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ABSTRACT 
l'rarruri!S in a.hc &andcliu Tulr art pocetuial patbs ror water move· 

men• and tran$por1 or c:onlamiaanls from "lisle d.bposal l>ilts !Uld 
other eontaminated areu at Los Alamos NatioiUI Labonaory, Los 
Alam06", NM. Con•amin&Dllltrons_portH in this w:~y .:ould ultimate!)· 
be round in Lofi Alaunos drinki~ ..... ac.- or in the Rio Grande, which 
!lows tbrough "benily pc.~pulated area~ in both thr USA li.Jid Mrxico. 
We ronduct~d this stud.r to dtttrmiM (i) &he morphology anci oriJill 
of S()il·like m11terial in the fra(IUrti, and (15) lht llkelihCI()cl ohipi6cant 
walrr monml'llllhro~~~:b ~ fracluru. We examinee! Chin seelions or 
fncture fiN,. soils, and ll.lfs to obtain fabric and minrraiOfit:al data. 
and coll«ud fitld data on soillloriaons. coklr, luture. s&ru.:t ure, e~~ 
films, ancl .-uol abundant!!. F~ture fills conaiSI of clay, CaCOJ, or 

combinations of tile •~o with minor inc:lusio11s or tldr and sand gr•ins. 
Clay consist.s of" thick • .hi1bly erientftl ar¢1lam aligned pQralld to 
fracture w•lls, anCI of diKrett boob iP rt.-:1ure interior,. Carboruate 
tonsisl.5 or massivt microttySlallint talcite, wbicb ('C)mpleiely ftlls SOMt 

fracturl!j, and lamU.. or infilliq.r bclwetn rby laminar 01" book!. in 
day-domin•••d fr•nures. Tile ~rbonate was precipitated aner da" 
dcpolltlon, uag~eslint a ehan&e 10 a mor~ arid climate. Wtaker dntl· 
opmttll or argillans and carbonate futurn ln lhe soil~ s11geesrs 11111 
tb~ lrarluna; may be drrh·td from old~r soil$ rbal bavt bctn a:lripprd 
by UO$ion. The preenc:e or live I'O(It.'l throu1hout the (radur£ llill~ 

ii)Cii(lllff Jbt pretCI)(f Of W•etr. \1111 CM Sm~lllk day lftd lnii$$1Vt 
nrbono~~tt make it unli]jtl)' that sit:nificant water mowemtat is DO">o 
tiUti~ place throur;h lhe fractures. The potential er·.,ation of n~ 
macropores by a 'V11riet.)' of processes. .bowe•er, inc:lug;ng seismi( 
activit)' and biologic dist\lrbiiJaet, co11ld •llow rapid lt"&ter monmenl 
and contamilllllnt tl1lnl:pOrf. 

GROWING coNCERNS about environmental contamina­
tion increase the importance of identifying and 

evaluating possible routes of contaminant transport in 
soils and shallow land burial waste disposal sites. Frac­
tures in the Bandelier Tuff are potential conduits for 
water and contaminant uansport on the Pajarito Plateau 
of nonb·central New Mexico. Los Alamos National Lab­
oratory. an area with numerous waste disposal facilities. 
as well ZIS sites with surface and subsurface soil contami~ 
nation, occupies mucl\ of the plateau. Morphology of 
the fmcmres and fracture-till materials may provide im­
ponant information about the processes of rock weather· 
ing. soil formation. landscape evolution, and water move­
ment in this area. Punymun 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 bv 
clay and caco,. both of which formed directly from in 
situ weathering of the tuft'. A cohesive explanation of 
the diverse morphology seen in the Bandelier Tuft' frac­
ture fills has been lacking, however, and the assertion 
that the fractures are sealed has not been rigorously 
tested. 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 1n this semiarid region is not known, but field 
observations suggest that the movement of water among 
soil, rock, and fracture fiJI is complex. 

A number of srudies h2ve e;~~.amined various aspects 
of fractured and welded tuffs, many in association with 
the proposed high-level radioactive was~ disposal site 
at Yucca Mountain, NV, where mineral-filled fractures 
have raised concerns abou1 possible high water tables 
in the pasr. Isotopic analyses (Quade and Cerling, 1990; 
Sruckless et al., 1991), x-ray diffraction, and micromor­
phologic e:ll.ami nation (Vaniman et al. , 1988, 1992) of 
mineral deposits in fractures and faults at Yucca MOOil· 
tain provide clear evidence that r.hose fill materials (par­
ticularly c.arbonates) are the result of pedogenic or near­
surface processes. Fuller and Sharp (1992) examined 
weathered surfaces in fractured Santana Tuff in Te~s. 
and concluded that a thin weathering rind rectuees tht 
permeability of the ruff by about an order of magnitude, 
rhereby reducing movement of water between fractures 
and the tuff matrix. Wang and Narasimhan, in their 
repon on models of fluid How in ruff~ ( 1990). SUited that 
data on unsaturated flow in fractUres, faults, and even 
the matrix of tuffs. is very timite(i. but tha.t available 
laboratory data on fractured tuffs suggests chat water 
ftow takes place primarily through the unsaturated tuft' 
matri:K rather than fractures. 

Our study of tbe Bandelier fractures has been based 
on the assumption that the morphology of materials filling 
the fractures c~n provide information about the processes 
that produced that morphology. The origin of the frac­
ture-fill mllterial, for example, is imponant to our under· 
standing of water movement through fractures. An in 
situ ori,in would suggest that water movement ha$ been 
dominantly through the tuff matrix. (as discussed by Wang 
and Narasimh•m. J 990), whereas water deposition (illu· 
viation) of these materials would indicate that the fracture 
openings ha ... e bc::en the main path of water movement. 

The objectives of our study were to: (i) document 
the micromorpholo,ical properties of ~ fractute-till 
materials. the tuffs. and the associated surface soils: (ii) 
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determine how the fill material relates to the soil and 
the tuff in renns of micromorphology and mineralogy: 
and (iii) understand the mechanisms by which tbe frac· 
tures were filled. We propose and provide evidenc-e for 
the hypothesis that fractures in the Bandelier Tuff have 
been filled l>y transloca~tion 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 !cealed within the National Environmentl:ll 

Research Parle of Los Alamos N11tional Laboratory (LANL), 
on the Pl!jllrito Plateau ofnorth-cemral New Mexico (Fig. 1). 
The Pajarito Plateau covers approximately 800 km2 betv.een 
me Jemez MouniBim and the Rio Oran<:te. The plateau slopes 
to the south-~outhea8r from an ele"arion of 2380 m ngain~;t 
the Rank of the Jerne:t Mountains to 1 &90 m :u White Rock 
Canyon ~bovc the Rio Grande. Erosion has dissected the 
platcilu into a number of finger-like mesas separated by steep 
canyons. Tnrough these c11nyons flow a number ot· mostly 
intermittent $treams, w_hich form a parallel drainage network 
to the Rio Grande (Gngg~. 1964). The area h.as a semiarid, 
temper11tc mountain climate. Mean annual precipitation for the 
~tudy area is eslima.ted to be about 36 em, ba~ed on d~ta from 
LANL mctcorolqgical stations (Bowen, 1990). About 40% of 
the annual precipitlltiOD ()(CUrs during July and August. Mean 
annual snowfail is 132 em (about 7 em water equivalent). Both 
rainfall and 5nowfall amount!! increase with elevation. Native 
vcgeuu:ion ar tbe study Silt is dominated by pinon pine (Pinus 

c km 

Fig. 1. Lnc:ation or stud~ aru. 

edulis Engelm.) an.:l_one-secd juniper (Junip~rus monospermtJ 
(Engelm.) Sarg .] , WJth blue grallU\ [BoMtt!/OUQ gracilis (Willd. 
ex ~unth) La~a.o;ca ~x _Griffiths] as the most common 11rass 
specles .• ,!he ~~u~;y sne \S near the upper clcvaaional bound11ry 
of the pmon-Juntper 2.0nc llt about 2100 m. and has condition$ 
(elevation, climate, veeetation, geoloJy, and soils) similar to 
those ar 5everai LANL waste man«gement facilities. 
~e Bandelier Tuff is divided into lower (Otowi) and upper 

(1"sh1r~se) members. The~e rn~mbers have been radiometri· 
caily dated at 1.4 and 1.1 million years, respectively (Spell 
et al., ~ 990). Our study concerns only the upper ponion of 
the Tshucge member (more specillc:ally, mapping unit 2b of 
Purtymun and Kennedy [1971]), which forms the plateau sur­
face in the study are£: here it is approximately 20m thick. 

The Tshiresc member consisu; of ash-tl.ow ruffs that range 
from non~.Velded to densely welded. A .striking feature of the 
unit is the large number of near-vertical fracture;; or joints, 
believed to h;ave (onned by 5hrinlcage of lhe ash-fiow depo:~iu 
as they cooled (Punymun and Kennedy, 1971). These ranBe 
in width from < 1 nun to > l 00 mm and e.~ttend at least 6 m 
from the base of the soil zone. It is possible that some of tnt 
major fiil.ctures extend lhroul!h the entire vertical thickn~s of 
the Tshirege member. In the ~tudy area. the fracture den$:ity 
ranges from one fractute in 2 to 3 m up to several fractures 
p~r meter. _M(Ist ~f ~e fractur_e.s are ~led (entirely or paniaily) 
"'uh clay-nch, soli-like marenal. wh1ch also contains carbonate 
and inclusions of sand ~rains and tuff fragments. Some fractures 
are devoid of fill tor some ponion of their depth ilnd lateral 
extent (Griggs, 1964: Punymun and Kennedy, 1971: Crowe 
et aL, 1978). 

Field Study 
. Numerous fractures arc exposed in two waste disposal pits 

w1thin an <~r~8 of - 1 ha on Mesica del Buey (I'echnical Area 
54, LANL). The soil Is also e.Aposed for up to SO m on each 
of four long pit walls (each pit measures a.pproximlltely 20 by 
SO m). The four 50il pedons that served as the basis for 
our study were sck:cted because tloaey overlie relatively wide 
fractures in the Bandelier Tuff (Fig. 2). Fractures were selected 
to represent the variety of fracture·filllypcs (clay, carbonate. 
~lay and carbonate) observed in the area (Table 1 ), Each pedon 
w~s described ancl_sampled ln the fiela and was clWiSiHed using 
sod taxonomy (So1l Survey Staft', 1975, 1992.). Each fracture 
was al_so described i.n. detail a~ $amplcd. Each profile wali 
overlain by a 0.3· to 1.0-rn-thlck layer of spoil eonsisting of 
unconsolid-ated tuff material removed from the pits and spread 
on the surface during: excavation (Fig. :2). Care was t11ken to 
sample only clearly undisturbed portions of the A horizons. 

The 5oHs of the study site have been mapped as the Hackroy 
series of clayey, mixed_. mesic Lithic HapJustalfs (Nyhan et 
al.. 1978). On the bas1s of our field description~ (Table 2) 
and supplemental laboratory analyses of individual pedons. 
we cla~11itied the soils as .shown ir. Table l (Soil Surv~ Staff, 
1992). The soil~ are typioa!Iy shallow (30-70 rn~), but are 
deeper lup to J 30 em) over iarge (greater than about 3 em 
wide) fractures, filling pockets or depressions that ex~nd below 
the normal soil-tutf boundary (Fig. 2). The soil material in 
these pockets us11ally comprises a thickenect argillic horiz.on 
that appears t~' be continuous with the fracture-till ma.te.rial. 

Bulk samples and intact peds (for thin ieelioll6) were ~:ol­
lected, where possible, from each horJzon in the soil peclon5. 
In some cases, me .soil material was 50 friable that intact ped 
samples wen: not obtainable. In these cases. ,grain mounts 
(rather th11n thin sections) were used to eKaminc the mineraloey 
of the horizon. Bulk and intact samples of fractUre fill were 
collected at vertical intervals of about 30 em throughout the 
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Jo'111. :2. View or soli prolile F5 and soli "pcw:ket" !lbcm: da~-1iUed 
fnlcturc. Fill consists mostly ot ol'ienced day with >OJDI! carbonate. 
Ruck hammer is 32 em lone. Approl'imateJy 40 c:m of spoil (l'lrrol'l') 
overllt1 soil proftle. 

expoRed depth of the fractures. The intact samples were ob· 
taincd by usin& gyp$um plurer to st11.bilize blocks of t'.JJf 
spanning the fractures (Davenport, 1993). For compari~on, 
we collected SamJ)Ies of Ur'Weathered and slightly weathered 
tuff from areas of the pit walls fanhcst from any major fractures 
(and tl')~rcfore lea:;t likely 1o have b<:cn llffcc~d by proc~sses 
~ssociated with the fractures, such as llluviation of clev and 
~~~ri~). -

Laboratory Study 
Standard thin sections were prepare(! (lreland. J 971; Cady 

et al., 1986) from selected samp1cs of soil, fracture fill, and 
tuff. The samples were impregnated with epoxy rcsiP (Shell 

Table 1. Selec:t.ed tharllcterillti~ ol soils. fractures, and liDs. 

Prt>file 

F1 
~ 
F3 
f.l 
FS 

loaln)', milled, mai~ Lirbic HapJusraJr 
fhw-lotmy, mixed, mtslc Aridk: Haplu~tillf 

-'t 
ftnt, montmorillonitic. ~c Aridie Pal.uaaJr 
clayry, montmorillonick, mesic Li1tlic Haplustalf 

R·SlS. refractive index = 1.51-l.SS, Shell Chemical Co .. 
Houston, TX). cememed to !!lass slide~, processed \0 a final 
tlliclo'less of 0.03 rom, and examined petro,grap!'lically using 
plane·polarized and cross-polarized light (Bloss, 1961; Phillip~ 
and Grilfen, 1981). Each sample was described using the soil 
micromorphology terminology of Brewer (1976), indudlng 
fabric: presence and degret of develOI'Jnent of ciay films; 
des~ee of weathering of mineral grains; pruence of volcanic 
fearures such as spherulite~. pumite fra.ements, an4 glass 
shards; and types of voids. In addition. related distribution 
patterns (Bullock et al., 1985) were noted. 

Grain mount~ were prepared from sanci and silt fractions 
of selected samples. Grains were mol,lrlted on glass slides in 
inunersion oih;, normally with .a refractive index of l.S4 to 
facilitate dift'e remiation betw~cn quam. and feldspar. We identi· 
tied and counrcd at least 300 grains on each mount and ~alcu­
Jatea the percentage of each of the mos1 commonly observed 
minerals (quartz, alkali feldspars. tridymite/cristobalite, glass, 
hornblende. plagioclase feldspars, aDd opaque &rains). Panit;le­
size distribution w.a.f determined for soil and fracture-fill sam­
ples by bydrometer (Bouyoucos, 195 1) . 

RESULTS 
Tuffs 

The mineralogy cf 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 rcpons. The tuffs we examined 
consist mainly of a fine matrix of feldspars, cristobAlite, 
tridymite, quartz. and devitrified glass shards, with a bun· 
dam euhedral phenocrysis of sanidine. Grain counts of 
very fine sand show the tuff to be composed of 50% 
tridymite and cristobalite, followed by 40% alkali feld· 
spars and 5% quam (see Table 3). Glass shards, horn· 
blende. and opaque minerals are present only in minor 
amounts (<5 %). Spherulites; (radial clusters of fibrous 
mineral crystals) &nd lithophysae (hollow or filled ~lassy 
bllbbles), both featore.s common in pyroclastic rocks 
(Ross and Smith, 1961), are present but not corrunon. 
The lithophysae typically comist of :sornewh11.t flattened 
bubbles filled -with wedge-shaped crystals of tridymite: 
the bubble walls are form'=<~ offine, interloclcin& erystals 
of cristoba1ite (and po~sibly feld.spars). The fabric of the 
tuff is bes: described as microporphyritic (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 packiJli 
voids nt::.ar the fracture walls. Channel argillans are typi­
cally up to 0.5 rnm thick and show strong orientation, 

fractWe depth 
(exposed) 

Dl 

3.S 
~.o 
5.0 
3.5 
4.5 

Cll\ 

:2.0 
1.4 
~~10 

2.8 
4.4 

FlU type 

carboftate 
clay, c:arbon1tc 
none, !Oiay, iiian!U 
day, ~bonlrie 
dny. minor carbone.e. 

t Soil nor dcacribed due co htilhf of pil flee. 
~ FrattuR il; open m pl~ces; fiJi con.~isu of allematinB holizontallil)'tn (5-10 CD\ dliclc) of clay and borl:lontaQy l1minated ftnt ~nd. 
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Table 2. Field description data from soil profiles and f'ncture 6Jls. 
Color Textl.lfet Saad/SIJt.ICJay (~xl\lrt) 

Horilon Dep'b (DIOUI) (flelcl) (lab an.aJy tis) Stl\lc:wre; Clily films§ Roots• Boundary# 
~ 

"*' F1 i!!don C!oamr, mW:d, mesic Lithic Haplustalf) 
A 0.51 7.5Yll313 L 58131/11 (Sl.) 1 Sk none M r, m Cl, S BA !H~ 7.5YR !13 L 60/~/14 (SI.) l5Bk none M C,m CJ,W Bt 19•26 '7.!VR !/4 CL 54/29/17 (Sl.) 2 SBJr. thin. dis~; M f. m CJ,W CriBt 26•34 7.!Ylt 4/4 CL 411/l8/lll (L) 2 S8k d\ln. dis~; M f, C m Ab. W R 34•260+ ton 6tl LS 75/211 .. (LS) M .none -tiD ~9·7~ lOYlt 8i1 30/3i67 (C) M none Cf ftU 119-l.Z!I IOVR 11/1 31/S/63 (C) M none Cf fill 199•214 1(1YJ1. 8/1 60/llll!l (SCL) M none Cf 

F~ ~edort C.fi~·loamr. mixed. mesic Aridic H•(!lu&tai!J 
A 0-9 '7.SYR 313 L 49i33il8 (L) tSBk, 2 Gr none M f. m Cl. S Btl 9•36 1.SYR. 314 CL 36/40/24 a.) 2 SBk thin, d~ M I, m Or, W Bel ;6·59 7.SYlt314 CL 47133120 (L) 2 S8k lhin. dU~; C C. m CJ.W BkiCrl S!H04 7.SYR414 SCL S'l/31/15 (SL) 1 SBk thin, <lite: C f, en Gr, W Bk/Cr~ 104·125 7.Sl'R 4/4 SCL 60!2!l/11 (SL) lSBk lhid. dis; F£.m Ab. W R 125-265+ IOYR 611 LS 75/ll/4 (LS) M none r~ooe fill 145•155 7 . .5YR 414 46/~145 (SC) l SBk thin, cont Ff, m lUI 165-185 7.H'R4!4 48/121-'0 (SC) 2 SBk rhicll.. cent Fr till 225-245 7.5YR414 56111133 (SCL) UBk thicJr.. COtll Fr till 245•265 7.5Ylt4/4 51112137 (SC) l SBk thick., cont fr 

F4.e,rdon (fine. monano'rillonlti<:, mesie Aridi' Paleu&~o;~ll') 
A1 0·7 7.~YR. 313 L 53:'31!1& (VFSL) 1 SBk non• M f. m CIW A2 7•12 "i.SYR 313 L 44133/Z) (L) 1 S:Bit DOD£ Ml.01 CI,W Btl 12-JJ 7.5\'R. 4/4 c 16/l!i.S!I (C) % SBk thin, dire M f, m Gr. W Bt2 Sl-42 '7.5YR 4/4 c :1.9/26145 (C) 2 SBk lhick, COD! CJ, m Gr. W Bt3 42-55 7.5Yll4/.S c 25il8147 (C) l Bk chick, c:.oru Cl. m Ab, W R SS-400+ ton 611 LS 75/Zl/4 (LS) M none oone fall 115-135 7.5YR. 4/4 70119111 (SJ,.) 2Sk thi~k. cent Ct, m fill 145-165 'i.SYR 4/4 311~5/34 (CL) .1 Sllk rhick. eonl Ct, m fill 265-28.5 '7.5\'R .. , .. 78/1814 (LS) l SBk thicll., c:ont cr IW 315-335 7.S'nt 3/:! U131\16 (C) 2 Bk thick., cant Fr ftiJ )65·3!15 'i.SY!. 313 -40/!l/51 (C) 2 Sk thi di,, IOOJII f r.m 

~ f!e4on (da~el. m(lntmorillonitic, muic Lithic H!f1lus:talf) 
A 0·7 7.SYR. 3i3 L 4iiS8f14 (L) 1 Sll« none Fr. m Cl. W Btl 7-16 SYJ\ 3.14 c 2~/24/~7 (C) .1 SBk thin dbc Cf, m CJ,W Btl 16--45 S')'Jt..,/4 c 2t1119/~~ (C) 2 Bk lhi~:k. Clilal Cm,t Ab, lrT R 45•:100+ lOYR. lli/1 LS '75121/4 (LS) M none llOnC fill 5S•1S 5Y1t .,. 4i419'l (C) 2Bit dlick. c:ont Mm fill 8~·105 fl'R 4/4 l/3t9S (C) 2 Bk lhick, ~ Fm 
t 1. • loam; CL = clay loam; SCL = Andy diiy lOilm; C = clay; fracture-fill textures were d~ennined o.a.ly in tbe Lib. ; 1 = weak; 2 = moderate: SBk "' subanBUiar ~locky; Bll "" bloek)'; Or = p-aaular. t disC "' diseOJUiniiO\IIi COlli ., GODtinuow;, 
1M = many; C • common; r = .line; 1111 = medium; e = COiii'K. 
"Cl • c:lur; Gr .. sra4ual; Ab - Qbl'llpC; s "' JIIIlDOth; w = wavy: lrr = lrre$\llar. 

whereas pacldng-void ariillans are somewhar thinner 
and leu oriented. Less chan .S% of the ruff examined in 
thin sections contains isolated domains of weakly oriented 
clay and of microcrystalline calcite filling packing voids 
in the tuff' matrix. Feldspan show Jow to moderare weath­
eril1.g (Class 0 to 1, Bullock et al., 1985), the more 
weathered grains usually being found within 1 to 2 mrn 
of the fracture waJls, where only a dUn (usually 3-5 
nun) weathered layer has developed in me hlff. 

ments. Isolated domains of clay occur throughout the 
matrix.. The most abundant mineral grain.s in the very 
fine sand fraction are alkali feldspars (mainly sanidine. 
40-50%) and quartz (2S-45%), with much lesser 
amounts of tridymitc and cristoba.Jite, devitrified glass 
shards, hornblende, plagioclase fe1dspan, and opaque 
minerals (Table 3). All of the A horizons contain signifi-

Soils 
The A horizons are characterize4 by insepic or skel­

insepic plasmic f&bric (Brewer, 1976) (Fig. 3, TabJe 4). 
The related distribution pattern is single-spaced por· 
phyric (Bullock et ll. 1 1985), with a dominant grain $\2e 
of fine sand to silt. The coarser fabric units include 
quartz and alkali feldspBT grains as large as coarse and 
very coarse sand, few spherulites, and rare pumice frag-

T•ble l. MiDeraJ com~tion (pen:eatage or Rra~ns oounttold't) ot 
very fioe saDd from selecttd trO.IJ IN:Irizous. 

Albli Tridymitr- Hom- Opaque PlagiocJ-
HorU.ae Quanz feldspar e.l'i:.lowlite Clmt blcncle mln•rals feld.y.u-1 

---------------~---------------Pl. A zs .so 10 10 <S <5 <S Fl Jl 25 30 lS 15 <S <:5 <5 P2A .u 40 5 ~ <S <S <:$ f2 ~1 :zs .0 :zs 10 <:$ <5 <S 
F4 Al n 45 10 5 <S <5 <.5 F4.Ba lS u " 10 d <:$ <S aarct hlfl' s 40 50 <:$ <5 <S <:5 
t Reported to nearest 5~; minimum of 300 ~ln.9 coun1ed per horiun. 
:j: lnclt~ding identifiable devilrtfiec.l t)oss .sh11rds. 
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Table 4. Micromorphological p,.opcrties or &elected soil borizow. tuff~. and fracture fills. 

Allillan 
fdcllipllr 

Sample Depth ~abrk Orientlltion Tbickness wealhetitl& 

Clll 

Fl pcdon 

A o-9 !nsepic lo,. thir. moclcr.»~·hiah 
Crll!r 26·3-4 ik:d-mascpic moder••• ltlic& low-moc.terJtc 
tuft: 88-" mi~;roporphyritit low-moderate 
fill IS•PB omnJsepil: hilb !hick low•modc:n11e 
tuff :no-no mi::r opOrphyritic low 
fiJI no-:BD uldatepie low 

l="2 !!!don 
A ().51 likel-fntepic modcriiUc thin moderate 
Btl 9-36 mo!lqlil: a•o<ler•te thin high 
Bt2 )6-59 omnillepiC moderate thin moder-bigh 
Bk/Crl SP·lO~ omniseph: moderate lbidc moderau: 
tulf l42-IS2 mieroproJI'IIYrlt~ mod nate 
fill 142·152 skll-mo.sepie hiP thin mode~ 
tWJ 31)S-31S microprophyritic bjp thin low 
fill sos-n5 ornoiRpic vr:y hlch \'CJ:)' tlUd\ low-moderate 

F4~on 

AI 0-7 ins&pie low thin mollerar.-hlgh 
811 12-lt Omilisepic hiJb rhick 10'1\' 
Bt2 31-4l ~kd-man:p!c bllfl thick modcnrtc-hiih 
tuff J44-26' mit:roprophyrilic low I hiD hiah 
lill 244-26-1 omniacpic v*"' hlrh very thidl mbdena.~ 
&ult .51!1-52.6 mi~roporphyrirle low IbiD moder111e 
All 519-52.6 omnlsepic very hi~lt thick NA 

FS l)edoa 

lUll' 371-381 YQSepic low 1hin Jow-moderalc 
1111 371-J&l orrwilcpic: v•~ high Y*'Y thick 

cantly more quanz than does the tuff, and rwo of the A 
horizons also CQntain 5 to 10% more alkali feldspars 
(Table 3). These data suiaest the addition of windblown 
materill.l to the surface of mese soils (Birkeland, 1984), 
concentration due to weathering, or conversion of tridy-

mite and cristobalite to quartz. The A horizon quartz 
srains are subrounded to sub angular, and do not appear 
to be pseudomorphs after tridyrnite C>r cristobalite, so it 
is unlikely that conversion of tridymite and cristobalite 
has been a significant source of quartz. The A horiwn 

Fig. 3. Photl)microjlraph ~~ F4 soil A bori2011. lDsepi~ plasmic fabric; spberulites (S) illdicate voleanic oriain of porent material; portion ot 
qua rlz llkeltton .:raiu arc p.-obe bly et.lillll in origia. Cross-polarb:ed Jigbt. 
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Fig. 4. Photomicro&~raph of Bt portion of Fl ~oil Cr.IBt horizon, which tOIIsis!S or domains of ~eathered half and mil met.erial. Feldspar (F) ill 
cmtEr w phom, with thin 5:rain ngillan.s; spllerulite (~1 In lower right. Clay (C) is pr~nt IIH argillans, p"nYre-orlented coa\lngs, and as 
striated plasma separaUons In tile soli matrix. Croas-pota..rilrA.'d l~hl. 

feldspars exhibit moderate to high weathering (Class 1 
to 3 ofBullock etal., 1985), but weathering products such 
ns clay and Fe oxides were not observed on weathered 
cleavage planes or on irain mafiins, indieatinj eJuviation 
of these materials. Organic matter i:s sparse, with the 
exception affine to medium roots (Table 2). Thin sections 
reveal very little 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 hori2ons have mosepic, skel-masepic, or omni­
sepic plasmic fabrics (Table 4), indicating moderate to 
stronz illuviation of clay. The related distribution pattern 
is porphyric. Clay is present as moderately to highly 
oriented grain argillans of variable thici.:ness and as 
elongated domains and jsol.ated patches in the matrix. 
Channels are also lined with strongly oriented clay. 
The skeleton grains consist of euhedral sanidine, quant., 
cristobalite or tridymite, spherulites, and pumice. Weath­
ering of the feldspars is hirhly variable, ranging from 
low to high (Clas5 0 to 3). The weathering products 
from the feldspars may be present, either subsequently 
oriented by illuvjation or obscured by the abundant illu· 
vial clay. Field descrip[ions indicated thal all four pedons 
have argillie hori~ons. This is confirmed by the pre~ence 
of argillans as seen in thin sections and b)" panicle-size 
distrib\ltion analysis. The argillic horizons of the F 1 
and F2 pedons are only weakly developed, however. as 
judged by the laboratory-determined clay content and 
weakness of clay films (Table 2). 

Transitional horizons (Cr/Bt, for example) also have 
~trong ill uvial features, though the presence of abundant 
fragments of ruff precluded their designation as simple Bt 
horizons. They exhibit omnisepic or skel-masepic plasmic 
fabrics (Table 4), havin; chlllllcteristics of both argillic:: 
horizons and tuff ~Fis. 4). The related disrnbution pattern 
is porphyric. Argillans are typically thick, and show moder­
ate to high orientation. They are found as coatings on 
spherulitts, pumice, and skeleton grains, and lininr clwmel 
walls. Elongated domains of clay, not associated with 
grains or channels, are also present in the matrix (Fi;. 
4). Although feldspar' io these horizons typically exhibit 
]ow to moderate weatherin; (Class 0 to 1), most of the 
tuff fragments appear relatively unweathered (Class 0). 

The tuff Wlrlerlyini the soils has been described as an 
R layer (Soil Survey Staff, 1992). despite the fact that 
it eontains numerous fractures filled with clay, carbonat~. 
and other material apparently of pedogenic on:in. Soil 
taxonomy does not allow for the designarion of rock 
layers that include pedogenic features (Graham et al., · 
1994), leading to difficulties in the description of these 
materials. We ha"e opted to designate the tuff as R for 
the folJoy,inc r~sons: (i) the fractures in question are 
typically more than JO em apan; (ii) the tuff 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 tuff itself. It would be useful to include 
su bord in ate distinctions witn the R layer in o..-der to more 
accurately describe the nature of the material. The tutf 
misht then be described as an Rt, where [ indicZites that 
rhe joints or fractures contain clay accumulations. 
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Fracture-Fill Materials 

The most corrunonly observed morphological feature 
of filled fractures is strongly oriented argillans on the 
f111cturt walls (Fig. S). These coatings are up to several 
millimeters thick, as observed in t'"le field. Vertical thin 
sections show that \he clay 1s strongly aligned parallel 
to the fracture walls and is draped over irregularitjes or 
large mineral grains protruding into the fractures. These 
argillans typically consist of multiple la.minae of clay 
that vary in color from light yellowish brown (lOYR 
6/4) to dark reddish brown (.5YR 3/4). Much of the 
interior portion of the fractures is filled with aggregates, 
or "books." of clay (Fig. 5). Although the clay is s~rongly 
oriented within books, the books do not always show 
orientation among t.'"Lemselves. 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 thet the clay fill h.as beer. 
fractured and disrupted, probably by repeated wetting 
and drying cycles. 

Clays are sufficiently oriented that, in some sections, 
optic-axis interference figures are obsen·able. These indi­
cate that the minerals are biax.ial negative with a 2V, of 
about 20 to 30c, 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 

a.l., 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; F~g. 6). Fracture fills 
exhibit mostly omnisepic plasmic fabrics (Table 4), but 
skel-masepic plasmic is a!so observed where a significant 
number of sand-sited grains are pres.ent in the finer 
matrix. The related distribution pattern is usually open 
porphyric when these larger grains arc pre5e:nt, and 
monic when they are absent. The strong parallel orienta­
tion and thick layering of the clays, bmh in coatings and 
in books, is clear e-vidence that the clays are HluviaJ in 
narure (Brewer, 1976; Graham e[ al., 1994). 

In many cases the clay boob in fracture fills are 
interlaced with microcrystalline calcite. which constitutes 
either relatively thick (up to O.S mrn) vertical laminae 
that alternate with clay laminae, or thin (20-50 ~m) 
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 Q.istinct infiiJings nf 
vinually pure calcite between books or layers of virtually 
pure clay. This morphology is evidence that the clay 
and the calcite were deposited at different times, and 
that the precipitation ofthe calcite followed the deposition 
of the clay, simil&r to the situation described and interpre­
ted bv Ransom <md Bidwell (1990). 

In Fl, the fracture fill consists of almost pure micro­
crystalline calcite (Fig. 8), the fabrlt of which is best 
described as calc1asepic (Brewer and Sleeman. 1988). 
The matri:ot consists mostly of m.jcritic (l-4 !-lm; Folk, 
1980)and. less commonly. microsparitic (4-20 11m; Blatt 

.. '-:'·\ ... ,. 
' ~ . "' 

O.Smm 

Fig. 5. Pllotomkrocnpb ol lracture ftl from n, lbow.ing clay coa&lng (C) oriented pGnlld tc frac:tun: wllll. Tuff (T) ia len ponion or photo; 
~l't arro,.. Indicates lracture waU, Coa11111gs are broken inkl books in right pon.ion of photo (riJlhl arrow), toward fracture interior. Cross-pollll'ia:ed 
light. 
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F~. 6. X-ray diffncto~:ram~ of clay from AI 1md Btl horizon~, and fnclure till P90·4lli em b@IOW surfate) or F.ol ptdon. Trelltmmts. from 

aop to borrom, are: Ca !;Bturaled, ~lycrrol solvalt!d; K nturat~td, 1s•c; l{ ~aturllln, .zso•c: K saturated, 55D"C. 

ct at., 1980) calcite crystals. Grains of feldspar and 
quanz are scanered wimin the matrix of carbonate fills, 
siving these fills a porphyric·related dill'trib\ltiOn pattern. 
Where present, these grains exhibit low to moderate 
weatherini (Class 0 to 1). Clays were observed in the 
carbonate fill~ oniy in e1 few s.ampJes, zas stron~ly oriented 
clay stringers (about 0 . .5 wide by 5.0 rr.rn long) isolated 
within the calcite matrix. These stringers are always 
oriented p.urallel tO the fracture walls, b\lt generally are 

not in close pro;..imit)' to them. The origin iUld signifi­
cance of these stringers i!:. not clear: they may represtnt 
rt>mnants of former fracture-wall coatings that somehow 
were largely stripped away, leaving behind small frag­
ments that later were engulfed by the precipitAtion of 
calcite. The progressive precipitation of calcite may have 
forc:ed the clay striniers away from the wall into the 
center portion of the fill. In places. the carbonate fi)] 
has a laminar appearance similar to thar of pedogenic 

Fi~. 7. Photominosnaph o! fracture llD from F4, sbo~inl,! t:alc:itr (al'l'(lw) filliag 20·)1J'tl·wide space bctw~n clay books. Cross·polari:wi!Wtt. 
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Fig. 8. PhCJiomi~rotrr•pb ol caldt• lnacture All from Fi. Roof channel (R) ia upJ~~Er rq,ht porlina ol photo, tull ("n at le.R; arrow indicaiR5 
f'l'•~tiU'I! wall. Cross-polarized lirJht. 

laminar carbonate horizons (Gile et al., 1966), although 
the laminar fabric i.s only weakly developed. The laminae 
io these areas are typicalJy oriented parallel to fracture 
wall~ and are undulose in form. While the fracture:: fills 
tend to show well-developed carbonate morphology simi­
lar to Stage II toW (Gile et al .. 1966; Birkeland, 19&4, 
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 Stage I-In. These differences in morphology 
may be due to precipitation of carbonate in different 
matrices (soil vs. fracture), but could reflect formation 
under different climatic or pedogenic regimes. 

In some thin sections cornpri!iing botb tuff and fracture 
fill, clay is present within the ruff matrix, typica1ly within 
I to 2 nun of the fracture walh; and associated with 
mineral grains and glass shards. Clay fillings are also 
present in the tuff in voids near the fracture walls. Clays 
in the tuff", both in the matrix and in ·voids, are pale 
yellow (.SY 8/3) to yellow (5Y 8/8) in color, in contrast 
to the Jight yellowish brown (10YR 6/4) to dark reddish 
bro...,n (5YR 3/4) of fracture-fiB argillans. In most cases, 
the tuff matrix clay exhibitS a low de~:ree of orientation, 
but some of the tuff void-filling clays show modcrctte 
orientation. The poor orieniBtion of the mz;.trix clays 
-liUBJCSt that they have been formed in situ, probably 
through devitritication of glass shards and weathering 
of feldsp~rs. Tbe presence of moderately oriented void~ 
tilling clays suggestS that some clay has 01lso been trans­
ported shon distances from the fracture~ into the tl.lff. 
This process would be pTecluded once illuvial clay 

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

DISCUSSION AND CONCLUSIONS 
The mineraJogy of the soil horizons (the presence of 

rridymite, cristobante, devitrified glass, and spherulites) 
c:onnrms that the soil parent material is derived mainly 
from the Bandelier Tuff. The vertical sequence of hori­
zons, from eluviatcd A horizons to argillic and mixed 
horizons (with domains of soil and wcztthcred tuff), is 
consistent with soil fonned by in-place weatllerini of 
the tuft'. It is likely that eolian additiOnli lutve altered the 
soil mineralogy near the surface, as evid~nced by sreatcr 
amounts of quartz in me A horiton~ than the tuff. The 
A horizons also contain significantly more volcanic glass 
in the very fine sand size range than does the tuff. but 
this is probably traceable to an overall reduction in 
size by fracturing ancl chemical weathering of these less 
resistant grains. 

Both tht 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 Hn illuvial rather than 
an in situ origin (Brewer, 1976; Graham et al., 1994). 
The books of clay were probabl~· formed by desiccation 
cracking of thick clay laminae in me fractures, and the 
m.ore nmdom orientation among books llUIY be due to 
repeated shrinking and swelling of the till mateJjaJ with 
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concomitant mixing (similar to that observed in soils with 
venic properties). The strong ctevelopment of argillic anc:l 
carbonate features in lhe fractures (compared with the 
soil horizons) probably indicates that fracture fill ins took 
place under an oJder soil (or multiple :soil~) that has 
since been removed or truncated by erosion. The current 
surface soils, by the criterion of carbonate morphology, 
appear to be relatively young, espedally compared wlth 
the aBe 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 iippears 
IikeJy that the fractures filled with illuvial clay until 
penneabilhy was reduced to the point that little or no 
further illuviation wa~ likely. At some l11ter time, mac· 
ropores fonned in the clay fill and were progressively 
filled by the precipitation of calcite. Carbonate was proba­
bly precipitated by percolating water during wening­
dryins 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, a climatic 
shift to more arid conditions, or combinadons of these 
processes· (simultaneously or in series), could produce 
shrinkage cracks, since the clay is high in smectite (Dav­
enport, 1993). It is also possible thllt the growth of tree 
roots wedged blocks of tuff apart, creating macropores 
by enlarsement of the fractures. Another possibility is 
th11t macroporosity was created through fracture enlarge­
ment caused by tectonic or seismic activity. 

The overall morphology of the fill materials, both in 
the field and in thin sections, is consistent with shrinkage 
cracking of clays. However, vi5iblc :sigm; of expansion­
induced mechanical weat.'ierina (fractured grains and 
over~ll partiele·size reductioD, for example) have not 
been observed in the tuff adjacent to fractures. The 
presence of these features could be expected (Graham 
et al., 1994), but their absence does not necessarily 
eliminare shrink-swe11 as a dominant process in the frac­
tures. 

The geometry of some of the fractures (Fig. 2, fot 
example) appears coniSistent with small-scale (10-20-cm) 
venical movements of fracture-bounded ruff blocks. This 
suggests that tectonic activity has played a role in enlari· 
ing some of the fractUres. Paleoseismic ~tudies have 
shown that multiple ruptures have occurred on three 
faults in the 'Vicinity of Los Alamos within «he pas: 
200000 yr (Gardner and House, 1987~ Wong et al.. 
1993). Two of these, the Rendija. Canyon and Guaje 
Mountain faultS, have been active during the last 10000 
yr. These figures are preliminary estimeltes. 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 fur the contribution 
of erosional unloading to enlargement of fractures- in 
particular, observations that me ftactures tend to be more 
open (wider) near the periphery of mesas (Rogers, 1977). 
This apparently occurs as slabs of tuff at tl1e mesa edges 
move due to gravity (D.T. Vaniman, 1994, personal 

communic-ation). but it i:s not known to what extent t.iis 
may allow enlargement of fractures toward the central 
ponions 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 L'le morphology of fracture fills containing mostly 
clay with secondai)' amounts of carbonate, it does not 
clearly eJ~.plain why some fractures contain almost pure 
carbonate but very litde or no clay. The possjbili.ty 
of tectonic or erc.sion-induced ma.croporosity 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 fracture filling, and were enlaraed only later. when 
carbonate precipitation was the dominant process. 

It is possible that aU of these processes - shrink­
swell, root growth, tectonism, and erosional release of 
stress - h~tve played a role in the creation of macroporos­
iry. These processes mighl have acted concurrently, or 
one or more of the processes may h11ve been dominant 
at different times. It ·seems likely that desiccation cracking 
of c:hi:ys would be a more or less continual process, 
whereas tectonic or erosional enlargement of fractures 
wo1,1Jd occur more episodkal1y. 

It is clear that these pos:~ible explanations ofmacropore 
formation have very different implications for the poten­
tial movement of water, now and in the future. If shrink­
age cracking of clay is the sole mechanj5m tesponsible 
for creation of macropores, it is likely that at some point 
the fractures become so full of cley that funher cracking 
is minimized. Because the fractures &rt: confined by 
massive tuff, as the day fill is wetted by infiltrating 
water, swelling should effectively and rapidly close most 
macropores and thereby greatly reduce water movement. 
If, on tbe other hand, fracture enlaraernenl by root 
growth, tectonic activit)', or the release of stress by 
eroslon is responsible for creating mac:roporosity, 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 sratus of the fractures comes 
from vegetation. The presence of live roots in the frac­
tUres at virtually all depths indicates that the fractures 
normally contain sufficient moisture to sustain plant 
growth. Since plants extract soli moisture throua:h their 
roots, it follows that the moisture in the fractures must 
be replenished either episodically or continuously. lt is 
not clear whether this occurs by percolation of soil water 
directly into the fractures or by capillary movement 
of water from L"te tuff into the fractures. Tbe fonner 
mechanism wouJd have greater potential for transpon 
of contaminants into and through the fraCtUres. 

AU of the mechanis.ms described allow for the possibil~ 
ity that the climate on the Pajarito Plateau has chan&ed, 
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 procluced and the quantity that Is 
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translocated within soils increases, regardless of the par­
ent material (Birkeland, 1984; Buol et al., 1989). In 
contrast, pedogenic carbonate accumulation in soils de­
rived from noncalcareous parent material usually takes 
place in a relatively low-precipitation environment (Mar· 
but, 19~1; Allen and Hajek, 1989), such as the current 
climate of the Pajarito Plateau. When soils arc high in 
C8rbonate, flocculation tends to inhibit the translocation 
of clay (Jenny, 1941; McKeague and St. Arnaud, 1969; 
Birkeland, 1984). Not only, then, would the translocation 
of the elay rhat we find in abundance in the argillic soil 
horizons and in the fracture5 have required relatively 
higher precipitation. but it must hQve taken place in a 
relatively carbonate· free environment (whjch also points 
to an environment characterited by higher precipitation 
than at the present time). The presence of carbonates in 
both the soils and the fracture fills thus probably reduces 
the llkelihood of present-day clay translocation, and ac­
tive filling of fractures under the current climate is likely 
to proceed mostly by precipitation of calcite. If calcite 
continues to be precipitated in the fracrures, it is probable 
rhat the bulk density of these tiHs will increase, with 
~ corresponding decrease in porosity and penn~bility 
(Machette, 1985). Although water movement through 
filled ponions of fractures is likely to be quite slow, the 
presence of unfilled fractures (and ponions offracture.s), 
as well as the unknown potentilll for creation of additional 
macropores in tills and widening of smill fractures, 
lea\'es open rhe po~sibHity of sjinificant and rapid water 
movement, aroundwater recharge, and contaminant 
transport. 

Our da1:a provide evidence that the climate of the 
Pajariro Plateau has chan&ed from one of relatively high 
precipitation to the current semiarid climate. The timing 
of this change is unknown, bur results of other studies 
(in progtess) ofrhc fracture fillsmayprovideappro.xlmate 
dates. Climatic ~Shifts h11ve been documented at locations 
throu~hout the USA by a variety of methods (p&Jeobota.ni~ 
cal and isotopic studies, for example), and our data 
document the effects of these changes on a pedologic 
sysrcm. This information may have significance for the 
long-term stability of :surfacer! on the Pajarito Plateau 
by providing clues to the history of erosion and pedogene­
sis in the area. The rccognitJon of past climate changes 
requires us to allow for the possibility of climate change 
in the future. Long-term increases in. precipitation could 
siinificantly change the role and importance of fractures 
in the hydrology of this area. An understanding of erosion 
processes and landscape stability, as well as hydroloey, 
is important for effective. land-use planning and environ­
mental protection. These studie5 could also have implica­
tions for otber volcanic landscapes, especially in semiarid 
regions. 
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