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ABSTRACT 
The Pajarito Plateau in northern New Mexico, on which the Los 

Alamos National Laboratory is situated, is characterized by a thick 
vadose zone overlying the regional aquifer of the western Espanola 
Basin. In this study, conceptual models of vadose zone Dow and 
transport processes are presented and then supported through the 
interpretation of field data, including synthesis with numerical models. 
The conceptual models differentiate the rate of percolation by their 
location and surface hydrologic setting, including wet and dry canyons, 
and wet, dry, and disturbed mesas. Net infiltration beneath wet can· 
yons is the highest, with rates on the order of a meter per year 
(10~1000 mm yr-1). Transport to the regional aquifer beneath the 
wettest £anyons is likely on the order of several years to several 
decades, depending on the thicknesses of the various hydrostrati· 
graphic layers. Perched water is sometimes found beneath wetter 
canyons and is associated with near-surface alluvial systems and at 
intermediate depths along low-permeability interfaces such as buried 
soils or unfractured regions of basalt Oows. Percolation through the 
volcanic tulfs is generally considered to be via matrix-dominated Row, 
whereas fral!ture Row may play a key role in contaminant transport 
through densely welded tuffs or basalt units beneath wet canyons. 
Infiltration beneath dry canyons and dry mesas is much slower (10 
mm yr- 1 or les5), yielding transport times to the aquifer of hundreds 
to several thousands of years. However, long-term surface distur· 
bances at mesa·top locations may alter infiltration rates such that 
at a local scale, the infiltration rates temporarily approach those of 
wetter canyons. 

"A CONCEPTUAL MODEL is an evolving hypothesis 
./""\..identifying the important features, processes, 

and events controlling fluid flow and contaminant trans· 
port of consequence at a specific field site in the context 
of a recognized problem" (National Research Council, 
2001). A well-defined site conceptual model is a useful 
tool for compiling and interpreting site data, focusing 
characterization work, developing the framework for 
numerical models, conveying information about the site 
to interested parties, and determining possible receptors 
that may be affected by disposal operations at the site. In 
fact, at a workshop sponsored by the National Research 
Council (2001), a panel of experts concluded that con· 
ceptual model development is the most important step 
in the overall modeling process used for site evaluation. 
They also pointed out that appropriate controlling pro
cesses can be identified through the development of 
alternative conceptual models accompanied by the eval
uation of these alternatives through comparison with 

K.H. Birdsell, B.D. Ncwman, D.E. Broxton, and B.A. Robinson, Earth 
and Environmental Sciences Division, Los Alamos National I...abnratury, 
Los Alamus, NM 87545. •Corresponding author: {khb@lanl.gov). 

Published in Vadose Zone Journal 4:620-636 {21l05). 
Special Section: Los Alamos National Laboratory 

field observations. To best develop and test conceptual 
models, supporting data should be derived using a num
ber of observational techniques and include a variety 
of data types. 

Los Alamos National Laboratory (the Laboratory or 
LANL; Fig. 1) has performed research and development 
in nuclear weapons technologies and other national de· 
fense activities for more than 60 yr, beginning with the 
Manhattan Project in the 1940s. During this time, Labo
ratory operations have been accompanied by both dis
posal of and intentional or accidental releases of chemi· 
cal contaminants into the environment at a variety of 
sites. Contaminants with possible negative impacts to 
groundwater include high explosives, radio nuclides, chem
ical solvents, and metals. Today, the Laboratory is re
sponsible for ensuring that none of its past contaminant 
releases pose a threat to human health now or in the 
future, and to carry out remediation activities to clean 
up contaminated sites. One of the key potential risks is 
groundwater contamination, possibly affecting drinking 
water quality in municipal or private wells. Contaminants 
must travel through a thick vadose zone to reach the 
regional aquifer. Therefore, a well-developed conceptual 
model describing vadose zone flow and transport beneath 
the Pajarito Plateau is key to assessing groundwater risk. 

The conceptual models for vadose zone flow and 
transport for the plateau are used to characterize the 
hydrologic setting located between the ground surface 
and the regional aquifer and to help determine the fate, 
transport, and potential future risk of contaminants that 
have been released into the environment by the Labora
tory. Because the Laboratory is large (> 100 km2) and 
covers complex terrain (Fig. 1 ), hydrologic conditions 
vary by location. For this reason, we have chosen to 
present the conceptual model for the plateau as multiple 
conceptual models that vary by location to more easily 
make distinctions between the varying hydrologic condi· 
tions. The ideas are based on ongoing observations of 
hydrologic processes that have been made since the mid 
1940s (Griggs, 1964; Abrahams et al.,l961). Refinement 
of the conceptual models has occurred over the years 
and especially recently with the interpretation of data 
collected across the entire thickness of the vadose zone 
during the drilling of well-characterized regional aquifer 
wells (Vaniman et al., 2002; Broxton et al., 2002a; Ball 
et al., 2002; Longmire, 2002). 

Our main purpose here is to describe the conceptual 
models of vadose zone flow and transport for the Paja
rito Plateau and then to support these models by provid· 
ing comprehensive sets of evidence from across the pla
teau. Toward that purpose, we briefly characterize the 
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Fig. 1. Site map showinl! topography, Los Alamos National Laboratory boundary, and locations of cross sections, canyons, mesas, and other 
example sites discussed in text. 

geohydrologic setting of the Pajarito Plateau, describe 
the hydrologic conceptual models, and then provide 
supporting evidence. The evidence consists of data sets, 
observations, and interpretation through numerical sim
ulations. By compiling these sets of evidence into a 
comprehensive explanation of the processes that occur 
across the plateau, the credibility of the conceptual mod
els is enhanced. 

SITE DESCRIPTION 
Topography and Stratigraphy 

The Pajarito Plateau is a high, east-tilted tableland 
eroded into a series of narrow mesas separated by deep 

canyons. The map view in Fig. 1 and the two cross 
sections in Fig. 2 illustrate the topographic contrast be
tween the mesa and canyons across the plateau. Mesa
top elevations range from approximately 2400 m on the 
west to about 1900 m on the east. About 1.22 and 1.61 
Ma (lzett and Obradovich, 1994; Spell et al., 1990, 1996) 
cataclysmic eruptions from calderas in the central part 
of the Jemez Mountains deposited thick blankets of 
tuff over the area. Intense heat and hot volcanic gases 
welded these tuffs into hard, resistant deposits that make 
up the upper surface of the plateau. Streams flowing 
eastward across the plateau from the Jemez Mountains 
to the Rio Grande have cut canyons deep into the tuff, 
forming the striking mesas and canyons that character-
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angle fractures tend to be rare in nonwelded tuffs, a few 
were documented by borehole videos and core samples 
(Broxton et al., 2002a). 

The Puye Formation commonly underlies the Guaje 
Pumice Bf~d and consists of highly stratified, poorly ce
mented gravels and conglomerates consisting of sub
rounded dacitic and andesitic Java clasts in a poorly 
sorted, sandy to silty matrix. Debris flows, ash beds, 
pumiceous volcaniclastic sediments, and beds of fluvial 
sand and silt are interbedded with the gravels and con
glomerates. Basaltic ash and lacustrine deposits are 
present in the upper part of the Puye Formation on the 
eastern side of the plateau. The formation reaches a 
maximum thickness of >335m beneath the western part 
of the plateau but thins to 15 min the northeast part of 
the plateau near the Rio Grande. Ancestral Rio Grande 
deposits called the Totavi Lentil are interbedded with 
the lower part of the Puye Formation on the east side of 
the plateau. These riverine deposits contain subangular 
dacitic det1itus derived from volcanic sources to the west 
and rounded cobbles and boulders of quartzite, granite, 
and pegmatite derived from Precambrian highlands to the 
north and east. In some parts of the plateau, a distinctive 
pumice-rich rock unit beneath the Puye Formation, la
beled younger pumiceous deposits in Fig. 2, overlies the 
Totavi Lentil. Borehole geophysical logs show that these 
pumiceous deposits typically have a higher porosity and 
lower bulk density than overlying fanglomerates. Thick 
deposits of older fanglomerate occur beneath the pumi
ceous deposits. These deposits, which are similar to but 
predate rocks normally assigned to the Puye Formation, 
are informally called older fanglomerate (Broxton and 
Vaniman, 2005). 

Basaltic rocks of the Cerros del Rio volcanic field are 
intercalated with the upper part of the Puye Formation 
in the central and eastern part of the Pajarito Plateau. 
These basalts occur as numerous lava flows separated 
by interflow breccia, scoria, ash, and fluvial deposits. 
The lava flows typically contain highly brecciated tops 
and bottoms that provide zones of highly interconnected 
porosity over distances of tens to hundreds of meters. 
In some areas, the permeability of these zones is reduced 
by clays deposited in the pores of the breccias. Studies 
of basalts on the Columbia River Plateau found that, 
under saturated conditions, groundwater is most readily 
transmitted through the breccia zones at the tops and 
bottoms of basalt flows {Whiteman et at., 1994). The 
interiors of the flows are made up of dense, imperme
able basalt. Fractures provide the primary source of 
permeability for the transport of liquid water and vapor 
in the dense flow interiors. Fracture patterns vary verti
cally within a flow unit with vertical columnar joints 
commonly occurring in the lower part of flow and irregu
lar, complexly fanning fractures occurring in the upper 
part. Horizontal platy joints are also present near the 
base of some flow units. 

Sources of Contamination 

Many of the processes used to carry out the Laborato
ry's past and present missions use hazardous and radio-

active materials. Throughout the Laboratory's history, 
some of these materials have been disposed of on Labo
ratory property or released into the environment. Since 
World War II, environmental legislation has evolved to 
become increasingly protective, and the Laboratory's 
operations have evolved with the legislation. 

The Laboratory's Environmental Restoration Pro
gram is actively working to identify and restore contami
nated sites. Original contaminant sources include, for 
example, septic tanks and lines, wastewater out falls, ma
terial disposal areas (MD As), firing ranges, and surface 
spills. In this paper, the focus is largely on contaminants 
associated with wastewater outfalls and MDAs. Waste
water from Laboratory technical areas (T As) was histor
ically drained through pipes and allowed to discharge 
into nearby canyons or mesa top lagoons. The outfalls 
are those areas below these effluent pipes and are a 
source of potential contamination for local canyons. Ma
terial disposal areas are generally mesa-top sites where 
waste was historically placed in near-surface pits or 
shafts. A variety of contaminants were disposed of in 
MDAs, including solid and liquid radioactive wastes, 
heavy metals, and organic wastes. These sites were in
tended to be permanent disposal facilities, and assess
ments are underway to determine whether any of these 
facilities pose long-term risks. 

Climate and Near·Surface Hydrology 

Arid and semiarid regions have common characteris
tics, such as thick vadose zones, infiltration that is often 
focused in topographic lows or beneath surface water 
bodies, and average annual potential evapotranspiration 
(ET) rates that far exceed precipitation rates. Under 
these conditions, infiltration events that propagate be
neath the root zone are sporadic and occur only when 
the short-term infiltration rate exceeds the ET rate, such 
as during snowmelt or after large rainstorms. Conse
quently, the rates for deeper infiltration are difficult 
to quantify through traditional water balance studies 
because this component of the water balance can be 
orders of magnitude less than the other components (de 
Vries and Simmers, 2002; Scanlon et al., 2002; Sopho
cleous, 2002; Sanford, 2002; Flint et al., 2002). These 
generalities apply to the Pajarito Plateau, which has a 
semiarid climate and a vadose zone that ranges in thick
ness between approximately 100 and 400 m (Fig. 2). 

Average annual precipitation across the Pajarito Pla
teau ranges from >0.5 m along the western boundary 
near the Jemez Mountains to <0.36 m to the east at the 
Rio Grande (Bowen, 1990). Most precipitation occurs 
either as winter and spring snow or as summer "mon
soonal" rains. As a result, infiltration occurs episodically 
during springsnowmelts or the intense summer thunder
storm season and is often focused by runoff into the 
canyons. 

Surface water flow in the canyons is generally ephem
eral or intermittent, although a few canyons have short 
stretches with perennial surface flow. Anthropogenic 
discharges from water treatment outfalls can be a signifi
cant source of water in some canyons. Infiltration of 
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these surface sources form shallow perched alluvial 
groundwater systems in many of the canyons (Stone et 
al., 2001). These alluvial groundwaters are not suffi
ciently extensive for domestic use, but nevertheless, they 
are an important component of the subsurface hydro
logic system. Because of their close association with 
surface waters, these shallow perched systems generally 
show the earliest and most pronounced impacts of labo
ratory contamination of all groundwaters. They also 
serve as lateral pathways for the down-canyon migration 
of contaminants and provide storage for groundwater 
infiltrating to deeper parts of the vadose zone. 

VADOSE ZONE CONCEPTUAL MODELS 
OF THE PAJARITO PLATEAU 

The conceptual models for vadose zone flow and 
transport beneath the Pajarito Plateau identify wet can
yons as being hydrologically different from dry canyons 
and dry mesas (LANL, 1998a; Rogers et al., 1996; 
Neeper and Gilkeson, 1996; Turin and Rosenberg, 1996; 
Birdsell et al., 2000). Table 1 shows a compilation of 
infiltration rates estimated using a variety of interpretive 
techniques for locations across the plateau. These data 
begin to illustrate the difference in infiltration rate de
pending on location (i.e., mesa or canyon). In addition, 
Kwicklis et al. (2005) developed a map of average an
nual "net infiltration" in the Los Alamos area, on the 
basis of physical features such as elevation, vegetation, 
surface geology, and stream flow. They defined net infil
tration as that water remaining after accounting for 
evapotranspiration in the shallow subsurface (i.e., the 
root zone). The highest net infiltration rates occur in 
the larger canyon systems, especially those that head in 
the mountains, with magnitudes of up to a few hundred 
millimeters per year caused by channelized runoff. In 
contrast., much lower net infiltration rates occur across 
mesas and in the smaller canyons that head on the pla
teau. These geographic variations in infiltration rates 
are key components of the site conceptual models. 

In the subsections that follow, conceptual models are 
presented for (i) wet canyons, (ii) dry canyons, (iii) dry 
and disturbed mesas, and (iv) mountain-front mesas. 
First, however, a comparison of porous matrix flow and 
transport with more rapid fracture flow and transport 
is presented because this topic is relevant to the four 
location-specific conceptual models. Then, the location
specific conceptual models are given. Each conceptual 
model includes field observations and interpretations 
that support the application of these models to the Paja
rito Plateau. Finally, a contrast between subsurface ob
servations at mesa top and canyon sites is presented 
that further supports the distinction between canyons 
and mesas. 

Along with each conceptual model description, field 
observations and/or interpretation are presented as evi
dence to support the model. Many of these cases are 
interpreted through numerical simulation using the Fi
nite Element Heat and Mass (FEHM) code (Zyvoloski 
et al., 1997). This code has been used extensively to 
model unsaturated and saturated flow and contaminant 
transport in porous and fractured media (Robinson and 
Bussod, 2000; Robinson et al., 200Sa; Keating et al., 
2005). The numerical studies that follow employ the 
water characteristic-curve formulation of van Genuch
ten (1980) because that formulation was used to fit the 
available site data measured on core samples. 

Matrix vs. Fracture Flow and Transport 
Vadose zone flow through nonwelded to moderately 

welded units of the Bandelier Tuff is thought to occur 
through the porous matrix. Within densely welded tuffs 
and dense basalts, the vadose zone flow regime may be 
dominated by fracture flow. In contrast, matrix flow 
may occur within the more porous, brecciated zones in the 
basalt. The following evidence supports these hypotheses. 

Matrix Flow in Nonwelded and Moderately 
Welded Tuffs 

Across most of the plateau, the uppermost vadose zone 
consists of nonwelded to moderately welded Tshirege 

Table 1. Estimated net infiltration rates across the Pajarito Plateau. (Negative infiltration rate implies upward Row.) 

Location Clll!iSifi.,.tion Estimated net innllration rnte Techniqul' used for estimation Reference 

mm yr~• 
Los Alamos Canyon wet canyon (natural with 213-1076 water balance study Gray, 1997 

pre~ious di•charges) 
Mortandad Canyon wet amyon (anthropogenic 0.13, fi.Z5, and 1.5 analyzed ~ertiad head grndients Rogen et at~ 19'.16 

recharge) 
transient, detrea.~inx from depths of subsurface tritium peak.• Kwicklis et al~ 2011.5 

24011 to ISO 
Caftada del Buey dry canyon -11.22 and 2.0 analyzed vertical head gr11dients Rogers et at., 1996 
PotriUo Canyon dry canyon 0.12 analyzed ,·ertictll head gradients Rogel'li et at., 1996 
Mesita del Buey dry mesa 6.9,-7.0, 11.07, -0.116, and 11.26 analyzed ~ertical head gradients Rogel'li et at., 1996 

fl.land 3.3 chloride ma.,s-balance approach Bergfeld and Newman, 
211111 

1-5 mobture matching Birdsell et al,, ZINNI 
MDA G on Mesita del Buey dislurbed dry mesa site 'I chloride mass·bahmce approach Newman el 111., 21HIS 

with wade displlSlll 
Frijoles Mesa, 2t0..m hole dry mesa 11.3-2.0 chloride ma•s-balance approach Newman et al., 1997 

near MDA t\8 
MDA AB on Frijoles Mesa disturbed mesa site with 300 water balance based on subsur- Rufer et at., 1999 

asphalt rover face moisture 
MDA P disturbed mesa site with \15 analyzed vertical head gradients Rogel!i et al., 1996 

waste disposal 
TA-53 Lagoons on Mesita dt•turbed mesa site with 2311 analyzed vertical head gradients Rogel'li et al~ 1996 

de los Alamos liquid waste disposal 
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Member ash-flow tuffs and nonwelded Otowi Member 
ash-flow tuffs (Fig. 2). Unsaturated flow and transport 
through these tuffs is assumed to occur predominantly 
through the porous matrix. These units have typical 
porosities of 40 to 50%, moderate saturated hydraulic 
conductivities (e.g., w-4 ern s - 1), and water contents that 
are generally far below saturated conditions (2-25%) 
(Abrahams et al., 1961; Rogers et a!., 1996; Birdsell et 
al., 2000; Springer, 2005). Although these tuffs are often 
fractured, water flow is expected to be matrix dominated 
unless conditions approach full saturation (Soli and 
Birdsell, 1998), such as beneath liquid-waste disposal 
pits or outfalls. In contrast, under background condi
tions where the fractured tuffs form the dry finger mesas 
on the eastern side of the plateau, air is thought to 
circulate freely through the fractures resulting in evapo
ration of pore water (Neeper, 2002; Stauffer et al., 2005). 

Field observations and analyses support the matrix
flow hypothesis. Robinson et al. (2005a) modeled a va
dose zone., wellbore injection test that was performed 
on a mesa north of Pajarito Canyon in moderately 
welded tuffs of the Tshirege Member (Purtymun et al., 
1989) (Fig. l). Through a numerical analysis incorporat
ing different conceptual models of fracture flow behav
ior, they showed that the observed moisture distribution 
was consistent with a continuum model without frac
tures. The agreement between the numerical model and 
the observations was acceptable, both qualitatively and 
quantitatively. Dual-permeability and discrete-fracture 
conceptual models could also reproduce the observa
tions, but only by muting the effect of the fractures. They 
estimated an equivalent inftltration rate during the injec
tion phase of about 2.7 x 104 mm yr- 1

, which is greater 
than most estimates of infiltration across the plateau 
(Kwicklis et al., 2005). They concluded that if matrix
dominated flow is observed at the high effective infiltra
tion rate of this injection test, then it is even more likely 
to be the case under natural conditions on the plateau. 

Evidence of fracture transport in a nonwelded to par
tially welded tuff exists beneath an historic liquid-waste 
disposal facility at MDA Ton DP Mesa (Fig. 1). The 
disposal facility consisted of four adsorption beds dug 
1.2 m deep into the mesa top and filled with cobbles and 
gravel. The: beds received liquid wastes primarily between 
1945 and 1950, with occasional disposals through 1967. 
Subsurfac{~ contaminant data from 1960, 1978, and 1996 
collected beneath the adsorption beds show evidence of 
contaminant transport associated with fractures, while 
subsurface data collected in boreholes adjacent to the 
beds shows none (Nyhan et al., 1984; LANL, 2004b). 
However, the 1978 study, which targeted data collection 
in fractures beneath the adsorption beds, concluded that 
most fractures (8 of 10) did not enhance contaminant 
transport. The two observations of transport in fractures 
in that investigation occurred at similar depths ( <7 m 
below the ground surface) to those cited in the 1960 
study, even. though the four investigative boreholes drilled 
in 1978 extended deeper (to 30 rn) (Nyhan et al., 1984). 
Although the 1996 data show contamination in a 20-
m-deep fracture, the general assumption is that fracture 
transport occurred while the beds actively received liq-

uid waste and that the contaminants associated with 
the fractures are remnants of previous fracture flow 
episodes (LANL, 2004b ). These data support the idea 
that some fractures in the nonwelded to moderately 
welded tuff will flow when the matrix is saturated. 

Fracture Flow In Densely Welded Tuffs 

In areas near the mountain front on the western edge of 
the plateau, the majority of tuffs making up the Tshirege 
Member are moderately to densely welded. These strongly 
welded tuffs are characterized by porosities ranging 
from 17 to 40%, unsaturated volumetric water contents 
from 3 to 12%, and low saturated hydraulic conductivi
ties (e.g., 10-6 to l0-9 em s- 1) (LANL, 2003b). These 
tuffs are also more fractured in the vicinity of the Paja
rito fault zone along the western mountain front and 
can support fracture flow and transport when sufficient 
water is present. A bromide tracer test and high explo
sives contaminant distributions suggest that both frac
ture-dominated and matrix-dominated flow occur near 
the mountain front, depending on the degree of welding 
of the tuff (LANL, 1998b; LANL, 2003b ). 

Fracture Flow in Dense Basalts; Matrix Flow 
in Brecciated Basalts 

Like the densely welded tuff units, fracture flow is 
hypothesized to occur through the dense, low-porosity 
flow interiors of the Cerros del Rio basalt. Evidence 
for fracture flow in basalt comes from a field experiment 
on the upstream side of a low-head weir located in lower 
Los Alamos Canyon (Fig. 1; Stone and Newell, 2002; 
Stone et al., 2004). The objective of the experiment was to 
monitor water flow and bromide tracer transport through 
fractured basalt under transient, unsaturated and peri
odically ponded conditions using three obseJVation bore
holes. Following three ponding events, the bromide tracer 
advanced quickly downward to a depth of several tens 
of meters within 10 to 14 d after the first pending event 
(Stone et al., 2004 ). The rapid advance of bromide indi
cates that fracture flow and transport occur through 
basalts under ponded conditions. Model calibration of 
bromide transport yields an effective fracture porosity 
in the range of w-z to w-3 and saturated hydraulic 
conductivity in the range of w-z to 10-3 em s- 1 (Stauffer 
and Stone, 2005;Stone et at., 2004). The data and simula
tions both indicate that the bromide continued to ad
vance through the fractured system even after the ponds 
had drained. 

Perched groundwater has been identified in a number 
of boreholes on the plateau (Robinson et al., 2005b; 
Broxton and Vaniman, 2005) and is often located be
neath the larger wet canyons and within the more po
rous, breccia zones in basalt. An example of perched 
water in basalt occurs at Well R-9 in lower Los Alamos 
Canyon (Fig. 1), where groundwater was found from 
55 to 70 m deep in the middle of the 86-m sequence of 
stacked lava flows (Broxton et al., 2001). The ground
water is located within a breccia zone and an underlying 
highly fractured basalt flow. The base of the perched 
zone occurs where the highly fractured basalt grades 
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downward into a massive flow interior with few frac
tures. Tritium concentrations in the perched water re
veal that it is no more than a few decades old (Broxton 
et al., 2001 ). 

It is apparent that groundwater flow in basalts occurs 
both as porous flow through breccia zones and as frac
ture flow where dense now interiors are broken by inter
connected fracture systems. Flow direction is likely con
trolled by the geometry of the interflow breccias and by 
fracture orientation, both of which are heterogeneous. 
Perched zones may be stagnant or may Oow laterally. For 
contaminant transport calculations, water flow through 
the basalt is commonly purposely predicted to be via 
fast-flowing vertical fractures because so little is known 
about the true nature of flow through the basalt units 
(Birdsell et al., 2000). 

Wet Canyons 

Wet Canyon Conceptual Model 

Figure 3 is a photograph of Canon de Valle, a wet 
canyon on the western boundary of the plateau. Several 
features characterize the large, deep naturally wet can
yons on the Pajarito Plateau, such as Los Alamos and 
Pueblo Canyons (Fig. 1 and 2). Their headwaters are in 
the mountains, they have large catchment areas (13-26 
km2), surface flow occurs frequently, and perched allu
vial groundwaters exist beneath the canyon floors. In 
some cases, discharges from anthropogenic sources such 
as outfalls and wastewater treatment plants increase 
flows sufficiently that smaller dry canyons that head on 
the plateau act like wet canyons (e.g., Mortandad Canyon, 
Fig. 1 and 2). Often, deeper, intermediate perched zones 
are associated with wet canyons. The geometry of wet 
canyons promotes hydrologic conditions that yield rela
tively fast, unsaturated flow and transport as described 
in the paragraphs that follow. 

Wet canyons collect large runoff volumes, either 
through channeling of mountain-front precipitation from 
large contributing areas or through wastewater discharges. 
This runoff, in turn, creates surface water flow along 
canyon bottoms, which subsequently infiltrates to form 
perched alluvial water bodies. Lateral flow and trans-

Fig. 3. Pbotograpb of Coiion de Valle, a wet canyon on lbe western 
edge of tbe plateau. 

port through surface water and in the alluvial systems 
are rapid compared with other subsurface hydrologic 
processes on the plateau. Rates of lateral transport are 
most rapid during surface flow events, which occur more 
frequently in the larger wet watersheds than in other 
areas of the plateau. Sorbing species transport slowly 
in alluvial waters and more commonly migrate down 
the canyon floor by sediment transport (LANL, 2004a; 
Lopes and Dionne, 1998; Solomons and Forstner, 1984; 
Watters et al., 1983). Since some of the wet canyons 
received liquid-waste discharges from outfalls, the allu
vial systems then act as line sources for both water 
and contaminants to deeper parts of the vadose zone 
beneath the canyon floor. The resulting net percolation 
rates beneath the perched alluvial systems to the under
lying unsaturated zone are expected to be among the 
highest across the plateau, approaching a meter per year 
(100-1000 mm yr- 1

) (Gray, 1997: Kwicklis et at., 2005; 
Table 1). 

From west to east, the vadose zone becomes progres
sively thinner and the geology becomes dominated by 
pre-Bandelier rock units, as can he seen by comparing 
Fig. 2a and 2b. This is especially true for the deep wet 
canyons, which are deeply incised into the underlying 
strata. In the eastern part of the plateau, contaminants 
transported laterally down canyon via surface flow or in 
alluvial groundwater often percolate through a geologic 
column consisting primarily of basalt and fanglomerate 
with little or no overlying tuff. Downward percolation 
is believed to be more rapid in the basalt than through 
porous tuff, as discussed in the matrix vs. fracture flow 
section above. Thus, especially along the eastern end 
of the plateau, the wet canyons have thinner vadose 
zones (compare, e.g., Los Alamos Canyon in Fig. 2a 
and 2b) and a shorter portion of the flow path that has 
matrix-dominated flow (compare, e.g., Pajarito Canyon 
in Fig. 2a and 2b) than for the less eroded areas of the 
plateau. These stratigraphic factors compounded by the 
relatively high net infiltration rates in wet canyons likely 
yield the fastest vadose zone travel times for contami
nants from the land surface of the plateau to the regional 
aquifer. Transport to the regional aquifer beneath wet 
canyons is predicted to be on the order of decades to 
hundreds of years (LANL, 2003b; Nylander et at., 2003). 

Wet Canyon Examples 

Mortandad Canyon has the physical features of a dry 
canyon (Fig. 1 and 2). However, this canyon is classified 
as wet because it has received significant effluent dis
charge since the late 1950s. Since 1963, a radioactive 
liquid-waste treatment facility (RLWTF, Fig. 1) has re
leased treated effluent in excess of 107 L yr- 1 to Mortan
dad Canyon via a small side canyon (LANL, 1997). 
Discharge volumes and contaminant masses for the 
RL WTF outfall are well documented. As such, data for 
this canyon prove useful for conceptual model valida
tion. Discharge volumes have declined steadily since 1982. 

A perched alluvium system fills the canyon floor and 
varies in thickness from near zero to more than 30 m 
near the eastern boundary of the Laboratory (McLin 
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Fig. 4. Time•nrying percolation rate at the alluvium-tuff interface, 
estimated for Mortandad Canyon near Well R-15 (Hollis et al., 
2005). 

et al., 1997). Purtymun (1974) observed that lateral 
transport of tritium and chloride was rapid through the 
alluvial system. He estimated lateral transport velocities 
between alluvial wells varying from 620 to 7300 m yr- 1• 

The alluvial wells in Mortandad Canyon cover more 
than a 3-km distance downstream from the RL WTF 
and have been monitored for nitrate and radionuclides 
regularly since 1963 (LANL, 1997, 2001). Nitrate and 
tritium concentrations at the wells are roughly within a 
factor of two to three of each other, indicating that 
these nonsorbing species are well mixed throughout the 
alluvial groundwater. The rapid lateral transport and 
mixing of nonsorbing species support the concept that 
the wet alluvial systems spread contaminants down can
yon such that they act as a line source of water and 
well-mixed contaminants to the deeper vadose zone. In 
contrast. the concentrations of adsorbing species, such 
as strontium and plutonium, in the alluvial water decline 
by an order of magnitude or more as the water flows 
down canyon (LANL, 1997). This variation in concen
tration with distance would need to be considered when 
predicting transport of adsorbing species from the allu
vial aquifer. 

A series of one-dimensional vadose zone flow and 
transport simulations, using 38 columns to represent the 
canyon bottom, were performed to support a probabilis
tic risk assessment of Mortandad Canyon (Hollis et al., 
2005). As an upper-boundary condition, the simulations 
apply a water balance to the alluvial aquifer to estimate 
recharge from the alluvial aquifer to the deeper vadose 
zone. The water balance approach assumes that the 
volume of water entering the canyon is a function of 
the discharge volume from the RLWTF, the main an
thropogenic water source to the canyon, and that re
charge is a function of the distance from the source. 
An estimate of the time-varying percolation rate at the 
alluvium-tuff interface in the vicinity of Well R-15 (Fig. 1) 
developed for the stochastic analysis is shown in fig. 4. 
This particular example uses mean values for the three 
parameters in the study that define the distribution of 
infiltrating water throughout the canyon floor, with the 
main control being the assumed dilution of the recorded 
RLWTF discharge volumes (Hollis et al., 2005). The 
percolation estimates are indicative of rates expected in 
wet canyons; they range from 300 mm yr-1 to > 1.5 m yr-•. 
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Fig. S. Nitrate concentration profiles as a function of elevation In Wells 

R·l5 (Longmire et al., :ZOOt) and MCOBT-8.5 (Broxton et al., 
:Z002b) and for a one-dimensional simulation (Hollis et al., 2005). 

Nitrate concentration data collected in core from two 
vadose zone boreholes, R-15 and MCOBT-8.5 (Long
mire et al., 2001; Broxton et al., 2002b), also confirm 
wet canyon behavior in Mortandad Canyon. Here ni
trate has migrated to a depth of at least 100 m in the 
vadose zone in approximately 40 yr, as shown in fig. 5. 
An example nitrate concentration profile predicted at 
the location of Well R-15 with the transient one-dimen
sional, vadose zone simulation described above agrees 
well with the concentration data (Fig. 5). The simulation 
uses the transient percolation rate shown in Fig. 4 and 
measured nitrate releases from the RLWfF (LANL, 
1997), although one-half the nitrate mass is assumed to 
be degraded due to denitrification (Hollis et al., 2005). 
The simulation also assumes that water flow through 
the tuff units is matrix dominated, and flow through the 
basalt is fracture dominated. 

Nitrate has also been observed in the regional aquifer 
at levels near 2 mg L -I (LANL, 2003a) in Well R-15. 
This well is 337 m deep and extends 44 m into the 
regional aquifer. These nitrate levels are elevated rela
tive to background levels in regional groundwater and 
are believed to be the result of Laboratory liquid-efflu
ent discharges to Mortandad Canyon (Longmire, 2002). 

Los Alamos Canyon is a large canyon that is both 
naturally wet and has previously received wastewater 
discharges. Laboratory derived contaminants (tritium, 
perchlorate) released in liquid effluents into this canyon 
and the adjacent Pueblo Canyon have reached the re
gional aquifer and are present in one municipal water 
supply well (Otowi-1) (LANL, 2004c). Well Otowi-1, 
located in Pueblo Canyon near the confluence with Los 
Alamos Canyon (Fig. 1), is in an area in which alluvium 
sits directly on top of basalts and the Puye formation. 
Further up Los Alamos and Pueblo Canyons, significant 
thicknesses of Bandelier Tuff are present. In contrast to 
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Fig. 6. Photograph of a dry canyon. lower Sandia Canyon. 

Otowi-1, no contaminants have been detected in water 
supply well Otowi-4 (LANL, 2004c), located in a region 
in which more than 50 m of Bandelier Tuff is present 
(Fig. 1). Thus, the Otowi-4 result is consistent with a 
conceptual model of matrix-dominated flow and longer 
travel times through the nonwelded Bandelier Tuff, and 
the Otowi-1 observation is consistent with fracture flow 
through the basalt units. The numerical model of Los 
Alamos Canyon developed in Robinson et a!. (2005c) 
yielded results consistent with these observations. 

To summarize, these data and interpretation demon
strate several of the features included in the wet canyon 
conceptual model. First, lateral transport by both sur
face water and perched alluvial groundwater spreads 
nonsorbing contaminants down canyon to create a line 
source of contamination to the deeper vadose zone. Next, 
wastewater discharges can cause wet-canyon hydrologic 
behavim in small canyons that would otherwise likely 
have little net infiltration, as discussed in the upcoming 
section. Also, a matrix-flow model for the tuff units 
appears to adequately capture infiltration beneath Mor
tandad Canyon even though a perched system sits atop 
the tuff, and the transient percolation rate is estimated 
to have been on the order of a meter per year. In con
trast, near Otowi-!, at the confluence of Los Alamos 
and Pueblo Canyons, little or no tuff is present, and a 
rapid fracture flow model through the basalts best ex
plains the contaminant observations. Finally, the presence 
of anthropogenic contaminants in regional groundwater 
confirms that beneath wet canyons some vadose zone 
pathways have travel times on the order of a few decades. 

Dry Canyons 
Dry Canyon Conceptual Model 

Figure 6 is a photograph of lower Sandia Canyon 
(Fig. L), which is considered a dry canyon. In contrast 
to wet canyons, dry canyons head on the plateau, have 
smaller catchment areas ( <13 km2), experience infre
quent surface flows, and have limited or no saturated 
alluvial systems in their floors. If anthropogenic sources 
are prest~nt, they are small volume sources. These hydro-
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Potrillo Canyon for Borehole PC-4 (Newman, 2002, unpublished 
data). Stratigraphi.: contacts are also shown ( Qbt-lg is the Tshier
ege lg unit, Tsk is the Tsankawi Pumice Bed, and Qbo is the Otowi 
Member of the Bandelier Tuff). 

logic factors yield little lateral near-surface contaminant 
migration and slower unsaturated flow and transport 
from the surface to the regional aquifer. For example, 
because surface and alluvial waters are less common, 
contaminants remain near their original sources. Path
ways through the vadose zone tend to be longer in 
the shallow dry canyons, which have thicker sections of 
nonwelded to moderately welded tuff than in the 
deeper-cut wet canyons; see, for example, Canada del 
Buey in Fig. 2. Net infiltration beneath dry canyons is 
much slower, with rates generally believed to be less than 
tens of millimeters per year and commonly on the order 
of 1 mm yr- 1

• Finally, transport times to the aquifer 
beneath dry canyons are expected to be from hundreds 
to several thousands of years (Nylander et al., 2003). 

Dry Canyon Examples 

Estimated net infiltration rates by Rogers et al. (1996) 
(Table 1) suggest fluxes of a few millimeters per year 
or less for two dry canyon locations, Potrillo Canyon 
and Canada del Buey. Water content and chloride pro
files from Potrillo Canyon Borehole PC-4 are presented 
in Fig. 7. The example shows that even in a "dry" canyon 
there can be zones of high water content (i.e., water 
contents are in the 40% range at about 17m). However, 
the chloride mass-balance estimate of flux from this 
borehole is only 4.5 mm yr- 1

, and the chloride-based 
vadose zone residence time exceeds 1700 yr. 
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Fig. 8. Photo of a dry mesa located north of Canada del Buey, on 
the eastern side of the Laboratory. 

Dry Mesas 
Dry and Disturbed Mesa Conceptual Model 

Dry finger mesas constitute most of the mesa cover
age on tht: plateau. The hydrologic conditions on the 
surface and within these dry mesas lead to slow unsatu
rated flow and transport. Figure 8 is a photograph of a 
dry mesa near the eastern boundary of the laboratory. 
Dry mesas shed precipitation as surface runoff to the 
surrounding canyons such that most deep infiltration 
occurs episodically following snowmelt. Much of the 
water that does enter the soil zone is lost through evapo
transpiration. In fact, potential ET was estimated to 
exceed precipitation at a climate station on the eastern 
portion of the plateau by a ratio of 6:1 (LANL, 2003c). 
As a result, annual net infiltration rates for dry mesas 
are <10 mm yr- 1 and are more often estimated to be 
on the order of 1 mm yc 1 or less (Kwicklis et al., 2005). 
Since the dry mesas are generally comprised of non
welded to moderately welded tuffs with low water con
tent, flow is matrix dominated. Travel times for contami
nants migrating through mesas to the regional aquifer 
are expected to be several hundred to thousands of 
years (Newman, 1996; Newman et al., 1997b; Birdsell 
et al., 2000; Nylander et al., 2003). 

The topographic relief of these steep-sided mesas in
fluences their internal hydrologic conditions as well. 
High solar radiation, strong winds, and fluctuations in 
barometric pressure cause temperature and pressure 
gradients between the surface of the mesa and its inte
rior. These gradients enhance air circulation through the 
mesas, which is thought to enhance deep evaporation 
(Neeper, 2002; Neeper and Gilkeson, 1996; Newman, 
1996; Newman et al., 1997b). This additional drying in 
the mesa-top units further slows downward water flow 
and transport of dissolved species. However, these same 
conditions enhance vapor transport of volatile species 
(Stauffer et al., 2005). 

Anthropogenic discharges and surface disturbances 
from laboratory operations can drive infiltration rates 
higher in normally dry mesas. In some cases, multiyear 
disturbances of mesa sites through liquid waste disposal, 

asphalt covers, and/or devegetation have temporarily 
caused mesa infiltration rates to increase to near wet 
canyon levels (Table 1). Even with elevated infiltration, 
at most sites flow remains matrix dominated. Fracture 
flow has occurred beneath a long-term liquid disposal 
site with ponded conditions, as discussed above. How
ever, fracture flow is thought to cease once liquid dispos
als stop (Soil and Birdsell, 1998). Infiltration rates are 
expected to return to low, near-background levels when 
the surface and vegetation return to native conditions. 

Dry and Disturbed Mesa Examples 

Two examples of vadose zone conditions from dry 
and disturbed mesas are discussed. The first example 
uses volumetric water content and chloride profiles from 
four boreholes (Fig. 9) from Mesita del Buey located 
near the eastern boundary of the laboratory (Fig. 1). In 
this mesa, vadose zone water contents above the level 
of the adjacent canyon bottoms are variable, but a large 
fraction of the mesa has extremely low water contents 
of <5% ( <12% saturation). Chloride accumulation in 
the vadose zone is also variable, but all four boreholes 
have significant chloride inventories. Some samples 
have pore water chloride concentrations that exceed 
1000 mg L-t. The chloride data (Newman, 1996) and 
numerical modeling (Birdsell et al., 2000) indicate that 
downward fluxes vary with depth and across the mesa. 
Chloride mass-balance flux estimates range from 0.03 
to 6 mm yr-t, with the highest fluxes associated with 
the upper 6 to 9 m. However, all four boreholes have 
a depth interval where fluxes are <1 mm yr-•. Chloride
based residence times range from 1300 to 17 000 yr 
(Newman, 1996). The low fluxes and long residence 
times suggest that there is little water movement through 
the mesa. 

Even though the natural conditions in dry mesas re
sult in low downward fluxes, disturbance can alter how 
quickly water moves through the vadose zone. Rogers 
et al. (1996) showed that addition of water or focusing 
of flow on mesa tops (e.g., waste water lagoons or storm 
water diversion ditches) can result in flux increases of 
tens to hundreds of millimeters per year (Table 1). An
other example of how rapidly dry mesa conditions can 
shift from disturbance is provided by periodic water 
content monitoring of Borehole 1121 on Mesita del 
Buey. When the borehole was drilled, chloride and 
water content data reflected the native conditions in the 
mesa (Fig. 10). Subsequently, focused runoff from an 
asphalt pad resulted in transient ponding in a localized 
area around Borehole 1121. Periodic water content 
monitoring in Borehole 1121 using neutron probe re
vealed increasing water contents down to about 24 m 
in <10 yr (Fig. 10; Newell, 1996 and 2000, unpublished 
data). This example shows that transient ponding can 
affect deep portions of dry-mesa vadose zones in less 
than a decade. 

The second dry or disturbed mesa example is from 
Frijoles Mesa, located at the south-central portion of 
the Laboratory (Fig. 1). Explosives experiments were 
conducted at MDA AB on Frijoles Mesa in 1960 and 



630 

5 

10 

15 

35 

10 

15 

30 

0 

0 2 

D 

VADOSE ZONE J., VOL. 4, AUGUST 2005 

Borehole 1107 

Pae watsr cr (mg/LJ 
50 100 150 200 250 

5 

10 

:[ 
- 15 

~ 
Gl 
0 

20 

25 

0 

Borehole 1117 

Pae w mer cr (mgll) 
1000 2000 3000 4000 5000 

I ii-Y.- I 
. -.-Ollorlde 

~+-~--~.-T-~~r-~r-r-r-~r-r-r-~~~ 
8 8 10 12 14 18 18 20 0 2 .. 8 8 10 12 14 18 18 20 

Volumetric Water Content(%) 

Bcrehole 1121 

Pore water cr (mg/LJ 
1000 2000 3000 4000 

5 

10 

~ - 15 

i 
Gl 
0 

20 

Volumetric Water Content(%) 

Borehole 1123 

Pore wat« cr (mgllJ 
0 1000 2000 3000 4000 

. ·-· I ./" . ,. 
\ / 
•,\ •.• 

/\. • • I i • • I \ 
• • \ I • • \ \ 

·~ ./ ----. 
~ I 

·-----•, .. ~·--· /I • • I '·, • • I I • • I \ 
~ •-........._ 
I .. 

~y·-J 
-·-~ 

+-~.-~~~~~r-~r-~~~~-.~-r-r• ~ 1----r-t~·..--,""--r~-r-~.-~,.--,,....,-~----,--.---, 
o 2 4 a a ro u ~ ~ ~ 20 0 2 4 8 8 10 12 14 16 18 20 

Volumetric Watar Content(%) Volumetric Water Callent (%) 
Fig. 9. Water content and chloride profiles &om MDA G (Newman, 1996). 



www.vad()sczonejournal.org 631 

Unitt~ 

Unll1g 

UIIIICT 

2 4 6 8 10 t2 14 

Volumetric Water Content (%) 
Fig. 10. Changes in volumetric water content in borehole 1121 as u 

result of episodic ponding (Newell, 1996 and 2000, unpublished 
data). Ponding occurred from focused runoff from an asphalted 
urea. 

1961 at the bottom of shafts dug approximately 20 to 
24 m into the Tshirege Member of the Bandelier Tuff. 
One area at the site was paved with asphalt in 1961 to 
minimize the spread of accidental surface contamina
tion. It was later found that the elevated asphalt pad 
unfavorably altered the naturally dry hydrologic charac
teristics of the site by inhibiting evapotranspiration and 
by damming surface water along its edge. At several 
times, the asphalt was found to be in disrepair, and 
estimates of leakage through the cracked asphalt pad 
ranged from 60 to 388 mm yr-• (Table 1; LANL, 1992; 
Rofer et al., 1999). 

Background water content profiles measured in four 
37-m boreholes (Fig. 11) and a 210-m borehole (Levitt et 
al., 2005) illustrate the site's dry background conditions. 
Water content of the tuff below about 3 m is <10%. 
Newman et aL (1997b) estimated infiltration rates in the 
range 0.3 to 2.0 mm yc• based on the chloride profile 
from the 210-m borehole at the site (Table l). Water 
content profiles from beneath the asphalt were measured 
in two 46-m boreholes in 1994 (Fig. 12). These data clearly 
show elevated water contents to a depth of 18m. 

Two-dimensional numerical simulations, assuming ma
trix properties for the tuff units, were run to determine 
the asphalt's effect on the subsurface water balance and 
to predict the possible recovery of the site following 
asphalt n:moval (Birdsell et al., 1999). A simulated 
background infiltration rate ofO.l mm yr- 1 fits the back
ground, water content data well and was used as an 
initial condition for transient simulations of the paved 
area. The transient simulations assumed an immediate 
increase in the infiltration rate in 1961, when the site 
was paved, to a new steady value of 60, 150, or 388 mm 
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Fig. 11. Volumetric Water Content in four boreholes for background 

conditions at TA-49 near MDA AB (Levitt et ul., 2005). 

yc 1, based on the leakage estimate cited above. Figure 
12 shows the predicted water content profiles for the 
60 and 150 mm yr-• infiltration rate cases for a simula
tion time equivalent to 1994. The water content profile, 
based on a net infiltration rate of 60 mm yr-• (a 600-
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Fig. 12. Volumetric water content for disturbed conditions at TA-49, 

MDA AB. Data are for two boreholes beneath an asphalt area 
(Farley, 1994. unpublished data). Simulation results are for tran
sient simulations with increased deep percolation during asphalt 
lifetime (Birdsell et al., 1999). 
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Fig. 13. Photograph of mountain-front mesa at TA-16. 

fold increase) applied from 1961 through 1994, matches 
the 1994 water content data well. The simulations indi
cate that if the site returned to a 0.1 mm yr-• infiltration 
rate, the soil would show detectable signs of drying 
in a 5-yr period. However, the water content of the 
uppermost tuff unit might increase slightly as the steep 
gradient in the top few meters, as seen in Fig. 12, re
laxes downward. 

To return the site to a more natural state, the asphalt 
was removed in 1998. The site was then regraded, 
capped with an ET cover, and revegetated. From 2000 
through 2004, monitoring has shown slow drying in the 
upper 6 m of the soil layer beneath the ET cover (Levitt 
et al., 2005). Water contents at 12-m to 18-m depths 
show a slight increase in time (Levitt et al., 2005), as 
predicted, because of the steep water content profile 
that existed before removal of the asphalt is relaxing. 

Data and simulations for MDA AB support several 
of the assumptions of the dry mesa conceptual model 
under both background and disturbed conditions. First, 
the matrix flow model adequately matches water con
tent data at both background and enhanced infiltration 
conditions. Second, native conditions of this mesa are 
dry with predicted infiltration rates between 0.1 mm 
yr-• (simulations) and 2.0 mm yr-• (chloride). Third, 
the surface disturbance significantly enhanced net infil
tration. Finally, the site seems to be returning to a drier 
condition. However, since the asphalt was in place for 
several decades, water accumulation in the disturbed 
area is significant. The simulations indicate that it may 
take hundreds of years for water content levels within 
the tuff units to return to near-background conditions. 

Mountain-Front Mesas 

Mountain-Front Mesa ConceptuaJ Model 

Mesas along the mountain front of the plateau are 
classified as being naturally wet mesas. Figure 13 shows 
a photograph of a mountain-front mesa area at T A-16 
(Fig.1). In contrast to the dry mesas, these mesas receive 
greater precipitation (e.g., 500 mm yr- 1

) and increased 
runoff and infiltration. The wet, mountain-front mesas 

contain numerous perennial and ephemeral springs. 
Such springs are rare in the dry mesas of the eastern part 
of the plateau, except where the regional groundwater 
aquifer discharges along the Rio Grande. Duffy (2004) 
discusses the importance of mountain-front processes 
and conditions in semiarid landscapes and suggests that 
the mountain block and mountain-front areas are the 
dominant recharge zones in semiarid landscapes. Thus, 
hydrologic conditions are quite different along the wet 
mountain-front mesas. One other important difference 
is that the upper tuff units along the mountain front are 
often moderately to strongly welded because of the close 
proximity to the caldera source. Welding results in in
creased fracturing during cooling, and because the moun
tain-front mesas lie within the Pajarito Fault Zone, addi
tional fracturing and minor faulting of the tuff units have 
resulted. The welded tuffs create a hydraulic condition 
where matrix hydraulic conductivities are low (e.g., 10-7 

to 1 o-9 em s-• ), but fracture densities are relatively high. 
Thus, there is a propensity for significant fracture flow. 
Fracturing appears to control the locations of natural 
springs along the mountain-front mesas. Also, fracture 
flow related to outfalls and wastewater lagoons is sug
gested by water content and contaminant distributions 
(LANL, 2003b). 

Mountain-Front Mesa Examples 

To illustrate how rapidly vadose zone flow and trans
port can occur in wet, mountain-front mesas, a bromide 
tracer test is described. This tracer experiment was con
ducted in a former high explosives outfall pond at T A-16. 
Use of the outfall had been discontinued, and ponded 
water conditions no longer existed at the site. In 1997, 
100 kg of potassium bromide were applied to the outfall 
pond with 3028 L of water. The main goal of the study 
was to determine whether there was a connection be
tween the mesa-top outfall pond and two high explo
sives-contaminated springs that flowed along the north 
side of the mesa. Except for the tracer solution, no 
additional water was added to the site. Thus, precipita
tion was the dominant driver for tracer transport. Bore
hole monitoring and drilling during the test showed that 
the vadose zone was largely unsaturated. Tracer was 
observed in the first spring after only 4 mo. These obser
vations indicate more than 300 m of lateral transport 
and 33 m of vertical transport. Tracer was observed in 
the second spring after about 7 mo. Such rapid move
ment of tracer to the springs is inconsistent with fluxes 
that would be expected under unsaturated, matrix-type 
flow conditions (LANL, 1998b, 2003b). Thus, rapid 
movement along locally saturated fractures (possibly in 
combination with matrix flow) is implied. It is also worth 
noting that <2% of the applied tracer mass actually 
made it to the springs. Subsequent drilling and sampling 
in the application area 3 yr after the tracer was released 
suggests nearly all of the tracer mass was still in the top 
1.2 m of the vadose zone (LANL, 2003b). This result 
illustrates that vadose fluxes in the mountain-front zone 
are not always large and that there can be a great deal 
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Table 2. Comparison of canyon and mesa hydrogeochemical characteristics. 

Ma,..CI Avg.CI Max. SOl 

mg L ~• 

Canyon.~ 172 30 641 
Mesas 1761 398 8913 
Differenw 1589 3611 8272 

of variation in fluxes, depending on whether fracture 
or matrix flow (or both) occur. 

Mesa-Canyon Comparison 
To further demonstrate the pronounced difference 

between the subsurface hydrologic conditions beneath 
mesas and canyons, a direct comparison of data col
lected at a variety of mesa and canyon sites is presented 
in this section. A statistical examination of vadose zone 
water content, anion concentrations (e.g., chloride), and 
stable isotopes (5180 and oD) supports the hypothesis 
that canyons are hydrologically different from mesas. 
These characteristics serve as sensitive indicators for 
differenct:s in recharge through the vadose zones. Cores 
from nine canyon and 13 mesa boreholes from relatively 
undisturbed locations were examined. Water content 
and anion and stable isotope data from the core samples 
were collected following Newman et al. (l997a). For 
each borehole, the average and maximum values of pore 
water chloride and sulfate concentrations pore water 
8180 values, and volumetric water content; were deter
mined. Data for each characteristic (averaged for all 
canyon and mesa boreholes, respectively) are shown in 
Table 2 along with the difference between the values. 
The differences between the canyons and mesas are 
substantial in most cases. 

To test whether these differences were significant, the 
nonparametric Mann-Whitney U test was run using the 
various mesa and canyon borehole values. The nonpara
metric test was used primarily because of the small num
ber of analyses available. For a p value of 0.05, the 
tests showed that all of the characteristics for both the 
maximum and average values were significantly differ
ent for the mesas and canyons. The dramatic differences 
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between the mesa and canyon characteristics can also 
be seen from box and whisker plots of water content 
and chloride concentration shown in Fig. 14 and 15. 
These comparisons of mesa and canyon vadose zone 
characteristics support the conceptual model that there 
are significant differences between the mesas and the 
canyons in hydrologic behavior and in downward fluxes. 
Unfortunately, there are not enough data to test for 
significant differences between dry and wet canyons. 

SUMMARY AND CONCLUSIONS 
Field observations, data and numerical models were 

used in conjunction to develop and test the conceptual 
models of vadose zone hydrology beneath the Pajarito 
Plateau. Many of our findings have relevance to studies 
being conducted in other arid and semiarid regions and 
provide insights into flow and transport mechanisms, 
the role of hydrogeology in controlling vadose zone 
flow, and the influence of topographic and surface water 
flow conditions on infiltration and deep percolation. 
Therefore, understanding of the unsaturated zone hy
drologic processes studied here should have a general 
applicability and interest that goes beyond the charac
terization of the Pajarito Plateau in north-central New 
Mexico. Our principle findings and the means for reach
ing these conclusions are summarized below. 

Topography and Surface-Water Setting. The concep
tual models distinguish differences among wet canyons, 
dry canyons and mesas, and mountain-front mesas. Wet 
canyons receive larger quantities of deep infiltration due 
to surface and shallow groundwater flow in alluvium. In 
contrast, little net infiltration occurs beneath dry can
yons and mesas. Mountain-front mesas receive consid-
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erably more infiltration, and the particular hydrostrati
graphic conditions give rise to localized perched water, 
and lateral flow through fractures to nearby springs. 
These ideas are supported by the following observations 
and interpretations of data from across the plateau: 

• Moisture profile measurements and numerical sim
ulation of vadose zone flow 

• Major ion, stable-isotope, and contaminant concen
tration measurements 

• Water budget studies in individual canyons (Gray, 
1997; Kwicklis et al., 2005) 

• Tracer tests in perched water for the mountain
front mesa case 

Anthropogenic Impacts. Both canyons and mesas can 
be significantly changed from their natural conditions 
by human activities. On mesas, asphalt pavements on 
mesas reduce ET, and moisture builds up underneath. 
If the asphalt focuses runoff or subsequently cracks, lo
calized high infiltration can take place in a location where 
it ordinarily would not. In canyons, effluent discharges 
from LANL or Los Alamos County sources can signifi
cantly increase surface and alluvial groundwater flow, 
which in turns typically increases the infiltration rate to 
the deeper vadose zone. These ideas are supported by 
the following observations and interpretations: 

• Measurements and numerical modeling of water 
contents beneath and adjacent to areas paved to 
support LANL facilities 

• Water content and contaminant transport measure
ments and numerical modeling of canyons im
pacte:d by LANL facilities 

Flow and Transport Mechanisms. The two principle 
stratigraphic units of interest for vadose zone flow and 
transport beneath the Pajarito Plateau are the Bande
lier Tuff and Cerros del Rio basalt. Water percolates 
through the porous and permeable matrix of most sub
units of the Bandelier Tuff. Many of these units are 
sparsely fractured, but even for those with fractures, 
water quickly imbibes into the matrix. An exception is 
the uppermost units of the Tshirege Member, present 
in the western part of the Laboratory, near the mountain 
front, where rapid lateral transport through fractures 
has been observed. The basaltic rocks exhibit rapid flow 
and transport through fractures. These ideas are sup
ported by the following observations and interpretations: 

• Water content, major ion, and contaminant trans
port measurements and numerical modeling 

• Field measurements at an instrumented site in ba
salt (Stauffer and Stone, 2005) 

• Fluid injection tests in the Bandelier Tuff (Robinson 
et al., 2005a) 

Vadose Zone Travel Times. Travel times of contami
nants from wet canyons to the regional aquifer can be 
as short as several years to several decades. The shortest 
travel times occur when water infiltrates directly into 
fractured basalt. When significant thickness of Bande
lier tuff is present, travel times on the order of decades 
are more common. Travel times to the water table for 

dry canyons or undisturbed mesas are much longer; times 
in excess of thousands of years are consistent with the 
available data. These ideas are supported by the follow
ing observations and interpretations: 

• Numerical modeling of wet canyons (Robinson et 
al., 2005c) 

• Contaminant profiles in vadose zone boreholes 
• Chloride and isotope profiles in mesa-top boreholes 
• Regional aquifer contaminant concentrations from 

groundwater surveillance activities (LANL, 2004c, 
2003a) 

In conclusion, the conceptual models provide a gen
eral picture of the relevant processes controlling vadose 
zone flow and transport at the LANL site. Preliminary 
assessments of a particular site on the Pajarito Plateau 
can be based on the results presented herein. More 
detailed, site-specific investigations may be required to 
develop in-depth understanding and models with pre
dictive capability. In those cases, the conceptual models 
serve as guiding sets of principles on which site-specific 
data-collection programs can be based. 
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