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ABSTRACT

We conducted a time-domain aitborne clectromagnetic (AEM) survey to »
investigate the hydrogeology of a region of the semi-arid Pajarito Plateau of northern
New Mexico. The geology of the arca inchudes a thick (< 365 m) vadose zong in
variably-welded volcanic tuff. Of particular interest were depths and lateral cxtent of
perched aquifers in the vadosc zone, and depths and pathways of infiltration to the
rcgional aquifer. The AEM results provide an image of the electrical resistivity of the
Plateau, which ranged over three orders of magnitude (<20 to >2000 2-m), to a depth of
at least 300 m. Borehole and surfacc-derived data allow the corrclation of resistivity
images with the hydrogeology of the Platcau.

As cxpected, water exerts a major control on resistivity. However, the presence
of large amounts (< 90%) of clay (dominantly smcctite) in some units, in conjunction
with water, also has a major cffect on the AEM resistivity values, lowering resistivity (to
<30 2-m) more than the presence of clay-free saturated zones alone. Because of the
resulting low resistivity, we arc ablc to better delineate a large, known volume of clay-
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AEM data provide an important synoptic view of the shallow (few hundred
mecters) resistivity structure of the Platcau. Although interpretation of the data is not
unique, when combined with borchole geologic, hydrologic, and geochemical data it can
provide relative depths to saturated zoncs, delineate regions of high clay content (zones
of alteration), and image regions of recharge to the regional aquifer.

INTRODUCTION

Investigation of groundwater resources beneath the Pajarito Platcau of northern New
Mexico is increasingly important because of (1) contamination from historical operations of the
Los Alamas National Laboratory (LANL), located prominently on the Platcau, (2) recognition
that the Platcau is an arca of significant recharge to the regional groundwater reservoir, and 3)
rapidly increasing population in the arca with attendant demands on groundwater supply. Long-
term efforts are underway to asscss the quantity and quality of groundwater bencath the Platcau,

. and in particular to characterize surface and subsurface sources of contamination and potential

pathways by which contamination can rcach the regional groundwater aquifer (LANL, 1998).
This characterization will be used to develop appropriate mitigation strategics where necessary.,

Of particular importance to the present work is the characterization of alluvial and
perched aquifers in the vadose zonc overlying the regional groundwater aquifer. Alluvial
and perched aquifers refer respectively to unconfined groundwater in the alluvium of
strcam channels, and in underlying sediments or bedrock and separated from an
underlying main body of groundwater by an unsaturated zonc (the vadose zonc). This
thick (200-365 m) zonc, oncc thought cffectively to isolate alluvial water from the
regional aquifer (Purtymun, 1995), provides a significant delay in the time required for
attuvial water to percolate through the vadose zone. However, contamination by both
radiogenic and nonradiogenic specics resulting from historical activities at LANL and
from municipal sewage-trcatment plants has been observed in perched groundwater and
in the regional aquifer beneath the Plateau (LANL, 1998). Most of the discharged
contaminants arc thought still to reside in the vadose zonc. Major limitations on
understandi fer of contaminants to the regional aquifer arc the lack of knowledge
of vertical and latcral extent of perched aquifers, the connections between them, and the
overall hydrologic propertics of the subsurface geologic units.

To date, charactcrization of the subsurface hydrology of the Platcau has
proceeded mainly through an ambitious campaign of shallow (tcns of meters or less) to
deep (>500 m) cxploratory borcholes and monitoring wells (LANL, 1998; Robinson ct
al,, 2005a). Drilling has yiclded a wealth of valuable geologic, gecochemical,

1, "l lcaniclasti jr hl.*‘r L el 1 ra
100-300 Q-m corvelate with depths to saturated zoncs where no clay is present, but,
because of the limited sensitivity of the AEM technique, do not allow us to distinguish
between one large or several smaller perched groundwater zones and the underlying
regional zone of saturation. We imaged a region of major infiltration related to a sewage-
treatment plant and to near-surface hydrogeologic conditions conducive to infiltration,
and correlated with a region of preferential transport of anthropogenic chemicals through
the vadose zone.
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cost of drilling, and the risk of incffectively locating boreholes due to inability to predict !
the location, lateral extent, and depth of perched water. In addition, the large arca (111
km?) over which historical operations at LANL were conducted precludes adequate
characterization of the subsurface exclusively by drilling.

The present report describes the relatively new application of time-domain
airtbome clectromagnetic (AEM) technology to the characterization of groundwater.
AEM was undertaken because of the dependence of electrical resistivity on water-
saturated porosity and the ability of airborne-techniques to survey large arcas in short
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periods of time, making it possible 1o determine cfficiently the lateral cxtent of known
perched aquifers and to scarch cffectively for addllnonal zones and pathways. The

hnique alsa allows for polation of hyd pertics between borcholes or
othcr arcas of ground control. AEM has bccn used succcssfully in several other arcas to
(Bultman et af., 1999; Painc, 2000, 2003; Dcszcz-Pan
ctal., 2001; Smnh et al., 2004), suggesting that its application on the Plateau was likely
to yncld useful results. Specific questions include: does evidence exist for canyon-floor
recharge in particular arcas of interest, can zones of perched water be resolved and
distinguished from the regional groundwatcr aquifer, and what is (are) the overall
control(s) on electrical resistivity on the Platcau? Our cxpectation was that the resulting
evaluation of the AEM survey would assist the management of a groundwater
characterization program, thereby reducing overall costs. The present detaited
comparison of the AEM results with ground- and borehole geophysical and
hydrogeologic data constitutcs a valuable case study on the application of the AEM
technique.

GFOLOGIC AND HYDROGEOLOGIC SETTING
Geologic setting and stratigraphic units

The Pajarito Platcau is located cast and southeast of the Jemez Mountains near the
western margin of the Espafiola basin (Fig. 1), onc of the structural basins of the late
Cenozoic Rio Grande rift (Baldridge ct al., 1995). The Plateau comprises a gently cast-
dipping surfacc sloping from an clcvation of 2380 m adjacent to the Jemez Mountains to
1890 m on the cast (Fig. 1). The castcrn margin stands 90-275 m above the Rio Grande.
Bccausc the Platcau is underlain dorminantly by poorly lithificd volcanic tuff and
volcaniclastic scdimentary rocks, it has been deeply incised by intermittent and perennial
tributary drainages of the Rie Grande, lcaving finger-like mesas between.

The principal bedrock units of the Plateau consist of, in asccndmg ordcr (Flg 2):
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[¢)] Sanla Fe Group, (2) an older fang} unit, (3) p
(4) Puyt Fi 5 ding the Totavi Lentil, (5) Otowi (lower) Member of
the Bandelicr TufT, (6) cpict di and tephra of the Cerro Toledo interval, (7)

Tshircge (upper) Member of the Bandelier Tuft, and (8) mesa-top and strcam-bottom
alluvium, colluvium, and soil. Volcanic mcks’ breccia, and tuff of the Cervos del R:o
volcanic field and of the Tschi F: arc lated within the i
scction in the eastern and westem parts of the area, respectively.

The Miocene Santa Fe Group compriscs dominantly continental arkosic
conglomerate, sand, silt, and clay, with interbedded volcanic ash beds and minor lava
flows (Cavazza, 1989; Ingersol) ct al., 1990). 1t ranges in age from approximately 19 to 5
m.y. Scveral boreholes on the castern Pajarito Platcau encountercd sequenccs up to 41 m
thick of basaltic flows interbedded with scdlmenrary rocks of the Santa Fe Group.

The older fangl and p h di are NCW units
with provisional, informal names (Broxton and Vaniman, 2005). Thesc units arc
gencrally similar to the overlying Puyé Formation, but arc older than rocks normally
assigned to it

The Pliocenc Puyé Formation consists mainly of fangl mfc deposits of poorly
sorted boulders, cobbles, snd coarsc sand of dacitic to latitic debris croded from the
contemporancous Tshicoma Formation to the west (Turbeville ct al., 1989). 1t contains
numcrous interbedded lapilli wfT beds, and lahar and lacustrine dcpnsits. The lower part
of the Puyé Formation includes fluvial cobbles and boulders of Precambrian quartzite and
crystalline rocks (Tatavi Lentil).

. The Quaternary Bandclicr Tuff, which is the uppcrmost bedrock unit over wide
areas of the Pajarito Platcau, consists of two scparatc fallout and ash-flow tuff units
scparated by cpiclastic sediments and 1ephra of the Cerro Toledo interval. The fowcrmost
unit of the Bandelicr is the Otowi (or lower) Member (1.613 2 0.011 Ma; Izett and
Obradovich, 1994), the basc of which consists of up to 15 m of pumice and ash fatlout
deposits. It is overlain by nonwelded ash-flow tuff units and lacks the cooling joints
which characterize much of the Tshircge member (below). The Otowi Member ranges up
to 128 m thick (Birdsell ct al., 2005).

The upper, Tshirege, Member (1.223 + 0.018 Ma, [zctt and Obradovich, 1994)
consists of a 0.3-1.2 m-thick basal fall-out tuff, which is overlain by ash-flow wffs. The
ash-flow tuffs prisc a of 1dcd to denscly welded subunits. Within
welded units, the degree of welding gencrally increascs from west to cast across the
Plateau. Welded units are commonly more fractured than the intervening nonwelded
units; fractures present in welded units typically do not continue into overlying and
underlying nonwelded units. Densely welded units are typificd by porositics of 17-40%,
vnsaturated volumetric water contents of 3-12%, and low saturated hydraulic
conductivity (10°-107 crvs) (Birdsell ct al., 2005). Nonwelded units lack the pervasive
cooling joints that characterize welded portions of the Tshirege Member (Birdsell et al.,
2005). Overall, the Bandclicr tuff (and the included Cerro Toledo sequence) ranges in
thickness from 0 to 275 m.

Interealated between the two members of the Bandclicr tuff s the Cerro Toledo
sequence, typically ranging from 3 to 14 m thick. It consists of primary fallout- and

ice-fall deposits, d and siltstonc, and poorly-sorted sand, gravel,
cobblcs and boulders derived from the Tshicoma Formation.

Subsurface hydrogeologic conceptual model

Regional aquifer.~A vadosc zone ranging from about 365 m thick bencath the
western edge of the Platcau to about 180 m bencath the castern edge scparates the surface
of the Pajarito Platcau from the regional water table. In cicvation, the water tablc
declines from approximately 3000 m along the western margin to about 1650 m at the
castermn cxtent (Purtymun, 1995). The surface of the regional aquifer, which lies
dominantly within or between sediments of the Puyé Formation and Santa Fe Group, has
been the chicf source of drinking and industrial watcr for Los Alamos since the 1940s
(Purtymun, 1984), and is increasingly well characterized because of an ambitious
program of drilling on the Pajarito Platcan (Purtymun, 1995; LANL 1998; Robinson ct
al., 2005a). This program has confirmed the cxi of fi tor-tabl
condmons at most locations in the study arca.

The exact sources of recharge to the regional aquifer are not known with

certainty. Howgever, a significant propaortion of the tatal rech probably occurs along




the basin margin at higher clevati including the front on the western cdge
of the study area, where precipitation rafes are highest (Keating ct al.,, 2005), In these
arcas, preferential recharge is likely along fractures and faults associated with the Pajarito
fault zonc. In addition, recharge on the Plateau, esti d from flow and other
information (Kwickhis et al., 2005), could contribute up to 23% of the total recharge to
the aquifer. At these lower clevations, which include the arca covered by the AEM
survey, recharge occurs preferentially along canyons.

Alluvial groundwater.—In somce canyons, such as Cafion del Valle and Los
Alamos, Pueblo, and Mortandad Canyons (Fig. 3), |nﬁltralmn of surface water from
streams and from spring and cffluent disch shallow gi d in
canyon-bottom alluvium and underlying bedrock units (mainly Bandclicr Tuff). With the
cxception of Mortandad Canyon, the headwatcrs of thesc canyons (termed *wet
canyons”) lic in the Jemez Mountains west of the Plateau, hence the canyons are typificd
by perennial streams in their upper reaches and/or by frequent runoff during precipitation
cvents. In Mortandad and Pucblo Canyons, perennial water flow is supplicd or
augmented by cffluent discharge. Depending on the underlying geological units,
relatively high (0.1 to >1.5 m/yr) percolation rates from the d zones to the
underlying unsaturated zonc may occur (Birdsclt et al., 2005). Tn contrast, in canyons
which head on the Plateau and arc thus eccupicd only by cphemcrat streams (tcrmed “dry
canyons™), ium may be ¢ only or remain Depletion
by piration and into the underlying bcdmck units limit the
horizontal and vertical extent of the alluvial ground filtration ratcs arc
at 1-10 mm/yr (Birdscll ct al, 2005). From hmncd borchole data, we infer that alluvial
aquifers, wherc present, do not extend lateratly beyond the widths of the canyons.

Intermediate-depth gr & Local zones of ion occur at depths
ranging from 30 m to 272 m throughout the vadosc zone beneath the westermn and central
Pajarito Plateau, and perhaps bencath other parts of the Platcau as well, Intermediate-
depth perched zones occur particularly beneath or adjacent to major canyons, including
Los Alamos, Pucblo, Sandia, and Mortandad Canyons, and Cailon de Valle. Thickness of
these zones arc highly variable, ranging from ~1 m to >122 m (Robinson ct al., 2005b).
Whether they represents subsurface pathways in which water percolates laterally along
perching horizons en route to greater depths, or whether the saturated zones are isolated
pockets of rlatively stagnant water residing within the vadose zone is uncertain
(Robi ct al., 2005b). Intcr iatc-depth g d bodics arc typically found in
the Puyé Formation, in the Cerros del Rio basalts, and at the base of the Bandelicr Tuff
(c.g., Broxton et al., 2001b; Longmirc ct al., 2001; Robinson et al., 2005b). Although
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Perched water in the vadose zone and the shallow regional aquifer sharc common
logic units in many locations. Both for perched vadose-zone watcr and for the

regional aquifer, tatcrally discontinuous heterogencities may significantly impede flow in
the vertical dircction, forcing water to migrate laterally cxcept in high-permcability
“windows.™ In the vadose zone, downward-percolating fluid may hit these low-
permcability layers and be diverted laterally. In the regional aquifer, west-ta-cast
gradicnts result in large-scaic flow toward the Rio Grandc, but local heterogencitics
similar to thosc in the vadosc zone may dircct water in other directions on a morce
restricted spatial scale, Thus, pathways in the vadose zone and in the shallow regional
aquifer probably comprisc a system of complex, intcrconnccted unconfined flowing
zones with significant latcral migration rates and with local flow directions that may
deviate significantly from the regional flow direction, Mapping the locations of these
zones within the vadose zonc is an 1 in ing the nature of
subsurfacc contaminant pathways.

Infiltration mecllnmsms—lnfltmuon along canyons may occur by onc or
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several of the followi d flow, d flow through
particularly pcrmcablc units, or flow through fractures and faults (Birdscll et al., 2005).
Infiltration through the vadosc zonc in the Bandelier TufT is g 1ly d by flow

through the matrix, despite the abundance of fractures in some units (Robinson ct al.,
2005b). Local infiltration may be cnhanced by fracture flow at the surface, but water
initially present in fracturcs quickly soaks into the rock matrix. By contrast, hydrologic
behavior under pended conditions in basaltic rocks is controlied by fractures rather than
by the matrix, resulting in more rapid of water and p bly higher
infiltration rates as long as a supply of surface and shallow alluvial watcr is available.
Migration of contaminants from the surfacc to intermediatc-depth perched zones has
occurred on time scales of days to ycars where basalt is present in the shallow subsurface
(LANL, 1998; Robinson ct al., 2005c; Levitt ct al., 2005; Stauffer and Stonc, 2005).

The infiltration rate from top sites on Bandelier Tuff to perched aquifers and
to the regional aquifer is probably much smaller than infiltration rates from canyons
because of significant runoff and cvapotranspiration processes (Birdscl ct al., 2005).
However, at mesa-top outfalls and ccmmg ponds whcu significant anthropogenic
discharges over decades have toi diate-depth and possibly to
the regional agquifer hus occurred (LANL 2003). At these sites, pa\hways may inchude
fractures and matrix flow directly to depth, or lateral transport to canyons and subscquent
percolation from the atluvial groundwater zone to depth. From surface sources, water
may migratc downward cnht:r along fractures or as matrix flow through the tuff until it

data arc sparse, fewer intermediate gmundwalcr zones occur hencath mesas, \vhcvc reaches surge beds (dep g from gas-nch port), pummc beds, or
—iafiltation rates are mnuch loawer 1o addition water fommany ofihe i pib Etha-Cx Foledos . ANe Hop-writhrinrth o
zones bears the chemical signaturc of the overlying alluvial groundwater, mcludmg the until it reaches other vertical hereupon it i to migratc d d.
presence of contaminants from LANL operations. Therefore, a requircment for “Fast” path may be provided by open fr in the delier Tuff. C:
intermediate-depth perched water to cxist appears to be a combination of high locat from top {or possibly canyon-bottom) sites ncar the western Pajarito Platcau have

infiltration rates and the presence of low-permeability barriers to downward vertical flow,
However, the vertical and latcral extents of individual saturated zones, and possible
hydraulic connections among them, cannot be mapped with available borchote
information.

reached a perched aquifer at a depth of approximately 213 m in <50 y (Anonymous,
2003a). Overall, however, we expect that the near-surface driving forec for water
percolation to great dcplhs to be much greater from canyon bot!oms than from mcsa tops.
Therefore, water sources identifiable with larg 2 hniques such as the
AEM survey described herein are more likely to originate frum 1 canyan bottoms.
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METHODS AND APPROACH

Time-Domain Airborne Electromagnetic Survey

A time-domain airborne clec ic (AEM) survey was flown Scptember 4-
11. 2001, by Fugro Airborne Surveys Corporation using a MEGATEM 11® time-domain
airborne EM system mounted on a deHavailland Dash 7 urbo-propelier aircrafl. A total

of 762 linc-kilk of data were coll d during 13.5 hours of flight time (Fig. 3).
Flight and survey parameters arc provided in Table A1 and acyuisition parameters in
Table A2 (A dices). The survey p WETC CXp d to yicld d

information to a depth of 2 300 m below the surface given the expected conductivity
values.

An inversion (or imaging) tcchnique was used to best fit the data te a geoelectric
model. A one-dimensional (1-D) gecometry was uscd for all models 10 represent the
gently cast-southcast dipping, layered stratigraphy of the resistive Bandelicr Tuff (with
possible enclosed zones of relatively conductive vadose water). Modcls did not take into
account the ints of the hydrologic and hyd; ic silc data. A 1-D model is
Icss appropriate for the decper, pre-Bandclicr units, which tend to be laterally Icss
continuous.

Scnsitiviry modcls (Fig. 4) using conservative values for resistivity show the

gnal resp for the p of the B-field for 50 Q-m, 3-D layers 20 m
lhlck \v1lh (a) lateral dimensions of 2.5 km a1 depths between 200 and 308 m, and (b)
latcral dimensions of 200 m at depths of between 50 and 150 m. These cascs may be
proxics, respectively, for the regional groundwater aquifer and for perched saturated
zoncs. The model results indicate that we can cxpect to image km-scalc saturated bodies
or clay zones in the vadose zone, but that 100 m-scale bodics would probably clude
detection.

Data Processing

Three approaches werc uscd 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
channcls of x- and z-coils werc used to compute valucs of apparent conductance
{conductivity x thickncss) by fitting to a continuous thin-shcet model. These data were
then fitted to a layered carth model to derive conductivity variations as a function of
depth. Fugro’s processing uses a proprictary, 1-D imaging technique described as a
conductivity-depth transform method (CDT), which is based on the variation of the EM
dd’fuslon velocity with conducnvny {Wollgram :md Karlik. I‘)QS Chnsnanscn and
C . 2003). Cond y data are p d as cond y-depth (ot
CDT) scctions for individual flight lines. Da!a from the CDT scctions were combined to
producc conductivity-depth slices at depths of 50, 100, {50, 200, and 300 m. The CDT
technique assumcs no initial modcl, and is fast and robust. This proccssing methodology
can generally be improved upon with appropriate geologic control.

8
Processing by Condor used two independ i licati EM Flow and
AirStem. EM Flow isa tication that fits 3 discret laycmd carth model to EM

decay information on a fiducial- by-f iducial basis. The results arc then displayed as conductivity-
depth images (CDF), analogous to the CDT sections in the Fugro processing. For the present
work only the z- {vertical-) sccondary magnetic component was uscd. The X-component
(horizontal component parallcl to the flight linc) was commonly corrupted by cultural artifacts in
the study arca. AirStem, a proprietary code of BHP Billiton, uscs a format 1-D inversion of
airbome TEM. Results are also displayed as CDIs. Layer interfaces arc chosen a priori and arc
held fixed. The code will invert z- or x-channcl data, but to avoid cultural interference only z-
channct data were uscd in this study. For this work the inversion modcl uscd 28 layers, with
thickness incrcasing in roughly logarithmic fashion from the surface to depth. The shallowest
and deepest laycers were respectively 5 and 232 m thick. For comparison, in the depth interval
200-300 m the laycrs arc 27-40 m thick, and at 400 m approximately 60 m thick. No geological
or geophysical data were used to constrain the model.

This Work

We gridded the Fugro CDT and Condor EM Flow and AirStem CD1 conductivity-
depth data to construct 3-D data cubes using a locally developed FORTRAN program.
Then, with an application we developed using public-domain OpenDX
(_‘wa__;gm_qg) \vc v:sually compared the AEM results with gcophysical,

h I, and h ic data. We parcd data from more than 40 boreholes
mngmg in depth fmm 235 to >900 m. However, we sclected wells in two subareas (Fig.
3) for derailed comparison of the AEM results with geological and hydrolegical data: (1)
an arca comprising portions of Baye, Pucblo, Los Alamos, Sandia and Mortandad
Canyons near the castern edge of the survey area, and (2} a region near the junction of
Cafon dc Valle and Water Canyon. These arcas were sclected because each has a
different i of tithologic and b h istics. Together they
cncompass a rangc of factors affecting the AEM data. Data used for comparison include
boreholc lnhologlc and induction fogs, depths and thickncsscs of saturated zones,

of g ic content, clay content, and clay
In the we focused on the AirStem data. Although the
EM Flow results arc dlﬂ"crcm in detail from the AirStem results, they are not
substantially diffcrent overall.

£t

ELECTRICAL RESISTIVITY DATA
Electrica)l Resistivity of Rocks and Soil

Although the resistivity of naturally occurring carth matcrials varies by at lcast 12
orders of magnitude, ncar-surface values are typically in the range of | 101000 Q-m.
Thus, the variations measurcd on the Pajarito Platcau {Tables A3 and A4, Appendiccs),
ranging from 7 Q-m in the perched water of the Ceros del Rio basalt to ~ 2000 Q-m in
the nearly dry Bandelicr tuff, are typical. Water, both through its intrinsic resistivity and
through the degree of saturation of the host rock or soil, is thc most important variable in




hydrologxc rcslsuvny studics because the solid rmk matrix or soil grains arc

1y very good i C ly, the ions dissolved in water arc the
clectric charge carriers responsible for the ablhty of the bulk material to conduct
clectricity, This mechanism is truc for both clay-frcc and clay-rich formations. Other
factors affecting the rcslsnvu'y of surficial canh materials (c 8- McNeill, 1990) arc
porasity; texture, which i pore space i y; and clay
content,

The abnormally low tesistivity of clay minerals is caused by mobile cations in the
fluid that are required to balance the ncgative surface charge on most clay particles.
Negative surface charge is caused by unsatisficd bonds on grain cdges and crystal lattice
substitutions on cleavage surfaces. The ion exchange capacity of a mineral is 2 mcasure
of the number of cations rcquxrcd to ncutralize this ncgauvc surfacc charge. Every
mincral has an ion exchange capacity; clay mincral: llonitc and
vermiculite, have targe values. But, because the cation cxchangc phcnomcnon is surface~
dependent. it is also greater for fine grain compared to coarsc grain formations with
identical volumes of the same clay mincral. Because both the mineralogy and grain size
arc important, both clay mincrals and clay-size particles exhibit enhanced ion cxchange
capacity. In the presence of a fluid the adsorbed cations form a double layer attached to
clay surfaces (Ward, 1990). Onc layer is immobilc and fixed to the clay particles, The
other layer, referved to as the diffusce fayer, varies in concentration in the fluid as a
decreasing function of distance from the clay surfaces. The diffusc cations arc fice to
move under the influcnce of a voltage-causing electric ficld. Thesc loosely bound cations
effectively increase the charge density available for jonic conduction in the clectrolyte,
Such an additional contribution to the conductivity is referred to as surface conductivity
or the double layer cffect. It can exceed the conductivity of the normal water by many
times and is thus of utmost importance in clay-rich zones. The cffect is gencrally more
important when the watcr conductivity, therefore the intrinsic ion content, or the porosity
is low. When water is d from a fc ion, the d conductivity of the
samplc is that of the intrinsic watcr conductivity, o.. 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 in Table A3 should be considercd as
underestimates of the effective ionic conduclivity when clay is present.

Surface- and groundwater

techniques; and by borchole induction methods. Measured resistivity values in the
vadosc zone range from as low as 30 to nearly 2000 Q-m (Tablc A4). The lowest vatucs
comrespond to the Cerro Toledo sedimentary interval and gravimetric water contents of
10-47.4 wt.%. Although nominally in the vadosc zonc (i.c., not producing water in the
borcholc), the very high water content may indicate that local thin zones of saturated
sediment were present.

In the Bandelier Tuff, resistivity ranges from ~300 Q-m to ncarly 2000 Q-m for
gravimetric watcr contents 2-4 wi.%, and from <10 to >1000 Q-m for moisture valucs of
~10% (Gilkeson ct al., 1996; Vaniman et al,, 2005). The range in valucs probably
reflects moisturc content, clay content (Vaniman ct al., 2005), and rcsolution of the
technique (Gitkeson ctal., 1996). Resistivity values are generally grcatest below mesa
tops, where unsaturated conditions exist. Valucs of ~1000 Q-m or greater arc likely to
represent rock that is cssentially “dry.” Fow data arc available for the Puyé Formation or
the Cerros del Rio basalts. Limited borchote induction data indicate that resistivity
ranges from 19 to 53 Q-m for the Puyé Fonmation. These valucs may suggest a fairly
high moisture content, water salinity, and/or clay content, For the Cerros del Rio basalts,
resistivity ranges widely, depending on water conicent and clay content.

Thus, overall the range of resistivity values for water and rock units of the
Pajarito Platcau ¢xceeds three orders of magnitude. Where gravimetric water data are
availabl, resistivity of sock units broadly corrclates inversely with water content (Table
A4). Ascxp d, surface and gi i) 8 lly have lower resistivity compared to
bedrock units (Table A3), but locally the presence of clay (in combination with water)
excrts significant control on resistivity (scc discussion above). High clay content can
cause low values of electrical resistivity (Vamman et al., 2005). However, over the
Platcau as a whole (with promi to be di d below), we infer that water
content is the dominant control on the rcslsnwry measured in the AEM survey. Because

" of the range of resistivity valucs obscrved and because watcer is an important control on

low resistivity values, we conclude that EM methods arc suitable and cffective for
surveying for the presence of groundwater in the vadose zonc over broad arcas of the
Pajarito Plateau. However, the competing cffects of dissolved specics, porosuy,
permeability, clay content and other variables such as ani Py an

relations in EM make itati i of water content ambiguous
unless other data such as borchole results provide control.

The clectrical resistivity of strcam watcr on the Pajarito Plateau tends to be RESULTS AND DISCUSSION
relatively high (up to 100 Q-m) becausc of its low content of dissolved species.
Rosiotvsvte diooh i deieth P Convideret "
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period, ranges from approximatcly 11 to 100 Q-m. Recsistivity is constant or decreases
slightly with distance downstream (LANL, 2003), bul this variation is not important to
the interpretation of the AEM data. R ivity of ranges from 7 to
132 Q-m. and is not strongly dependent on lhc formation hos(mg the water.

Bedrock formations

Resistivity values of bedrock formations have been determined by a vnncty of
surface soundings and surveys using galvanic, fr . and time-d

y-arcr-occuTyataTy-grYeTT
depth. For example, resistivity vatues in AlrSlcm inversion results at a depth of 200 m
range from <10 to >1000 Q-m (Flg S) In this sccllon we comparc the AEM AirStem
results to relevant hydrol and geophysical data. In making these
€OMparisons we huvc consmcrcd clectromagnetic noisc from the Laboratory and town-
site infrastructurc. Noisc is cspecially cvident in the Los Alamos and Whitc Rock
residential/business areas, and in the P ion and ions corridor between
them (Fig. 5). We selected the two subareas described above for detaited comparisons
and interpretation, mainly comparing the AEM results with data derived from borcholcs.




Far these subarcas, noise was not a significant problem because most of the wells lic
outside of the high-noise corridors. Intcrpretations derived from thesc subarcas can then
be applicd to other surveyed regions of similar geology which arc not discusscd in detail
in this paper,

Subarea I (“low resistivity™)

The first subarca, encompassing an area from Bayo to Mortandad Canyons ncar

thc castern cdgc of the survey arca, was sclected becausc it exhibits a very strong AEM
at relatively shallow depths. Several flight lines cross this arca,

bul we |ll\|slmlc Hne 112 (Figs. 3, 5. 6), which extends approximatcly through borcholes
Otowi-1 (Bayo Canyon), R-9 (Los Alamos Canyon), and R-12/PM-1 {Sandia Canyon)
{Fig. 3). Along this hinc, the low-resistivity (<30 2-m ) arca cxtends from Bayo Canyon,
where it is continuous upward fo the surface, 13 km southward te Mortandad Canyon.
To the cast the low-resistivity zonc cxtends to the edge of the survey arca (Fig. 5).
Westward, it includes R-5 in Los Alamos Canyon, and is bounded between R-12 and R-
13 in Sandia Canyon. Borchole R-12 is a special casc in that a low-resistivity zone (<
300 Q-m) is present in the uppermost ~100 m below the surface in the AEM data. The
cffect could be to mask other low-resistivity regions of the vadosc zonc below, if present.
Also, because conductive zanes attenuate the EM signals morc than resistive zoncs, the
AEM systcm docs not sound as deeply where a shallow high-conductivity region is
present. In this subarca, the 30 -m contour (approximatcly marking the top of a thick
conductive zone) typically occurs between 168-244 m below ground surface, including in
borchole R-12 (Fig. 8). Generally, resistivity increases in depth toward the west (Figs. 9,
10).

Compared to other parts of the survey arca, this subarea is relatively “wet.” Los
Alamos Canyon, which begins in the Jemez Mountains west of the Platcau, contains a
perennial stream in its upper reach and has a substantial alluvial aquifer over much of its
tength. Relatively low resistivity afong the length of Los Alamos Canyon is obscrved at
depths of 200 m and 300 m (Fig. 5), i with the | model of i d
infiltration along wct canyons (Birdsell ¢t al., 2005) and with sitc-speeific studics of Los
Alamos Canyon (Robinson ct al., 2005¢). The headwalers of Mortandad Canyon are
located on the Pajarito Plateaw; thus, this canyon has natural flow only during runoff
cvents. However, it is fed by an active outfall and has perennial flow in its upper reach to
the west of subarca |.

All borcholes in this subarea encc d at {cast onc and typically multipic
perched zoncs above the zonc of regional saturation (Fig. 8). Borcholes werc sited cither
on canyon-floor alluvium or on delier Tuff, and all a thick scction of

Cerros dei Rio basalts (Fig. 8). In this arca the Cerros basalts arc underlain by
fanglomerate of the Puy¢ Formation o, as in R-8, are both overlain and underlain by the
Puyé. The Puyé F ion is, in turn, underlain by the i ly named pumice-rich
volcaniclastic scdimentary unit described carlicr, and by basalt and relatively finc-graincd
scdiments of the Santa Fe Group. In all borcholes, perched zones ranging in thickness
from 0.3 m to 29 m occur above the regional saturated zonc within one or morc of the
following units: Bandclicr Tuff, Cerros del Rio basalt, Puyé Formation, and pumice-rich
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volcaniclastic unit. .Depth to the regionat zone of saturation ranges between 184 and 245
m, coinciding withinn 10 m with the 30 £2-m contour (Fig. 8).

Compared to gther parts of the survey arca, the pumice-rich volcaniclastic unit in
this arca undenwvent Signi )| ion to clay mincrals (Fig. 9.) Clays consist
dominantly or cxclusively of smectite, with kaolinite/halloysite also present (Vaniman ct
al., 2005). In some depth intervals (c.g., ~183 m depth in R-9/9i, and 122-200 m depth in
R-5), the clay content of the pumice-rich unit approaches and localty exceeds 90% (Fig.
8). Ctay alteration is likely to Icad to low permeability and perching. Also, the fact that
Bandclicr Tuff is not present at alt locations (¢.g., R-9/9i) allows percolation dircetly into

fractured basalt and the highly h 2 Puyé F ion at thesc locati thereby
yiclding larger i ion than | i P where the Tuff underlics the canyon.
Thus, the location of this wet region, in which numcrous perched zones arc present
{Robinson ct al., 2005b), is i with both the p of clay altcration and of an
enhanced zone of infiltration.

Westward from subarea | the resistivity as d ined by AEM i

sharply at all depths (Fig. 5). Despitc the fact 1hal borehole R-13 in Sandia Canyon is
located only about 2 krn west of R-12, resistivity recorded adjacent to R-13 by both the
AEM survey and by downhole induction logging is much higher (Fig. 10}. In gencral,
the stratigraphy of R-13 is similar 1o that of R-12. However, two significant differcnces
occur. First, no perched zones were encountered in the vadose zone above the regionasl
saturated zone. Thus, R-13 is gencrally “dricr™ than R-12. Sceond, despite the fact that a
21 m-thickness of the pumicc-rich unit is present at R-13, it is almost catircly unaltered.
Virtually no clay is present in this unit at this location.

Subarea 2 (generally “resistive”)

In contrast with subarca 1, subarca 2, comprising a region near the conflucnce of
Caflon de Valle with Water Canyon (Flg 5), was sclcclcd as an cxamplc of an arca which
gencrally has a resistive sig) at di epths, The resisti d

AEM at regional water table depths (~350-380 m) ranges from ~ 70 to 330 Q-m (Fig.
11). Three boreholes were sclected to characterize this arca: CdV-R-37-2, CdV-R-15-3,
and R-19 (Fig. 11). All are located at mesa-top sites. In all borcholes a thick section of
Bandelier Yuff overlics sedimentary rocks of the Puyé Fonnamm Voltnmc nnd
valcaniclastic rocks of the Cerros del Rio and/or Tschi are
within or underlic the Puyé. [n contrast with subarca I, no slgmfcnm amounts of clay
are present in any of these formations,

Compared to borcholes in subarca 1, thesc heles are generally drier, and little or
no perched water is present in the vadose zonc, CdV-R-37-2 encountered no zones of
saturation above the regional water table at 365 m. CdV-R-15-3 encountcred scveral
possibly saturated zones in the vadosc region when drilled, but none is actively producing
water now. Resistivity values arc low between depths of 180 and 366 m, which may
indicate that the initially saturatcd zones remain wet but are presently unsaturated.
Resistivity determined by AEM is ~90 ©-m near the wa(ef table at 379 m-depth,
compared to 150-200 OQ-m d ined by borchol
R- |9 also cncounlcrcd zones of perched \valer above the regional watcr table.
hole i ivity values ace relatively low (150-300 Q-m) within this region




(i.€., below ~244 m) except for somc high-resistivity excursions in intervals within the

Puy¢ Pormation and the Tertiary basalt. At the present time only the lower of the iwo

perched Zmlcs produu:s water. Resistivity is low wuhm the regional saturated zonc

(Figs. 11). d by borchole i P well with the AEM
istivity (~260 O-m) at the water table,

Other observations

With a g Hy f2 bl lati blished between the AEM data and
known locatnons of pcrchcd walcr and clay-altered rock, we now make two additional
corrclations in locations where the data coverage is sparser. First, the southern and
central parts of the survey arca are characterized by very resistive AEM signatures (Fig.
S}, Most of the canyons in this region head on the Plateau and thus arc 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 borcholes in this arca and with
the resistive AEM signaturc. Sccond, the two northwes! heast flight lines di
west of the main study area suggest zones of lower resistivity directly east of the
mountain front (Fig. 5). Wc expect regions of increased recharge in this arca due to
cnhanced precipitation and to fault and fracture p: related to in-front faults
{Kwicklis et al., 2005). The lack of complcte survey coverage in this region precludes a
more definitive asscssment of the cffects of increascd recharge and infiltration ot the
mountain front.

SUMMARY AND CONCILUSIONS

In this study we assume that lithologic paramcters such as porosity, permeabitity,
and grain size within individual rock unils at the scale of the AEM survey are similar in
all parts of the survey arca, except where noted. In the clay-rich area (subarea 1), this
condition is almost certainly not met becausce the grain size of pumice-rich volcaniclastic
unit is much {incr where altercd (Vaniman ct al,, 2005). We also assume that the
conductivity (and salinity) of the walcr is similar in all parts of the survey arca. From
data in Tables A3 and A4, we infor that no major differences in resistivity occur inthe
formation water. Future work will be required to evaluate the extent to which these
assumptions arc met, and their conscquences.

borchole (Broxton ct al., 20015). Low clay contents typify the upper 40 m (Broxton ¢
al., 2001b), but the remainder of this intervat has not been analyzed. Thercforce, a high
clay content with enough water to wet the grains could potentially explain the low
resistivity in this intcrval. Alternatively, this low resistivity signaturc could result from
EM noisc. At present we are not able to distinguish between these possibilitics.
Nevertheless, the AEM resistivity at the watcer table in R-12 is ~30 Q-m, in good
agreement with ncarby borcholes R-9/9i, R-5, and R-8.

Because resistivity is resolved over broad depth intervals, within which onc or
several saturated zones of variable thickness may occur, the corrclation of ~300 Q-m
with saturation is cmpirical only. It cannot be expected to correspond to the resistivity of
specific hydrogeologic units. For example, 8 resistivity of 280-300 Q-m occurs in the
Puy¢ Formation in borcholes R-13 (Fig. 10) and R-19 (subarea 2, Figs. 11), but in R-9/9i
the 300 £2-m occurs in Cerros del Rio basalt. Similarly, in subarca 1 (Fig. 8), the 30 Q-m
confour 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 Puy¢ Formation, all within a
distance of < 0.5 km. Also, because of the depth resolution, the AEM survey cannot be
expected to spatially resolve closely spaced or thin perched zones from cach other or
from the regional zone of saturation. For cxample, we attribute the fact that no unique
corrclation exists between a resistivity value and perched zones in subarea 1 (Fig. 8) to,
in pan, the relatively coarsc tution of the AEM techniq In cffect, the low-
resistivity signal is smeared out over a depth interval across perched and regional water
tables.

En 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 with the top of the zone of regional saturation. Low resistivity valucs

incd by AEM { bly well with borehole induction data (Fig. 8). We
infer that that these Jow values occur because of the combined cffect of both water and
clay. Such low valucs are compatible with the measured resistivity of water extracted
from formations (<10 £2-m in some units; Table A3), and also with the low valucs
cxpected from ¢lay mincrals (~1-10 Q-m),

Correlation of the low-resistivity signal in the AEM data to clay-rich (altcred)
zones in the Puyé Formation is very important, because if allows us to extrapolate the
‘boundaries of the clay-rich region beyond where it has been recognized by drilling. Our
prcliminary conclusion is that this clay-rich zone extends from Bayo Canyon (and may
extend further north) southward 13 km to Mortandad Canyon. To the cast it extends to
the cdge of the survey arca and was not bounded by the AEM survey. Westward, it
includes R-5 m Los Alamos Canyon, and is boundcd bctwecn R- IZ and R-13 (Figs. 5,

+ogrbe

AEM with the MEGATEM system is g fly uscful for indicating the
of groundwatcr. Low values of resistivity (< 300 Q-m) broadly corrclate wllh lhc
af ion.cither ac pesched aquitess in dh .
d zonc. This relationship is especially apparent in drier areas, whcrc little or no

perchied water is present in the vadose zone (R-13, Fig. 10; also subarca 2, Figs. 11). In
“wetter” arcas where thick or multiple perched zones are present (Fig, 8), low resistivity
values (< 300 Q-m) occur at or near the top of the region of perched aquifers (c.g.. R-
9/91, Fig. B) or may extend all the way to the surface (R-5, R-8). In these barcholes the
low-rcsistivity signal may be enhanced by the presenee of clay. Although a low-
resistivity (<300 Q-m) zone occurs in the upper 100 m of borcholc R-12, we rulc out the
presence of saturation as the causc, because no shallow perched zone is recognized in this

or-roncs-oceT
pnmanly in the pumice-rich volcaniclastic unit bcncath the Puyé Formation. This zonc is
expected to have hydrologic sngmﬁcancc with such a zonc almost certainly having a
lower bility than the p g rock. In the vadosc zonc, low

bility will bc lated with i d propensity for perching and lateral
d|vcrslon of water, in the regional aquifer, this effect woutd result in higher gradicnts in
the dircction of flow. lThc vadose zone obscrvations arc consistent with this concept,
whercas the regional: nqulfcr gradicnts arc complicated by the cffect of supp]y-\vc"

pumping, which ch’n:cs the fram their pre~devel
¥




Another smaller but distinct region of very low resistivity region occurs in the
southcastern comer of the survey arca southwest of Whitc Rock, and is well mmgcd ata
depth of about 300 m (Fig. 5, 6). It extends approxi 2.7km in 3 north
direction and is about 1.8 km in width. The zone appears to be bounded on all sides, at
Icast at the 200 m depth, by the AEM survey. Although not intercepted by boreholcs,
bascd on the analysis of the conductive zone in subarea 1 we tentatively interpret this
low-conductivity region also as resulting from high clay content in combination with
water. Because the clay-rich parts of the pumice-rich veleanictastic unit {or other
formations) have reduced porosity and permeability (Vaniman ct al., 2005), they may
have an important effect in controlling aquifer characteristics and flow paths in perched
aquifers and in the regional aquifer on the Pajarito Platcau. Thus, integration of these
regions of reduced permeability into regional groundwater flow modets will be important.

Pucblo and Bayo Canycns arc arcas of very low ms:s(lwly (<30 Q-m) (Fig. 5). In
Pucblo Canyon, a | ivity arca is situated app ly 1.5 km ofa
mumclpal sewage treatment plant and exteads nonhcnstward bcncnth Bayo Canyon. The

y zone is i with the resistivity-low of subarca 1. Becausc of the
proximity of this zone with a wetland (and alluvial aquifer) downstream from the sewage
plant, we that the § istivity arca is an arca of significant

infiltration from the plant and recharge to the vadose zone. At greater depth (300 m, 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 infiltration
in lower Los Alamos and Pueblo Canyons, where the canyon bottom is cut dircctly into
Cerros del Rio basalts (Robinson et al., 2005¢). The importance of this result is

gnificd by the p of ion (tritium, perchol and nitrate) that has
reached the regional aguifer in this region. The rapid (<60 yr) transport to the aquifer of
mobile contaminants through the vadosc zong is consistent with the results of the AEM
survey, and suggests that this geophysical technique may provide constraints on the
nature and extent of contamination.

Finally, the resolution of the AEM technique is not sufficicnt to resolve questions
about infiliration mechanisms, i.c.. fracture- vs. matrix flow, Although we postulate that
major infiltration may occur over a broad zone 1-2 km downsircam from the waste-water
treatment plant and in other zoncs in Los Alamos and Pucblo Canyons, recharge could
occur through numerous fractures distributed over this volume or by flow through the
matrix, or both. Fracture studies of exposed units of the Bandciicr Tuff show that
fracture densitics can range from 20 to morc than 600 fractures per 30 m and fracture

apertures from 0.1-100 cm (Wohletz, 1995; Lewis ct al., 2002 Walicrs, 1996). The scalc
of the survey (along-linc sampling intcrval of 17.5 m) and size of the EM transmitter loop
(406 m”) do not allow individual fractures or fracture zones to be imaged. Where
infiltration occurs directly onto basalts, the mechanism is almost certainly fracturc flow,
although this conclision is bascd on direct obscrvations and basic hydrologic principles,
rather than as a result of the AEM survey.

In summary, the AEM data provide a robust picture of the clectrical conductivity
of the upper few hundred mcters below the surface of the Pajarito Platcau. Although the
survey design does not have the resolution to image thin, closcly spaced perched
saturated intervals in the vadose zone (at least not for the thicknesses and numbers of
zoncs present on the Pajarito Plateav), the data do provide a guide 1o depth to saturation.

Generally the res:snvnly valucs mcnsurcd by lhc AEM survcy arc compatible with the
much high: resistivity logs. If the intcrpretation that very
low rosi: y (~300-m}) is with high clay content is correct, then the AEM
data also provide a very uscful too! for discerning zoncs 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 placcs like Los Alamos and Mortandad Canyons, where 2 wealth of
ground-based data is available.
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Table Al. Survey and flight parameters for airborne TEM and magnetic surveys,

APPENDICES

Principal line spacing 100 and 200 m
Principal line direction 020° azimuth
Tic-line spacing ~2000 m
| Tie-line dirccti 305"
urvey speed 70 m/s (125 knots)

EM sensor height (nominal)

Aircraft and transmitter height (nominat) | 120 m
Magnetic sensor height (nominal) 75m

70m

of transmitter loap) (magmetic)

Recciver trailing distance (bchind center | 80 m

of transmitter {oop) (EM)

Recciver trailing distance (behind center | 125 m

Table A2. Acquisition parameters for MEGATEM system.
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Table A3. Specific conductance (25°C) and resistivity of surface and groundwater

from the Pajarito Plateau. “Field” and “lab™ refer respectively to conducti
measurements made in the field and in the laboratory, 'For uniformity,
measurement units reported as mS/m or pS/em ar

from specific

2

ty

¢ converted to mS/cm; “calculated

Reported as cond
Ruesistivity

Transmitter-loop arca (vertical axis) _| 406 m” s ional arca
Transmiticr-loop tums 4
Transmiticr-loop current 1300 A
[ Transmittcr dipole moment 2.0 x 10" amp-m
Transmitter frequency 30 Hz
Receiver type Multicoil (x, y, and 2)
Receiver irailing distance 125 m behind, S0 m_below
Number of recording windows 20 channels, 5 on-timc, 15 off-time
| Recording time (from end of pulsc) 114155
Sample rate 4pers
Sample interval 175m

Host Unit Specific Loention Commenty Reference
conductance | (Q-m)!
(mS/cm)’
Flowing steam | 0.1-89 11.1-100.0 | Cafion de Valle (TA-16) LANL
water {2003
Bandelier Toff, 0.174 575 TA-16(R-25) Perched zone | Broxton el
Otowi Membec al. (2002a).
Table 7.2-2
Cerros del Rio 0334 29 Monandag Canyon (R- | Perched zone | Longmire et
basalt 15) ol. (2001},
Table 5.2.1
Cerros del Rio 0.250-0457 219-440.0 | Los Alamos Canyon (R- | Perched zone. | Broxton ¢t
basalt 9 Filtered. a1 (20012)
Cerros del Rio Ficld: 0.376- | Ficld: 7.24 | Sandia Canyon (R-12) Perched zone | Braxton et
basait 1381 -26.6 at. (2001b)
Lab: 0.429- Lab: 7.24-
1.3%1 233
“Otd alluvium™ Ficld: 0.365 Ficld: 27.4 | Sandia Canyon (R-12) Perched zone | Broxton ct
between Cerros | Lab: 0434 Lab: 22.6- al. (2001b)
del Rio basalts 043 230
and Puyt
Formation
Upper Puyé 00756.0.131 | 76.3-132.3 | Upper Los Alamos Longmicc
Formation Canyon (R-7, screen #1) and GofT
{2002)
Tower Puyé 0.187-0271 | 369-53.5 | Upper Los Alamos Longmirc
Formation Canyon (R-7. sercen #3) and Goff
2002
Lower Puyé 0.135.0214 | 46.7-74.1 | Upper Los Alamos Regional Stonc et al.,
Formation Canyon (R-7, screen #3) | aquifer. Value | (2002).
prior to welk Table 5.0-1
development,
Puyé Formation | 0.165-0.166 | 60.2-60.6 | TA-16(R.25) Perched zone | Broxton et
ol. (2002a).
Table 7.2-2
Puyé Formation | 0.133-0.151 | 66.2-75.2 | TA-16(R-25) Wet/dry zone | Broxton ct
al. (2002a),
Table 7.2-2
Toyt-foTTTItT = SR e e~ a—— L
aquifer al. (20020),
Table 7.2-2
Puyé Formation | D.166-0.240 | 47.660.2 | Mortandad Canyon (R- | Regional Longmire ct
15) aquifer al. (2001),
Table $.2-1
Puyé Formation | 0.192 531 Mortandad Canyon (R~ | Regional "Anonymous.
13) aquifcr. Value | (2003b)
prior to well
development,
Puyé Formation | 0.273.0.987 | 10.1-36.6 | Los Alamos Canyon (R- | Perched zonc | Broxton ¢t
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9) and regional | #l, (20018}

aquifer.

Fuiered, Pants

are clay-rich
Puyé Formation | 0.226 44.2 Los Alamos Canyon (R- | Regional Anonymous

8) aguifer. Value | (2003c)

prior o well

development.

Parts are cloy-

rich.
Puyé Formation/ | 0.327 306 MCOBT.4 4 Perched zone | Broxion et
Cemos del Rio al. (2002b)
basalt
Basali in Santa | 0.200-0.259 | 38.6-50.0 | Los Alamos Canyon (R- | Regional Tongmirc
Fc Group 9) aquifer (2002,
Basalt in Santa 0.160-0.272 368625 | Los Alamos Canyon (R- | Perched zone | Loagmire
Fe Group 9i. screen #1) £2002;
Basall in Santa 0.140-0.245 46.5-71.4 | Los Alamos Canyon (R- | Perched water | Longmire
Fe Group 9i. screen #2) in vadose zonc | (2002)
Basalt in Santa Field: 0.279 | Field: 35.8 | Sandia Canyon (R-12) Regional Broxion et
Fe Group Lab: 0.277- Lab: 35.2- aquifer al. 2001b)

0284 364

Santa Fe Group | 0.258 388 Puchlo Canyon (R-51 | Regional Anonymous

aquifer, Value | {2003d)

priot o well
development.
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Table Ad. Flectrical resistivity of hydrogeologic units of the Pajarito Plateau.
'Calculated from conductivity. Average of 29 boreholes spread across LANL,
bighest and lowest 2.5% of values excluded.
Unit Conduc- H0 Location Technique Reference
tvity %
(mS/m) (gravi-
metric)
Abhuvium ~7-10.5 ~95.2-1429 | 52-72 Mortandad | Array Longmire ¢t
Canyon (R- | induction al. (2001),
15) borehole oo} | Fig, 3.3-2
Bandelier TufT, ~1-23 43.5-142.9 5.2-31.1 Mortandad | Amay Longmire ¢
Tshirege Member Canyon (R- | induction al. {2001),
15) borehole tool | Fig. 3.3-2
Bandeticr Tull, 1454.1950 2.30-7.70 § TA-36, Armay Broxton et
Tshirege Merber mesa top induction al. (2001c).
{R-19) borehote tool | Table 3.2-3,
Append. B
Bandelicr Tuff, 787-1386 Site-wide” Amay This work.
Tshirege Member induction
borehole 100l
Bandelier Tuff. 830 TA-36, Amay Broxton et
Tshirege Member mesa top induction al, (2001c),
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| bed)
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Cerm Toledo H.5-330 30.3-870 10-47.4 Mortandad | Array Longmire et
interval Canyon (R- | induction al. {2001).
i5) borchole tool | Fig. 3.3-2
Cerro Toledo 605 Site-wide” Amay Fhis work.
interval induction
borehole wol
Bandelier Tufl, 569 TA-36, Amay Broxton et
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Append. E
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Otawi Memher induction
{unsaturated) borchole 1ol
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FIGURES

Laocation of the Los Alamos National Laboratory (LANL) on the Pajarito Plateau,
adjacent to the Jemez volcanic field. The Rio Grande rift is shown by shaded
pattern.

Simplificd chronostratigraphy of the Pajarito Platcau. Diagonally ruled paticrn
indicates time periods for which no rocks are represented. Modificd from
Broxton and Vaniman (2005).

Flight lines for airbome el ic survey, and b for which
geologic, bydrogeologic, 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 lincs connecting boreholes R-12, -9, -5, and -
8 and borcholes CdV-R-37-2, -R-15-3, and R-19 denote subarcas 1 and 2,
respectively (Figs. 8 and 14). Locations of detailed transcets (Figs. 8, 14) arc
shown. Lozenge-shaped holes in flight-linc-array arc arcas that, for safcty or
sccurity rcasons, were not overflown.

E d valucs of the p of the B-ficld for (A) a 20-m thick slab with
latcral dimension of 2.5 x 2.5 km at depths of 200 m, 250 m, and 300m, and (B) a
20-m thick slab with lateral dimensions of 200 x 200 m at depths of 50 m, 100 m,
and 150 m. Rcsistivity values for the slab and background arc 50 Q-m and 1000
Q-m, respectively. Profiles arc for a 30 Hz source and time wmdow& similar to

those of this survcy (later times upward). Back arc indi by
the asymptotic valucs at enher end of the profi lc The noisc levels for this
are ly 3000 fT. All i between -3000 €T and

+3000 fT have been covered with the hatched box. Thus, profile lincs visible are
above the noisc Icvel. Cases A and B are considered proxics for, respectively, the
Tegionat water table and perched groundwater in the vadose zone. For casc A, the
model results indicatc that a 2500 x 2500 x 20 m saturated zone (or equivalent
clay laycr) would be robustly imaged at depths up to 300 m. For case B, 200 x
200 x 20 m saturated zonc or clay layer would yicld a signature barcly above
background, and only in the carly time windows.

Conductivity-depth slices at 200 m (upper) and 300 m (Jower). Whilc regions arc
arcas that were not overflow for safety or sccurity reasons. Solid Jinc is boundary
of the Los Alamos National Laboratory. Dashed lines arc major drainages.
Location of flight linc 112 (red) is shown for ref Two hi

tic lines are indicated on both panels by colored lines. The residential/business
areas of Los Alamos and White Rock, sources of particular electromagnetic noise,
arc indicated.

Geoclectric section along flight line 112, using AirStem processing from Condor.
Location is shown on Fig. 3. In this and many subscquent figures, clevations and
borchole depths are presented in feet, becausc these arc the original measurement
units. A scalc in meters is presented for comparison,

Two vertical sections oricnted approximately cast-west through 3-D gridded data
in part of subarea ). Location shown on Fig. 3. 30 Q-m contour is indicated on
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