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Vadose Zone Clays and Water Content beneath Wet and Dry Canyons 
of the Pajarito Plateau. New Mexico 

D. Vaniman,• D. Broxton, and S. Chipera 
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T 111~ fACn.mES of Los Alamos National Laboratory 
(LANL) are located in northern New Mexico on 

mesa tops and within canyons or the Pajarito Plateau, 
a gently east-sloping surface that is bounded on lhe east 
by the Rio Grande in White Rock Canyon (Fig. 1). The 
portion of the Pajarito Plateau where LANL facilities 
are located is underlain by deposits of Bandelier Tuff. 
a sequence of siliceous pyrocla\tiC deposits erupted in 
two major episodes at 1.61 and 1.22 Ma (lzett and Obra
dovich, 1994). These deposits have been eroded into a 
series of linger mesas by canyons that allow access to 
deep exposures, panicularly of the 122 Ma Tshirege 
Member that has been most incised by erosion. The 
deepest canyons cut through a varied sequence of sedi
ments and tuffs of the Cerro Toledo interval (1.22-1.61 
Ma) and into the Otowi Member of the Bandelier Tuff 
(1.61. Ma). In some eastern canyon reaches, streams 
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have cut into underlying volcaniclastic sediments of the 
Puye Fonnation and Cerros del Rio basaltic lavas. De
scriptions of these stratigraphic units are provided in a 
companion paper in this volume (Broxton and Vani· 
man, 2005). 

The facilities of LANL, including waste storage and 
disposal areas, are located primarily on mesa tops, but 
discharges of treated waslcwatcr have occurred in sev
eral of the canyons. The focus of this study is on two 
canyons (Fig. I): Los Alamos Canyon, which has head· 
waters in the Sierra de los Valles dacitic volcanic terrain 
to the west of LANL and Mortandad Canyon, with 
headwater.; in Bandelier Tuff deposits of the Pajarito 
Plateau. Flow in these two canyons is fundamentally 
different (Purtymun, 1995), for the amount of rainfall 
and snowmelt in the drainage area of Los Alamos Can
yon [29 km2 (10.6 mi') extending to 3170 m (10400 It) 
elevation] far exceeds the abundance of precipitation 
that feeds Dow in Mortandad Canyon [drainage area of 
5 km2 (1.8 mi') extending to 2290 m (7500 ft) elevation[. 
Flow in Los Alamos Canyon is sufficient to reach the 
Rio Grande in many rainfall events and as snowmelt 
occurs: Aow in Mortandad Canyon is seasonal and only 
extends to the Rio Grande under exceptional flood con
ditions. However, discharges of LANL effluents into 
Mortandad Canyon maintain perennial pulses of flow 
in the upper and midreaches (west of MCDBT -4.4; see 
Fig. 1). 

Clay Mineralogy: Smectite, IUhe, 
KaoHnite, Halloysite 

The mineralogic focus of this study is on clays. Other authi
genic minerals occur in the canyon systems at LANL but 
these are relatively minor components found in a few occur
rences and with limited distribution (zeolites. calcite, gypsum, 
and halite) or they are components with widespread distribu
tion (Mn, Fe oxyhydroxides) lhat are yet poorly characterized. 
All of these other authigenic minerals are generally present 
in only trace amounts (<1%, w/w), whereas clays can occur 
in some pt>nions of the canyon systems in abundances up to 
-50% (wlw) or more. 

Oay minerals common to lhe LANL canyon systems in
clude both clays of the 2:1 sti'UCiural series (clays having a 
tetrahedral sheet on both sides of an octahedral sheel) and 
clays with l:l structures (clays having a letrahedral sheet on 
only one side of an octahedral sheet). The 2:1 clays of the 
canyons are principally srnectites. with lesser amounls of illite; 
lhe 1:1 clays of the canyons include kaolinite and halloysile. 

Smectites are swelling days: that is, clays that have hydrated 
cations (typically Na, Ca. ani..II(..'SSCr K) between the 2:1laycrs 
and capable of gaining wa1er in this interlayer zone, expanding 
the clay structure (Bailey, 1984). These cations provide a posi· 
tive charge thai compensates for a negative "layer charge .. 

Abbren.dobs:: LANL. Los Alamos National Laboratory. OXRO. 
quantitative powder X·liiY diffrad:ion. 
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generated largely by the substitution of AI for Si in the telrahe
dral sites. Illites are K-rich equivalents that have essentially 
losl the capability to expand because of a strong layer charge 
that stabilizes the high K content. These two types of clay are 
very similar in structure and often occurinterslralified (high-K 
illite structures interlayered with expandable snx.'Ctile struc
tures). In both illites and smectites -water" occurs as OH at 
octahedral apices that are not shared with tetrahedra. Unlike 
smectites, i11i1es have little or no Hz{> in the interlayers be
tween 2:1 sheet slructurcs. 

Kaolinites and halloysites are not sweUing clays; these 1:1 
structures do not have hydrated cations in their interlayers, 
although halloysite generally has some water of hydration 
between the 1:1 layers (Churchman et al., 1m Brindley, 
1984). In kaolinite the oxygen atoms in the outer face of one 
tetrahedral sheet arc linked to hydrox:yls in the outer ponion 
of the octahedral sheet in the next 1:1 layer by H bonds, 
providing a relatively rigid. platy structure. In halloysite the 
H bonds linking 1:1 sheels are misaligned, causing the 1:1 
layers to curt into cylindrical shapes (e.g .• Levis and Deasy. 
2002). 

The abundance o( 1:1 clays in the canyons is distinctive 
from clay assemblages of the surrounding mesas. where clays 
of the soils and in the Bandelier Tuff are dominantly smectites 
with interstratified illite and very minor amounts of kaolinite 
(Vaniman et al., 2002). To date haUoysite has not been found 
in lhe mesa environment. 

Many of the samples discussed here contain hydrated volca· 
nic glasses, which typically lose -2 to 4% (w/w) water on 
heating to temperatures >2000C (Vaniman et al., 1993). Any 
contribution of water from volcanic glasses will be negligible 
al the lempcrature used for gravimetric waler determination 
(tiO"C), as discussed in this paper. 

MATERIALS AND METHOI)S 

Petrographic analyses were conducted using standard pol· 
ished thin sections and an Olympus BH-2 petrographic micro-

scope. Mineral abundances in drill core samples were deter· 
mined by quantitative powder X-ray diffraction (OXRD) wilh 
a Siemens 0·500 diffractometer using Cu·Kn radiation and a 
Kevex Psi Si(Li) solid stale detector. Data were obtained on 
samples that were first crushed in a tungsten-carbide shat· 
terbox: and then ground lo <5 fLm in an automatic agate 
Brinkman Micro-Rapid mill. For data colk.-ctcd from drill hole 
LAOI(A)·l.l, a ponion of each sample was mixed with a 
l.O.p.m corundum internal standard in a sample/corundum 
ratio of 4:1 by weight The quantitative mineralogy was deter· 
mined on a weight basis using the methods outlined by Chung 
(1974). Glass was determined by difference after the abun
dances of crystalline phases were determined: for this reason 
the tolals in such analyses are always 100%. These OXRD 
methods have l•:en coded into a computer program (QUANT) 
that accoun1s for analytical problems imponant in the analysis 
of tuffs, altered tuffs. and soils: for example, correction of 
clinoptilolite and opal-cr for mutual overlap and use of multi
ple reflections to improve resulls for analysis of complex tee· 
tosilicates. Fun her details of 1he basic method can be found 
in Bish and Chipera ( 1988, 1989) and the methods of multi· 
reflection analysis are described in Chipera and Bish (1995). 
For all other OXRD analyses, collected at a later date, the 
same diffraction instrument was used but quantitative analysis 
was performed with a full-pattern quantitative analysis pro
gram (FULLPAT) using measured and calculated patterns 
(Chipera and Bish, 2002). All phases including glass are mod
eled and lotals are nol conslrained to 100%. In this more 
recent method it is possible to distinguish between kaolinite 
and halloysite; in the older data lor LAOI(A)-1.1 these two 
clays are nut di£fcrentiared and are listed as .. kaolinite/hal· 
loysite ... 

In all boreholes. core samples -.·ere collected for water 
contenl analysis and analysis of soluble-ion leachales using 
deionized water. Each core sample was sealed in a pre~weighed 
container al lhe drill site to prevent moislure Joss before anal-
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data were obtained than for LAOI(A)·I.I. but the data 
from R·8 are sufficient to show lhat day abundances 
are considerably greater m the Otowi ash nows and 
the Gua;e Pumice Bed at R·8 than in these units m 
LAOI(A)·I.I (51}.6(}%, vs. <20% in all hut one Qf the 
LAOJ(A)·I.I Otowi a-;h flow and Guajc Pumice Betl 
!>amplcs). This greater abundance of clays in R·8 is dis· 
trihuted throughout the matrix and is not ciO'Iely linked 
to occurrences of fractur~ wnL-s. as is the case in the 
Otowi ash nows at LAOI(A)·l.l 

In drill holes MCOBT -4.4 and MCOBT·S.5 the bulk 
core ""mplcs are relalively unallered (Table 3). The 
-;matl amount of alteration observed in the core samples 
is predominantly smectite (0-2.7%. wtw) with kaolinite 
occulTing only in Cerro Toled<l a~h at 20.7 to 20.R m 
(68.0-68.2 ft) depth in MCOBT·4.4. In contrast, miner· 
a logic data obtained for particulates leached hom lightly 
crushed core indicate a predominance of clays (Tahle 
4), with smectite mo:.t common in drier portions of the 
sequence and halhlysite (:>-illite) mnrc cummun in wet· 
ter portions oi thl) water ahundnncc pmfilcs. On cvapo· 
ration of leachate-. halite, calcite, and pus~ibly gypsum 
salts were pnH.Juccd from ~orne sample" The mineralogy 
of the <Stl nm clay and salt fracttnnt> is annotated on 
Fig. 4 against the water abundance profiles in these 
dnll hnles. 

Water Abundance Uata. t.:l~ctrical Conducti,.ity 
llata. and MineraiDgy 

The water abundance profile1n drill hole R·Hisshown 
in F1g. 5. with points on the water abundanet: curve 
W indic-.tte locations of core samples analyzed. Thc-;c 
gravimetric water content data arc ploUcd along with 
drift-corn:cted conductivity data collected in R·t! using 
the Mount Sopris inductwn prohc.ln a very broad <ocnse 
the region of highest conductivity from about 15.2 tn 
335m (50-llfl h) depth corresponds with core samples 
of highest water content In deunlthl' corrclatmn be
tween conductivity and water content shows !'.Cveral 
points of deviation from the local trend of increasing or 
decreasing water content (circled data points in Fig. 5) 

A bivariate plot of water abundance and conductivuy 
data from R-8 is shown in Fig. 6, with Ctlnductivities 
representing induction probe data from the same depth 
as each analy1cd CMc sample. Many samples, rcgardle'<o.'l 
of lithology. can Oc intcrpretcll In fit a rcgte!>siun that 
excludes the Circled uutlicrs m Fig. 6; m this regression 
the adjusted water content, represented a~ % (wlw) 
water abundance .;. total <;ample ma~s. is approximately 
0.9 tinu.-s the local value of conductivity in mSfm. The 
sample~ thm deviate most from this relatffinship diverge 
because they are more conductive than their water con· 
tent would otherwise indicate. 

Core HydMRcologic Properties in LAOI(A)-1.1 

llle hydrogeologic propcrtacs of COTL' o;.amples From 
borehole LAOI{A)·l.l are ~ummarizcd in Table 5. Re· 
sull~ arc t.abulatcd fur ASTM water abundance values 
(g watcr/gdry mass), dry bulk density,caleulatcd poros· 
uy,and hydraulic transmissivity. lltc hydraulic transmis 
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s1vity and water abundance data are plotted against 
tratigraphy. fracture lones, nod clay mineralogy in Pig. 
3. llle klwest hydraulic transmis.<~ivitics (<10-• cmfs) 
for the Otowi ash flows occur in ctay·neh iracture 1ones. 
The highest transmi~ivity (-10·1 cm/s) occurs within 
a sample of unaltered HSh flow at36.\ m (118.5-118.6 
il) depth. The single ~mplc analylcd from the Puye 
fanglomerate ha~ higher hydrauhc transm~sivity than 
all of the OtOwi samples except this mnst tran~miS.'IIVC 
sample from the Otowi ash fiows. 

UISCUSSION 

Clay llistributions and Pathways Ctw Flow 
The data (rom LAOI{A)-1.1 ~how that fracture zones 

(Fig. 3) can have a significant role in dcfinin~ the distri· 
bu11on of cia~ in the vadliSe zone. Tutalcl:&y abundance 
rcache<~ 411% (w/w) of smectite plus kaolinite/halloysitc 
in some fracture mne~. bulthe matrix alteration outside 
the fracture zones IS generally lim1ted to <3% (w/w) of 
mainly smectite. Petrographic data fmm the fracture 
:runes in the Otowi ash flows tonsistently indicate a 
trend of early smectite formation followed by later l::a· 
olinite/ha\loysitc fracture filling. The hydrologic proper· 
ties data from this drill hole (Table 5 and Fig. 3) show 
that the penneability of clay·filled fractures in Otowi 
ash nows is 1lnc to two orders of magnitude less than 
the pcrmeabiltty of the unaltered tun matrix. Thisobscr· 
vation, plus the evidence that (i) matrix alteration of 
Ute ash fiows is limited to smectite and (i1) kaolinite/ 
haltoysite is limited to fracture ·10nes or perched hllri· 
Nns (alluvium and Guajc Pumice Bed), favors nn inter
pretation of late-stage introduction of kaolinitelhalltlY
site into prcvtously smcclitc-fillcd fractures that have 
been reopened, fltJSsihly by tectonic events. 

Within Los Alamos Canyon. dtffcrences in clay abun
dance and di~tributlon between LAOI(A)·I.I and R.S 
are striking. In R·H (Fig. 3) there is a h1gh abundance 
of hulh smectite and halloysite. with total clay abun· 
dances of 40 to 60% (w/w) in thrL'C samples representing 
the Otowi ash flows. the Guaje Pumice Bed, and an 
older dacitic pumice unit just below the Guaje Pumice 
Bed at 29m (95ft) depth. Examination or cores suggesl'> 
that such clay abundances arc pervasive in the tuff units 
above the Puye Funnatinn at R·R The implication of 
the R·B data is that high gravimetric water content and 
exten~ive alteration extend duwn tn -30m {-100ft) 

depth in this ponion of Los Alamos Canyon hy matri~t 
communication withoutlocali:r.ation in fracture S)'litems. 
At present there are insufficient data to detennine how 
much of the clay is formed in place and how much is 
!ranslocatcd.ln contrast to LAOI(A}-I.l.clayaccumu· 
lations in R·8 are nut focused along fracture mnes, 
suggesting that pervasive saturation led to eden~ivt: day 
fonnation in plt~ce beneath thi~ ponion or l.os Alamos 
Canyon . 

The J:&tR fmm drill holes MCOBT·4.4 and MCOBT-
8.5 in Monandad Canyon indicate that smectite and 
halloysite are commun m the lcachates from core sam· 
pies (Table 4), althuugh sm:&ll amounts or illite also 
occur. When the <50 nm leachate mineralogy is plotted 
alung with the water abundance curves for these dnll 
holes (fig. 4) the distributitm of smectik vs. halluysitc 
~uggests that the halluysite tends to he correlated with 
zones of higher grav1mctnc water content. This conclu
SIOn is supponed by the clay distribution~ plotted in 
Fig. 3, where the two :runes of perched saturation in 
LAOI(A)-1.1, w1thin alluvium ;md within the Guajc 
Pumice Bed. have .clay aot~mblagcs dominated by ka· 
uhnitclhalluysitc With smectite less common. 

The data from both Lrn; Alamos Canyon and Monan
dad Canyon suppon a correlation hetween higher gravi
metric water content and kaolinitelhallovsitc occur· 
rcncl.~ in the vadose zone. The petrographic evidence 
fm early smectite formation and later kaolinitclhalluy. 
site formation in Los Alamm Canyon may indicate a 
transition over time in the nature of day formation 
within the canyons of the Pajarito Plateau. However. 
tbc cau.'IC or this shift from 2:1 to 1:1 clay~ over time is 
nnt clear. Contributing factnr; may be differences in 
access to vadose zone Oow, progressive modificatinn 
of groundwater composition, effects of changing water/ 
rock ratio in determming the nature of clay alteration. 
and in some instances vanatmn in relative contributions 
from authigenic clay formation \15. translocation. 

Water Re,;idenre in Pores md in Clay!li 

The combination nf quantitative water abundance 
data with quantatativc determination nf clay types and 
abundance~ Allows an estimation of how much vadnsc 
wnc waucr is hciJ within minemls compared with the 
water in pore spaces. Such :1n analy~is for five samples 
from drill hole R·R is provided in Tahle 6. The eorre· 
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clays arc not mtimatcly intcrgrown, kaolinite (pos.stbly 
mcluding halloysite) is differentiated from smectite by 
tower hirdringcncc (first-order birefringence, <0.1101 
in kaolinite, vs. ~cnnd-order birefringence, 0.003-f).004. 
in ~mcctite). The samples analy1.ed represent hoth al· 
tered matrix and day-filled fractures. 

A thin section prepared from a vcnical fracture wnc 
high in the Otowi a~h noW!; (16.5-16.1'! m. or 54.2-55.11 ft 
depth) has venical fracture-filling stringers of coarse 
kaolinite and smectite. Kaolinite IS generally concen
trated along the fracture axes. with smectite hning the 
fracture walls and penetrating the matrix near the frac:
tur~'S. Pumice lapilli in the matrix of thi.-. sample exclude 
clay, tnn some pumice along the fracture~ arc day-filled. 
Cla)'5 within the fractures have smalhcale (-200 11-m) 
chevnm structure, sugge~t1ng either clayexransion within 
fracture confinement or fracture slippage after clay fur· 
mat ion. 

At ~omewhat greater depth in the OtoWI ash flnws 
(lR 7-IR.9m,or6t.5-fll.9 fl), fractures arc irregular and 
form a boxwork texture that fragments many pumice 
lap11ti. Porou~ pumice lapilli that are not fractured arc 

generally not invaded by clay. The clays drape both 
pumice and phcnocrysK 

In a near.vcrtical day seam deeper in the Otowi ash 
flows at47.5to 48.8 m (156-160 ft) depth. a thin section 
from a sample at 48.3 m (158.5 H) depth ~hows elongate 
bodies of kaolinite (-0.1...0.5 mm wide) encased within 
smectite; in rcOccted light thin stringers of kaolinite 
(lower rcncctivity) can he seen to penetrate between 
and across layers in the enclosing smectite, suggcsttng 
that kaolmitc may have been introduced along small 
fractures that developed either when the smectite dehy
drated and contrncted or, m~1re likely, when the fraetun: 
npcned tectonically. 

A sample fmm the upper part of the Puye Formation, 
at 97.4 m (3195 ft) depth, l.'i a mndcratcly sorted clay
rich silty sand. Detrital grains arc < ltK) 1-1-m in si1e and 
Ct1nsist mostly of plagiuclasc, but in dude quartz, biotite, 
dacitic lithic fragments, and vitrie pumice. Clays arc 
dispersed thruughuut the porous matrix. and app<!ar to 
be predominantly or entirely smectite; the vitric pumice 
has little or no clay alteration. Also dispersed through
out the matrix are ~mall (-2()-30 1-lm) opaque oxide 
hodies. possibly amorphous Mn- or Fe-uxyhydroxidcs 
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This petrographic survey of a few representative thin 
St.'Cllons from clay-rich :loncsof LAOI(A)-1.\ provides 
evidence that kaolinite (ptls..~ibly includmg halloysite) 
has in many ca..-.es former.! after the pnncipal '\RICCiite 
alteration, either within lhc axial zones of small frdctures 
lined hy earlier smectite or in bas.al or eros~-breaking 
fractures that d1srupt preexisting smectite hndies. 

Water Abundance Profiles and Clay Mineralogy 
Gravimetric water abundance profiles and clay min

eral abundanct."' in two drill holes in Los Alamos Can
yon, LA01(A)-1.1 and R-8, are compared in Fig. 3. 
Water abundance data and leached particulate or salt 
mineralogy data for drill holes in Mortandacl Canyon, 
MCOBT-4.4 and MCOBT-8.5, are provided in fig. 4. 
In all drill holes except MCOBT ..S.5thcre is a prominent 
peak in water ~ntentat depthsbet~een 18.3 and 24.4 m 
(fll and 80ft); m MCOBT -8.5 the peak water content 
is deeper (32.0 m, or 105 ft depth). Water abundance 
prortle data are also available ftum other drill holes in 
Monandad Canyon: R-15. MCM-5.1, and MCM-5.9a 
(drill bole locntionsshown in Fig. 1). In these drill holes, 
the peak water content is also reached at depths between 
18.3 and 36.6 m (60 and 120ft) (Longmire et al., 2001). 
In mmt ca.~s the maximum in water content occurs 
within al\uviumleolluvium or in underlying sediments 
or the Cerro TnlerJo Interval 

Mineralogic analysis by XRD includes !1oth quantita
tive (QXRD) andsemi-quaotitativc unai)'Sf.'S. The OXRD 
results for drill hole LAOI(A)-1.1. cullccted u~ing the 
methods of Chipcra and Bish ( 1995), arc Ji~tet.l in Tahle 
1. The QXRO r~ult!> for drill h(lle~ R-R. MCOBT -4.4, 

and MCOHT-1:1.5 collected using more recent method-. 
(Chrpcra anrJ B1~h. 2002), nrc listed m Tables 2 and 3. 
Semi-quantitative XRD datu fur leachate !kimplcs of 
settled (50-200 nm) and suspended (<50 nm) ~olids 
obtained from leachate ~amplcs ol" MC08T -4.4 and 
MCOBT-8.5 arc listed in Table 4. Thc:;c data show 
highly variable abundances and distributions uf clay 
minerals in the vadose: 7.one beneath Los Alamos and 
Mortandad canyons. There arc nevenhcles.~ some ."')'S· 

tcmatic aspects to clay occurrenccsdt.:pcndcnt on d~'Pth, 
presence or ahsenee of fracture zones, and in particular 
whether the canyon is relatively we! or dry. 

In drill hole LAOI(A)·I.l, mineralogicdatawcreoll
taincd from core samples representing alluvium. the 
Otowi asb Rows, the Guajc Pumice Bed, and the Puye 
Formation (Table I); most of the data arc from the 
Otowi ash nows. In this drill hole there i.~ an abundance 
of kaolinite/halloysitc as well a~ ~mcctite to a depth of 
21.3 m (70ft). Below this depth kaolinitc/hallor.o:ite docs 
not occur in the Otowi a."'h nows, except in a clay-filled 
fmcture at 48.3 m (158..5 ft) depth and in minor amount 
at a depth of 71.4 m (234.l ft). K;wlinite reappear.~ in 
abundances of 3 to 5% (wlw) in the Guaje Pumice 
Bed (89.6-96.3 m, or 294-3\6 ft depth). During drilling, 
1ones of local saturation within the vadose 7.one were 
ohservcd at the base of the alluvium (Z.4-4.ti m, urs.-15 ft 
depth) and within the Guaje Pumice Bed (89.6-96.3 m, 
or 294-16 ft depth; Newell, 1994). 

In drill hole R-R. mineralogic data were obtained from 
core samples repn.'SCnting the Otowi ash Rows, the Guajc 
Pumice Bed, and the Puye Formatitm (Table 2). Fewer 
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eonduelivily data arc useful for Identifying wncs of 
increased gravimetric water eontcnl. On a fmcr scale 
there arc several s.1mple:'! that stand (lUI in deviation; 
thl.-s<.: arc cm::lcd m blue in OOth fig. 5 and Fig. 6. The~ 
..amplcs art! nut restricted to any on..: umt, hut t:an be 
found m the Otow1 ash flow~. the Guajc Pumice Bed, 
and the Puye fR.ngtomcralcs, although the highest pro
por1Jon of nutliers occurs in the Puy..: fnnglomeratcs 

Stnne of the variability in water conlent or conductiv
ity within specific units, whether along·thc regrcs§ion 
line in Fig. 6or not, appears to be correlated with §pecific 
petrographic variants or SITIItigraphic subwnc§ For in
'\tance, in Fig. 6 the gravimetric water abundance of the 
petrographically distinct tlacilk pumice bed at the top 
uf the Puye Fonn.a111111 (high ves1cutar gl.ass abundance 
vs, abundance of dense crystalline lava cla~L~) i~ greater 
!han the water abundance in any of the pum1ce-poor 
Puye fanglomeratcs, al!hough the pumice-poor fan
glomeralcs include outlier.< of high conductivity !hat ap
prnach or ext:ced the conductivity of the dacitic pumiCC' 
hcd. Another example of variation pos..~ihly linked loa 
stratigraphic subwnc is I be basal sample from the Guaje 
Pumice Bed, which has high conducllvtty, similar to the 
other GuaJc sample~. hul lower water content 

A ffillTC detailed study would tlC required to deter
mine why each of the c•rclcd -.ample~ in Fig. 6 dcv.ates 
fmm the trend otherwise o;ccn, but il is nntahle that 
the mn<;t common deviation from correlation is in the 
dircctwn of h1gher than expected conductivity for a 
giv~;:n water content, not l~wer cundut:tivil~. The impli
catum nf this comp.ari<;<m 1~ that conductivlly measure
ment!>, c11her from the surface or from down-hole tool~. 
will more cas1ly twcreSIJmatc than underestimate water 
abundance. Nevenbclcs~. 1he devia!ions noted in R-8 
occur in a rdativdy small !>Ubsel nf the !i.llmples anaiY7ed 
frnm a variety of volcanic and sedimentary lithologies. 
The hmad-scale use of electrical methuds in cxploralion 
for vad1)SC ;-one water rcmalflS vahd on the Pa)anto 
Plateau. 

SUMMARY 

A previous study of days in SOIL~ and fractures or thc 
mc:;a-top cnvinmment on the Pajarito Plateau shows 

that the IYJlical clays of the mesa env11nnment are t:n
han-derivcd smcctitt-'5. acwmulatcd in soils and tran<;
poned into fractures, with mmor illite, rare kaolinilc, 
and no halloysite (Vaniman et al., 2002). In contrast the 
day alteration in both wet and dry canyons is distinct 
111 (i) higher ratios of 1:1 to 2:1 clay structural types, 
with local prcdo)minance nf I: I clay~. and {il) appearance 
of halloys1te as a common aheratmn product. Wet can
yons arc marked by more cxtctl'tivc clay fonnat1on, par
l!cularly in the widl.-sprcad vinic pl)rtionsllfthc Randc· 
lier Tuff, Cerro Toledo Interval, and Puye Fnrm.alion. 
The occurrence of abundant kaolinite and especially 
halloysite can be used to identify ;tones of prolonged 
high water/rock ratios: in Los Alamos CanytJn these 
J.OOc<; can he sutxtiv1ded mto (1) an upper mlerval <lf 
-30 m (100 h) that ~ rontinuouo; with and extends 
he low alluv1al s;~turatinn. (i1) venical fnwture 7Unes !hal 
tend to fill with ~mectitc but may reopen and fill with 
kaolinite nr halluy<;Jte. ami (iii) the Guaje Pumice Bed 
at dcplh~ up to -90 m (-JtMI ft). 
Zone~ of high clay abuno.tance in the lower Bandelier 

Turr have hydraulic transmJSSIVJtles (K..,) one to two 
orders of magmtudc lower than the les.~ altered tuff 
(-lo-•vs. 10· 1 1o 10" 1 cm/s). Wnter-tosscharacteristics 
of vadoc;c wnc rncks with low tu moderate clay content 
uno.ter the cnnditions of AST!'-1 wntcr abundance mea
surements can pmvtde Water abundance data for matrix 
now calculations, hut wa!er C(lfllenb so estimated may 
be in errnr by -5 to 16% because some ••f the wa1er 
mensured is actually held in clay interlaycB. These er
ror.; are not so large as to preclude the direct use of 
such water abundance measurements for now calcula~ 
lions, but the detennination of movable water will be 
more accurate if the mineralogy and quantily of clays 
prescn1 is dctcrmmed and the extractable water in these 
clays i!> accounted for. 

The data summari1.ed in Fig. 6 show thai caution 
should also he used in inferring moisture content from 
borehole conductivny data. Higher conductivity L<; oil
served in some horizon~ than might be estimated from 
gravimetric moisture data. This is panieularly the case 
in the Puye Formation fanglomerales, where > 25% of 
the conductivity measurements are higher than ex-
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peeled. Because the Puye fanglomcrates are not cxccp· 
tionally cl.ay-rich (Fig. 3). it is unlikely that the higher 
conduc1ivity in these samples is rt:lated 10 clay content 
Other factllrs thai can affcx:t conductivily (panicle prop
erties. water sahnily, lithology, ett:.) appear 10 have in
fluence. Although further s1udy would be needed to 
de!Crminc the nature and magnitude of these factnB, 

. the overall gross corrcl~tinn helwecn conductivily and 
movable water content mdicales that electrical methods 
arc still useful in exploration ror groundwater in both 
wet (clay-rich) and dry (clay-poor) canyons. 
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