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AEM data provide an important synoptic view of the shallow (few hundred 
meters) resistivity structure of the Plateau. Although interpretation of the data is not 
unique, when combined with borehole geologic, hydrologic, and geochemical data it can 
provide relative depths to saturated zones, delineate regions of high clay content (zones 
of alteration), and image regions of recharge to the regional aquifer. 

INTRODUCTION 
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Investigation of groundwater resources beneath the Pajarito Plateau of northern New 
Mexico is increasingly important because of (I) contamination from historical operations of the 
Los Alamos National Laboratory (LANL), located prominently on the Plateau, (2) recognition 
that the Plateau is an area of significant recharge to the regional groundwater reservoir, and 3) 
rapidly increasing population in the area with attendant demands on groundwater supply. Long­
term efforts arc underway to assess the quantity and quality of groundwater beneath the Plateau, 
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ABSTRACT 

. and in particular to characterize surface and subsurface sources of contamination and potential 
pathways by which contamination can reach the regional groundwater aquifer (LANL, 1998). 
This characterization will be used to develop appropriate mitigation strategies where necessary. 

Of particular importance to the present work is the characterization of alluvial and 
perched aquifers in the vadose zone overlying the regional groundwater aquifer. Alluvial 
and perched aquifers refer respectively to unconfined groundwater in the alluvium of 
stream channels, and in underlying sediments or bedrock and separated from an 
underlying main body of groundwater by an unsaturated zone (the vadose zone). This 

We conducted a time-domain airborne electromagnetic (AEM) survey to , thick (200-365 m) zone, once thought effectively to isolate alluvial water from the 
investigate the hydrogeology of a region of the semi-arid Pajarito Plateau of northern regional aquifer (Purtymun, 1995), provides a significant delay in the time required for 
New Mexico. The geology of the area includes a thick (:"= 365 m) vadose zone in alluvial water to percolate through the vadose zone. However, contamination by both 
variably-welded volcanic tuff. Of particular interest were depths and lateral extent of radiogenic and nonradiogcnic species resulting from historical activities at LANL and 
perched aquifers in the vadose zone, and depths and pathways of infiltration to the from municipal sewage-treatment plants has been observed in perched groundwater and 
regional aquifer. The AEM results provide an image of the electrical resistivity of the in the regional aquifer beneath the Plateau (LANL, 1998). Most of the discharged 
Plateau, which ranged over three orders of magnitude (<20 to >2000 !l-m), to a depth of contaminants arc thought still to reside in the vadose zone. Major limitations on 
at least 300m. Borehole and surface-derived data allow the correlation of resistivity understanding transfer of contaminants to the regional aquifer arc the lack of knowledge 
images with the hydrogeology of the Plateau. of vertical and lateral extent of perched aquifers, the connections between them, and the 

As expected, water exerts a major control on resistivity. However, the presence overall hydrologic properties of the subsurface geologic units. 
of large amounts(:"= 90%) of clay (dominantly smectite) in some units, in conjunction To date, characterization of the subsurface hydrology of the Plateau has 
with water, also has a major effect on the AEM resistivity values, lowering resistivity (to proceeded mainly through an ambitious campaign of shallow (tens of meters or less) to 
:0:30 n-m) more than the presence of clay-free saturated zones alone. Because of the deep (>500 m) exploratory boreholes and monitoring wells (LANL, 1998; Robinson et 
resulting low resistivity, we arc able to better delineate a large, known volume of clay- al., 2005a). Drilling has yielded a wealth of valuable geologic, geochemical, 
u"eRtd zroi&AAiohutia Filii" BREI IJ8&klllll thl J'FI8!RII efnnotheP. R:eaiJti it; ealucs of gcopJ•ysical, and hydiologic &Ia. Bisadoamagcs of a dlilliug ptugl3m hitladt the high -
I 00-300 !l-m correlate with depths to saturated zones where no clay is present, but, cost of drilling, and the risk of ineffectively locating boreholes due to inability to predict 1 

because of the limited sensitivity of the AEM technique, do not allow us to distinguish the location, lateral extent, and depth of perched water. In addition, the large area (Ill 
between one large or several smaller perched groundwater zones and the underlying km2

) over which historical operations at LANL were conducted precludes adequate 
regional zone of saturation. We imaged a region of major infiltration related to a sewage- characterization of the subsurface exclusively by drilling . 
treatment plant and to ncar-surface hydrogeologic conditions conducive to infiltration, The present report describes the relatively new application of time-domain 
and correlated with a region of preferential transport of anthropogenic chemicals through airborne electromagnetic (AEM) technology to the characterization of groundwater. 
the vadose zone. AEM was undertaken because of the dependence of electrical resistivity on water­

saturated porosity and the ability of airborne-techniques to survey large areas in short 
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pcnods of time. making it possible lo detcnnine efficiently the lateral extent of known 
perched aquifers and to search effectively for additional zones and parhways. The 
technique also allows for extrapolation of hydrogeologic properties between boreholes or 
other areas of ground control. AEM has been used successfully in several other areas 10 

characterize groundwater resources (Bultman ct al., 1999; Paine, 2000, 2003; Dcs:zcz·Pan 
ct al., 2001; Smith et al., 2004), suggesting that its application on lhc Plateau was likely 
lo yield useful results. Specific questions include: does evidence exisl for canyon-noor 
recharge in particular areas of intercsl, can zones of perched water be resolved and 
distinguished from the regional !:,'TOllndwatcr aquifer, and what is (arc) the overall 
control(s) on electrical rcsistivily on the Plateau? Our expectation was that the resulting 
evaluation of the AEM !>urvey would assist the management of a groundwater 
characterization progrnm, thereby reducing overall costs. The present detailed 
comparison of the AEM results with b'Totmd· and borehole geophysical and 
hydrogeologic data constitutes a valuable case study on the application of the AEM 
tcchmque. 

GF.OI.OGIC AND HYDROGEOLOGIC SETTING 

Geolo~ic setting and stratigraphic unih 

The Pajarito Plateau is located cast and southeast of the Jemez Mountains ncar the 
western margin of the Espanola ba~in (Fig. I), one of the struchnal basins of the late 
Cenozotc Rio Grande rift (Baldridge et al., 1995). The Plateau comprises a gently cast­
dipping surface slopmg from an elevation of2380 m adjacent to the Jemez Mountains to 
1890 m on the cast {Fig. 1 ). The eastern margin stands 90-275 m above the Rio Grande. 
Because lhc Plateau is underlain dominantly by poorly lithificd volcanic tuff and 
volcaniclastic sedimentary rocks, it has been deeply incised by intcnnittcnl and perennial 
tributary drainages of the Rio Grande, lcavmg finger-like mesas between. 

The principal bedrock units ofthc Plateau consist of, in ascending order (Fig. 2): 
(I) Santa Fe Group, (2) an older fanglomerate unit, (3) pumice-rich volcaniclastic 
scdiments,(4) PuyC Fonnation, including thcTotavi Lentil, (5)0towt (lower) Member of 
the Bandelier Tuff, (6) cpidashc sc:dimcnts ami tephra of the Cerro Toledo interval, (7) 
Tshiregc (upper) Member of the Bandelier Tun: and (8) mcsa·top and stream-bottom 
alluvium, colluvium, and soil. Volcanic rocks, breccia, and tuff of the Ccrros del Rio 
volcanic field and of the Tschicoma Fonnation arc mtcrcalatcd within the stratigraphic 
section in the eastern an4 western parts of the area, respectively. 

The Miocene Santa Fe Group comprises dominantly continental arkosic 
conglomerate, sand, silt. and clay, wilh interbedded volcanic ash beds and minor lava 
flows (Cavazza. 1989; Ingersoll ct al., 1990). It ranges in age from approltimatcly 19to 5 
m.y. Several boreholes on the eastern Pajarito Plateau encountered sequences up to 41 m 
thtck of basaltic flows interbedded with sedimentary rocks of the Santa Fe Group. 

The older fanglomerate and pumicc·rich volcaniclastic sediments arc new units 
with provisional, informal names (Broxton and Vaniman, 2005). These units arc 
gcnemlly similar to the ovcrlymg Puye Fonnation, but arc older than rocks nonnally 
as.signcd to it. 

The Pliocene PuyC Formation consists mainly offangl!ilralcdeposilo;; of poorly 
soncd boulders, cobbles, and coarse sand of dacilic 10 latilie debris eroded from the 
contemporaneous Tshicoma Formation to the west (Turbeville et al., 1989). It contains 
numerous interbedded lapilli tufT beds, and lahar and lacustrine deposits. The lower part 
of the PuyC Formation includes fluvial cobbles and boulders of Precambrian quartzite and 
crystalline rocks (Totavi Lentil). 

. The Quaternary Bandelier Tuff, which is the uppcnnost bedrock unit over wide 
areas of. the Pajarito Plateau, consists of two separate fallout and ash-flow tuft-units 
separated by cpiclastic sediments and tephra of the Cerro Toledo interval. The lowermost 
unit of the Randelicr is the Otowi (or lower) Mcmbcr(l.613 ± 0.011 Ma; lzctl and 
Obradovich, 1994), the base of which consists of up to 15m of pumice and ash fnllout 
deposits. It is overlain by nonweldcd ash-flow tuff units and lacks the cooling joints 
which characterize much of the Tshircgc member (below). The Otowi Member ranges up 
to 128m thick (Birdsell ct al., 2005). 

The upper, Tshircgc, Member (1.223 ± 0.018 Ma, lzclt and Obradovich, 1994) 
consists of a 0.3-1.2 m·lhiek basal fall-out tufT, which is overlain by ash-flow tuff.;. The 
ash-flow tuffs comprise a sequence ofnonwclded to densely welded subunits. Within 
welded units, the degree of welding generally increases from west to cast across the 
Plateau. Welded units arc commonly more fractured than the intervening nonwclded 
units; fracrurcs present in welded units rypically do not continue into overlying and 
underlying nonwcldcd units. Densely welded units arc lypificd by porosities of 17-40%, 
unsaNratcd volumetric water contents of 3·12%, and low saturated hydraulic 
conductivity (IO..fi·I0'9 cmls) (Birdsell ct al., 2005). Nonwcldcd units Jack the pervasive 
cooling joints that characterize welded portions of the Tshircgc Member (Birdsell ct al., 
2005). Ovcrull, the Bundclicr tuff (atxlthe included Cerro Toledo sequence) ranges in 
thickness from 0 to 275 m. 

Intercalated between the two members of the Bandelier tuff is the Cerro Toledo 
sequence, typically ranging from 3 to 14m thick. It consists of primary fallout- and 
pumice-fall deposits, tuffaceous sandstone and siltstone, and poorly·sortcd sand, gravel, 
cobbles, and boulders derived from the Tshicoma Fonnation. 

Subsurface hydrogeologic concrptual modrl 

Regional aquifer.-A vadose zone rnnging from about 365 m thick beneath the 
\VCStcm edge of the Plateau to about 180 m beneath the eastern edge separates the surface 
of the Pajarito Plateau from the regional water table. In elevation, the water tnblc 
declines from approximately 3000 m along the western margin to about 1650 mat the 
eastern extent (Purtymun, 1995). The surface of the regional aquifer, which lies 
dominantly within or between sediments of the Puye Fonnation and Santa Fe Group, has 
been the chief source of drinking and industrial water for Los Alamos since the 1940s 
{Purtymun, 1984), and is increasingly well characterized be(;ausc of an ambitious 
program ofdrillmg on the Pajarito Plateau (Purtymun, 1995; LANL, 1998; Robinson et 
al., 2005a). This program has confirmed the existence of unconfined, water-table 
conditions at most locations in the study area. 

The exact sources of recharge to the regional aquifer arc not known with 
certninty. However, a significant proponion of the lola! rct:harge probably occurs along 



1he basin margm at higher elevations, includmg the mountam·front on the western edge 
of the study area, where precipitation rales arc highest (Keating cl al., 2005). In these 
areas. preferential recharge is likely along fractures and faults associated with the Pajarito 
fault zone. In addition, recharge on lhc Plaleau, estimated from streamflow and other 
mformation (Kwicklis et al., 2005), wuld contribute up to 23% of the total recharge to 
the aquifer. AI these lower eleva! ions, which mcludc the area covered by the AEM 
survey, recharge occurs preferentially along canyons. 

Alluvial groundwater.-ln some canyons, such as Cafton del Valle and Los 
Alamos. Pueblo, and Mortandad Canyons (fig. 3), infiltration of surface water from 
streams and from spring and effluent dtschargcs maintains shallow groundwater in 
canyon-bottom alluvium and underlying bedrock units (mainly Bandelier Tuft). With the 
exception ofMortandad Canyon, the headwaters of these canyons (termed "wet 
canyons") lie in the Jemez Mountains west of the Plateau. hence the canyons arc typified 
by perennial streams in their upper reaches amllor by frequent runoff during precipitation 
events. In Mortandad and Pueblo Canyons. pcrcnmal water flow is supplied or 
augmented by effluent discharge. Depending on the underlying geological units, 
rdatively high (0.1 to> I .S mlyr) percolation rates from the saturated roncs to the 
underlying unsaturated zone may occur (Birdsell eta!., 2005). In contrast, in canyons 
which head on the Plateau and arc thus occupied only by ephemeral streams (tcnncd "dry 
canyons''), alluvium may be saturated only seasonally or remain unsaturated. Depletion 
by evapotranspirntion and movement into the underlying bedrock units limit the 
honzontal and vertical extent of the alluvial groundwater. Infiltration rdtcs arc estimated 
at 1·10 mm/yr (Bird~ell ct al. 2005). From limited borehole data, we infer that alluvial 
aquifers, where present, do not extend laterally beyond the wtdths of the canyons. 

Intermediate-depth groundwater-Local zones of saniTation occur at depths 
ranging from 30m to 272m throughout the vadose :t:onc beneath the westcm and central 
Pajarito Plateau, and perhaps beneath other parts of the Plateau as well. Intermediate­
depth perched zones occur particularly beneath or adjacent to major L'<~nyons, including 
Los Alamos. Pueblo, Sandia. and Mortandad Canyons, and Cat1on de Valle. Thickness of 
these zones arc highly variable, ranging from -1 m to >122m (Robinson ct al., 2005b). 
Whether they represents subsurface palhways in which water percolates laterally along 
perching honzons en route to greater depths, or whether the saturated zones arc isolated 
pockets of relatively stagnant water residing within the vadose zone is uncertain 
(Robinson ct al., 2005b). Intermediate-depth groundwater bodies arc typically found in 
the Puye Formation. in the Ccrros del Rio basalts, and at the base of the Bandelier Tuff 
(e.g., Broxton ct al., 200lb: Longmire ct al., 2001; Robinson et al., 2005b). Although 
d:~~.arc. sparse, ~ewer intermediate gro1~~~watcr zones occur beneath ":'esas, where 

zones bears the chemical signature of the overlying alluvial groundwater, including the 
presence of contaminants from LANL opcnllions. Therefore, a requirement for 
intcnncdiatc-depth perched water to exist appears to be a combination of high local 
inliltration rates and the presence oflow.pcrmenbility barriers to downward vertical flow. 
However, the vertical and lateral extents of individual saturated zones, and possible 
hydraulic connectiOns among them, cnnnot be mapped with available borehole 
infonnation. 

Perched water in the vadose zone and the shallow regional aquifer share common 
hydrogeologic units in many locations. Both for perched vadose~zonc water and for the 
regional aquifer, laterally discontinuous heterogeneities may significantly impede flow in 
the vertical direction, forcing water to migrate laterally except in high-permeability 
"windows." In the vadose zone, downward-percolating tluid may hit these low­
permeability layers and be diverted laterally. In the rcgtonal aquifer, west-to-cast 
brradients result in large~scalc flow toward the Rio Grande, but local heterogeneities 
similar to those in the vadose zone may direct water in other directions on a more 
R'Strictcd spatiul scale. Thus.. pathways in the vadose zone and in the shallow regional 
aquifer probably comprise a system of complex., intereonncded unconfined Oowing 
zones with significant lateral migration rates and with local flow directions that may 
deviate significantly from the regional tlow direction. Mapping the locations of these 
zones wilhin the vadose zone is an Important component in assessing the nature of 
subsurface contaminant pathways. 

Infiltration mechanisms-Infiltration along canyons may occur by one or 
several of the following mechanisms: unsaturated tlow, satur.tted. flow through 
particularly pcnneable units, or flow through fractures and faults (Birdsell et al., 2005}. 
Jnfiltrntion through the vadose zone in the Bandelier Tuff is generally controlled by flow 
through the matrix, despite the abundance of fractures in some unil~> (Robinson et al .• 
2005b). Local infiltrntion may be enhanced by fracture flow at the surface, but water 
initially present in fractures quickly soaks into the rock matrix. By contmst, hydrologic 
behavior under ponded conditions in basaltic rocks is controlled by fractures mther than 
by the matrix. resulting in more rapid movement of water and presumably higher 
infiltration rates as long as a supply of surface and shallow alluvial water is available. 
Migration of contaminants from the surface to intermediate-depth perched zones has 
occurred on time scales of days to years where basalt is present in the shallow subsurface 
(LANL, 1998; Robinson ct al., 200Sc; Levitt et al., 2005: Stauffer and Stone, 2005). 

The infiltration rate from mesa-top sites on Bandelier Tuff to perched aquifers and 
to the regional aquifer is probably much smaller than infiltrdtion rates from canyons 
because of significant runoff and evapotranspiration processes (Birdsell ct al., 2005). 
However, at mesa-top outfalls and settling ponds where stgnificant anthropogenic 
discharges over decades have occurred, percolation to intermediate-depth and possibly to 
the regional aquifer hiJs occurred (LANL 2003). At these sites, pathways may include 
fractures and matrix flow directly to depth, or lateral transport to canyons and subsequent 
percolation from the alluvial groundwater zone to depth. From surface sources, water 
may migrate downward either along fractures or as matrix now through I he tuff until it 
reaches surge beds (deposits re~ulting from turbulent, gas-rich transport), ~w_nice beds, _or 

until it reaches other vertical pathways, whereupon it continues to migralc downward. 
"Fa.o;;t" pathways may be provided by open fractures in the Bandelier Tuff. Contaminants 
from mesa-top (or possibly canyon-bottom) sites ncar the western Pajarito Plalcau have 
reached a perched aquifer at a depth of approximately 213m in <50 y (Anonymous, 
2003a). Overall. however, we expect that the ncar·surface driving force for water 
pcrcolalion to great depths lobe much greater from canyon bottoms than from mesa tops. 
Therefore, water sources identifiable with large-scale gcophyo;;icaltechniqucs such as the 
AEM survey described herein arc more likely to originate from canyon bottoms . 
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METHODS AND APPROACH 

Time--Domain Airborne Electromagnetic: Sun·ey 

A time-domain airborne electromagnetic (AEM) survey was flown September 4-
11. 2001, by Fugro Airborne Surveys Corporation using a MEGATEM II~ time-domain 
airborne EM system mounted on a dcHavailland Dash 7 turbo--propeller atrcrafl. A total 
of 762 line-kilometers of data were collected during 13.5 hours of flight time (Fig. 3). 
flight and survey parameters arc provided in Table A I and acquisition parameters in 
Table A1 (Appendices}. The survey parameters were expected to yield conductivity 
information to a depth of:;: 300m below the surface given the expected conductivity 
values 

An inversion (or imaging) technique was used to best fit thcdara to a geoelectric 
model. A one-dimensional ( 1-0) geometry was used for all models to represent the 
gently cast-southeast dipping, layered stratigraphy of the resistive Bandelier Tuff(with 
possible enclosed zones of relatively conductive vadose water}. Models did not take into 
account the constraints of the hydrologic and hydrogeologic site data. A 1-D model is 
less appropriate for the deeper, pre-Bandelier units, which tend to be laterally less 
continuous. 

Sensitivity models (Fig. 4) using consc~ative values for resistivity show the 
expected signal response for the z-componcnt of the B.-field for 50 n-m. 3-D layers 20 m 
thick with (a) lateral dimeru;ions of 2.5 km at depths between 200 and 300m, and (b) 
lateral dimensions of 200m at depths of between 50 and ISO m. These cases may be 
proxies, rcspci.:llvcly, for the regional groundwater aquifer and for perched saturated 
zones. The model results indicate that we can expect to image km-~ale saturated bodies 
or clay zones in the vadose wne, but that 100m-scale bodies would probably elude 
detection. 

Data Processin2 

Three approaches were used in processing the airborne TEM data, the first by 
Fugro as a standard product provided as part of the data collection. and the others by 
Condor Consulting, Inc. of Lakewood, Colorado. In the fugro processing. data from 20 
channels of x- and Z-<:otls were used to compute values of apparent conductance 
(conductivity x thickness) by fitting to a continuous thin-sheet model. These data were 
then fined to a layered earth model to derive conductivity variation~ as a function of 
depth. Fugro's processing uses a proprietary, I·D imaging technique dcscnbcd as a 
conductivity-depth transtOnn method (COT), which IS based on !he varial!on of the EM 
diffusion velocity with conductivtty (Wolfgmm and Karlik_ 1995, Christiansen and 
Christensen. 2003). Conductivity data arc presented as conductivity-depth transfonn (or 
COT) sections for indtvidual flight lines. Data from the COT set::tions were combmcd to 
produce conductivity-depth slices at depths of 50, 100, 150, 200, and 300m. The CDT 
technique assumes no initial model, and is fast and robust. This processing methodology 
can generally be improved upon with appropriate geologic control. 

Processing by Condor used two independent processing applications, EM Flow and 
AirStcm. EM Flow is a software application that filS a discrete-layered earth model to EM 
decay infonnation on a fiducial-by-fiducial basis. The results arc then displayed as conductivity­
depth images (COl), analogous to the CDT sections in the Fugro processing. For the present 
work only the z- (vertical-) secondary magnetic component was lL'icd. The x-componcnt 
(horizontal component pamllcl to the flight line) was commonly conuptcd by cultural artifacts in 
the study area. AirSrcm, a proprietary code ofBHP Billiton, uses a fonnal 1-D inversion of 
airborne TEM. Results arc also displayed as CDis. Layer interfaces arc chosen a priori and arc 
held fixed. The code will invert 'l-or x-<:hanncl data, but to avoid ~;ullural interference only z­
channcl data were used in this study. For this work the inversion model used 28laycrs, with 
thickness increasing in roughly logarithmic fashion from the surface lo depth. The slmllowesl 
and deepest layers were respectively 5 and 232m thick. For comparison, in the depth interval 
200-300 m the layers arc 2740 m thick, and at 400 m approximately 60 m thtck. No geological 
or geophystcal data were used to constrain the model. 

TbisWork 

We griddcd the Fugro COT and Condor EM Flow and AirStcm COl conductivity­
depth data to construct 3-0 data cubes using a locally developed FORTRAN program. 
Then. with an application we developed using public·domain OpcnDX 
(www.oocndx.org), we visually compared the AEM results with geophysical, 
geochemical, and hydrogeologic data. We compared data from more than 40 boreholes 
ranging in depth from 235 to >900 m. However, we selected wells in two subareas (Fig. 
3) for detailed comparison ofthc AEM results with geological and hydrological data: (I) 
an area comprising portions ofBayo, Pueblo, los Alamos, Sandia and Mortandad 
Canyons near the eastern edge of the survey area, and (2) a region ncar the junction of 
Canon tic Valle and Water Canyon. These areas were selected because each has a 
different combination of lithologic and hydrologic characteristics. Together they 
encompass a range of factors affecting tbc AEM data. Data used for comparison include 
borehole lithologic and induction logs. depths and thicknesses of saturated zones, 
laboratory determinations of gravtmetric moisture content, clay content, and clay 
composition. In the following evaluation we focused on the AirStcm data. Although the 
EM Flow results arc different in detail from the AirStcm results. they arc not 
substantially different overall. 

ELECTRICAL RESISTIVITY DATA 

Eledrical Resistivity of Rocks and Soil 

Although the resistivity of naturally occurring earth materials varies by at least 12 
orders of magnitude, near-swface values are typically in the range of I toiOOO 0 4 m. 
Thus, the variations measured on the Pajarito Plateau (Tables AJ and A4, Appendices), 
ranging from 7 0-m in the perched water of the Ceros del Rio basalt to- 2000 0-m in 
the nearly dry Bandelier tuff, arc typical. Water, both through its intrinsic resistivity and 
through the degree of saturation of the host rock or soil, is the most important variable in 
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hydrologic resistivity studies because the solid rock matrix or soil grains arc 
comparatively very good insulators. Consequently. the ions dissolved m water arc the 
elcclric charge carriers responsible for thc·ability orthc bulk material to conduct 
electricity, This mechanism is true for both clay-free and clay-rich formations. Other 
factors affecting the resistivity of surficial earth materials (e.g .• McNeill, 1990) arc 
porosity; texture, which influences pore space intcrconncctivity; temperature; and clay 
content. 

The abnonnally low resistivity of clay minerals is caused by mobile cations in the 
fluid that are required to balance the negative surface charge on most day particles. 
Negative surface charge is caused by unsatisfied bonds on grain edges and crystal lattice 
substitutions on cleavage surfaces. The ion exchange capacity of a mineral is a measure 
of the number of cations reqUired to neutralize this negative surface charge. Every 
mineral has an ion exchange capacity; clay minerals, especially montmonllonitc and 
venmculite, have large values. But, because the cation exchange phenomenon is surface­
dependent. it is also greater for fine grain compared to coarse grain fom1ations with 
identical volumes of the same clay mineral. Because both the mineralogy and grain size 
arc important. both clay minerals and day-size particles exhibit enhanced 10n exchange 
capacity. ln the presence of a nuid the adsorbed cations form a double layer attached to 
clay surfaces (Ward. 1990). One layer 1s immobile and fixed to the clay particles. The 
other layer. refcned to as the difTw;;c layer. varies in concentration m the fluid as a 
decreasing function of distance from the clay surfaces. The diffuse cations arc free to 
move under the influence of a voltage-causing electric field. These loosely bound cations 
effectively increase the charge density available for ionic conduction in the electrolyte. 
Such an additional contribution to the conductivity is referred to as surface conductivity 
or the double layer effect. It can exceed the conductivity of the normal water by many 
times and is thus of utmost importance in day-rich zones. The effect is generally more 
important when the water conductivity, therefore the intrinsic ion content. or the porosity 
is low. When water is extracted from a fonnation, the measured conductivity of the 
sample is that of the intrinsic water conductivity, Ow. It docs not include any contribution 
from the exchange cations, which remain attached to the mineral grains. Therefore, 
measured water conductivity values such as reported m Table A3 should be considered as 
underestimates of the effective ionic conductivity when day is present. 

Surface- and groundwater 

The electrical resistivity of stream water on the Pajarito Plateau tends to be 
relative!~ high (up to 1~ 0.-m) bccau~ of its low content of dissolved species. 

period, ranges from approximately II to 100 Q-m. Resistivity is constant or dcl.Tcascs 
slightly with distance downstream (LANL, 2003). but this variation is not important to 
the interpretation oft he A EM data. Resistivity of extracted groundwater ranges from 1 to 
132 0-m. and is not strongly dependent on the fonnation hosting the water. 

Bedroc:k formations: 

Resistivity values of bedrock fonnations have been dctennined by a vuriety of 
surface soundings and surveys using galvanic. frequency-, and time-domain induction 
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techniques; and by borehole induction methods. Measured resistivity values in the 
vadose zone range from as low as 30 to nearly 2000 0-m (Table A4). The lowest values 
correspond to the Cerro Toledo sedimentary interval and gravimetric water contents of 
10-47.4 wt.%. Although nominally in the vadose zone (i.e., not producing water in the 
borehole), the very high water content may indicate that local thin zones of saturated 
sediment were present. 

In the Bandelier TufT, resistivity ranges from -300 0-m to nearly 2000 0-m for 
gravimclric water contents 2-4 wt.%, and from <10 to >1000 !l-m for moisture values of 
-10% (Gilkeson ct al., 1996; Vaniman et al., 2005). The range in values probably 
reflects moisture content, clay content (Vaniman et at.. 2005), and resolution of the 
technique (Gilkeson ct al., 1996). Resistivity values arc generally greatest below mesa 
tops, where unsaturated conditions exist. Values of -I 000 0.-m or greater arc likely to 
represent rock that is essentially "dry." Few data arc available for the PuyC Fonnarion or 
the Cenos del Rio basalts. Limited borchttle inductittn data indicate that resistivity 
ranges from 19 to 53 0.-m for the PuyC Fonnation. These values may suggest a fairly 
high moisture content, water salinity, and/or clay content. For the Ccrros del Rio basalts, 
resishvity ranges widely. depending on water content and clay content. 

Thus, overall the range of resistivity values for water and rock units of the 
Pajarito Plateau exceeds three orders of magnitude. Where gmvimctnc water data arc 
available, resistivity of rock units broadly correlates inversely with water content (Table 
A4). As cxpc<:tcd. surface and groundwater generally have lower resistivity compared to 
bedrock units (Table A3). but locally the presence of clay (in combmation with water) 
exert<; significant control on resistivity (sec discussion above). High day content can 
cause low values of elccttical resistivity (Vaniman ct al., 2005). However, over the 
Plateau as a whole (with prominent exception, to be discussed below), we infer that water 
content is the dominant control on the resistivity measured in the AEM survey. Because 

· of the range of resistivity values observed and because water is an important control on 
low resistivity values, we conclude thai EM methods are suitable and effective for 
surveying for the presence of groWldwatcr in the vadose zone over broad areas of the 
Pajarito Plateau. However, the competing effects of dissolved species, porosity, 
penncability, clay content and other variables such as anisotropy and equivalence 
relations in EM measurements make quantitative estimates of water content ambiguous 
unless other data such as borehole results provide control. 

RESULTS AND DISCUSSION 

depth. For example, resistivity values in AirStem inversion results at a depth :f 200m 
range from <10 to >1000 0-m (Fig. 5). In this section we compare the AEM AirStcm 
results to relevant hydrologic, geologic. and geophysical data. In making thc:>c 
comparisons we have considered electromagnetic noise from the Laboratory and town­
site infrastructure. Noise is especially evident in the Los Alamos and White Rock 
residential/business areas. and in the transportation and communicalions corridor between 
them {Fig. 5). We selected the two subarea-. described above for detailed comparisons 
and interpretation, mainly comparing the AEM results with data derived from boreholes. 



II 

For these subareas, noise was not a significant problcf!! because most of the wells lie 
outside oflhc high·nmsc corridors. Interpretations derived from these subareas can then 
be appli<:d to other surveyed rcgtollS of similar geology which arc not discussed in detail 
in th1s paper. 

Subaru I ("low resislivily") 

The first subarea, encompassing an area from Bayo to Mort:mdad Canyons ncar 
the eastern edge of the survey area, was selected bccau!iC it exhibits a very strong AEM 
fow-resi!ah•ity signature at relatively !ihallow depths. Several flight lines cross this area, 
but we illustrate line 112 (figs. 3, S. 6), which extends approximately through boreholes 
Otowi-! (Bayo Canyon), R-9 (Los Alamos Canyon), and R-12/PM-1 {Sandia Canyon) 
(Fig. 3}. Along this line, the low-resistivity (<30O-m) area extends from Bayo Canyon, 
where it is contmuous upward lo the surface, 13 km southward to Mortandad Canyon. 
To the cast the low-resistivity zone cxtend!i to the edge of the survey area (Fig. S). 
Westward, it mcludes R-5 in Los Alamos Canyon, and is bounded bcnvecn R-12 and R-
13 in Sandin Canyon. Borehole R-12 is a special case in that a low-resistivity zone(< 
300 O-m) is present m the uppermost~ 100m below the surface in the AEM data. The 
effect could be to mask other low-resistivity regions ofthe vadose zone below, if present. 
Also. because conductive zones attenuate the EM signals more than resistive zones, the 
AEM system docs not sound as deeply where a shallow high-conductivity region is 
present. In this subarea, the 300-m contour (approximately marking the top of a thick 
conduet1ve zone) typically occurs between 168-244 m below b>round surface, including in 
borehole R-12 (Fig. 8). Generally, resistivity increases in depth toward the west (Figs. 9. 
10). 

Compared to other parts of the survey area, this subarea is relatively "wet."' Los 
Alamos Canyon, which begins in the Jcmcz Mountains west of the Plateau, contains a 
perennial stream in its upper reach and has a substantial alluvial aquifer over much of its 
length. Relatively low resistivity along the length of los Alamos Canyon is observed at 
depths of 200m and 300m (Fig. 5), consistent with the conceptual model of increased 
infiltration along wet canyons (Birdsell ct al., 2005) and with site-specific studies of los 
Alamos Canyon (Robinson ct al., 2005c). The headwaters ofMortandad Canyon arc 
located on the Pajarito Plateau; thus, this canyon has nutural flow only during runoff 
events. Bowevcr, it is fed by an active outfall and has perennial flow in its upper reach to 
the west of subarea I. 

All boreholes in this subarea encOuntered at least one and typically multiple 
perched zones above the zone of regional saturation (Fig. 8). Boreholes were sited clther 
on canyon-floor alluvium or on Bandelier TufT, and all encountered a thick section of 
Cerros del Rio basalts (Fig. 8). In this area the Ccrros basalts arc underlain by 
fanglomerate of the PuyC Fonnation or, as in R-8, arc both overlain and underlain by the 
Puye. The PuyC Formation is, in tum. underlain by the infonnally named pumice-rich 
volcaniclastic sedimentary unit described earlier, and by basalt and relatively fine-grained 
sediments of the Santa Fe Group. In all boreholes, ~rched zones ranging in thickness 
from 0.3 m to 29 m occur obove the regional satumted wnc within one or more of the 
following units: Bandelier Tuff, Ccrros del R1o basalt. PuyC Formation, and pumice-rich 
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volcaniclastic unit .. Depth to the regional zone of saturation ranges between 184 and 245 
m, coinciding withiil~~!O m with the 30 O·m contour (Fig. 8). 

Compared ~~-O!hcr rarts of the survey area, the pumice·rich volcaniclastic unit in 
this area underwent silniticant alteration to clay minerals (Fig. 9.) Clays consist 
dominantly or cx:cl~V~Iy of smcclitc, with kaolinitclhalloysite also present (Vaniman ct 
al., 2005). In some dePth intervals (e.g., -183m depth in R-9/9i, and 122-200 m depth in 
R-S), the clay content of the pumice-ncb unit approaches and locally c·xcecds 90% (Fig. 
8). Clay alteration is likely to lead to low permeability and pen:hing. Also, the fact that 
Bandelier Tuff is not present at all locations {e.g., R-9/91) allows percolation directly into 
fractured basalt and the highly heterogeneous Puye Formation at these locations, thereby 
yielding larger infiltration than locations upstream where the Tuff underlies the canyon. 
Thus, the location of this wet region. in which numerous perched zones arc present 
(Robinson et al., 200Sb ), is consistent with both the presence of clay alteration and of an 
enhanced zone or infiltmtion. 

Westward from subarea I the resistivity as determined by AEM increases 
sharply-at all depths (Fig. 5). Despite the fact that borehole R-13 in Sandia Canyon is 
located only about2 km we!il ofR-12, resistivity recorded adjacent to R-13 by both the 
AEM survey and by downhole induction logging is much higher (Fig. 10}. In general, 
the stmtigraphyofR-13 is similar to that ofR-12. However, h'IO significant differences 
occur. First, no pcrl:hcd zones were encountered in the vadose zone above the regional 
saturated zone. Thus, R-13 is generally "drier" than R-12. Second, despite the fact that a 
21 m-thickncss of the pumice-rich unit is present at R-13, it is almost entirely unaltered. 
Virtually no clay is present in this unit at this location. 

Subarea 2 {generally "resistive") 

In contrast with subarea I, !iubarca 2, comprising a region ncar the confluence of 
Cai\un de Valle with Water Canyon (Fig. S), was selected as an example or an area which 
generally has a resistive signature at intenncdiate depths. The resistivity measured by 
AEM at regional water table depths (-350-380 m) ranges from- 70 to 330 O-m (Fig. 
II). Three boreholes were selected to characterize this area: CdV-R-37-2, CdV-R-15~3, 
and R-19 (Fig. II). All are located at mesa-top sites. In all boreholes a thick section of 
Bandelier Tuff overlies sedimentary rocks of the Puye Fonnation. Volcanic and 
volcaniclastic rocks of the Cerros del Rio and/or Tschicoma Formations are intercalated 
within or underlie the PuyC. fn contrast with subarea I, no significant amount'> of clay 
arc present in any of these fonnations. 

Compared to boreholes in subarea I, these holes arc generally drier, and little or 
no perched water is present in the vadose zone. CdV-R-37-2 encountered no zones of 
saturation above the regional water table at 365 m. CdV-R-1 S-3 encountered several 
possibly saturated zones in the vadose region when drilled, but none is actively producing 
water now. Resistivity values arc low between depths of 180 and 366m, which may 
indicate that the initially saturated zones remain wet but arc presently unsaturated. 
ReSIStivity dctennined by AEM is -90 0-m ncar the water table at 379m-depth, 
compared to 150-200 n-m dctcnnincd by borehole mduction. 

R-19 also encountered zones of perched water above the regional water table. 
Borehole induction resistivity values arc relatively low (1 S0-300 0-m) within this region 



(i.e., below-244m) except for some high-resistivity excursions in intervals within the 
PuyC Formation and the Tcniary basalt At the present time only the lower of the two 
perched zones produces water. Resistivity is low within the regional saturated zone 
(Pigs. II). Rcsistivtty dctcnnmcd by borehole induction compares well with the AEM 
resistivity (-260 0-m) dctcnnmcd at the water table. 

Other observations 
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With a generally favorable correlation established between the AEM data and 
known locations of perched water and clay-altcn:d rock, we now make two additional 
correlations in locations where the data coverage is sparser. First, the southern and 
central parts of the survey area arc characterized by very resistive AEM s1gnaturcs (Fig. 
5). Most of the canyons in this regiOn head on the Plateau and thus are relatively dry, 
suggesting that they arc regions of low infiltration. The inferred low infiltration is 
consistent with the absence of perched water in the few boreholes in this area and with 
the resistive AEM signature. Second, the two northwcst-soulhcast flight Jines extending 
west of the main study area suggest zones of lower resistivity directly cast of the 
mountain front (fig. 5). We expect regions of increased recharge in this area due to 
enhanced precipitation and to fault and fracture pathways related to mountain-front faults 
(Kwicklis et al., 2005). The lack of complete survey covcrngc in this region precludes a 
more definiltvc assessment of the effects of increased recharge and infiltration at the 
mountain front. 

SUMMARY AND CONCI.USIONS 

In this study we assume that lithologic parameters such as porosity, permeability, 
and grain size within individual rock units at the scale oft he AEM survey are similar in 
all part!> of the !>Urvcy area, except where noted. In the day-rich area (subarea I), this 
condition 1s almost ccrtamly not met because the grain SllC ofpumicc-ri~h volcamclashc 
unit ts much finer where altered (Vaniman et al., 2005). We also assume that the 
conductivity (and salimty) of the water i1> similar in all parts of the survey mea. From 
data m Tables A3 and A4, we infer that no major differences in resistivity occur in the 
formation water. Future work will be rc4uired to evaluate the extent to which these 
assumptions arc met, and their consequences. 

AEM with the MEGATEM system is generally useful for indicating the presence 
of groundwater. L?w values of resistivity(~ 300 _O-m) broadly correlate with the 

saturated zone. This relationship is especially apparent tn drier areas, where little or no 
perched water is present in the vadose zone (R-13, Fig. 10: also subarea 2, Figs. II). In 
"wetter" areas where thick or multiple perched zones arc present (Fig. 8), low rcsishvity 
values (:'S 3000.-m) occur at or ncar the top of the region of perched aquifers (e.g .. R-
9/9i, Fig. 8) or may extend all the way to the surface (R-5, R-8). In these boreholes the 
low-resistivity signal may be enhanced by the presence of clay. Although a low~ 
rcsistiv1ty (<300 0-m) zone occurs in the upper 100m of borehole R-12, we rule out the 
presence ofsaturotion as the cause, because no shallow perched zone is recognized in this 

borehole (Broxton ct al., 200Jb). Low clay contents typify the upper 40 m (Broxton ct 
al., 2001b}, but the remainder of this interval has not been analyzed. Therefore, a high 
clay content with enough water to wet the grains could potentially explain the low 
resistivity in this interval. Alternatively, this low resistivity signature could result from 
EM noise. At present we arc not able to distinguish between these possibilities. 
Nevertheless, the AEM resistivity at the water table in R-12 is-300-m, in good 
agreement with nearby boreholes R-9/9i, R-5, and R-8. 
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Because resistivity is resolved over broad depth intervals, within which one or 
several saturated zones of variable thickness may occur, the correlation of -300 n-m 
with saturation is empirical only. It cannot be expected to correspond to the resistivity of 
specific hydrogeologic units. For example, a resistivity of28()..300 Q-m occurs in the 
Puyi: Formation in boreholes R-13 (Fig. 10) :md R-19 (subarea 2, Figs. II), but in R-9/9i 
the 300 0-m occurs in Cerros del Rio basalt. Similarly, in subarea I (Fig. 8), the 30 Q~m 
contour occurs in the pumice-rich volcaniclastic unit (R-12 and R·9/9i), basalt 
interbedded in the upper Santa Fe Group (R-5), and the PuyC Formation. all within a 
distance of< O.S km. Also, because of the depth resolution, the AEM survey cannot be 
expected to spatially resolve closely spaced or thin perched zones from Cilch other or 
from the regional zone of saturation. For example, we attribute the fact that no unique 
correlation exists between a resistivity-value and perched zones in subarea 1 (Fig. 8) to, 
in part, the relatively coarse resolution of the A eM technique. In effect, the low­
resistivity signal is smeared out over a depth interval across perched and regional water 
tables. 

In this work we find that very low values of resistivity occur in regions of high 
clay content. In these areas, resistivity of 30 Q-m is typical at depths approximately 
corresponding wtth the top of the zone of regional saturation. Low rc.si$livity values 
dctcnnined by A8M correlate reasonably well with borehole induction data (Fig. 8). We 
infer that that these low values occur because of the combined effect of both water and 
clay. Such low values arc compatible with the measured resistivity of water extracted 
from formations (<10 fl-m in some units; Table A3),and also with the low values 
expected from clay minerals (-1-10 0:-m). 

Correlation of the low-resistivity signal in the AEM data to clay-rich (altered) 
zones in the PuyC Fonnation is very important, because it allows us to extrnpolale the 
boundaries of the clay-ncb region beyond where it has been recognized by drilling. Our 
preliminary conclusion is that this clay-rich zone extends from Bayo Canyon (and mny 
extend further north) southward 13 km to Mortandad Canyon. To the cast it extends to 
the edge of the survey area and was not bounded by the AEM survey. Westward, it 
includes R-5 in Los Alamos Ca~yon, and is bounded between R-12 and R-13 (Figs. 5, 

primarily in the pumice-rich volcaniclastic unit beneath the PuyC Formation. This zone is 
expected to have hydrologic significance, with such a zone almost certainly having a 
lower permeability than the corresponding unaltered rock. In the vadose zone, low 
permeability will be correlated with increased propensity for perching and lateral 
diversion of water; in the regional aquifer, this effect would result in higher gradients in 
the direction of now."~The vadose zone observations arc consislent with this concept, 
wherc:as the rcgion~~quifer gradients arc complicated by the effect of supply-well 
pumpmg, which 'ilfcs the gmdients from their prcoodcvclopment conditions. 

~ 
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Another smaller but distinct region of very low resistivity region occurs in the 
southeastern comer of the sutvcy area soulhwcst of White Rock, and is well imaged at a 
depth of about 300m (Fig. 5, 6). It extends approx.imalcly 2.7 km m a north-northeast 
direction and is about 1.8 km in width. The zone appears to be bounded on all sides, at 
least at the 200m depth, by the AEM survey. Although not intercepted by boreholes, 
based on the analysis of the conductive zone in subarea I we tentatively interpret this 
\ow-<:onductivity region also as resulting from high day content in combination with 
water. Because the clay-rich parts of the pumice-rich volc:midastic unit (or other 
fonnations) have reduced porosity and permeability (Vaniman ct al., 2005), they mny 
have an important effect in controlling aquifer characteristics and now paths in perched 
aquifers and in the regional aquifer on the Pajarito Plateau. Thus, integration of these 
regions of reduced permeability into regional groundwater flow models will be important. 

Pueblo and Bayo Canyons arc areas of very low resistivity (<30 n-m) (Fig. 5). In 
Pueblo Canyon, a low-resistivity area is situated approximately 1.5 km downstream of a 
municipal sewage treatment plant and extends northeastward beneath Bayo Canyon. The 
low-resistivity zone is contiguoU.'i with the resi~tivity-low of subarea I. Because of the 
proximity of this zone with a wetland (and alluvial aquifer) downstream from the sewage 
treatment plant, we spcculutc that the low-resistivity area is an area of significant 
infiltration from the plant and recharge to the vadose zone. At greater depth (300m, Fig. 
5) the low-resistivity zone is centered 2 km farther south, between Los Alamos and 
Sandia Canyons. Low resistivity in this region may also result from enhanced mfiltnllion 
in lower Los Alamos and Pueblo Canyons. where the canyon bottom is Ct!t directly into 
Ccrms del Rio basalts (Robinson et al., 2005c). The importance of this result is 
magnified by the presence of contammation (tnlium, pcrcholorotc, and nitrate} that has 
reached the regional aqu1fcr in this region. The rapid (<60 yr) transport to the aqUifer of 
mobile contaminants through the vadose zone is consistent with the results of the ~EM 
survey, and suggests that this geophysical technique may provide constramts on the 
nature and extent of r.:ontamination. 

fullllly. the resolution of the AEM technique is not sufficient to resolve questions 
about mfiltration mechanisms. i.e .. fracture· vs. matrix flow. Although we postulate that 
major intihrahon may occur over a brood zone 1-2 km downstrcmn from the waste-water 
treatment plant and in other zones in Los Alamos and Pueblo Canyons, recharge could 
occur through numerous fractures distributed over this volume or by now through the 
matrix, or both. Fracture sn1dies of exposed umts of the Bandelier Tuff show that 
fracture densities can range from 20 to more than 600 fractures per 30 m and fracture 
apertures from 0.1-100 em (Wohletz, 1995; Lewis ct al., 2002: Walters, 1996). The scale 
of the survey (along·line sampling mtcrval of 17.5 m) and size of the EM trnnsmittcr loop 
(406 m2

) do not allow individual fractures or fracture zones to be imaged. Where 
infiltration occurs directly onto basalts, the mechanism is almost certainly fracture flow, 
although this conclusion is based on ducct observations and basic hydrologic principles, 
rather than as a result of the AEM survey. 

In summary, the AEM data provide a robust picture of the electrical conductivlly 
of the upper few hundred meters below the surface of the Pajarito Plateau. Although the 
survey design does not have the resolution to image thin, closely spaced perched 
saturated intervals in the vadose zone (at least not for the thicknesses and numbers of 
zOnes present on the Pajarito Plateau), the data do provide a guide to depth to saturation. 
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Generally the resistivity values measured by the AEM survey arc compatible with the 
much higher-resolution downhole induction resistivity logs. If the interpretation that very 
low resistivity (-30fl-m) is correlated with high clay content is correct, then the AEM 
data also provide a very useful tool for discerning zones of high clay content in the 
pumice-rich volcaniclastic unit, with good spatial resolution. Future work should include 
a more detailed analysis of lithologic controls, such as porosity, permeability, and grain 
size, on resistivity in places like Los Alamos and Mortandad Canyons, where a wealth of 
ground-based data is available. 
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APPENDICES 

Table AI. Survey and flight parameters for airborne TEM and magnetic surveys. 

Princi a I !inc sp!lCi!!&_ 
Princi a! line direction 
Tie· line spacing 
Tie-line direction 
Survey speed 
Aircraft and transmitter hci •ht nominal 
Matmctic sensor height nominal 
EM sensor height nommal 
Receiver trailing distance (behind center 
oftransmiltcr l~p) (magnetic) 
Receiver !railing distance (behind center 
of lransmincr t00p) (EM) 

100 and 200m 
020" azimuth 
-2000 m 
305" 
70 m/s 125 knots 
120m 
15m 
?Om 
80m 

125m 

Table A2. Acquisition parameters for MEGATEM system. 

Transmittcr.Joop area vertical axis 
Transmiller-looo turns 
Transmitlcr~loop currcnl 

Transmillcr dioolc moment 
Transmitter frequency 
Receiver tvne 
Receiver trailing distance 
Number of recording windows 

Sam lc interval 

406 m- cross.scctional area 

1300 A 
2.1 x JO' all_lp-:m 
30Hz 
Multicoil x, Y.t. and z 
125 m behind, 50 m below 
20 channels, 5 on-time, 15 off.timc 
11.415 s 
4 pcrs 

17.5m 
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Table AJ. Spedfic conductance (l.SOC) and resistivity of surface and groundwater 
from the Pajarito Plateau. "F~Id" and wlah" refer resptctively to condm:tivity 
measurements made in the field and in the laboratory. 1For uniformity. original 
measurement units reported as mSJm or pS/cm are converted to mS/cm; lcalculated 
from sped fie c:ondudance. ~ Report~ as conductivity. 

Host Unit SJ)K'IftC RKistlvlty Locadon Commenh R~r~ren<e 

rorulurl:anl"e (fi..m)J 

mS/cm 1 

Flowing meam 0.1..0.9 11.1-100.0 Caflon de Valle (TA-16) LANL 
water 2003 
Bandelier Tuff. 0.174 57.5 TA-Iti(R-25) Perched:rone Broxtonct 
Otowi Member al (1002a). 

Table7.2-2 
Cenmdel Rio OJ34 29.9 MortandadCanyon (R· Pcn:::hed7one Longmirc:ct 
ba~lt 15) al.(2001}. 

TablcS.2-l 
Ccrrosdel Rio 0.250-0.457 21.9-40.0 La!! Alamos Can}·on (R- Perched zone. Broxlonet 
ba'\lllt 9 Filtered. al. 2001a 
Ccrrosdel Rio Fidd:0.376- Field: 7.24 &India Canyon (R-12) Perched zone Broxlond 
b:.~h 1.)111 -26.6 31. (2001b) 

L:Jb:0429- L..ab:7.24-
1.3111 23.3 

"Old alluvium'' Field: 0.365 Field: 27.4 Sandia C:.nyon (R-12) Pcrthcdzonc Broxtonct 
bct"'a:nCcrros L:Jb: 0.434- Lab.22.6- al.(2001b) 
delRinhasalts 0.443 23.0 
andPuy~ 

F'onnation 
Upper Puy~ 0.0756-0.131 76.3-132.3 Ujl~ Los Alamos Longmire 
Formatton Canyon(R-7, screen#!) and Goff 

2002 
Lower Puyi 0.187-11.271 369-53.5 Upper Los Al<lmos Longmtrc 
Formation Canyon (R-7. screen #3) and Goff 

2002 
Lo .... erPuyC 0.135-0.214 46.7-74.1 Upper Los Alamos Regional Stonectal., 
Fonn.atton Canyon (R-7, screen #3) aquirer. V:~luc (2002). 

prior to well Tablc5.0-l 
dc,·clopmcnt. 

Pu)·C formation 0.165-U.I66 60.2-60.6 TA-16(R-25) PCTehcdwne Broxtonet 
a1.(2002a). 
Tablc7.2-2 

Puy~ Formation 0.133-0.151 66.2-75.2 TA-16(R-25) Wetldryzonc Broxtonc:t 
al.(2002a), 
Tablc7.2-2 

I;;,~·~~· I~·.(;~~:). 
Table 7.2-2 

PuyCI'ormation 0.166-0.210 476-60.2 Mortandad Canyon (R- Regional longmir<:ct 
15) aquifer a1.(2001), 

Tnble5.2-1 
PuyC Formation 0.192 52.1 Mortandad Canyon (R· Regional Anonymous 

13) aqUircr. Value (2003b) 
JViortowell 
dcvclornncnt. 

PuyC Fonnation 0.273-0.987 10.1-)66 Los Al~mos Cnnyon R- Pcrchcd;ronc Bro;o~tonct 



19 20 

91 andrcgtonal al.(2001al 
aquifer Table A4. Electrical resistivity of hydrogwlogic units of the Pajarito'Piateau. 
Flltrn.'<l. Pans 'Calculated from conduc:tivity. 1 Avenge of 19 boreholes spread acro~s LAN I~, 
arccl!l··rich 

Puye! f(mnation 0.220 44.2 Los Alamos Canyon (R· Regional Anonymous hillhest and lowest 2.SCY. of values excluded. 

•> aqu'{cr. Value (21l03c) Unit Condor- Resbth·itT H,o Loc1tkln TfC'hnlqur Rdcrmce 
pnortowdl tlvity (Wm)1 • \VI.~. 

dt\'tlopm.-nt. (mS/m) ('gnll"i-

Part~ are clny- mrtrk 

rich. Alluvium -7 10.5 -95.2-142.9 5.2-1.2 Mortandad A~y longmirec\ 
Puye! Fomuuonl 0.327 30.6 MCORT-44 l'erchrdzonc Brolllonct Canyon(R· induction ai.(200J). 

C'crrosdcl Rio al. (200lb) 15 borehole tool Cjg.J.J-2 
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FIGURES 

Fig. I. Location orthc Los Alamos National Laboratory (LANL} on the Pajarito Plateau, 
adjacent to the Jemez volcanic field. 1bc Rio Grande rift is shown by shaded 
pattern. 

Fig. 2. Simplified chronostratigraphy of the Pajarito Plateau. Diagonally ruled pattern 
indicates time periods for which no rocks are represented. Modified from 
Broxton and Vaniman (2005). 

Fig. 3. Flight lines for aitbome electromagnetic survey, and boreholes for which 
geologic, hydrogeologic, and other data arc used for this report. Flight line 112 
(Fig. 6) is highlighted. Rectangular box denotes volume in which vertical 
sections (Fig. 7) are located. Heavy lines connecting boreholes R-12, -9, -5, and-
8 and boreholes CdV-R-37-2, -R-15-3, and R-19dcnotc subareas 1 and 2, 
respectively (Figs. 8 and 14). Locations of detailed transccl-. (Figs. 8, 14) arc 
shown. Lozenge-shaped holes in flight-linc-omay arc areas that, for satCty or 
security reasons, were not overflown. 

Fig. 4. Expected values of the z-component of the B-ficld for (A) a 20~m thick slab with 
lateral dimension of2.5 x 2.5 km at depths of 200m, 250m, and 300m, and {B) a 
20-m thick slab with lateral dimensions of200 x 200m at depths of SO m, 100m. 
and 150m. Resistivity values for the slab and background arc 50 0-m nnd 1000 
0-m, respectively. Profiles nrc for a 30Hz source and time windows similar to 
those of this survey (later times upward). Background responses arc indicated by 
the asymptotic values at either end of the profile. The noise levels for this 
component arc approximately 3000 fT. All amplitudes between -3000 fT and 
+ 3000 ff have been covered with the hatched box. Thus, profile lines visible arc 
above the noise level. Cases A and B arc considered proltics for, respectively, the 
regional water table and pcn:hcd groundwater in the \'adose zone. For case A, the 
model results indict~tc that a 2500 x 2500 x 20m saturated zone (or equivalent 
clay layer) would be robustly imaged at depths up to 300m. For case B, 200 x 
200 x 20m saturated zone or clay layer would yield a signature barely above 
background, and only in the early time windows. 

Fig. 5. Conductiviry-dcpth slices at200 m (upper) and 300m (lower). White regions arc 
areas that were not overflow for safety or security reasons. Solid line is boundary 
ofthc Los Alamos National Laborotory. Dashed Jines arc major drainages. 
Location of flight line 112 (red) is shown for reference. Two northwcst.southeast 
tic lines arc indicated on both panels by colored lines. The residential/business 
areas of Los Alamos and White Rock, sources ofparticularclcctromagnctic noise, 
arc indicated. 

Fig. 6. Geoelectric section along flight line 112, using AirStcm processing from Condor. 
Location is shown on Fig. 3. In this and many subsequent figures, elevations and 
borehole depths arc presented in feet, because these arc the original mcosurcmcnt 
unit-.. A scale in meters is presented for comparison. 

Fig. 7. Two vertical sections oriented approximately cast-west through 3·0 griddcd data 
in part of subarea I. Location shown on Fig. 3. 30 fi-m contour is indicated on 
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