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ABSTRACT

Clay minerslogy i the vadose zone 3t Loa Alamos Nations) Labo-
ratory (LANL), situated on the Psjarito Platean of northern New
Mexico, differs significantly beneath wet and dry canyons. Drainage
across LANL is gepersily from west to enst and fecds into the Rio
Grmande siong the eastern margin of the pintesn. Canyoas with head-
waters {n the Sierra de ios Valles west of the platesu support more
flow and are wetter than canyons with headwaters on the platesu.
Los Alzmos Camyon, one of the wetter canyons, has extensive clay
alteration to depthy >30 m in the subcanyon vadose zooe. Mortandad

Y

3 Canyon, one of the drier canyous, bas lem ciny alteration. Hydmulic
=z property data for the Otowi Member of the Bandeller Tail, one of the
- mwwuhmn.mumum
B clay ab have (K.) one to two orders
= awmmmmm«-w‘n10”::10"@)-
£ dinite, indicste zones where
<

the water/rock ratio is or bas been high within the vadose zane.
Gravimetric water content dats collected at 110°C from vadose zone
rocks with low to moderate clay coatent provide water sbuadance
date for matrix flow calculations. These data may be in error by up
to ~5 to 16% because some of the water measured is sctuafly held
in ciay intertayers mther than in pore spaces: such ervors are minor
bat should be in the use of gr moisture data. The
use of electrical methods to explore for vadose wet zoaes is valid oo
the Pajarito Piatenn as long ss the results are treated broadly, with
the understanding that some intervals of high conductivity are oot
entirely related to either movable water conteut or ciay abondance.
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HE sACLMES of Los Alamos National Laboratory

(LANL) are located in northern New Mexico on
mesa tops and within canyons of the Pajarito Plateau,
a gently east-sloping surface that is bounded on the east
by the Rio Grande in White Rock Canyon (Fig. 1). The
portion of the Pajarito Plateas where LANL facilities
are located is underlain by deposits of Bandelier Tuff,
a sequence of siliceous pyroclastic deposits erupted in
two major episodes at 1.61 and 1.22 Ma (Izett and Obra-
dovich, 1994). These deposits have been eroded into a
series of finger mesas by canyons that allow access to
deep cxposures, particularly of the 1.22 Ma Tshirege
Member that has been most incised by erosion. The
decpest canyons cut through a varied scquence of sedi-
ments and tufls of the Cerro Toledo interval (1.22-1.61
Ma) and into the Otowi Member of the Bandelier Tuff
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have cut into underlying volcaniclastic sediments of the
Puye Formation 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 wastewater have occurred in sev-
eral of the canyons. The focus of this study is on two
canyons (Fig. 1): 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
headwaters 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 km? (10.6 mi®) extending to 3170 m (10 400 t)
clevation|] far exceeds the abundance of precipitation
that feeds flow in Mortandad Canyon [drainage arca of
5 km? (1.8 mi?) extending to 2290 m (7500 ft) elevation}].
Flow in Los Alamos Canyon is sufficient 1o reach the
Rio Grande in many rainfall events and as snowmelt
occurs. Flow 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 MCOBT-4.4; sce
Fig. 1).

Clay Mineralogy: Smectite, Hlite,
Kaolinite, 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 oxyhydmxndes) that are yet poorly chamc(enzed
All of these other authij Is are ge ly present
in only tracc amounts (<1%, w/w), whereas clays can occur
in some portions of the canyon systems in abundances up to
~50% (wiw} or more.

Clay minerals comrmon to the LANL canyon systems in-
clude both clays of the 2:1 structural series (clays having a

(1.61. Ma). In some eastern canyon reaches, streams
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sheet on both sides of an octahedral sheet) and
clays with 1:1 structures (clays having a tetrahedral sheet on
only one side ol' an octahedral sheet). The 2:1 clays of the
canyons are princi ites, with lesser of illite;
the 1:1 clays of the canyons include kaolinite and halloysite.

Smectites are swelling clays: that is, clays that have hydrated
cations (typically Na, Ca, and lesser K) between the 2:1 layers
and capable of gaining water in this interlayer zone, expanding
the clay structure (Bailey, 1984). These cations provide a posi-
tive charge that compensates for a negative “layer charge”

Abbreviatious: LANL. Los Alamos National Laboratory: OXRD.
ive powder X-ray dif
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Borehcles Indicated by black dots

Fig. 1. The Pajarito Platean, showing Los Alamos and ¥ d canyons, the boundaries of Los Alamos Natlonal Laborstory (LANL), and
the borcholes discossed in this paper (labeled dots).
d largely by the of Alfor Siinthe (elml\e- scope. Mineral abund. in drit) core were deter-

dral sites. llites are K-rich equi that have

lost the capability to expand because of a strong layer charge
that stabitizes the high K content. These 1wo types of clay are
very similar in structure and often occur interstratified (high-K
illite structures interlayered with expandable smectite struc-
tures). In both illites and smectites ~water™ occurs as OH at
octahedral apices that are not shared with tetrahedra. Unlike
smectites, illites have little or no H,O in the interlayers be-
tween 2:1 sheet structures.

Kaolinites and halloysites are not swelling clays; these 1:1
structures do not have hydrated cations in their interlayers,
although halloysite generaily has some water of hydration
between the 1:] layers (Churchman et al., 1972 Brindley,
1984). In kaolinite the oxygen atoms in the outer face of one
tetrahedral sheet arc linked to hydroxyls in the outer portion
of the octahedral sheet in the next 1:1 layer by H bonds,
providing a relatively rigid. platy structure. In hall the

mined by quantitative powder X-ray diffraction (QXRD) with
a Siemens D-500 diffractometer using Cu-Ka radiation and a
Kevex Psi Si(Li) solid state detector. Data were obtained on
samples that were first crushed in a tungsten-carbide shat-
terbox and then ground 10 <5 um in an automatic agate
Brinkman Micro-Rapid mill. For data collected from drill hole
LAOI(A)-1.1, a portion of each sample was mixed with a
1.0-pm corundum internal standard in a sample/corundum
ratio of 4:1 by weight. The quantitative mincralogy was deter-
mined on a weight basis using the methods oulined by Chung
(1974). Glass was determined by difference after the abun-
dances of crystalline phases were determined: for this reason
the toals in such analyses are always 100%. These QXRD
methods have been coded into a computer program (QUANT)
that accounts for analytical problems important in the analysis
o[ tuffs, altered tuffs, and soils: for example, correction of

H bonds linking 1:1 sheets are misaligned, causing the 111
layers to curl into cylindrical shapes (e.g.. Levis and Deasy,
2002).

The abundance of L:1 clays in the canyons is distinctive
from clay ges of the sur di g mesas, where clays
of the soils and in the Bandelier Tuff are d
with interstratified illite and very minor amounts of kaotinite
(Vaniman et al., 2002). To date halloysite has not been found
in the mesa environment,

Many of 1he samples di d here contain hyd volca-
nic glasses, which typically lose ~2 to 4% (w/w) water on
heating to temperatures >200°C (Vaniman et al., 1993). Any
contribution of water from volcanic glasses will bc ncghglble

at the used for gravimetric water deter
(110°C), as discussed in this papcn

il and opal- -CT for mutual oveelap and use of multi-
ple reflections to improve resulls for analysis of complex tec-
tosilicates, Further details of the 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 QXRD analyses, collected at a lalcr date, the
same diffraction i was used but analysis
was performed with a full-patiern quantitative analysis pro-
gram (FULLPAT) using measured and calculated patterns
{Chipera and Bish, 2002). All phases including glass are mod-
eled and totals are not conslramed to 100% in lhls more
recent method it is possible to disti
and halloysite; in lhe older data for LAOI(A)~I 1 these two
clays are not differentiated and are listed as “kaolinite/hal-

loysite.”
In all holes, core ples were collected for water
MATERIAI‘S AND METHODS content analysis and analysis of soluble-ion leachates using
were conducted using dard pol- ized water. Each core sample was sealed in a pre-weighed

|shed thin sections and an Otlympus BH-2 petrographic micro-

at the drilt site to preven moisture loss before anal-
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Reproduced from Vadose Z

Tahie 2. Quantitative XRI data fur the vadose zone in Drill Hole R-8 (%, wiwkt

Blotite _Hornblende  Tota)

Crioballee_ Quarts K fekspw  Plaglocase _ Glass  Hemadite

Iridymite

Dl Haloysiee _Kaolinite} _ Clinopduilie

Dep#_ Sncctite

Serueung

1 Dashes = aoadetection,

+Stram incude ash Dows of tho Otowl Member of the Bandetier Tuff (Qba), te Guaje Pumice Bed w1 the hase of the (Hawt Member {Qbog), # dacitic pamice bed o1 the 10p of the Puye Formstion

(Tpt-ph xd fanglonuerates of the Puye Fonation (Tph.
+ May inctode some balloyite.

[RR————— 459

data were obiained than for LACI(A)-1.1. bul the data
from R-8 are sufficicnt to show that clay abundances
are considerably greater in the Otawi ash flows and
the Guaje Pumice Bed at R-8 than in these units in
LAOI(A)-1.1 {50-60%, vs. <20% in all hut onc of the
LAOI(A)-L1 Otowi ash flow and Guaje Pumicc Bed
samples). This greates abundance of clays in R-8 i
tributed throughout the mairix and is not closely linked
to occurrences of fracture zones, as is (he case in the
Otowi ash flows at LAQI(A)-1.1.

En drill holes MCOBT-4.4 and MCOBT-8.5 the bulk
core samples are relatively unaitered (Table 3). The
small amount of alteration observed in the core samples
is predominantly smeciite (0-2.7%, wiw) with kaolinite
occurring only in Cerro Toledo ash at 20.7 1o 208 m
(680683 1) depth in MCOBT-44. In contrast, mincr-

obtained for pani
crushed core indicate n pn.dnmmnncc of clay: (Tahlc
4), with smectite most common in drier portions of the
sequence and halloysite (* itlite) more commun in wet-
ter portions of the water abundance profiles, On evapo-
tation of leachates halite, calcile, and p«mnhly Lypsum
salts were produced from ph
of the <50 om clay and saft [mclwm is am\olalcd on
Fig. 4 against the water abundance profiles in these
drill hotes.

Water A Data, icat C ivity
Data, and Mineralngy

The water abundance profile in drill hole R-8is shown
in Fig. 5. with points on the waicr abundance curve
10 indicate locations of core samples analyzed. Thesc
gravimetric water content daia arc plotted along with
drift-correcied conductivity data collected in R-R using
the Mount Sopi duction probe. In 1 very broad sense
the region of highest conductivily fram about 15.2 10
33.5 m (50-110 ft) depth corresponds with core samples
of highest water content, In detait the correlation be-
tween conductivity and water conlent shows several
points of deviation from the Jocal irend of increasing or
decrcasing water content (circled data points in Fig. 5).

A bivariate plot of water abundance and conductivity
data from R-8 is shown in Fig. 6, with conductivities
representing induction probe data from the same depth
as each analyzed core sample. Many samples, regardless
of lithology, can be intespreted o it a regression that
excludes the circled outliers in Fig. 6; in this regression
the adjusted water content, represented as % (wiw)
waler abundance + Iotal sampie mass, is approximately
0.9 times the local value of conductivity in mS/m. The
samples that deviate most from this relationship diverge
because they are more conductive than their waler con-
tent would otherwisc indicate.

Core Hydrogeologic Properties in LAOI(A)-1.1
The bydrageologic propertics of core samples from
borchule LAON(A)-1.1 are summarized in Table 5. Re-
sults are bulated for ASTM water abundance values
(g water/g dry mass), dry bulk density, calculaied poros-
ity, and hydraulic transmissivity. The hydraulic transmis-

capyrights reserved
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Table 3. Quanthative XRD data for the vadose rone in Drill Holes MCOBT-4.4 and MCORT-RS (%. wiw).1

Stramm$ Depth Saeciie Ksotinfted Tridymite Cristoballte Quartz K felpar Plagloctase Gins  Hematite Blothie Horbleade Total

Qa 08 - L4 - - - 1 - - s
Qa w2 - [X) Y] k22 - 03 9.2
Q¢ T - 5 u s 53 e - o3 %9
Qe 1S 21 - 3] - 5 9 o5 (%1 - 9.4
Qe 2T - - 0 09 208 L - L1} 1002
+ Dashes ~ bodetection.

4 Serats Inchude slluviumicolinvium (QalQc) and sedizsents of the Cerro Toledo laterval (Qet).

§ Kaoltnlte lo MCOBT-44 a1 201 m depth may inctude some kaloysite.

sivity and water abundance data are _plotted Bgnmsl

depth in 1his portion of Los Alamm Canyon by matrix

tratigraphy, fracturc zones, and clay in Fig.
3. The lowest hydraudic transmissivities (<107 cmis)
for the Otowi ash flows oceur in clay-rich [racture zones.
‘The highest transmissivity (~10"7 cm/s) occurs within
a sample of vnalicred ash flow at 36.1 m (118.5-118.6
1t) depth. The single sample analyzed {rom the Puye
fanglomerate has higher hydraulic transmissivity (han
all of the Otowi samples except this most transmissive
sample from the Otowi ash Mows.

DISCUSSION
Clay Distributions and Pathways for Flow

The data from LAOI{A)-1.1 show that [racture zones
{(Fig. 3) can have a significant rolc in defining the distri-
bution of clays in Lhe vadose zvac. Total clay abundance
reaches 40% (w/w) of smeclite plus kaolinite/halloysite
in some fracture zones, but the matrix aiteration outside
the fracture zones is gencrally limited 10 <3% (wiw) of
mainly smectite. Petrographic data from the fracture
zanes in the Otowi ash flows consistently indicatc a
1rend of early smectite formation followed by later ka-
olmuelhanoysnc fracturc filling. The hydrologic proper-
ties data (rom this drill hole (Tablc 5 and Fig, 3) show
that the permeability of clay-filled fractures in Otowi
ash flows is one 1o two orders of magnitede less than
the permeability of the unaltered tufl matrix. This obser-
vation, plus the evidence that (i) matrix alteration of
the ash Mows is limited to smectite and (ii) kaolinite/
haHoysite is limited 1o fraclure zoncs or perched hori-
70ns (altuvium and Gua,c Puwcc BLd) favon an inter-
pretation of {atc-stage i

without in fracture systems,
At presem there are insuificient nma 10 determine how
much of the clay is formed in place and how much is
transtocated. In contrast to LAOQI{A)-1.1. <lay sccumu-
lations in R-8 are not focused atong fracture zoncs,
ing thal pervasi ion Jed ive clay
formation in place beneath this portion of Los Alamos
Canyon.

The data [rom drilt holes MCOBT-4.4 and MCOBT-
85 in Monandad Canyon indicate that smectite and
halloysite are common in the lcachates from core sam-
ples (Table 4), atthough small amounts of illitc also
uccur. When the <50 nm leachate mineralogy is plotted
along with the waler abundance curves for these drill
holes (Fig. 4) the distribution of smectite vs. halloysite
suggests that the halloysite tends to be correlated with
zones of higher gravimetric water conteat. This conclu-
sion is supported by the clay distributions plotted in
Fig. 3, where the two zones of perched saturation in
LAOI(A)-1.1, within alluvium and within the Guajc
Pumice Bed, have clay assemblages dominated by ka-
olinitc/hatloysite with smectite less common.

The data from both Los Alamos Canyon and Mornan-
dad Canyon support a correlation between higher gravi-
metric water content and kaoliniteshaltoysite occur-
rences in the vadose zone. The petrographic evidence
for carly smectite formation and {ater kaotinite/hatloy-
site formation in Los Alamos Canyon may indicate a
transition over time in the nature of clay formation
within the canyons of the Pajarito Plateau. However,
the cause of this shift from 2:1 (o 1:1 clays over time is

site into previously smectite-filled [mcluru that have
been reopened, possibly by tectonic events.

Within Los Alamus Canyon, differences in clay abun-
dance and distribution beiween LAOIK(A)-1.1 and R-8
are striking. In R-8 (Fig. 3) there is a high

not clear. Co factors may be differences

access to vadose zone flow, progressive modification

of groundwater camposition, effects of changing water/

rock ratio in determining the nature of clay alteration,

and in some instances variation in relative coniributions
el " "

of hoth smectite and halloysite. with total clay abun-
dances of 40 10 60% (wiw) in three samples representing
the Otowi ash flows, the Guaje Pumice Bed, and an
older dacitic pumice unit just below the Guaje Pumice
Bed at 29 m (95 {t) depth. Examination of corcs suggests
that such clay abundances are pervasive in the teff units
above the Puye Formation at R-8. The implication of
the R-B data is that high gravimetric waler content and
extensive alteration extend dowa (o ~30 m (~100 (1)

from i clay vs.

Water Ileildente in Pnres and in Clays
The of ive water
data with quantitative determination of clay types and
abundances allows an estimation of how much vadosce
zone water is held within minerals compared with the
water in pore spaces. Such an analysis for five samples
from dril} hole R-8 is provided in Table 6. The corre-
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clays arc nat mlima(cly intergrown, kaolkinite (possibly
including haltoysite) IS dxfferenllau:d [rom smectite by
fower <0.001
in kaolinite, vs. secnnd-order hurefnngence. 0.003-0.004,
in smectite), The samples analyzed represeat buth al-
tered matrix and clay-filled fractures.

A thin section prepared from a vertical fractuse zone
high in the Otowi ash flows (165-16.8 m, or 54.2-55.0t
depth) has vertical fracture-filling stringers of coarse
kaolinite and smectite. Kaolinite is generally concen-
Irated along the fracture axes, with smeetite lining the
fracture walls and penetrating the matrix near the {rac-
tures. Pumice lapilli in the matrix of this sample exclude
clay, but some pumice slong the fractures are clay-filled.
Ctays within the fractures have small-scale (~200 pm)
chevron structure, suggesting either clay expansion within
fracture confinement or fracture slippage after clay for-
mation.

Al somewhat greater depth in the Otowi ash flows
(18.7-18.9m, or 61.5-61.9 1), fractores are iercgular and
form a boxwork texture that fragments many pumice
lapilti. Porous pumice lapil% tha are not fractured are

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

In a near-vertical clay seam decper in the Otowi ash
Nows at 47.5 (0 48.8 m (156~160 f1) depth, a thin section
from a samplc at 48.3 m (158.5 ft) depth shows clong
bodies of kaolinite (~0.1-0.5 mm wide) cncased wi
smectitc; in reflccted light thin stringers of kaolinite
{lowes seflectivity) can be scen 10 penctraic between
and across layers in the enclosing smectite, suggesling
that kaolinitc may have been introduced along small
fractures that developed cilher when the smectite dehy-
drated and contracted or, mure likely, when the fracture
opened tectonically.

A sample from the upper pan of the Puye Formation,
at 97.4 m (3195 f) depth, is a moderately sorted clay-
i Ity sand. Detrital grains are <100 um in size and
mostly of plagioctase, but include quartz, biotite,
thic fragments, and vitric pumice. Clays are
dispersed throughout the porous malrix, and appear 10
be predominantly or entirely smectite; the vitric pumice
has littke or no clay altcration. Also dispersed (hrough-
out the matrix are small (~20-30 wm) opaque oxide
hodies, possibly amorphous Mn- or Fe-oxyhydroxides.
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Tadle 1. Quantitstive XRD data for the vadose zone in Drill Hole LAOUA)-L1 (%, wiwht

Keabisite!
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0o 313 2 - g 3 11 7 5 - - 1%
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Qhop %3 7 3 1 ] » M » (3 1 100
Tpr %. ] 1 . 2 & 35 12 1 1 100
Tpt ¢ s - s n Q » 2 1 1 100

e abundarice (< 05%, wiw)

4 Dashes = pandetection: 17 =
} Stra tnchide aihvtos (Ol b Do of e Ovoet Momber of he Bandelier Tt (Qbo), the Gusje Pumice Bed a1 the bese of the Otowd Member

10bog). snd faaglocsersies of the Paye Foration (Tpf.

This petrographic survey of a few representalive thin
sections from clay-rich zoncs of LAOI(A)-1.1 pravides
evidence that kaolinite (possibly including halloysite)
has in many cases (ormed after the principal smectite
alicration, cither within the axial zones of small fractures
lined by earlier smectite or in basal or cross-breaking
(ractures that disrupt preexisting smeetite hodies.

Water Abundance Profiles and Clay Mincratogy

Gravimetric water abundance profiles and clay min-
eral abundances in two drill holes in Los Alamos Can-
yon, LAOI(A)-1.1 and R-8, are compared in Fig. 3.
‘Water abundance data and lcached particulate or salt
mineralogy data for drill holes in Mortandad Canyon,
MCOBT-4.4 and MCOBT-8.5, are provided in Fig. 4.
In all dri!l holes except MCOBT-8.5 there is 8 prominent
peak in waler conlent at depths beiween 183 and 244 m
(60 and 80 ft); in MCOBT-8.5 the peak water content
is deeper (32.0 m, or 105 fi depth). Water abundance
profile data are also available from other drill holes in
Mortandad Canyon: R-15, MCM-5.], and MCM-59a
{drill hote locations shown in Fig. 1). In these deill holes,
the peak water content is also reached at depths beiween
183 and 36.6 m (60 and 120 1) (Longmire c1 al., 2001).
In mml cases the maximum in watcr content occurs
withi or in
of lhe Cerro Taledo Interval,

Mineralogic analysis by XRD includes both quantita-
tive (QXRD) and semi-quantitative analyses, The QXRD
results for drill hole LAOI(A)-1.1, collected using the
methods of Chipera and Bish {1995), are listed in Table
1. The GXRD results for drill holes R-8, MCOBT-44,

and MCORT-K.5 collected using more recent methods
(Chipera and Bish, 2(102), are listed in Tables 2 and 3,
Semi-quantitative XRD data for leachate samples of
settled (50-200 nm) and suspended (<50 nm) solids
obtained (rom leachate samples of MCOBT-4.4 and
MCOBT-8.5 are listed in Table 4. These data show
highly variable abundances and distributions of clay
minerals in the vadose zone bencath Los Alamos and
Mortandad canyons. There arc nevertheless some sys-
{tematic aspects to clay occurrences dependent on depth,
presence of absence of fracture zones, and in particular
whether the canyon is relatively wer or dry.

I drill hole LAOI(A)-1.1, mincralogic data wese ob-
tained from core samples represcating alluvium. the
Otowi ash flows, the Guaje Pumice Bed, and the Puye
Formation (Table 1); most of the data arc from the
Otowi ash flows, In this drill hole there is an abundance
of kaolinite/halloysite as well as smectite to a depth of
21.3m (704t). Below this depth kaolinite/halloysite does.
not occur in the Otowi ash Mlows, except in a clay-filled
fracture at 48.3 m (158.5 1) depth and in minor amount
al a depth of 784 m (234.1 1), Kaolinite reappears in
abundances of 3 to 5% (w/w) in the Guaje Pumice
Bed (89.6-96.3 m, or 294-316 1 depth). During drilling,
zones of local saturation within the vadose zone were
observed at the base of the abuvium (2.4-4.6 m, or 8-15 ft
depth) and within the Guaje Pumice Bed (89.6-96.3 m,
or 294-16 ft depth; Newell, 1994).

[n drill hole R-8. mincralogic data were abtained from
core samples represeating the Otowi ush Rows, the Guaje
Pumice Bed, and the Puye Formation (Table 2). Fewer
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Fable 5. Hydrologic Properties of Samples from Dril Hate LACH{A}-L.1 (Stephens et al. 1995).

Water abundsnce Dry bolic Cakculeted Hydrwulie traasmissivity Hydraollc rassmabssivily
Stratvont Deptb igpavimenric) demhty pormiry L) metbott
10 X g water!

» dry <
Qo “ i ny
Qo a s cad
Qba 57 ns 561
Ubo us 25
Qbo 282 e
Qbo "7 ») By
Qbe e “3 87
Obe n7 a3
Qbe %1 12 513 82
Qba s F3] Los w1
Ube 22 L 22
Qbo 6. 24 108 2
Qve 862 ns [ “1
Tp( %9 1] 19 1

ah flows of the Ctow] Meaaber of the Baudslier Toff ((be) 4od Iagloaserate of the Paye Formation (Tph.

uu = comstant brsd. FH = falling hewd.

conductivily data arc uscful for identilying zones of
increased gravimetric water contenl, On @ fincr scale
there are several samples that stand out in deviation;
these are circled in blue in both Fig. 5 and Fig. 6. These
samples are not restrcted 1o any one unit, but can be
found in the Otowi agh flows, the Guaje Pumice Bed,
and the Puyc {anglomerates, although the highest pro-
portion of outliers occurs in the Puye fanglomerates.,

Some of the variability in water content or conductiv-
ity within specific units, whether along-the regression
line in Fig. 607 not, appears 10 be correlated with specific
petrographic variants or sieatigraphic subzones. For
stance, in Fig. & the gravimetric water abundance af the
petrographically distinel dacitic pumice bed at the top
of the Puye Formatiun {high vesicular glass abundance
vs, abundance of dense crystalline lava clasis) is greater
than the watcr abundance in any of the - pumice-poor
Puye although the p
glomcmh:s mclude outlicrs of hi
proach or exceed the conductivity of the daci
bed. Another example of variation possibly linked to a
strasigraphic subzonc is the basal sample from the Guaje
Pumice Bed, which has high conductivity, similar w the
other Guaje samples, bul lower water contenl.

A more detailed study would be required to deter-
mine why each of the circled samples in Fig. 6 deviates
from the trend otherwise seen, but it is notable that
the most common deviation from correlation is in the
direction of higher than expected conductivity for a
given water conlent, not lower conductivity. The impli-
cation of 1his eomparison is that conductivity measure-
ments, ¢ither from the surface or from down-hole toots,
will more easily overestimate than underestimate water

the noted in R-8
occur in a relatively smatl subset of (he samples analwcd
from a variety of volcanic and

that the typical clays of the mesa environment are eo-
lian-derived smectites, accumulated in soils and trans-
poried into fractures, with minor illite, rare kaolinite,
and no halloysue (Vaniman et al., 2002). In contrast the
clay alteration in both wet and dry canyons stinet
in (i) higher rativs of 1:3 to 2:1 day structural types,
with local predominance of I:1 clays, and (ii) appearance
of halloysite as @ common altcration product, Wet can-
yons arc marked by more extensive clay formation, par-
ticularly in the widespread vitric portions of the Bande-
lier Tuff, Cerra Toledo Interval, and Puye Formation.
The occurrence of abundant kaolinite and especially
halloysite can e used to idenlify zones of prolonged
high water/rock ratios; in Los Alamos Canyon these
z0ncs can he subdivided into (i) an upper interval of
~30 m (100 N} that is continuous with and extends
helow ailuvial saturation, (i) vertical (racture zones that
tend to il with smectitc but may reopen and Fll with
kaotinitc or halloysite, and (ifi) the Guaje Pumice Bed
at depths op to ~90 m (~3(K ft).

Zones of high clay abundanee in the lower Bandelicr
Tufl have hydraulic transntissivities {K.) one to two
orders of magnitude lower than the less altered tulf
(~10*vs, 107710 10"* cro/s). Water-luss characteristics
of vadose zone rocks with taw to moderate clay content
under the of ASTM water mea-
suremcats can provide water abundance data for matrix
fow calculations, but water contents so estimated may
be in error by ~5 10 16% because some of the waler
measured is actually held in clay interlayers. These er-
rors are not so large as to preclude the direct use of
such walter abundance measurements {or {low calcula-
lions, but the determination of movable water will be
more accuratc if the mineralogy and quantity of clays

Y
The broad-scale use of electrical methods in exploration
far vadose zone waler remains valid on the Pajarito
Platean.

SUMMARY

A previous study of clays in soils and fractures of the
mesa-lop environmeat on the Pajarito Plaicau shows

present is determincd and the extractable water in these
clays is for.

The data summanud in Fig. 6 show thal caotion
shoutd 2lso be used in inferring moisture content from
borchole conductivity data. Higher is ob-
served i some horizons than might be estimated from
gravimetric moisture data, This is panicularly the case
in the Puye Formation fanglomerates, where >25% of
the conductivily measurcments are higher than ex-

Cuy

water lost
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epth for mineralogy deicrminagon by QXRD; cobarans 718 = clay miincral candent fn %

cakeisted watrr Jus trom sampke af 110°C unl woackted with clay interlayers: cohm b

Adjusted

Water sbusdusce
sample depih

1P culuma 14 = calcutaied frection of watcr messared by the ASTM method thet is desived from rock pores and nol Bam clay interiayers.

cotuma 2 Kats midrage depth for each A.06an (0.2 1) sample used to coliees

4= horchole conductivity at

with clay intertayers: culia 12

# Calumn 1 tiss siratigraphic ussigeinent for ench sample (Qbo = Orom ash flows, Obog = Gasje Pumice ficd, Tp-p = dacitic puamice bed ai the top of tbe Paye Formation, Tl = Paye fanglomerate):

Table 6. Water Cotent, Electrical Properties, Mineralogy, and Apportinacd Water Sites at Five Harizons in Drill Hole R-8.
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pected. Because the Puye fanglomerales are not excep-
tionally clay-rich (Fig. 3). it is unlikely that the higher
conductivity in these samples is related (o clay content.
Other factors that can affect conductivily (particle prop-
erties, waler salinity, lithology, eic.) appear to have in-
fluence. Although further study would be nceded 10
determine the nature and magnitude of these factors,

.the overall gross correlation between conductivity and

movable water content indicates that electrical methods
are still useful in exploration for grouadwater in both
wet (clay-rich) and dry (clay-poor) canyons.
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