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Observations and Modeling of Deep Perched Water Beneath the Pajarito Plateau 

Bruce A. Robinson,* David E. Broxton, and David T. Vaniman 

ABSTRACT 
Geologie characterization of the Pajarito Plateau, in support of 

environmental investigations of potential groundwater contamination 
at Los Alamos National Laboratory, has provided the opportunity to 
examine the nature and extent of deep perched groundwater in this 
semiarid setting. Deep perched groundwater O«UrS at widely dispersed 
locations across the Pajarito Plateau. A total of 33 perched-zone oecur
reMes were Identified in Z9 wells. The saturated thickness of perched 
zones is bigtdy variable, l'llllgiDg from about 1 to >122m (>400 It). 
Observations are ronsistent with a eoneeptual model of low·perme· 
ability horizons on which Infiltrating water sits. Deep perched ground
water is most often found beneath wet canyons, suggesting that In 
addition to perdtlng horizons, loeally high percolation rates are re
quired to yield saturated conditio as. Two coa<:eptual models of perch
Ing systems are eoosidered, one relatiYely stagnant and ooe more dy· 
namil:. To simulate deep perched groundwater in vadose zone Dow 
models, a new method Is developed that considers the lnt~lfacrs be
tween hydrogeologie units to be the horlzou wbere the saturated 
permeability Is lower thao either of the units aboYe or below the inter
face. A constant multiplier c:alled the permeability reduction factor is 
applied at the interface between two hydrostratigraphie units to simu· 
late the perching borizon. We demoastrate tbe method with two-dimen
sional numerical simulations performed for Los Alamos Canyon, repli· 
cating perched saturation as observed and showing how contaminant 
dispersal may be enhanced In certain perched systems compared with 
dispenion in the underlying zone of regional satuJation. 

A COMMON FEAnJRE of vadose zone flow systems is 
..l"'\.. the presence of perched water. In this paper, we 
define perched water as a hydrologic condition in the 
rock or sediment above the regional aquifer in which 
the rock pores are completely saturated with water. 
Perching is thought to occur for a number of reasons, 
including capillary barriers and low-permeability barriers 
coupled with complex stratigraphic structures in the sub
surface (e.g., Bagtzoglou, 2003a, 2003b). For example, 
the Yucca Mountain unsaturated zone contains extensive 
perched water zones under present-day conditions, and 
possibly larger perched water zones under past or future 
wetter climates (e.g., Wu et al., 1999). 

Beneath the Pajarito Plateau at Los Alamos National 
Laboratory (LANL), perched water may represent im
portant subsurface pathways that facilitate movement 
of contaminated fluids from the ground surface to the 
water table of the regional aquifer. These perched 
groundwater bodies are generally too small for use as 
municipal water supplies. Nonetheless, they are of inter-
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est because (i) they represent natural groundwater re
sources that are protected under State law; (ii) their 
chemical and isotopic characteristics help constrain 
groundwater transport rates through the vadose zone; 
(iii) perching horizons may divert, slow, or stop the 
vertical migration of groundwater through the vadose 
zone, or they may indicate the presence of a fast sub
surface pathway, depending on the characteristics of the 
perched zone; and (iv) they can be used as vadose zone 
monitoring points that provide early warning of con
taminants approaching the regional aquifer. 

The vadose zone beneath the Pajarito Plateau ranges 
in thickness from 180 m (590 ft) to more than 365 m 
(1200 ft), and it consists of Pliocene alluvial fan deposits 
covered by thick Pleistocene ash-flow tuffs. The Plio
cene sediments interfinger laterally with lavas from the 
Jemez volcanic field to the west and the Cerros del Rio 
volcanic field to the east. An in-depth description of 
the geology of the Pajarito Plateau is presented by Brox
ton and Vaniman (2005), who explain and illustrate the 
stratigraphic units discussed here. Perched groundwater 
is found within canyon-bottom alluvium and within bed
rock units of the vadose zone. Characterization of these 
groundwater bodies is challenging because of the thick
ness of the vadose zone in this area, the heterogeneous 
nature of bedrock geologic units that serve as host rocks 
and perching horizons, and the depths of groundwater 
occurrences. Despite these limitations, substantial new 
information has been gathered about deep perched zones 
beneath the plateau. The present study summarizes in
formation about the location, depth to water, saturated 
thickness, and geologic setting of these perched water 
occurrences. This summary includes data from historical 
investigations and new information collected through 
March 2005 as part of recent site-wide hydrogeologi
cal investigations. 

Assessment of the impact of perched water on subsur
face flow velocities is one of the most difficult aspects of 
vadose zone characterization and modeling. A common 
assumption in vadose zone flow and transport modeling 
is that the stratigraphy exerts control over the hydro
logic processes. If this is true, then the hydrologic prop
erties at a numerical grid point can be populated based 
on the stratigraphic unit containing that point. Numeri
cal simulation methods to reproduce perched water usu
ally involve the assignment of low permeability to a 
portion of the numerical model domain, to force the 
water to accumulate above these locations. For example, 
this approach was used to match perched water observa
tions in the unsaturated zone flow models of Yucca 
Mountain (Wu et al., 1999). We present an alternative 
method for simulating perched water in vadose zone 
models. The modeling approach, which applies perme-

Abbreviations: LANL, Los Alamos National Laboratory. 

lllllllllllllllllllllllllllllllllll 
fD)~©[EOW~~ 
w MAR 2 3 2006 ~) 
~ 14465 



638 VADOSE ZONE J .• VOL 4, AUGUST 2005 

ability barriers at the interfaces between hydrogeologic 
units, is a practical modeling approach that is compatible 
with existing numerical model formulations. 

The organization of this paper is as follows. First, we 
present field observations of a large dataset of perched 
water occurrences beneath the Pajarito Plateau. This 
portion of the paper describes the field methods, obser
vations, and underlying hydrologic mechanisms found 
to control the nature and extent of perched groundwater 
in the vadose zone. We then develop a new computa
tional technique, which we call the interface reduction 
factor method, for simulating perched water in vadose 
zone models. Finally, we present the results of a two
dimensional model of flow and transport in Los Alamos 
Canyon to illustrate the method. Additional aspects of the 
vadose zone modeling effort for this canyon are pre
sented separately (Robinson et al., 2005). 

PERCHED WATER OBSERVATIONS 
BENEATH THE PAJARITO PLATEAU 

Groundwater of the Pajarito Plateau has three prin
cipal modes of occurrence: (i) groundwater in canyon
floor alluvium, (ii) deep perched groundwater in bed
rock units of the vadose zone, and (iii) groundwater 
associated with the regional aquifer. These three ground
water types are shown conceptually in Fig. 1. Contami
nant distributions in groundwater strongly suggest that 
groundwater of the plateau alluvial systems is in com
munication with deep perched and regional ground
water. The focus of this paper is the deep perched 
groundwater. A brief description of the alluvial ground
water is presented below for completeness, and the re
gional aquifer is described elsewhere (Keating et al., 
2005). 

Alluvial Groundwater 

Alluvial groundwater occurs primarily in the large 
watersheds that head in the Sierra de los Valles to the 
west and in some of the smaller watersheds that head 
on the plateau. In the case of the large watersheds, al
luvial groundwater is supported by canyon-bottom infil
tration of surface flow that is derived primarily from 
runoff in the high terrain of the Sierra de los Valles. 
Surface water flow in small canyons that head on the 
plateau is generally more episodic and of shorter dura
tion; consequently alluvial groundwater occurs only 
where surface flow is augmented by liquid discharges 
from LANL or municipal sources. 

Canyon-bottom alluvium is a complex geologic unit 
consisting of fluvial sands, gravels, and cobbles that in
terfinger laterally with colluvium derived from canyon 
walls. The fluvial deposits represent cross-cutting active 
and inactive channels and floodplain sediments. Can
yons that head on the plateau contain detritus of Ban
delier Tuff; canyons that head in the Sierra de los Valles 
also contain dacitic detritus derived from the Tschi
coma Formation. 

The thickness of alluvial deposits varies across the 
plateau. In Pueblo Canyon alluvium is about 3.5 m 
(11 ft) thick on the west side of the plateau and about 

5.5 m (18ft) thick near the confluence with Los Alamos 
Canyon. Mortandad Canyon has 0.3 to 0.6 m (1-2 ft) 
of alluvium near its headwaters and more than 30 m 
(100ft) of alluvium near the eastern LANL boundary. 
Where present, alluvial groundwater commonly occurs 
near the base of the alluvial sequence atop weathered 
Bandelier Tuff. However, perched water is also found 
above permeability barriers within thick sequences of 
stratified alluvial deposits. 

The saturated thickness and lateral extent of alluvial 
groundwater is strongly affected by seasonal variations 
in snow-melt and storm runoff. In Los Alamos Canyon, 
perennial alluvial groundwater extends from the Sierra 
de los Valles to about 1.6 km (1 mi) east of the Pajarito 
fault zone, even in drought years. During the peak snow
melt months of April through early June, surface flow 
and alluvial groundwater commonly extends an addi
tional 6 to 10 km (4-6 mi) down canyon. Storm runoff, 
particularly that associated with monsoonal thunder
storms in July and August, is also an important source 
of recharge for the alluvial groundwater systems. 

Methods for Identifying Deep 
Pert:hed Groundwater 

Identification of deep perched systems beneath the 
Pajarito Plateau comes mostly from direct observation 
of saturation in open boreholes (e.g .. borehole video 
logs and water-level measurements), from borehole geo
physics (e.g., electrical and neutron logs), or by the in
stallation of wells or piezometers. Additional informa
tion is provided by surface-based electrical geophysics, 
although these types of investigations are generally lim
ited by their relatively shallow depths of investigation 
and poor vertical resolution. Identification of larger 
perched groundwater bodies in boreholes is generally 
reliable, but the use of drilling fluids, which is necessary 
in most boreholes, may mask smaller or relatively un
productive zones. Defining the lateral extent of satura
tion is more problematic because of the costs associated 
with installing wells to such great depths. Despite these 
limitations, substantial new information has been gath
ered about deep perched zones on the plateau. 

Field Observations 

This section documents the observed occurrences of 
deep perched water and interprets, where possible, the 
cause of the perching. Table 1 lists 33 occurrences of deep 
perched groundwater detected in boreholes across the 
Pajarito Plateau. Perched groundwater is widely dis
tributed across the northern and central part of the 
plateau (Fig. 2) with depth to water ranging from 36 to 
272m (118-894 ft). The principal occurrences of perched 
groundwater occur beneath (i) the large, relatively wet 
Los Alamos Canyon and Pueblo Canyon watersheds; 
(ii) the smaller watersheds of Sandia and Mortandad 
Canyons that receive significant volumes of treated ef
fluent from LANL operations; and (iii) the Canon de 
Valle area in the southwestern part of LANL. Perched 
water is most often found in Puye fanglomerates, the 
Cerros del Rio basalts, and units of the Bandelier Tuff 
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Table 1. Characteristics of deep perched groundwater zones encountered in wells on the Pajorito Plateau. 

Well name, 
borehole depth, 

nrface elev. Depth to l't&tet 
Satunded 
thickness 

Pueblo Caoyoa TW·la J4 m (110ft) 7 m (>23ft) 
40 m (13311) 
:W2Sm(664611) 

Pueblo Cuyoa R·~ •116 m II m (•37 ft) 
Tl~ m (902 ft) (•380 ft) 
19'nm(647311) 

Pueblo Canyon TW·1a 51-QJ,. :ell m (:!:3711) 
69 m (W ft) (1118-W II) (!) 
1942 m (6310 II) (?) 

Pueblo Canyoo P01-4 49 Ill (16011) >6m (>21ft) 
~5 m (181ft) 
1942 m (637l II) 

Los Alamo• Canyon H-19 U7 m (4SOII) 7m(2211) 
610 m (:WOO ft) 
l186 m (7172 ft) 

Los Alamoo Caoyon LAOI(A)·1.1 88m (28911) Bm(Tift) 
9Bm (32311) 
l08J m (6833 II) 

Los Alamo5 Caayoa lt·7 114m (373 II) Jm(911) 
334m (1097 II) 
:1066 m (6779 II) 

Los AJamos Cuyon R-7 2l7m (744ft) ·7 .. (•2311) 
334m (1097 II) 
2066 m (6779 II) 

Los Alamos C.~~Dyoe LADP·J 98 m (320ft) Jm(911) 
106m (34911) 
:W~ m (6756 II) 

Los Alamoo Caayon LAOJ.J.la 41 m (13411) 9 m (>31ft) 
~m(165.511) 
201Bm (66:wm) 

Los Alamos Canyon Otowi 4 77 m (•2SJ ft) Not known 
~~m(:li!0611) 
:W2A m (6639 II) 

Continued om pap. 

Grouadwater 
ho!iil rock 

Nature of 
pen:bloa layer 

Puye Fm. faaglomerate withla Puye Fm. fancJomer· 
ate; percbiDI Ulbology 
ootknowa 

Puye Fm. dodtk saads witbia Puye Fin. f1111glomer· 
aod IP'Ovels mixed ate; perebia1 Ulbolozy 
with 5-15% rooaded not knowa 
quarb:ile and p1Ulite 
river p1lVels 

1Dter0ow breeda and possibly aal'ractured 
sU15tone in CertOS massin basalt 
del Rio basalt 

Cerroo del Rio coollnJng layer oot 
fractured basalt penetrated 

porous, well-bedded Tscbicoma Fm. lava 
aod wel~sorted fall 
deposits of the Guaje 

flow lop 

""""""Bed 
porow, well·beddtd top of Puye Formation; 

and well ... rtedfoU possible day·ricb soil 
deposits of the Guaje borlzoo; ,.. dtsalpdoe 
Pumice Bed for weB LADP·3 

Puye Fm. silty, clayey, day·ricb granls from 116 
and sandy envels ao Ill m (JBl-397 II) ckplb 

in tbr: Puye Formation 

Puye Fm. sandy gravel Puye Fm~ possible percbia1 
with abundant a.yer from 233 to l3!i m 
pumioo clasts (767 10 772 II) iD >ilty 

pebble gravel or rrom 
235 to 237 m (777r-777 ft) 
in clayey pumiceous sands. 

porous, well-bedded smectite- and kaolinile--ridl 
and well-soned faD soil a fe" ceatimeten tbick 
deposits olthe Guaje ot aop or Puye Formation 
Pumice Bed 

btial asb·Oow tuffs or percbed zone was DOt fuUy 
the Otowi Member penetrated during drill· 
aad porous, weD· in&: percbiq 61bology 
bedded and well- aot knowu 
sorted faD deposits 
of tile Guaje 
Pulllice Bed 

Puye Fm.IP'Ovels within Puye Fm. l'aaglomer· 
ale; perebiDKlilbolozy 
not known 

ADIIIrOJlOIOniC 
dlemi..U. detf<led 

tritium. aftrate 

Cootmeobi 

A single·saeen weD was installed h• this zone 
(Grlgo, 1964; PurtyluDD, 1995). 

nitrate, Raoride, <hloride, A amyoa·Door well - installed wilb four 
uranium, aod sulpbale Isolated......,. (LANL, 200Jb). Screen lis 

completed in this percbed zone. llle vertical 
exteat of tbit zone is poorly known. 

altrate, phosphate, 
chloride, boron, aDd 
uranium 

nitrate, phosphate, 
cbloride, borou 

not 5001pled 

DODO 

none 

DODO 

tritium 

nitrate, perchlorate, 
cbloride 

not sampled 

Grouadwater was ftnt en~oantered near the 
top of Cerros del RJo basalts iD a zooe from 
64 to 65 m (217r-Z15 II) depth (Grigs, 1955). 

!::!0J~:.1:'ta::~!: .~;~t~)~e:.~ 
(Purtymun, 1995). Well ><reen piO<ed from 
65 to 69 m (215-W ft) deptla. 

Grouod,..ter O«WS In massive basalt cat by 
blgb-aagle fractures. A llinpe-screen weU 
wu installed iD this :zone. 

Saturation lo tbis zone was noted wb1le drilliag 
to readllbe regional aquifer (Grias, 1964). 
Tbe perched zooe was n.- .Kreened, and 
the regfooal well wu later abandoned. 

A ilncJe-screeu well was iDstalled in this roue. 

A canyoa·Door weD was installed wttb tla.ree 
isolated JKreeDS (Stone et al., 2002:). Saeen 1 
In Wei R-7 I< completed in tbls percbed 
zone. 

ScreeD lin WeD R·7 is completed iD this zone. 
Geophysleallof' and borohole >ideo> sue· 
gest additioaal pe~hed groundwater zones 
were encouutered wbea the R· 7 borehole 
was driUed. 

Soil denlopmeQt o«un at top of tbe Puye 
Formation in outc:rops aod Ln boreholes 
elsewhere. A si.ngle·screen "tR was in.'Otalled 
in tb1111 zone (Bro~on et al, 199.5). 

Perched pouadwater was detected while 
coring lhronp tile lowermosl part of lhe 
Bandelier Tuff. The bottom of satuntion 
WM not penetrated by the borebole. A single· 
stTeen well was l.astalled Ia this zooe. 

Saturation iD Ibis zone was noted wbl1e driiHna 
to instaU a municipal supply well in the 
repnal aquifer (Stoker et al., 1992). The 
geol. Jog notes: uSome perdted water 
was risible in • video log ot the 48-in bole 
at about 2.53 f1 where water caseaded ill rruua 
II large cnvel" 'Ibis peJdled ZOIIC Js not 
.-by o weii>CReDin Otowi 4. 
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6 
r .. 
> c 
Gl 

§ 
~ 



Table I. Continued. 

Watershed 

WelliUIDle, 
borehole deptb, 

surface elev. Depth to water 
Saturated 
tbickDess 

Lot Alamos Canyoa R-4Si 180 m (59l II) 7 m (13 II) 
201 m (660 II) 
Z13J m (6997 fl) 

Los Alamos Canyon R·9i 4l m (137 II) 14-30 m 
98 m (3Z2 It) (45-99 II) 
1946 m (6383 fl) 
and 
LAWS-GI 
86 m (281.5 It) 
19Z2 m (11305 It) 

Los Alamos Canyoa R-91 80 m (264ft) Z·5 m (7-18 It) 
98m (3Z21't) 
1946 m (6383 fl) 
ud 
LAWS-OJ 
86 m (281.5 ft) 
19Z2 m (11305 ft) 

Lo• Alamos Canyoa R·9 160m (524 fl) 15-31 m 

Sandia Canyon 

Sllldla Canyoa 

Z35 m (771 It) (48-103 ft) 
1946 m (6383 ft) 

PM-I 137m (450ft) not known 
762 m (ZSOI ft) 
1985 m (6513 ft) 

R·12 129m 
270 m (886 ft) (424ft) 
198lm (6500 ft) 

23-29m 
(76-95 Ill 

Mortandad Caoyon 1-8 206 m (675 ft) saturated 

Continued ne::rt pap. 

Z27 m (745 II) 
2091 m (6859 II) 

water Jeyel Is thidaess is 
•• top or well unkaown, but 
sump the zone is 

probably very 
IbiD 

Grouodw.ter 
host rock 

Nallm!of 
perdlin11ayer 

AlttbropogeDI( 
cbemlcals deterted 

Pnye Fm. grovels poorly sorted fanl!lomente nitl'llte and percldonte 
witb a silty mlllrh 

Cerros del RJo basalt massiYe basalt wltb tritium 
interflow brec:cia ud few tnc1ura 
blgbly l'ractmed 
basalt 

Cerros del Rio basalt day·ricb, otnotllled, bassltlc tritiu111 
brecdoted Dow base tepbn (.,_deposits) 

from 86 to 88.3 m 
(282-:189.8 It) 

Puye formation Sllllds day·ridl tulfaeeous saads tridum 
IUid gnvels and gravels 

Cerros del Rio bawlt not known DOl !IUlpled 

fnodured Cenos del 
Rio basalt and 
underlying ftovial 
sands and silts, and 
riveri.De gravel$ of 
the lamstrloe fodes 
oltbe Puye Faa. 

fnoctured Cerros del 
Rio basalt 

doy-ricb loke beds of tbe 
lacustrioe facies of tbe 
Pnye Fm. from 158-
163 Dl (51~535 fl) 

nlt1Ue of eoo11Dio1 bed b 
unknown 

tritinm, oitrate 

noae 

Commeatl 

Tbis zooe oa:un at the 11111e elevation and 1M)' 
be related to tbe perc.ed zone Identified 
by bOftbole video in oe•by supply well 
Otowi 4 doriq driDiug. A IIIJIIIe·screeD 
weD was lostaUed in tbb zone. 

Groundwater wu rmt eacouatered at a depth 
of 55 m (180 ft), but dte ..... .,. level quidly 
rose to 4l m (137 II), Indicating possible 
con8nement. At R·9i, • caayon-lloor well 
wu imtaUed. wlfb two lsoll.ted saeens 
(BroJrton et at. 2001a,b). S<r<eo I or R-91 
is completed in lhh zone. ID LAWS-01, tbts 
woe is sampled via a Oexible U.er wHb 
sampU"1l ports (Stoae 1111d Ne ... u, 200ZJ. 

Wator lint enroont .... d at 84 m (27! ft). The 
water level stabllbed at 8& m (164 ft) aad 
may be ronOoed (BroJrtOn et at. 2001a,b). 
Screen 12 in weD R-91 is romplcted in this 
zone. Ia LAWS-01, tbis :rone is sampled 
.UO o flnlble Jluer wltb samptfn& ports 
(Stooe and Newell, 2002). 

Three stringen of sands ud p-avel,. at 176-
177'" (579·580.5 ft), 187m (615ft), and 
190-191 m (624-4526.8 ft) produced pen:bed 
sronndwater (Broxton et at. 2001a). These 
occoneaces probably toastitute a slagle 
saturated zone because when i.solated each 
yielded tbe same depth-to-water of 160 m 
(524ft). Tb.e ,..,.ter bearing strillgers are 
enclosed by day-rith tuffaceous sands and 
gravels thm may be oon.ftnJng units or may 
simply be unproductive. No wei screeas 
were installed ill this satUrated zooe. 

Durillt: installation or supply weD PM·l, tbe 
geolopc log aote!ll that water was present 
in brecciated Cerros del Rio basalt at o depdt 
or 137m (450 ft) (Cooper et at. 196!). No 
other iaf'ormation wu zivea about this zone. 

This is probably tbe....,. petcbed JVOUDdwater 
as tbat raoouutered in PM-1. Groundwater 
was llrst encountered at a depth of lJS m 
(443ft), but the water level quicldy rose to 
129m (424ft) before stab1Dzi"1!,1odicatiag 
possible oonfinement. A weD waJ installed 
with three isolated 5a"«DS (Bronon et al., 
2001d). Saecn5 1 and Z ore completed iu Ibis 
percbed zone. 

A small amou•l of waler was o~ed lrlddiDg 
from a fnocture at Z04 m (669 It) bp ia dte 
boreilole video. A siugle-~<reea well was 
installed, but only a smaf) IIIDODDt of tt"ater 
bas am~muJated in tbe weD swnp. 



T~el. Co~n~ti~n~•·~~-------------------------------------------------------------------------------------------------------------

Watenbed 

WeU name, 
bo,..hok depth, 

mrface elev. Depth to water 
Saturated 
tbidmess 

Mortandad ('.onyon MCOBT-4.4 
234 m (767 II) 
21184 m (6836 II) 

158 m (~20 II) 0.6-1.2 m 
(l-411) 

CUJTeoUy 

MortaDdad (:anyoa 1-4 158 m (5211 II) 0.6-1.2 m 
1~ m (540 II) (l-411) 
2084 m (6837 II) 

Mortandad Canyon R-lS 197 m (646 II) =30 m (!) 
33'7 m (ll07 II) =99 II (?) 
2079 m (68ZO It) 

Mortudad Caoyoa. 1-5 Z09 ro (6117 II) 6m (2011) 
Z19 m (71711) 
2079 m (68ZII It) 

Mortandad Canyon 1-6 202m (66211) 13m (4311) 
220m (72111) 
2076 m (6811 It) 

Pajarito Canyon R·Z3 not known ... knOWII 
Zll5 It (93S It) 
lJI90 m (~28 II) 

Pajarito Canyoo R-19 272 m (894 It) S m (18 II) 
~m(19021t) 
2151 m (7066 II) 

ConUnaed am PI~-

Groundwater 
host rod: 

Nature or 
perehinJ Ioyer 

Puye Fm. pebble 11'1••1 top or Cerros del Rio 
and sUty .... .u basalt 

Puye Fm. pebble 11'1••1 top or Cerros del Rio 
aod silty sonds basalt 

l'rodured Cerros del 
Rio basalt 

iDterOow breccia in 
Cerroo del Rio 
basalt 

interflo"' brecda and 
rractured basalt in 
Cerros del Rio basalt 

fiO"'ble eonllal"' ualt In 
UlaSii"ve basalt in lower 
part or Cerros del Rio 
basalt 

possible «>llllalna ualt In 
massive basalt in lower 
put or Cerros del Rio 
buah 

Cerros deJ Rio ~~ not knotm 

PuyeFm.58Ddand 
gravel beds 

Puye Fm. low·porosfty 
sedhoentuy deposits. 

Aothrop01eole 
dleuricals detected 

tritium, nitrate, 
perdllorate 

tritium, nitrate, 
perdllorate 

tritium, nitrate, 
perdllonte 

tritium. nitrate, 
perdalonte 

not sampled 

.... 

Commeob 

Initial deptb..fo-water 1\'85 150m (493ft), but 
it bas oince declined to 158 m (520 It). A 
single-stteen weU was lastalled in this 
zone (Broxton et aL, 1007.a). 

A single..suee11 well wti installed iD. thi5 zone. 
This well was installed as a po551ble 
replatemeat well for MCOBT -4.4. 

Saturation lo Ibis zooe wu DOled while driUiog 

!Oom.:.:r.n~::~.~~~~ 
deptb 197m (646 It), but a zone of increased 
water production WIIS ooted by the driller 
from 115-219 m (707-71711). II is uneertaio 
wbetber lids oa:urreoce represents oae zone 
or multiple, stacked rooes. 

This well - installed adjaceot to R-15 aod 
targeted the water productioa mae from 
215-Z19 m (707-71711) that was noted in 
- borebole. A siq!e-saeeo weD,... 
installed in tbis zone. II is um:ertaia whether 
the pen-bed zooe .... ruuy penetrated by 
the bo...bole. 

This weD is 46 m (150ft) north of R·l! ud 
1-:5, near Cbe Mort•dad Caayon stream 
cbannel. A slnKfe completion well wa..., 
ixut*'.led in this zoae. Tbe ele~Mioa of tbe 
SWL is ! m (1611) hiper tbao oil-S. 
It is uncertain whether the perched zone 
.... ruuy peneiYoted by the borehole. 

Perched groundwater waa probably tuOOUD· 
teml wbUe driUiq R-23 to tbe regional 
aquifer. Water Kallllulated ia the aanulus 
between the drUI cuing and the borehole 
vraU above o day·ridl bridJe. Tbe aceumu
lated -·· Is probably from a per<bed 
zone 1\'itbia the CeiT()8 del RJo basalt. The 
perched zoot wu not §(7HDed.. 

R-19 was iostaUed on tbe mesa south of 
lbreemilt Canyon. A perched zone was 
noountered. In Puye Formation f81lglomer
ate overlying Ctnos del Rio basalt. Borebole 
weopb)'llcal 1"8' indleale the perdled zone 
is made up of higb·poroslty scdJments over· 
lyin1 lowwporosity sediments. A well was 
installed with seven isolated saeens at this 
site (Broxton et al., lOOlr). Screen 2 b 
rompleted in this pen:hed zone. 



Tobie 1. Continued. 

Wotenb<d 

Cd.on de VIIDe 

Cailon de Valle 

Calion de Valle 

C.iioo de VaDe 

canon de VaDe 

Water canyon 

Wellna~ 
borebole depth, 

surface ele.. 

R-25 
592 m (1942 ft) 
2291 m (7516 II) 

CDV-16-1(1) 
208m (683 ftJ 
2250 m (7382 Ill 

CDV-16-2(1] 
3l4 .. (1063 I'll 
2276 m (7467 Ill 

R-26 
4S4 m (149111) 
2329m (7642 m) 

R-26 
4S4 m (149111) 
2329 m (7642 m) 

SHB-3 
262m (860ft) 
2319 m (7fi08 II) 

Saturated Ground"Water N•ture of 
Deptb to water tbidmess bost rod perch.ioalayer 

220m (7131'1) •125m(-409fll Otowi ash-Dow turf, ConfiDJn1 btyer ocaan Ia 
Guaje Plllllia bed, Puye fm. s<dimenlaly 
and Puye Fm. depooib. '""" 345-347 .. 
fanglomerate (1131--1137 Ill. ealliup of 

fine·IJ1Uu<d sond aud .UI 
ue interbedded Mtb 
J1111Vel5 oad <Cibhles. Aller-
ootiD!: wet IIDd dJy sedl· 
meDts ocnr below tbis 
zone to a deptb of J9l m 
(1:186 Ill-

172m (563 I'll >31m (>120 Ill Olowi ll>h-Row lulf pen:hln1 horizon not 
not fully pene- lu>OWII; below drill 
tnoted hole depth 

252m(?] not known Puye Fm. fOJII!omerale ..tlhfn Puye Fm. f ............ 
827 It (?I 

53m (173111 zones of tbin., fractured densely· 
di.Kontiouous welded tull' in unit 
saturation Qbl 31 ofllle 
osoodal<d Tsblrege Member 
lritb fradura 

•184m see coauneab Ceno Toledo Interval 
(-684ft) 

Z02 m (663 II) >60 m > 197 It Otowi 115h·Row lulf, 
zone probably Guaje Pumic:e bed, 
not faUy peue· and Puye Fm. 
tnoled. fonglomerale 

ate; perdlinc UtboJov 
not lmown 

nter produd:loa IWOdated 
wllh ............ 

see comments 

coafiniog layer probobly 
DOl peaetr.ted 

Anlbropogenlc 
cbemkals deleded 

blp·nploslve<Cim· 
pounds nnd their 
depdolioa prndueb. 
trldaloroetheae. 
tetradlloroedtene 

blgb-esploslve 
comJ)OIID.ds 

blp-eKploolve 
compounds 

IDaly ... peadfnl 

ooalyses pending 

noae 

CommeotJ 

This large satunted zoae is sepanted from tbe 
regionol aquifer (deplh ot 392m: 1286 Ill 
by <rT m (IM ft) of alleraotlnl wet oad dJy 
faugtomente clepoQts. 1bis upper ullln'lted 
zooe is cunendy Interpreted a~ a perched 
zolle witb a leaky ronllniog layer. Tbe top 
of tbe same upper saturated zoue was pene
lraled In nearby WeD CDV-16·1(1), wblch 
is located in adjacent Calion de VaDe. A 
multiscreen mesa-top weD was: ill5talled at 
R·ZS (Bm .. on ol al., ZOOlb). Four KreetJS 
are completed. iD this thick per<:bed zooe. 

Beeouso of the proximity of CDV-16-1(i) IIDd 
R-25 (cll4 m; •375 It), lhe upper saturated 
zone ln these weD~ is probably .. terally COD· 
nmed. The top of tile upper saturated zone 
is 85 m (2811) IJI&bor Ill CDV-16-1(1) (otev. 
2079 m; 6821 II) 00111poml mlh R-25 (otev. 
2071 m; 6793 II). A siog!e.....,.n well ..., 
installed. io this zone. 

The aatue of this perched zoae is eurre01Iy 
under iDwstiptJon. Borehole rideo lop, 
water level meamrements. aud the presence 
or high explosives In voundwater .......... 
indicate tb.t perrbed water Is preseat. How
e,.er, eflortJ to lastall a weU in lhil zooe(s) 
bave not beea successful. 

A pjezometer was iastalled in a borehole 
adjacent to Well R·26 to .oaitor wate-r levels 
in this per~ zone. The pie-zometer Is 
!ICI'e<Ded rrum SJ-56 m) (175-185 ft) depth 
ood lhe depth lo -er Is 53 111 (173ft). Sal· 
oration •ppears to be assod1ted with low~ ••cl< platy hdure• ;n the .... no .. lulf. 

R-26,... reeeatly drilled IIDd lnletpretotion of 
pert:bed water in tbis zone is prelimiDary. 
Borehole re<>physieol logs suggest hip 
moisture: tonteots below 175 m (575 ft) to 
the top of rqioo.al yturation at 291 m 
(95411). Pen:hed -·• oppeus most Ukoly 
al depths of 177 lo 202 m (5110-6112 II) IIDd 
23810 252m (7116-82711). A war..-I .. elal 
184m (604 It) deplb wu moasured during 
drilling while tbe borehole was at a depth of 
219 111 (720 It). WoU R·Z6 ,. .. completed 
with two holated well screens with the upper 
5CI'ftD placed within tbe perdled zone u.d 
the lower saeea in tbe reponal zone of 
saturation. 

Satundon oa:a:n in the lower Bandelier Tuft' 
ud upper Puye Formation.. A temporary 
mesa·top well was installed In tbe perdled 
zone (Gardner et al., 1993). 
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Fi~. 2. Locations of welL~ and boreholes that have penetrated perched groundwater systems in bedrock. See Table 1 for deKriptions of these 

zones. Also included for reference He weDs in which perched water wu not detected. Shallow perched groundwater in canyon-Door alluvium 
and shallow zones of perched water issuing from bedrock sprinp are not shown here or included In Table 1. 

multiple depths. For example, at Well R-9, three perched 
systems were encountered: (i} in the central part of a 
thick sequence of Cerros del Rio basalts, (ii) in the basal 
part of the Cerros del Rio basalts, and (iii) in clay-rich, 
pumiceous deposits in the lower part of the Puye Forma
tion. Saturated thicknesses for the top and bottom zones 
range from about 13.7 to31.4m (45-103 ft), and the mid
dle zone was 2.1 m (7 ft) thick. The top and middle perched 
zones at R-9, in basaltic lavas, are also present within 
similar lavas at Well LA WS-1, located 400 m (1300 ft) 
to the east (Fig. 2). The occurrence of thicker perched 
zones in the eastern part of Los Alamos Canyon may be 
due to enhanced infiltration where the canyon floor is 
underlain by Puye fanglomerate and Cerros del Rio 
basalts rather than by Bandelier Tuff. Tritium activities 
of 69 to 246 pCi L -l for these perched groundwaters are 
elevated relative to the cosmogenic baseline of 1 pCi L -I, 
suggesting that these zones contain a component of 
young water that postdates the advent of atmospheric 
nuclear testing 60 yr ago (Longmire, 2002). 

In Pueblo Canyon, perched water was identified in 
four wells. At Wells TW-2a and R-5, perched water occurs 
within fanglomerate of the Puye Formation and has a 

saturated thickness of >7 and about 11.3 m (>23 and 
=37 ft), respectively. Depth to water is 33.5 m (110 ft) 
at TW-2a and about 115.8 m (380 ft) at R-5. These 
perched zones probably represent relatively small, un
related water bodies, as suggested by their distance from 
one another ( 4 km [2.5 mi]), the lateral heterogeneity 
of Puye Formation deposits, and their varying depths 
beneath the canyon floor. Wells TW-la and POI-4 en
countered perched water at depths of 36 to 48.8 m 
(118--160 ft), respectively, in Cerros del Rio basalts. The 
saturated thickness is about 11m (37ft) at TW-la and 
6.4 m (>21 ft) at POI-4. Saturation is associated with 
interflow breccia and sediments at TW -la and with frac
tured basalt at POI-4. 

Sandia and Mortandad Canyons 

In each of these canyons, deep perched water was found 
in Cerros del Rio basalts and the Puye Formation. The 
perched zones in both canyons contain a component of 
treated wastewater effluent released to the canyons via 
outfalls (Longmire et aL, 2001; Broxton et al., 2001d). 
These outfalls are major sources of surface- and alluvial-
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water systems that contribute to the recharge of the 
deeper perched zones. 

In Sandia Canyon, Well R-12 encountered a perched 
water zone from depths of 135 to 158m (443-519 ft). 
Saturation occurs in the lower part of the Cerros del Rio 
basalts and extends into the underlying Puye Formation 
(Broxton et al., 2001a). The perched water in this zone 
may be confined: during drilling, the borehole was dry 
until a depth of 135m (443ft) was reached, but the water 
level quickly rose to a depth of 129m (424ft) once satu
ration was encountered. The apparent confining layer 
at the top of this zone is a massive basalt flow with few 
fractures. An alternative explanation for the observed 
rise in water level is that the groundwater is unconfined, 
but it could not be detected until water-bearing, inter
connected fracture systems were intersected by the bore
hole at a depth of 135 m (443 ft). The perching layer 
at the base of this zone is a 5-m (16-ft)-thick lacustrine 
deposit consisting of clay and silt The saturated thick
ness of this groundwater body is at least 23 m (75 ft), 
making it one of the thickest perched groundwater bod
ies identified in the eastern part of the Pajarito Plateau. 

In Mortandad Canyon, two groups of wells encoun
tered perched water within the Puye Formation and the 
underlying Cerros del Rio basalt. In one set of wells, 
MCOBT-4.4 and 1-4 (Fig. 2), a thin perched zone was en
countered at a depth of about 160 m (520 ft), within 
pebble gravel and silty sands of the Puye Formation. 
The apparent perching horizon is the impermeable top 
of the Cerros del Rio basalt. The saturated thickness of 
this zone is approximately 1m (3ft). About 350m (1150ft) 
down canyon, a second group of wells, including R-15, 
1-5, and I-6 (Fig. 2), found perched water within the 
lower part of the Cerros del Rio basalt. The depth to 
water is 197 m (646 ft) at R-15, 209 m (687 ft) at 1-5, 
and 202m (662ft) at 1-6. Saturated thicknesses are 30m 
(99ft) at R-15, 6 m (20ft) at 1-5, and 13 m (43 ft) at 
1-6. The saturated intervals appear to be associated with 
fractured lava flows and interflow breccias. The variable 
static water levels and differences in saturated thick
nesses illustrate the heterogeneous nature of perched 
groundwater systems located within basaltic rocks. At 
R-15, the perching horizon appears to be day-rich, flow
base rubble or underlying silty basaltic sands. The perched 
zones at 1-5 and 1-6 were probably not fully penetrated 
during drilling, and the perching horizons are uncertain. 

Because of their different geologic settings, the perched 
groundwater occurrences at MCOBT-4.4/1-4 and R-15/ 
1-5/I-6 probably represent two unrelated groundwater 
bodies of limited lateral extent along the canyon axis. 
Several other deep boreholes in Mortandad Canyon 
area did not encounter perched groundwater. Based on 
the distribution of water-bearing vs. dry boreholes, the 
lateral extent of individual perched groundwater bodies 
is probably <450 m (1500 ft). 

Perched water in Mortandad Canyon contains ele
vated tritium, nitrate, and perchlorate. The highest con
taminant levels occur at MCOBT -4.4, which contains 
14 750 pCi L -I tritium, 12.5 mg L -I nitrate plus nitrite (as 
N), and 179 fJ.g L -I perchlorate (Longmire, 2002, personal 
communication). Beginning in 1963, these contaminants 

were released to the canyon as liquid effluent by a waste 
treatment facility in the upper part of the canyon. The 
presence of contaminants in deep perched groundwater 
beneath Mortandad Canyon indicates that vertical 
transport through the vadose zone occurs on the time
scale of decades. 

Cafton de Valle Area 

A large area of complex perched groundwater occur
rences is found in the region bounded by Cafion de Valle 
on the north and Water Canyon on the south in the south
west part of LANL. Five deep boreholes encountered 
significant zones of groundwater over a 2.6-km2 (1 mF) 
area located just east of the Pajarito fault zone: R-25, 
R-26, CdV-16-l(i), CdV-16-2(i), and SHB-3 (Fig. 2). 
Depth to water in these perched zones ranges from about 
183m (600ft) near the Pajarito fault to about 244m (800 
ft) 2.3 km (1.4 rni) east of the fault. Only Wells R-25 and 
R-26 fully penetrate the perched water zones. 

At R-26, a water-level measurement of 184m (604ft) 
was obtained when the borehole was 219m (720ft) deep. 
The borehole was eventually completed to a total depth 
of 454.3 m (1490.5 ft) with the regional water table oc
curring at a depth of approximately 291 m (954 ft). 
Borehole neutron, magnetic resonance, and induction 
logs indicate that high moisture contents occur in rocks 
below 175 m (575 ft), with perched water most likely 
at depths of 177 to 202m (580-662 ft) and 238 to 252m 
{780-827 ft). These perched zones occur within stratified 
volcaniclastic sediments of the Cerro Toledo intervaL 
Low-permeability sediments within the Cerro Toledo 
interval probably provide the perching horizons. 

R-25, located 1524 m (5000 ft) east of R-26, has two 
distinct zones of saturation separated by 47 m {154ft) of 
partially saturated rocks. The upper zone, which is inter
preted as a perched zone, occurs between depths of 
about 217 to 345 m (711-1132 ft) within the Otowi 
Member of the Bandelier Tuff and in the upper part of 
the Puye Formation. The interval of partial saturation 
below the perched zone occurs from 345 to 392 m 
(1132-1286 ft) depth. Partial saturation was identified 
by isolating the perched zone behind drill casing and 
advancing the borehole through alternating zones of dry 
and wet rocks by coring and air-rotary methods. From 
392 m (1286 ft) to the total depth of 592 m (1942 ft), 
continuous saturation representing regional ground
water was encountered within the Puye Formation. R-25 
was constructed with nine screens separated by packers 
using a Westbay (Burnaby, BC, Canada) sampling sys
tem. Hydraulic head measurements in isolated screens 
decrease with depth, indicating a downward component 
of the hydraulic gradient. Isotopic and water quality 
data suggest the upper and lower zones of saturation at 
R-25 represent separate groundwater systems (Long
mire, 2003, personal communication). 

A deep-sounding surface-based magnetotelluric sur
vey conducted in the Canon de Valle/Water Canyon area 
suggests that perched groundwater is discontinuous lat
erally, occurring instead as vertical, finger-like ground-
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water bodies (LANL, 2003a). These geophysical interpre
tations are currently being tested by additional drilling. 

Perched groundwater in the Caiion de Valle/Water 
Canyon area may be the result of focused recharge 
beneath wet canyons crossing the Pajarito fault zone. 
In this model, canyons act as line sources of recharge 
due to infiltration of surface and alluvial water. Welded 
tuffs in the vicinity of the fault are brittle and highly 
fractured. These fractures may provide pathways for 
deep infiltration in the near-surface environment. Else
where on the plateau, fractures in welded portions of the 
Tshirege Member tend to die out at depth in underlying 
nonwelded tuffs and poorly consolidated volcaniclastic 
deposits. In the Canon de Valle/Water Canyon area, water 
infiltrating along deeply penetrating fractures would 
tend to spread laterally into permeable nonwelded tuffs 
and stratified volcaniclastic deposits, forming the perched 
zones (LANL, 1998, 2003a). 

INTERPRETATION OF DEEP PERCHED 
WATER OBSERVATIONS 

This section synthesizes the information presented 
above to draw general conclusions about deep perched 
groundwater beneath the Pajarito Plateau. 

Surface Hydrologic Conditions 

Deep perched groundwater is most frequently found 
in the following settings: (i) the large, relatively wet Los 
Alamos Canyon and Pueblo Canyon watersheds; (ii) the 
smaller watersheds of Sandia Canyon and Mortandad 
Canyon that receive significant volumes of treated efflu
ent from LANL and Los Alamos County operations; and 
(iii) in the mountain front Canon de Valle area in the 
southwestern part of LANL. The apparent lack of deep 
perched groundwater in the southern part of LANL 
may reflect the presence of fewer deep characterization 
wells in that area. Perched water is likely beneath west
ern parts of the large, wet Pajarito Canyon and Water 
Canyon watersheds, particularly along the mountain 
front. Therefore, a requirement for deep perched water 
to exist is a surface water source (natural or anthropo
genic) that supplies water to perched alluvial systems 
that then act as the source for deep perched zones. 

Geologic and Hydrostratigrapbic Controls 

Deep perched groundwater occurs most frequently 
in the Puye Formation and Cerros del Rio basalts, but 
some of the thickest and/or most laterally extensive zones 
involve units of the Bandelier Tuff. Perching horizons 
include a wide variety of layered geologic lithologies, in
cluding unfractured basalt flows, clay-rich interflow zones 
in basalts, buried soils and other fine-grained deposits 
in fanglomerate, clay-altered tuffaceous sediments, and 
lake deposits. Therefore, in addition to high local infil
tration rates, low-permeability barriers to downward ver
tical flow appear to be required to induce deep perched 
groundwater. In contrast, no deep perched groundwater 
observations occur in situations that indicate a capillary 

barrier effect, despite the presence of layered stratigraphy 
with units of contrasting unsaturated flow properties. 

An alternative hypothesis is that the deepest perched 
water occurrences are a manifestation of complex ground
water flow within the phreatic zone at the top of the re
gional aquifer. Localized heterogeneities, such as the 
clay-rich alteration zones in the Puye Formation at Well 
R-9, combined with high recharge, may give rise to a 
complex flow structure that includes mounding, inter
connected saturated zones, and locally confined condi
tions. However, the complexity of the alteration and 
the depth of these groundwater zones makes detailed 
characterization prohibitively expensive. 

Subsurface Extent of Zones of Saturation 

Observed saturated thicknesses vary from 1 to 128 m 
(3-421 ft). The lateral extent of saturation in these zones 
is less well understood because costs associated with 
installing multiple wells to test lateral extent at such 
great depths arc high. However, based on observations 
of both occurrences and nearby absences of deep perched 
groundwater in adjacent wells, we conclude that perched 
groundwater is far more likely to be present beneath 
wet canyons. The extent that perched groundwater flows 
along dipping geologic strata into areas beneath adja
cent mesa areas is not fully known. However, paired 
canyon-mesa wells such as R-7 and 21-2523 in Los 
Alamos Canyon and R-22 and R-23 in Pajarito Canyon 
suggest that perched zones are much less common be
neath the dry mesas, especially on the eastern side of 
the plateau. 

Flow Conditions Upstream and Within Deep Perched 
Groundwater Zones 

The presence of mobile (nonsorbing) anthropogenic 
chemicals in some deep perched groundwater indicates 
a connection with surface and alluvial groundwater. 
Based on the age of facilities that are potential sources 
of contaminants, the travel time of groundwater moving 
from the surface to deep perched groundwater systems 
is on the order of several decades. Within the perched 
zones themselves, the topography of the perching hori
zon, the bedding features, and the orientation of inter
connected fracture systems probably control local ground
water flow velocity. However, direct evidence, such as 
single-well or multiple-well hydrologic and tracer test
ing, is not available. Therefore, the following discussion 
is based on reasonable hydrologic principles rather than 
direct measurements. 

Flow conditions can, in principle, be categorized with 
the following two end-member conceptual models for 
flow within a deep perched water zone: 

Low-velocity, virtually stagnant water resting within a 
local depression above a pert:hing horizon. Water perco
lates very slowly out the bottom of this zone, or spills 
over the sides of the depression. For this conceptual 
model, perching horizons are barriers that slow the down
ward percolation of water. In several wells, intermediate 
saturated zones thought to represent deep perched 
groundwater were screened but failed to produce signifi-
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cant water. These occurrences may represent situations 
in which perched systems of limited extent were drained 
when the perching horizon was penetrated during dril
ling. Once the stagnant water is depleted in an initial 
round of sampling, there is insufficient recharge upstream 
to keep the zone saturated. 

High·velocity,laterally migrating fluid that travels on 
top of the perching horizon. This conceptualization sug
gests that once groundwater reaches a deep perched zone, 
it rapidly percolates laterally along high-permeability 
pathways until the perching horizon pinches out or is 
breached by high-permeability features such as fractures 
or lateral changes in lithology. In this scenario, water 
could move in stair-step fashion from one perching hori
zon to another. With the possible exceptions of the Guaje 
Pumice Bed in Los Alamos Canyon and the mountain 
front system in the Canon de Valle area, there are no 
confim1ed instances of large-scale, lateral vadose zone 
pathways beneath the Pajarito Plateau at depths greater 
than the alluvial groundwater. 

These two different conceptual models are not neces
sarily mutually exclusive. For instance, it is possible that 
well-sorted stream gravels within the Puye Formation 
could provide tlow geometries similar to those of today's 
alluvial groundwater zones. Channel deposits within the 
Puye Formation could provide relatively high-velocity 
lateral movement in an otherwise stagnant system of 
poorly sorted fanglomerates. This and other complex sce
narios are plausible but untestable with present data. 

NUMERICAL MODELING OF DEEP 
PERCHED GROUNDWATER 

Available approaches for modeling vadose zone flow 
and perched water assign low permeability to the hydro
stratigraphic zones that act as perching horizons in the 
model. While this is undoubtedly a useful starting point. 
there arc important features of the hydrologic system be
neath the Pajarito Plateau that cannot be captured ade
quately with existing techniques. For example, perched 
systems caused by very thin, low-permeability zones are 
impossible to capture explicitly in large-scale models: 
grid resolution limitations preclude the development of 
a model that explicitly simulates units thinner than about 
1 m. However, in Well LADP-3 in Los Alamos Canyon, 
water in the Guaje Pumice Bed is perched above ap· 
parently unsaturated sands and gravels of the Puye For
mation (Broxton et al., 1995) by a clay layer several 
centimeters thick. This clay layer was interpreted as a 
paleosol that today acts as a permeability barrier divert
ing downward percolating tluid. 

Without a means to change the model parameteriza
tion locally at interfaces such as this, it is difficult to 
reconcile the perched water with the currently measured 
hydrologic properties of the rock. For example, mean 
hydraulic conductivity values for the Bandelier Tuff are 
several orders of magnitude larger than the highest pro
posed infiltration rates for the plateau. In a model, if 
only mean values are used, the rocks will transmit all 
fluid under unsaturated conditions, and no perching or 
lateral diversion will occur. We present an alternative 
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Fig. J. Schematic diagram of the conceptual model geometry for the 
low-penneability interface between two hydrogeologic units. (Left) 
model withou1 low-permeability barrier, (rigbt) model witb low
permeability banier. 

approach that considers perching horizons to be at the 
interfaces between hydrostratigraphic units. 

Model Development 

To illustrate the development of this modeling method, 
which we call the interface reduction factor method, 
consider the schematic shown in Fig. 3. On the left-hand 
figure, two units of (possibly) different permeability are 
adjacent to one another. Considering for the moment 
the flow to be one-dimensional and steady state, the dif
ference in flow potential P2 - P1 from point 2 to point 
1 can be obtained by recognizing that the tlux within 
each material is the same, so that: 

(1] 

and 

[2] 

where q is the water flux, k 1 and k2 are the hydraulic con
ductivities (permeabilities) of the two layers, and P; is 
the flow potential at the interface. These equations can 
be combined to eliminate this intermediate potential, 
resulting in 

[3) 

where 

[4] 

Notice that the composite permeability across this 
interface is the harmonic average of the two permeabili
ties. This is the reason that many modeling codes apply 
a harmonic average (kharm) for connected nodes that have 
different permeability values. Now consider the right
hand diagram of Fig. 3. A similar derivation can be 
applied for flow in a system containing a thin layer 
at the interface between the units of thickness t; and 
hydraulic conductivity k;. The result, after algebraic ma
nipulation, is 

[5] 

where 
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k = __ __::_1 __ _ 
comp 1 l; l 
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2kl llxk; . 2kz 

[6) 

The composite permeability kccmp across the interface 
now contains a term that includes the permeability and 
thickness of the low-permeability layer. When this layer 
is not present, the permeability reduces to the harmonic 
average permeability of Eq. [4), but in cases in which 
k1 is low enough, the low-permeability layer controls the 
composite permeability across the interface. 

Returning to the example of the Guaje-Puye inter
face, some reasonable parameter values illustrate the 
point. Using the mean values of permeability for these 
two units, the harmonic average permeability is 3 X 

10- 13 m2• When we include the clay layer (assumed thick
ness of 5 em) of permeability k, of 1 X w- 17 m2, we 
obtain an effective permeability across the interface of 
4 X 10-16 m2• Comparing this value to the harmonic aver
age permeability, the permeability reduction factor for 
this example is 4 X 10- 16/3 X w-JJ = 0.0013. Under 
these conditions, thin, low-permeability layers will exert 
a strong influence on the flow system. 

The approach taken in this study considers the inter
face between hydrogeologic units to be a region where 
hydraulic properties such as the saturated permeability 
may be different than those in either of the units above 
or below the interface. The numerical implementation 
of this conceptual model has been added to the FEHM 
code (Zyvoloski et al., 1997). The new feature added to 
the code allows the user to specify a constant multiplier, 
called the permeability reduction factor, to any connec
tion on an interface between two hydrostratigraphic 
units. In this way, the permeabilities within each unit 
are their original values, but the permeability applied 
for water passing through the interface is reduced. When 
the reduction factor makes the permeability at the inter
face small enough, lateral diversion or perching can occur, 
depending on the dip of the interface and the local in
filtration rate. 

This method, though conceptually simple, ignores the 
potential for capillary forces in the thin perching layer 
to impact the unsaturated flow in the vicinity of the 
layer. It is possible that such driving forces could give 
rise to an additional lateral flow component that is not 
captured in this simplified analysis. However, because 
the nature of the perching horizons being modeled is 
uncertain as to the properties, thickness, orientation, 
and continuity of the perching horizons, we felt that the 
examination of such effects was beyond the scope of 
this study. Future theoretical and modeling studies will 
be conducted in which the simplified approach devel
oped here is compared with a detailed, fine-grid repre
sentation that includes the perching layer explicitly. In 
the modeling below, we restrict our attention to the 
Guaje-Puye interface and treat the permeability reduc
tion factor as an uncertain parameter that is varied sys
tematically to examine the impact on flow. 

Numerical Model Results 
A· two-dimensional numerical model of vadose zone 

flow and transport in Los Alamos Canyon is used to 

demonstrate the permeability reduction factor method 
for simulating perched water. In this model, the numeri
cal grid was developed along the canyon bottom based 
on the stratigraphy previously developed for this por
tion of the Pajarito Plateau (Carey et al., 1999). Although 
three-dimensional simulations are possible, it is a rea
sonable first approximation, based on the observations 
presented earlier, that flow within a perched water zone 
is concentrated along the canyon bottom, where infiltra
tion rates are highest. The two-dimensional grid consists 
of 57 004 nodes and 111 256 triangular elements, and 
extends from the bedrock beneath alluvium to the re
gional aquifer water table. Details of the grid-building 
process are presented in Robinson et al. (2005). In that 
study, unsaturated hydrologic properties for each unit 
and infiltration rates used as the upper boundary condi
tion are also presented. 

In this study, the permeability reduction factor is var
ied in a sensitivity analysis to simulate perched water. 
The predicted steady-state water-content profiles in Wells 
LADP-3 and LAOI(A)-1.1 for the base case and three 
values of the permeability reduction factor are shown 
in Fig. 4. Although there is no restriction to steady-state 
flow imposed by this method, in this study we focus on 
steady-state conditions for simplicity. For lower values 
of the reduction factor, higher saturations are predicted 
in the Guaje Pumice Bed because water is restricted 
from percolating into the underlying Puye Formation. 
The lower two reduction factors in Fig. 4 exhibit perch
ing at these two wells. The base case and the 0.01 case 
do not, although the O.Ql case has a buildup of fluid sat· 
uration at the interface and small amounts of perching 
in other parts of the model not immediately adjacent to 
these two wells. These results are consistent with bore
hole geophysical data that show water content com
monly increases downward in the Guaje Pumice Bed 
without reaching saturation, except as described above 
in Los Alamos Canyon. Water content abruptly de
creases in the underlying Puye Formation. 

A two-dimensional view of the saturation distribution 
for this set of simulations is shown in Fig. 5. In these 
plots, a subsection of the full model is displayed in which 
the total horizontal distance is approximately 600 m. 
The high-infiltration zone near the Guaje Mountain fault 
is at the left-hand side of each image, and Well LAOI 
(A)-l.l is approximately on the right-hand edge (Fig. 2). 
The base case saturation distribution shows a very slight 
buildup of fluid (slightly higher saturations) in the Guaje 
Pumice Bed beneath the high-infiltration zone, but no 
perching. When the reduction factor is 0.01 (Fig. 5b), 
perching is predicted beneath the high-infiltration zone, 
but is limited in horizontal extent. Apparently, this re
duction factor is enough to begin to induce perching 
under regions of highest infiltration, but where infil
tration is lower, wetter but still unsaturated conditions 
exist in the Guaje Pumice Bed. Examples of progres
sively more perching within the Guaje Pumice Bed at 
lower values of the reduction factor are shown in Fig. 
5c and 5d. 

The impact of this flow behavior on contaminant 
transport can be examined through simulations of trans
port. The results of a contaminant release scenario in 
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2D Model, Well LADP·3 

~~~~~~--~ Bale ca .. 

2040 

2010 

1970 

1960 

1950 

1940 

-- Reduction tac:tor • 0.01 
-- Reduction tac:tor • o.oo:J 
-- Reduction factor • 0.001 
--o- Data 

O.OO.t 0.20.30.40.50.60.7 

Vol. Water Coni. 

20 Model, Well LAOI(A)-1.1 
2100 Bale caao 

-- Reduction factor • 0.01 
-- Reduction tllctor • 0.003 

2090 -- Reduction factor • 0.001 
--o-oa 

2070 

2060 

2010 

1990 

1980 

O.OO.t 0.20.30.40.5 0.60.7 

Vol. Water Cont. 
Fig. 4. Predicted and measured moisture content in WeDs LADP-3 and LAOI(A)·I.l. Models without the low-penneability burier (labeled 

"Base Case") are compared with those with permeability reduction at tbe Interface. Increasing the reduction factor leads to saturated conditions 
above tbe Interface. 

which mass is released with the infiltrating fluid in the 
high-infiltration zone is shown near the left-hand side of 
the cross-section in Fig. 6. The FEHM particle tracking 
model is used for these simulations. The plots provide an 
approximate picture of the concentration for a constant 
release of contaminants over a long period of time. The 
red colors indicate zones of higher concentration of the 
traced fluid. In this portion of the model, under condi
tions with no reduction factor (Fig. 6a), no lateral diver
sion of fluid is observed. This model is deficient in that 
it does not reproduce the observed perching, but is use
ful for comparative purposes. Perching (Fig. 6b, 6c, and 
6d) and lateral diversion of fluid and contaminants in
crease as the reduction factor is lowered. Tracer rides 
along the interface, but also leaks into the underlying 
formation. The extent of lateral diversion is a function 
of the permeability reduction factor. 

The introduction of a term to induce lateral diversion 
and perched water at interfaces between hydrogeologic 
units is a promising approach that we introduce here as 
an avenue for further development in vadose zone nu
merical models. More data on the hydrogeologic con
trols giving rise to the perched water are required to 
constrain this model. Ultimately, if it is determined that 
the topography of these zones extends in a direction away 

from the canyon bottom, then three-dimensional calcula
tions will need to be performed to capture this behavior. 

In these simulations, the permeability reduction fac
tor controls the buildup in saturation directly beneath 
the canyon at the Guaje Pumice Bed-Puye Formation 
interface. The behavior for lower values of the perme
ability reduction factor is consistent with the available 
observations. Solute transport velocity within the perched 
zone is a function of the degree of perching and the ef
fective transport porosity of the overlying layer. Con
straints on this parameter can be obtained through field 
or laboratory measurements. To replicate field observa
tions, inverse modeling using the reduction factor as an 
adjustable parameter is a promising approach. Additional 
study is required to investigate the role of the unsaturated 
hydrologic properties of the confining layer, possible 
three-dimensional effects, and the influence of transient 
flow conditions on the buildup or drainage of perched 
water. 

DISCUSSION AND CONCLUSIONS 

Deep perched groundwater occurs at widely dispersed 
locations across the Pajarito Plateau. A total of 33 perched
zone occurrences were identified in 29 wells. The satu-
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At this site, the perched water appears to exist as uncon
nected zones of water confined to the canyon in which 
the high infiltration occurs. A similarity between these 
two sites, and probably elsewhere, is that there is some 
ambiguity as to whether the perched water actually rep
resents the top of the regional aquifer, especially when 
the perching horizon is at depths near the regional 
water table. 

The fluid velocity in these perched zones is unknown 
due to the lack of direct measurements. Two end-mem
ber conceptual models are relatively stagnant fluid in a 
local subsurface depression above the perching horizon, 
or lateral diversion in the hydrologic unit overlying the 
perching horizon. Hydrologic testing, tracer tests, or 
groundwater dating methods would be required to shed 
light on this question. 

Anthropogenic chemicals are present in many of the 
deep perched zones, indicating a connection to surface 
water. These observations allow us to estimate the maxi
mum travel time from the surface to the perching hori
zon. Groundwater travel times from the surface to deep 
perched groundwater systems are on a decade time 
frame in several wet canyons, including Pueblo, Los 
Alamos, Sandia, and Mortandad Canyons and Canon 
de Valle. 

A key numerical modeling issue for the vadose zone 
at LANL and elsewhere is how to practically represent 
thin, low-permeability perching horizons. Although rel
atively thin layers can be incorporated directly into a 
finite element grid, there are practical limitations to this 
approach, including computational inefficiencies and 
the lack of detailed data that would be required to con
struct a high-resolution model (centimeter-scale grid 
spacing within the perching horizon). The method we 
developed considers the interface between two hydro
geologic units to be a region where the saturated perme
ability is different from the value in both the units above 
and below the interface. This new feature added to 
the FEHM modeling code allows the user to specify a 
constant multiplier, called the permeability reduction 
factor, that can be applied to any connective interface 
between two hydrostratigraphic units. The derivation 
provides the link between this reduction factor and 
physical properties such as the permeability and thick
ness of the perching horizon. When the reduction factor 
is small enough, perching and perhaps lateral diversion 
can occur, depending on the dip of the interface and 
the local percolation rate. 

Two-dimensional, steady-state numerical simulations 
were performed for Los Alamos Canyon using the per
meability reduction factor method. Perched ground
water at the interface between the Guaje Pumice Bed 
and the underlying Puye Formation was reproduced, 
and flow and transport behavior in the perched zone 
was captured in the model. For such a method to find 
applications in future vadose zone modeling efforts, ad
ditional characterization is required to pinpoint the 
properties and three-dimensional structure of the perch
ing horizon, and to determine the lateral extent of the 
deep perched groundwater. Then, this approach can be 
used to match observed perched water through calibra-

tion and tuning of the permeability reduction factor 
parameter. An additional area of future work will be 
to study transient flow conditions to determine the na~ 
ture of perched water bodies in the presence of short
and long-term changes in local infiltration in a canyon. 
Finally, in locations where transport away from the can
yon bottoms is suspected. three-dimensional modeling 
will be necessary. 
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