twiff to be composed of 50%
tridvmite and cristobalite, followed by 40% alkali feld-
spars and 5% quartz (see Table 3). Glass shards, horn-
blende. and opaque minerals are present only in minor
amounts (<5%). Spherulites (radial clusters of fibrous
mineral crystals) and lithophysae (hollow or filled glassy
bubbles), both features common in pyroclastic rocks
(Ross and Smith, 1961), are present but not common.
The lithophysae typicelly consist of somewhat flattened
bubbles filled with wedge-shaped crystals of tridymite:
the bubble walls are formed of fine, interlocking erystals
of cristobalite (and possibly feldspars). The fabric of the
wff is best described as microporphyriuc (Best, 1982)
(Table 4). The related distribution pattern is everywhere
porphyric, ranging from single spaced to open. Argillans
are present only as coatings in channels and in packing
voids near the fracture walls. Channel argillans are typi-
cally up to 0.5 mm thick and show strong orientation,

Fracwre depth

Profile Sod classification {cxposcd) Average fracture width Fill type
m om

Fl loamy, mixed, mesic Lithic Haplusral( ER 2.0 carbonate
F2 fine-loamy, mixed, mesic Aridic Haplustall 2,0 1.4 clay, carbanste
F2 - 5.0 5~10 none, clay, sand3
F4 finc, montmorillonitic, mesic Aridic Paleussalf 3.5 2.8 clay, carbonute
F$ clayey, montmorilionitic, mesic Lithic Hapluswall 4.5 4.4 ¢lay. minor carbonase,

1 Soil not described due to hcifht of piv face.
§ Fracture is open in places; fi

| consists of alternaring horizontal luyers (5-10 ¢ thick) of clay and horizontally lsminated fine sand.
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Table 2. Field description data from soil profiles and fraciure fills.
Color Texturet Sand/Silt'Clay (texture)
Horizon Depth (moist) (fieid) (lab analysis) Strucrure Clay Rlms§ Roots{ Boundary#
m N
F1 pedon (foamy, mixed, mesic Lithic Haplustalf)
Py 09 7.5YR 3/3 L 58/31/11 (SL) 1Bk none M{m Qs
BA 9-19 7.5YR 3/3 L 50/26/14 (SL) 1 8Bk none Mim clLw
Bt 1926 7.58YR 34 CL 54/28/17 (SL) 2 SBk thin, disc ML m ClLw
Ci/Bt 26=-34 7.5YR 414 cL 48/28/24 (L) 2 SBk thin. dise MfCm Ab. W
R 3d=260 + 10YR 6/1 LS 75/11/4 (LS) M nong none -
£l 5%=79 10YR 81 - 30/3/67 (C) M none Ct -
1] 119-129 10YR 8/1 - 32/5163 (C) M none (of} -
Al 199=214 1CYR B8 - 60711729 (SCL) M none Cf{ -
F2 pedon (fine-loamy, mixed. mesic Aridic Haphistalf)
A 0-9 T.5YR M3 L 49/33718 (L) 1SBk, 2 Gr none Mi{m ClL §
Btl 9-36 7.5YR 314 CL 36/40/24 (L) 2 8Bk thin, disc Mi, m Gr, W
B 36~59 7.5YR 3/4 CL 47/33/20 (L) 2 SBk thin. dis¢ Clm ClL w
Bk/Crl 59~104 1.5YR 4/4 SCL 54/31/15 (SL) 1 SBk thin, disc Cfeam Gr, W
Bk/Crs 104-125 7.5YR 4/% SCL 60/25/11 (SL) 1 SBk thin, dis: Fim Ab, W
R 125-265+ 10YR 6/1 Ls 75721/4 (LS) M none none -
fili 145-155 7.5YR 414 - 46/9/4% (SC) 2 $Bk thin, cont Ff,m -
fill 165-185 SYR 44 - 4R/12/40 (5C) 2 SBk thick. cont FI -
fil 225-245 7.5YR 4/4 - 56/11/33 (SCL) 2 SBk thick. cont F( -
All 245-265 7.5YR 4/4 - 51/12/37 (SC) 1 SBk thick, cont Ff -
F4 pedon (fine. montmorillonitic, mesic Aridic Paleustall)
Al 0-7 7.5YR 373 L 53/31/16 (VFSL) 1 SBk none M{m Clw
A2 7-12 7.5YR 3/3 L 44/33/23 (L) 1 SBk none Miw Cl, w
Btl 12-31 7.5YR 4/4 C 16/26/59 (C) 2 SBk thin, disc Mlim Gr. W
Bt2 31-42 7.5YR 4/4 C 29/26/45 (C) 2 SBk thick, cont Clm Gr. W
B13 42-35 7.5YR 414 C 25/28/47 (C) 1 Bk thick, cont CiLm Ab, W
R 5§5=400 + 19YR 6/} LS 75/21/4 (LS) M none none -
il 115-135 7.5YR 4/4 - 70/29/31 (SL) 288k thick, cont Cim -
fill 145-165 7.5YR 4/a - 31/35/34 (CL) 2 Shk thick. cont Ctm -
fin 265-285 7.5YR 4/4 - 78/18/4 (LS) 1 8Bk thick, cent ct -
fih 315-335 7.5YR 3/2 - 1173786 (C) 2 Bk thick, comt Fr -
fil} 365-395 7.5YR 33 - 40/9/51 (C) 2 Bk thick. cont FILm -
F$ pedon (¢clavey. mommorillonitic, mesic Lithic Haplustall)
A 0=7 7.5YR 3/3 L 48/38714 (L) 1 SBk none Flm ClL W
Br) 7-16 SYR 3/4 < 2924/47 (C) 2 SBk thin disc Cf{m Cl, W
B2 1645 SYR 3/4 [ 26119155 (C) 2 Bk thick, oot Cm,c Ab, Irr
R 45-500 + 10YR 6/1 Ls 75/21/4 (L) M none pone -
filt 5575 SYR &/4 - 44192 (C) 2 Bk thick, cont Mm -
i1} 85105 SYR 4/4 - 2/3/95 (C) 2 Bk thick, cont Fm -

Tl = loam; CL = clay Joam; SCL = sandy ¢lay Joam; € = clay; fracture

~-fill textures were determined only in the Lab.

%1 = wesk; 2 = moderate: SBk = subangular Elocky; Bk = blocky; Gr = granular,

§ disc = discontinuous; cont = comtinuous.
M = many; C = common; [ = fine; W = medium: ¢ = coarse

#Cl = clesr; Gr = gradual; Ab = abrupe; § = smooth; W = w;vy; Irr = irregular,

whereas packing-void argillans are somewhat thinner
and Jesy oriented. Less than 5% of the mff examined in
thin sections contains isolated domains of weakly oriented
clay and of microcrystalline calcite filling packing voids
inthe ff matrix. Feldspars show Jow to moderate weath-
ering (Class 0 to 1, Bullock er al., 1985), the more
weathered grains usually being found within 1 to 2 mm
of the fracture walls, where only a thin (usually 3-5
mm) weathered layer has developed in the tuff.

Soils

The A horizons are characterized by insepic or skel-
insepic plasmic fabric (Brewer, 1976) (Fig. 3, Table 4).
The related distribution pattern is single-spaced por-
phyric (Bullock et al., 1985), with a dominant grain size
of fine sand to silt. The coarser fabric upits include
quartz and alkali feldspar grains as large as coarse and
very coarse sand, few spherulites, and rare pumice frag-

ments. Isolated domains of clay occur throughout the
matrix. The most abundant mineral grains in the very
fine sand fraction are alkali feldspars (mainly sanidine.
40-50%) and quartz (25-45%), with much lesser
amounts of tridymite and cristobalite, devitrified glass
shards, hornblende, plagioclase feldspars, and opaque
minerals (Table 3). All of the A horizons contain signifi-

Table 3. Mineral comporition (percentage of grains countedt) of
very fine sand from seiected soil borizops.

ARali Tridymite- Horn= Opaque Plagioclase
Horizon Quartz feldspar eristobalite Glusst blende minerals feldspars
%
Fl A 25 50 10 10 <5 <5 <5
F1 Bt 25 30 25 15 <5 <5 <5
RA 44 40 5 5 <5 <5 <%
¥F2 Bel 25 40 25 10 <5 <5 <5
F4 AL 35 [ 1 10 S <5 <5 <5
Fs B2 25 38 23 10 <5 <$ <5

ard tofl 5 40 50 <§ <§ < <5

H
T Reported «© nearest $4%: minimum of 300 grains counted per horizon.
1 Including identifiable devitrified glass shurds.
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Table 4. Micromorphological properties of selected soil horizons, tufls, and fracture filis.
- Feldspar
Sample Depth Fabric Orientation Thickness weathering
cm

F1 pcdon
A 0=9 {nsepic low thin: moderate-high
Cr/Br 26-34 skel-mascpic moderare thick low-moderate
ft 88-9% microporphyritic - - Jow-moderate
fill 88-98 oranisepic high thick lowsmodecrale
tufl 220-230 microporphyritic - - low
fill 220-230 calciasepic - - low

F2 pedon
A 0-9 skel-Ingepic moderate thin moderate
Bu 9-36 mosepic moderate thin high
B2 36-59 omnisepic moderate thin moderate-high
Bk/Crl 59-104 omanisepic moderate thick moderare
tuff 142-152 microprophyritic - - moderate
fill 142-152 skel-mosepie high thin moderate
mfl 305-31§ microprophyritic high thin low
fill 305-315 omnisepic very high very thick Jow-moderats

F¢ on
Al 0-7 insepic low thin moderate-high
Bl 12-31 omiisepie high thick low
Bt2 314l skel-masepic high thick moderate-high
wff 244264 microprophyritic low thin high
) ] 244-264 omnisepi¢ very high very thick moderate
wif 519-526 microporphyricic low thin moderare
fill 519=526 omnisepic very high thick NA

‘ | 4 o6

wi 371381 vosepic low thin tow-moderate
a0 371-381 omuiscpic véry high very thick -

cantly more quartz than does the tuff, and two of the A
horizons also contzin 5 to 10% more alkali feldspars
(Table 3). These data suggest the addition of windblown
material to the surface of these soils (Birkeland, 1984),
concentration due to weathering, or conversiop of tmidy-

mite and crisiobalite 1o quartz. The A horizon quartz
grains are subrounded to subangular, and do not appear
to be pseudomorphs after tridymite or cristobalite, so0 it
i5 unlikely that conversion of tridymite and cristobalite
has been & significant source of quartz. The A horizon

Fig. 3. Photomicrograph of F4 s0il A horizon. Insepic plasmic fabric; spherulites (S) indicate voleanie origin of parcnt material; portion of
quariz skelelon grains are probably eoliun in origin. Cross-polarized light.
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Fig. 4. Photomicropraph of Bt partion of FI soil Cr/Bt horizon, which consists of domains of weathered tuff and soil materigl. Feldspar (F) in
center of phota, with thin grain argillans; spherulite (5) in lower right. Clay (C) is present us argillapy, pressure-oriented coatings, and as

striated plasma separations in the soil matrix. Cross-polarized light.

feldspars exhibit moderate to high weathering (Class 1
to 3 of Bullock et al., 1985), but weathering products such
as clay and Fe oxides were not observed on weathered
cleavage planes or on grain margins, indicating eluviation
of these materials. Organic matrer is sparse, with the
exception of fine to medium roots (Table 2). Thin sections
reveal very linde organic.staining and few fragments of
organic matter. Overall, the morphology of these hori-
zons is characteristic of Alfisol A horizons, with depletion
of clays and relatively little accumulation of organic
matter (Buol et al., 1989),

The Bt horizons have mosepic, skel-masepic, or omni-
sepic plasmic fabrics (Table 4), indicating moderate to
strong illuviation of clay. The related distribution pattern
is porphyric. Clay is present as moderately to highly
oriented grain argillans of variable thickness and as
elongated domaing and isolated patches in the matrix.
Channels are also lined with strongly oriented: clay.
The skeleton grains consist of euhedral sanidine, quartz,
cristobalite or tridymite, spherulites, and pumice. Weath-
ering of the feldspars is highly variable, ranging from
low to bigh (Class @ o 3). The weathering products
from the feldspars may be present, either subsequently
oriented by illuviation or obscured by the abundant illu-
vial clay. Field descriptions indicated that all four pedons
have argillic horizons. This is confirmed by the presence
of argillans as seen in thin sections and by particle-size
distribution analysis. The argillic horizons of the FI
and F2 pedons are only weakly developed, however. as
Judged by the laboratory-determined clay conteni and
weakness of clay films (Table 2).

Trangitional horizons (Cr/Bt, for example) also have
strong illuvial features, though the presence of abundant
fragments of tuff precluded their designation as simple Bt
horizons. They exhibit omnisepic or skel-masepic plasmic
fabrics (Table 4), having characteristics of both argillic
horizons and wff (Fig. 4). The related distribution pattern
is porphyric. Argillans are typically thick, and show moder-
ate to high orientation. They are found as coatings on
spherulites, pumice, and skeleton grains, and lining channel
walls. Elongatled domains of clay, not associated with
grains or channels, are also present in the matrix (Fig.
4). Although feldspars in these horizons typically exhibit
low to moderate weathering (Class 0 w0 1), most of the
wif fragments appear relatively unweathered (Class 0).

The tuff underlying the soils has been described as an
R layer (Soil Survey Staff, 1992), despite the fact that
it comains numerous fractures filled with clay, carbonate,
and other material apparently of pedogenic¢ origin. Soil
taxonomy does not allow for the designarion of rock
layers that include pedogenic features (Graham et aj.,-
1994), leading 10 difficulties in the description of these
materigls. We have opted to designate the tuff as R for
the following reasons: (i) the fractures in question are
typically more than 10 cm apart; (ii) the wff can be dug
with a spade only with difficulty, and only in some
places; (iii) roots are found in the fractures, but very
rarely in the wff itself. It would be useful to include
subordinate distinctions with the R layer in order to more
accurately describe the nature of the material. The tuff
might then be described as an Ri, where t indicates that
the joints or fractures contain clay accumulations.
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Fracture-Fill Materials

The most commonly observed morphological feature
of filled fracwres is strongly oriented argillans on the
fracture walls (Fig. 5). These coatings are up to severa!
millimeters thick, as observed in the field. Vertical thin
sections show that the clay is stroagly aligned parallel
to the fracture walls and is draped over irregularities or
large mineral prains protruding into the fractures. These
argillans typically consist of muliiple laminase of clay
that vary in color from light yellowish brown (10YR
6/4) to dark reddish brown (5YR 3/4). Much of the
interior portion of the fracrures is filled with aggregates,
or “books,” of clay (Fig. 5). Although the clay is sirongly
oriented within books, the books do not always show
orientation among themselves, In some of the larger
books, more than one set of laminae, with different
orientations, can be distinguished, and the equivalent of
an unconformity surface marks the boundary between
sets. These features indicate that clay has been deposited
in multiple episodes, and that the clay fill has been
fractured and disrupted, probably by repeated wetting
anc drying cycles.

Clays are sufficiently oriented that, in some secticns,
optic-axis interference figures are observabie. These indj-
cate that the minerals are biaxial negative with a 2V, of
about 20 to 30°, consistent with most smectite species,
kaolinite, and possibly illite, although illite usually has
2V, < 10°. The clays also exhibit moderate to high
birefringence (second- and third-order colors), character-
istic of smectite and illite but not of kaolinite (Deer et

al., 1966; Phillips and Griffen, 1981). Analysis of clays
by x-ray diffraction indicates that smectite (probably
montmorillonite) is the most abundant clay mineral in
the fractures (Davenport, 1993; Fig. 6). Fracwre fills
exhibit mostly omnisepic plasmic fabrics (Table 4), but
skel-masepic plasmic is also observed where a significant
number of sand-sized grains are present in the finer
marrix. The related distribution pattern is usually open
porphyric when these larger grains are present, and
monic when they are absent. The strong parallel orienta-
tion and thick layering of the clays, both in coatings and
in books, 1s clear evidence that the clays are illuvial in
nature (Brewer, 1976; Graham et al., 1994).

In many cases the clay books in fracture fills are
interlaced with microcrystalline calcite. which constitutes
either relatively thick (up to 0.5 mm) veriical laminae
that alternate with clay laminae, or thin (20-50 pm)
veins of carbonate between clay books (Fig. 7). Calcite
has not been observed in a finely dispersed form in the
clay fills. but only in the form of distinct infillings of
virtually pure caleite berween books or layers of virtually
pure clay. This morphology is evidence that the clay
and the calcite were deposited at different times, and
thai the precipitation of the calcite followed the deposition
of the clay, similar to the situarion described and interpre-
ted bv Ransom and Bidwel]l (1990),

In F1, the fracture fill consists of almost pure micro-
crystalline calcite (Fig. 8), the fabric of which is best
described as calciasepic (Brewer and Sieeman. 1988).
The matrix consists mostly of micritic (1-4 pm; Folk,
1980) and, less commonly, microsparitic (4-20 um; Blatt

Fig. 5. Photomicrograph of fraciure Aill from FS, showing clay coating (C) oricated poralid 1o fracture wall. Tuff (T) in left portion of pheto;
left arrow indicates fracture wall, Coatings are broken into books in right portion of phote (right arrow), toward fracture interior, Cross-polarized
light.
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lop io bottom, are: Ca saturated, glycerol solvated; K raturated, 25°C; K saturated, 250°C; K saturated, S50°C.

ct al., 1980) calcite crystals. Grains of feldspar and
quarz are scattered within the marrix of carbonate fills,
giving these fills a porphyric-related disiribution pattern.
Where present, these grains exhibit low to moderate
weathering (Class 0 to 1). Clays were observed in the
carbonate fills only in a few samples. as strongly oriented
clay stringers (akout 0.5 wide by 5.0 mm long) isolated
within the calcite matrix. These siringers are always
oriented paralle] 1o the fracture walls, but generally are

not in close proximity to them, The origin and signifi-
cance of these stringers is not clear: they may represent
remnants of former fracture-wall coatings that somehow
were largely stripped away, ieaving behind small frag-
ments that later were engulfed by the precipitation of
caleite. The progressive precipitation of calcite may have
forced the clay stringers away from the wall into the
center portion of the fill. In places. the carbonate fill
has a laminar appearance similar to that of pedogenic

5 7 e

Fig. 7. Photomicrograph of fracture Gl from F4, showinp calcite (arrow) filling 20.pm-wide space between clay books. Cross-polarized Light.
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Fig. 8. Photomicrograph of calcite fracture £ll from Fi. Root channel (R) in upper right portion of photo, wf (1) at left; arrow indicates

fracture wall. Cross-patarized light.

laminar carbonate horizons (Gile et al., 1966), although
the laminar fabric is only weakly developed. The laminae
in these areas are typically oriented parallel to fracture
walls and are undulose in form. While the fracture fills
tend to show well-developed carbonate morphology simi-
lar to Stage II to IH (Gile et al.. 1966; Birkeland, 1984,
Table A-4), the carbonate features in the Bk/Cr soil
horizons of the study area are not as well developed
(i.e., thin coatings, threads, and soft masses of carbonate .
similar to Sage I-II). These differences in morphology
may be due to precipiiation of carbonate in different
matrices (soil vs. fracture), but could reflect formation
under different climatic or pedogenic regimes.

In some thin sections comprising both tuff and fracture
fill, clay is presem within the tuff matrix, typically within
1 to 2 mm of the fracture walls and associated with
mineral grains and glass shards. Clay fillings are also
present in the tuff in voids near the fracware walls. Clays
in the wif, both in the matrix and in voids, are paie
yellow (5Y 8/3) to yellow (5Y 8/8) in color, in contrast
to the light yellowish brown (10YR 6/4) to dark reddish
brown (SYR 3/4) of fracture-fill argillans. In most cases,
the wif matrix clay exhibits a Jow degree of orientation,
but some of the wif void-filling clays show moderate
orientation. The poor orientation of the matrix clays
suggest that they have been formed in situ, probably
through devitrification of glass shards and weathering
of feldspars. The presence of moderately orientad void-
filling clays suggests that some clay has also been trans-
ported short distances from the fractures into the wif,
This process would be precluded once illuvial clay

formed a thin continuous coating on the fracture wall,
but presumably could take place in the initial swmges
of illuviation. Some neoformed clay may have been
transported short distances within the tif and reoriented
in voids.

DISCUSSION AND CONCLUSIONS

The mineralogy of the soil horizons (the presence of
tridymite, cristobalite, devitrified glass, and spherulites)
confirms that the soil parent material is derived mainly
from the Bandelier Tuff. The vertical sequence of hori-
zons, from eluviated A horizons to argillic and mixed
horizons (with domains of soil and weathered tuff), is
consistent with soil formed by in-place weathering of

- the tuff, Ir is likely that eolian additions have altered the

soil mineralogy near the surface, as evidenced by greater
amounts of quartz in the A horizons than the wff. The
A horizons also contain significantly more volcanic glass
in the very fine sand size range than does the wff, but

-this is probably traceable to an overall reduction in

size by fracturing and chemical weathering of these less
resistant grains,

Both the fracture-wall coatings and the books of clay
in the interior of fractures have the appearance of very
thick, strongly oriented argillans, The high degree of
orientation of these clays points to sn illuvial rather than
an in siw origin (Brewer, 1976; Graham et al., 1994),
The books of clay were probably formed by desiccation
cracking of thick clay laminae in the fractures, and the
more random orientation among books may be due to
repeated shrinking and swelling of the fill material with
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concomitant mixing (similar to that observed in soils with
vertic properties). The strong development of argillic apd
carbonate features in the fractures (compared with the
soil horizons) probabiy indicates that fracture filling took
place under an older soil (or multiple soils) that has
since been removed or truncated by ercsion. The current
surface soils, by the criterion of carbonate morphology,
appear to be relatively young, especially compared with
the age of the parent material (Bandelier Tuff).

The spatial relationships between clay and carbonate
in the fracture fills show that the calcite was precipitated
after the clay was deposited in the fractures. It appears
likely that the fractures filled with illuvial clay until
permeability was reduced to the point that litile or no
further illuviation was likely. At some later time, mac-
ropores formed in the clay fill and were progressively
filled by the precipitation of calcite. Carbonate was proba-
bly precipitated by percolating water during wening-
drying cycles associated with intermittent or seasonal
precipitation. The mechanism for creation of macropores
in the clay fill is not clear. Drying of the clay by plant
extraction of water, seasonal dry periods, & climatic
shift to more arid conditions, or combinations of these
processes (simultaneously or in series), could produce
shrinkage cracks, sipce the clay is high in smectite (Dav-
enport, 1993). It is also possible that the growth of tree
roots wedged blocks of tuff apart, creating macropores
by enlargement of the fractures. Another possibility is
that macroporosity was created through fracture enlarge-
ment caused by tectonic or seismic activity.

The overzll morphology of the fill materials, both in
the field and in thin sections, is consistent with shrinkage
cracking of clays. However, visible signs of expansion-
induced mechanical weathering (fractured grains and
overall particle-size reduction, for example) have not
been observed in the wiff adjacent 1o fractures. The
presence of these features could be expecied (Graham
et al., 1994), but their absence does not necessarily
eliminate shrink-swell as a dominant process ir: the frac-
tures.

The geometry of some of the fractures (Fig. 2, for
example) appears consistent with small-scale (10-20-cm)
vertical movements of fracture-bounded rff blocks. This
suggests that tectonic activity has played a role in enlarg-
ing some of the fractures. Paleoseismic studies have
shown that multiple ruptures have occurred on three
faults in the vicinity of Los Alamos within the pas:
200000 yr (Gardner and House, 1987; Wong et al.,
1993). Two of these, the Rendije Canyon and Guaje
Mountain faults, have been active during the last 10000
yr. These figures are preliminary estimotes. but it is
clear that the Pajarito Plateau has experienced seismic
activity in the geologically recent past. Enlargement of
fractures by this activity cannot be ruled out.

Anecdotal evidence also exists for the contribution
of erosional unloading tc enlargement of fractures—in
particular, observations that the fractures tend 1o be mote
open (wider) near the periphery of mesas (Rogers, 1977),
This apparently occurs as slabs of tuff at the mesa edges
move due to gravity (D.T. Vaniman, 1994, personel

communication), but it is not known to what extent this
may allow enlargement of fractures toward the central
portions of mesas.

The micromorphology of the fracture fills alone does
not provide conclusive evidence to support one of these
mechanisms for the creation of macropores over the
other. Although shrink-swell-induced macroporosity can
explain the morphology of fracture fills containing mostly
clay with secondary amounts of carbonate, it does not
clearly explain why some fractures contain almost pure
carbonate but very litde or no clay. The possibility
of wectonic or ercsion-induced macroporosity has the
advantage of offering a plausible explanation for the
carbonate-filled fractures: these fractures might have
been very narrow during the early, clay-dominated period
of fracwre filling, and were enlarged only later. when
carbonate precipitation was the dominant process.

It is possible that all of these processes — shrink-
sweil, root growth, tectonism, and erosional release of
stress — have played a role in the creation of macroporos-
uwy. These processes might have acted concurrently, or

" one or more of the processes may have been dominant

at different times. It seems likely that desiceation cracking
of clays would be a more or less continual process,
whereas tectonic or erosional enlargement of fractures
would occur more episodically.

It is clear that these possible explanations of macropore
formation have very different implications for the poten-
tiai movemnent of water, now and in the future. If shrink-
age cracking of clay is the sole mechanism responsible
for creation of macropares, it is likely that at some point
the fractures become so full of clay that further cracking
is minimized. Because the fractures are confined by
massive tuff, as the clay fill is wetted by infiltrating
water, swelling should effectively and rapidly close most
macropores and thereby preatly reduce water movement.
If, on the other hand, fracture enlargement by root
growth, tectonic activity, or the release of stress by
erosion is responsible for creating macroporosity, then
the continuation (or reactivation) of these processes could
create new openings in fracture fills (or minute unfilled
fractures) through which water could move quite rapidly.

A clue to the hydrologic status of the fractures comes
from vegetation. The presence of live roots in the frac-
wres at virtally all depths indicates that the fractures
normally contain sufficient moisture to sustain plant
growth. Since plants extract soil moisture through their
roots, it follows that the moisture in the fractures must
be replenished either episodically or continuously. 1t is
not ¢lear whether this occurs by percolation of soil water
directly into the fractures or by capillary movement
of water from the tuff into the fractures. The former
mechanism would have greater potentisl for transpon
of contaminants into and through the fractures.

All of the mechanisms described allow for the possibil-
ity that the climate on the Pajarito Plateau has changed,
from somewhat higher precipitation in the past to the
current semiarid conditions, and our findings may in fact
provide evidence for such a change. It is known that
during times of increased precipitation, both the quantity
of pedogenic clay produced and the quantity that is
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translocated within $oils increases, regardless of the par-
ent material (Birkeland, 1984; Buol et al.,, 1989). In
contrast, pedogenic carbonate accumulation in soils de-
rived from noncaicareous parent material usually takes
place in a relatively low-precipitation environment (Mar-
but, 1951; Allen and Hajek, 1989), such as the curreat
climate of the Pajarito Platcau. When soils are high in
carbonate, flocculation tends to inhibir the translocation
of clay (Jenny, 1941; McKesgue and St. Arnaud, 1969;
Birkeland, 1984). Not only, then, would the translocation
of the clay that we find in abundance in the argillic soil
horizons and in the fractures have required relatively
higher precipitation. but it must have taken place in a
relatively carbonate-free environment (which 2150 points
tc an environment characterized by higher precipitation
than at the present time). The presence of carbonates in
both the soils and the fracture fills thus probably reduces
the likelihood of present-day clay translocation, and ac-
tive filling of fractures under the current climate is Jikely
w proceed mostly by precipitation of calcite. If calcite
continues to be precipitated in the fractures, it is probable
that the bulk density of these fills will increase, with
a corresponding decrease in porosity and permeability
(Machette, 1985). Although water movement through
filled portions of fractures is likely to be quite slow, the
presence of unfilled fractures (and portions of fractures),
as well as the unknown potential for creation of additional
macropores in fills and widening of small fractures,
leaves open the possibility of significant and rapid water
movement, groundwater recharge, and contaminant
transport.

Our data provide evidence that the climate of the
Pajarito Plateau has changed from one of relatively high
precipitation to the current semiarid climate. The timing
of this change is unknown, but results of other studies
(in progress) of the: fracture fills may provide approximate
dates. Climatic shifts huve been documented at locations
throughout the USA by a variety of methods (palecbotani-
cal and isotopic studies, for example), and our data
document the effects of these changes on a pedologic
gystem. This information may have significance for the
long-term suability of surfaces on the Pajarito Plateau
by providing clues to the history of erosion and pedogene-
sis in the area. The recognition of past climate changes
requires us to allow for the possibility of climate change
in the future. Long-term increases in precipitation could
significantly change the role and importance of fractures
in the hydrology of this area. An understanding of erosion
processes and landscape stability, as wel] as hydrology,
is important for effective land-use planning and environ-
mental protection. These studies could also have implica-
tions for other voleanic landscapes, especially in semiarid
regions.

ACKNOWLEDGMENTS

We thank James Bauchert and Marvin Gard for assistance
+ with field and lab work, and Mike Gower for preparation of
excellent thin sections from difficult materials, The manuscript
wag greatly improved through critical reviews by Steven Re-

neau. David Vaniman, and Richard Zartman. Discussions with
Pat Longmire, Les McFadden, Tom Lehman. and Necip Giiven
were also helpful. This research was funded through the Envi-
ronmenta! Restoration Program of Los Alamos National Labo-
ratory, thanks to the support of Gene Gould.

REFERENCES

Allen,B.L., and B.F. Hujek. 1989. Mineral occurrence insoil environ-
ments. p. 199-278, M J.B. Dixon and 8$.B. Weed (cd.) Minerls
ia soil eavironments. 2nd ed. SSSA Book Ser. no. 1. SSSA.
Madison, WI.

Bost, M.G. 1982. Igncous and metamorphic petrology, W.H. Frecmean
and Co., San Francisco.

Burkeland, P.W, 1984 Soils and geomorphology. Oxford Univ. Press.
New York.

Blatt, H., G. Middletor. and R. Murray. 1960, Origin of sedimentary
rocks. Prentice-Hall, Englewood Cliffs, NJ.

Bloss, F.D. 1961. An introduction to the methods of optical crystallog-
raphy. Holt. Rinehart and Winsion, New York,

Bouyoucos, G.J, 1951. A recalibration of the hydrometer method of
making mechanical analysic of scils. Agron. J. 43:434-438,

Bowen, B.M. 1990. Los Alamos climatwlogy. Rep. LA-11735-MS.
Los Alamos Natl. Lab., Los Alamos. NM.

Brewer, R. 1976. Fabric und mincral unalysis of soils. Roben E.
Kricger Publ. Co., Huatngton. New York.

Brewer, R.,and 1.R. Sleemar. 1988. Soil structure und fabric. CSIRQ
Division of Soils, Adelaide. Australia,

Bullock. P., N. Fedoroff, A, Jongerius, G. Stoops, and T. Tursina,
1985. Handbook for soil thin section description. Waine Res.
Publ., Wolverhampton, England.

Buol, S.W,, F.D. Hole, and R.J. McCracken. 1986. Soil genesiy
and classificadion. Jowa Swte Univ, Press, Ames.

Cady.J.G., L.P. Wilding. and L.R. Dress. 1986. Pewrographic mic ro-
scope technigues. p. 185-218. Jr A. Klute (ed.) Methods of sail
analysis, Part 1. 2nd ed. Agron. Monogr. 9. ASA and SSSA,
Madison, WI.

Crowe, B.M,, G.W Linn, G. Heiken. and M.L. Bevier. 1578. Strauig-
raphy of the Bandelier Tuff in the Pajarito Platcaw (applications
0 waste managemem). Rep, LA-7225-MS. Los Alamos Nail. Lab.,
Los Alamos, NM.

Davenport, D.W. 1993. Micromorphology. mineralogy. and genesis
of soils and fracture fills on the Pajarito Plaiean, New Mexico.
Ph.D. diss. Texas Tech Univ., Lubbock (Diss. Abstr. 94-16640).

Deer, W.A.. R.A. Howie, and J. Zussman. 1966. An intreduction
10 the rock-forming minerals. Longman Group Lid.. Londoz.

Deell, R.R.. G.E. Dalrymple. R.L. Smith. and R.A. Bailey. 1968.
Paleomagnetism, poassium-argon ages, und gealogy of rthyolites
and associated rocks of the Valles Caldera, New Mexico. Mem.
Geol. Soc. Am. 116:211-248,

Folk. R.L. 1980. Pemology of sedimentary rocks. Hemphill, Ausiin.

Fuller. C.M., and I.M. Sharp, Jr. 1992. Permeability and fracrure
patterns in extrusive voicanic rocks; Implications from the welded
Ss;teana Tuff. Trans-Pecos Texas. Geel. Soc. Am. Bull. 104: 1485-
1496,

Gardner, I.N., and L. House. 1987, Seismic hazards investigations
a1 Los Alamos National Laboratory. 1984 10 1985. Rep. LA-11072-
MS. Los Alamos Natl. Lab., Los Alamos, NM,

Gile, L.H., F.F. Petcrson, and R.B. Grossman. 1966. Morphologica)
and genelic sequences of carbonate accumulation in desert soils.
Soil Sci. 101:347-360.

Graham. R.C.. W.R. Guenal, and K.R. Ticc. 1994, The pedologic
naiure of weathered rock. p. 21-40. In D.L. Cremeens &1 al. (ed.)
g})ole regolith pedology. $8SA Spec, Publ. 34. SSSA. Madison.

Ciriggs, R.L. 1964, Geology and ground-watcr resources of the Los
Alamos area, New Mexico. U.S. Geol. Surv. Water Supply Psp.
1753. U.5. Gov. Print. Office. Washinglon. DC.

Ireland, H.A. 1971. The preparation of thin seclions, p. 367-383.
In R.E. Carver (¢d.) Procedures in sedimenary petrology. Wiley-
Interscience. New York,



AUG 18 'S8 12:24PM LATA/MSO

P.14-17

DAVENPCRT ET AL.: MICROMORPHOLOGY CF FRACTURE FILLS IN TUFF 1683

Jenny, H, 1041, Factors of sail formation, McGraw-Hill, New York.

Machette. M. N, 1985, Calcic soils of the sourhwestern United Staces.
p- 1-21. /n D.L. Weide (cd.) Soils and Quaternary geology of the
southwestern United States. Geol. Soc. Am. Spee, Pap. 203. Geol.
Soc. Am., Boulder. CO.

Marbul. C.F.. 1951. Swils: Their genesis and classificaion, SSSA.,
Madisor, W1

McKeague. J.A.. and R.J. St. Amand. 1965, Pedotransiocation:
Eluviztion-illuviation in soils during the Quaternary . Soil S¢i. 107:
428-434,

Nyhan, J.W., L.W. Hacker. T.E. Cilkoun. and D.L, Young. 1978.
Soil survey of Los Alamos County. New Mexico. Rep. LA-6779-
MS. Los Alamos Natl. Lab., Los Alamos, NM.

Phillips. W.R.. and D.T. Griffen. 1981. Optical mineralogy. W.H.
Frecman and Co., San Francisco,

Purtymun, W.D., aad S. Johansen, 1974. Generak geobydrology of
the Pujanito Plateau. p. 347-349, In New Mexico Geological Society
guidebook, 25th field conference. Ghost Ranch (contral-northern
N.M.). 10-12 Oct. 1974, New Mexico Geol, Soc., Socorro.

Purtymun, W.D.. and W.R. Kennedy. 1971, Geology and hydrology
of Mesita del Buey. Rep. LA-3660. Los Alamos Natl. Lab., Los
Alamas, NM.

Quade. J.. and T.E. Cerling. 1990. Stble isotopic evidence for a
pedogenic origin of carbonates in Trench 14 near Yucca Mountain,
Nevada. Science (Washingion. DC) 250:1549-1552,

Ransom, M.D., and O.W. Bidwgll, 1990. Cley movement and carbon-
ate accumulation in Ustolls of central Kansas, U.S. A, p. 417-423.
in L.A. Douglas (gd.) Soil micromorphology: A basic and applied

science. Proc. Int. Work. Meet. Soil Micromorphol. 8h. San

Antonio. TX. July 1988. Elscvier, Amsterdam.

Rogers, M_A. 1977. History and environmentzl scting of LASL
near-surface land disposal facilities for radicactive wastes (Areas
A_B, C.D,E. F, G. and T). Informal Rep. LA-6848-MS. Val.
1. Los Alamos Nat. Lab., Los Alames, NM.

Ross. C.S., and R.L. Smith, 1961, Ash-flow wffs: Thcir origin,
geologic relations, and identification, U.S. Geol. Surv. Prof. Pap.
366. U.S. Gov. Prim. Dffice, Washington, DC.

Soil Survey Suff. 1975. Soil wxenomy: A basic syctems of soil
classification for making and imerpreting sodl surveys. USDA
Agric. Handb. 436. U.8. Gov, Prini. Office, Washington, DC.

Soil Survey Swaff. 1992, Keys t0 soil wxonemy, Sth cd. Soil Managc.
Support Serv. Tech. Monogr. 19. Pochahontas Prcss. Blacks-
burg. VA,

Speli. T.L., T.M. Herricon, and J.A. Wolft. 1990. “Ar/**Ar dating
of the Bandelicr Tuff and San Diecgo Canyon ignimbrites. Jeinez
Mounains. New Mexico: Temporal constraints oo magmalic evolus
tion. J. Voleanol. Geotherm. Ras. 43:175-193,

Stuckless. 1.8.. Z.E. Petrerman, and D.R. Muhs, 199). U and Sr
150topes in ground water and cafcite. Yuccs Mountain. Nevadu:
Evidence against upwelling water, Scicnce (Washington. DC) 254
551-554.

Vaniman, D.T., D.L. Bish. and S. Chipera, 1988, A preliminary
companson of mineral deposits in fauhs near Yucca Mountain,
Nevada, with possibie analogs. Rep. LA-112B%-MS. Los Alamos
Natl. Lab., Los Alamos. NM.

Vaniman, D.T., M.H. Ebinger. D.L. Bish, and §.J, Chipera. 1992,
Precipitation of calcite. dolomite. sepiolite and silica from ¢vapo-
rated carbonate and tuffaceous waters of southern Nevada, USA.
p. 687-691. /n Y. K. Kharaka and A.S. Maest {ed.) Water-rock
interaction; Proc. Int, Symp. Water-Rock Interact. 7th. Park City.,
UT. 13~18 July 1992. A.A. Balkcms. Rotterdam.

Wang, J.8.Y. and T.N. Narasimhan, 1990, Fluid Aow in partially
saturated. welded-nonwelded wif vnits. Geoderma 46:155-168.
Warshaw, C.M. and R.L. Smith, 1988, Pyroxenes and fayalics in
the Bandelier Tuff. New Mexico: Temperaturcs and comparison

with other rhyolites. Am. Mineral, 73:1025-1037.

Wong. [., M. Hemphill-Haley, T. Kolbe. R. Green. J. Bott. H,
Kanaksri, K. Kelson, €. Huraden, I. Gardmer, L. House, S.
Reneau, D. Keller, W. Silva, and C. Sturk. 1993, Deterministic
und probabilistic seismic hazarg evoluation of the Los Alamos
Naticnal Luborutory. p. 258-267. In Proe. DOE Nat. Phenom.
Hazards Mitigation Conf. 4th, Atlana, GA. 19-22 Oct. 1993.
DOE Rep. CONF-9210102. Vol. 1. U.S. Dep. of Energy. Washing-
ton, DC.



