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Abstract

Uncertainty in predicting the potential responses of groundwater systems to hydrologic
stresses is related to unknown aquikxtent andproperties. Much of this uncertainty is
related to sparse well data, especiallyaifuvialaquifer systems typical of the southwestern
United States.Significant lithologic distributions in alluvial aquifers can be inferred from
resistivity distributionsAn airbone TEM survey wasompletedalong 628 km of flight lines
the Upper San Pedro Basin in southeastern Arizona ussn\GEOTEM systeffrugro Airborne
SurveysOttawa, Ontario, Canaddpr the purpose of mapping resistivity distributions within
the alluvial aquiferOnedimensional vertical TEM inversionsinga constrained Marquardt
style underparametrized inversionndicated amaximum structural resolutionf 6 layers
underlain bya halfspaceo depths of about 20@n metersin conductive areas and greater in
resistive areasA threedimensionalmterpolation of resistivity valuesvas developed from the
one-dimensional models along flight lines. Result$icated areas ofhigher eletrical resistivity
at the basin marginsurrounding a region of low electrical resistivigfated to thick and
relatively impermeable fingraineddeposits of silt and clay in the center of the basin.
Interpolated resistivity valuesompared well withrsubsurface control data frorborehole
electrical and lithologic logs indidag that resistivity values can be used to infer bagiide
lithologic distributiongn the alluvial aquiferAreas of uncertain lithology remain at depth and
in areas ohighsalinity. Electrical models were not capable of detectaigctricalresistors of
coarsegrained alluvial depositand bedrockunderlyingelectrical conductors ahick silt and

clay. High salinityresulted in uncertain lithology in one area



Introducti on

Alluvial basins ithe southwesern United Satesform important aquifers thameet
agricultural industrial, domestic, and municipal wateeeds Evaluation of the available water
supply, includinggolumes of water available for extracti@mdresponse of the system to
hydrologic stress, requires definition of both the spatial aquifer extent and distributidimeof
hydraulic propertieswhich are closely related taquiferlithology. Coarsegrained intervals of
sand and gravel are much more perable and yield larger volumes of water from storage than
fine-grained intervals of silt and clatythe semiconfinedalluvialaquifersof the area Silt and
claycan formconfining bedshat locally limit theverticalflow of groundwatetbetween layered
aquifers.Distributions of the coarse and firgrained intervals withithe aquiferinfluencethe
volumes of water available for withdrawal, groundwater flow paths, rates of groundwater flow
and response of the groundwater system to variations in rechargkwithdrawalsHowever,
lithologic distributions areincertainbecause of a lack of subsurface informatresulting in &

inadequateunderstanding of the groundwater flow system

Satial aquifer extent and distributioof coarse and finegrainedsedmentsare
commonly defined bgubsurface materials described by drillers during the installation of water
wells. Sparsewell dataresult in uncertainty in both hydraulic property distributions and
evaluations of groundater supply Many of the data gaps can be filledinggeophysical
methods(Robinson et al., 2008 particularelectromagnetianethods can be useful in
identifying important variations in lithology because figmined alluvial deposits are
commonly more electrically conductive than coagained deposits and much ner

conductive than common neaquifer rocks such as crystalline ro¢kelford et al., 1976; Pool
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and Coes, 1999; Pool and Dickinson, 2007; Fitterman and Stewart, 1&i@éjromagnetic and

other electrical methods have proven useful for mapping hydrogeologic features in alluvial
aquifers and have been used extensively for decddebdy et al., 1974; Smith et al., 2004,
Danielsen et al., 2003; Auken et al., 2006; Fitterman and Stewart, 1986; Fitterman, 1987)
Hectromagnetic surveyBavealsobeen usedo infer fresh and saline groundwater interfaces
(Smith et al., 2004; Fitterman and DesRan, 2001)structures that fornrgroundwater basins
(Danielsen et al., 2003; Gabriel et al., 2003; Jgrgensen et al., 2003; Fitterman et al., 1981; Auke
et al., 2003)the presence of perched watéd'Ozouville et al., 2008)ocations of possible
groundwater rechargeones(Baldridge et al., 2007and to characterize distributions of fine

and coarsegrained sedimentéRodriguez et al., 2001; Jgrgensen et al., 2005; Auken et al.,

2003)

Theanalysigresented here is part of a larger study of the groundwater resources of
several alluvial aquifers Arizona, United States conducted by the U.S. Geological Survey (USGS)
in cooperation vith the Arizona Department of Water Resources (ADWR). The purpose of th
portion of the studydiscussed hereés to improve hydrologic conceptual models and to develop
computational tools for managinidpe groundvater resources of the Benson subwatershed of
the Upper San Pedro Basirhe approaclapplies airborne transient electromagne(itEM)
methods to characterize the hydraulic properties and physical extents of permeable €oarse
grained sand and gravel depasand relatively impermeable intervals of figeained silt and

clay in the Benson subwatershed (Figure 1).



Interpretation of the TEMdatawasguided bysubsurfacecontrol datato develop3-
dimensional3D)mapsof fine- and coarsegrained sedimentandhydrologic bedroclkhat form
aframework for parameterizing a groundwater flow mod&h approach similar tRodriguez
et al.,2001)is used tcevaluate theuseof one-dimensional {D)electricalmodels from airborne
transientelectromagnetic (TEM) data to infer distributionstleick coarse and finegrained
intervalsby comparisons ofD TEM model resistivity values and resistivity values from
electrical logsindimportant variations in aquifer lithology from drill logscombination of
inverse modeling of airboe electromagnetic data and gstatisticalmethodsusing subsurface
control data and resistivity model resulése usedo (1) evaluatethe use of1D models of
airborne TEM datg2) characterize lithology at three different scales of investigapmint,
catchment scale of 15 Kmand subbasin scale of 2,000%mand(3) developa 3D distribution
of variations inaquifer litholog. The spatial resistity distributions produced by this simple and
direct analysis can be used to infer spatial distributions of aquifer characteristics and
groundwater flow paths. The resigtty distributions can be used in the future as an initial data
set in a geostatistical approach to improving groundwater flow models of the aqnitbe
manner discussed iRobinson and other2008). Thalifficulties with interpretation of
subsurface kectricalconductivitymodels from theairborneTEM surveyare discussed
including(1) the occurrence of conductive overburden in some aré2djmited depth of
investigation beneath thick conductive intervals, gB§lareas of conductive prbasinrocks

that cannot be separated from fingrained sediments on the basis of resistivity.



Upper San Pedro study area

The study area is the Benssnbwatershedf the Upper San PediBasin of
southeasern Arizona(Figurel). Thesubwatershedccupies an area of abo@500km? of
which about2,000km?is an alluvial basithat is about 4@50 km wide. The remainder of the
subwatersheds primarily the bounding preasin rocks that occur in the surrounding
mountains and in isolated outcrops rnethe intermittent San Pedro River that roughly bisects
the basin. The land surface, whictpredominantlyan erosional surface, generally slopes
upward from the San Pedro River at an elevation of abg@@m to the base of the
mountains at an elevatioof about 1500m. The mountairpeaks extend to elevations of more
than 2,000m. Tributaries to theSan PedroiRer generally flow at right angles to the rivere

ephemeralchannelsandincisedabout 10 metersor less below théand surface

Hydrogeology

The hydrogeology of the San Pedro Basin is typical of many alluvial basins in the
southwestern United State@\nderson et al., 19925 roundwater flows through the basin fill
aquifer from recharge areas near the mountains to perennial reaches @dhePedro River
where it discharges to the stream and is transpired by phreatophjResl and Coes, 1999)
Rates and directions of groundwater flow are dependent on rates and distributions of recharge
dischargeand distributions of aquifer ldraulic propertiesThe basin fill aquifeis bounded
laterally and at dept by relatively impermeablerystalline rocks gbre-Cambriarand Tertiary
age Paleozoic limestonéylesozoic sandstone and mudstone, and Tertiarypsin sediments
(Pool and Coes, 1999he alluvial basin bounding rocks are not important aquifers with the

exception of the Paleozoic limestone, which is locatiymportant aquifer.The prebasin fill
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rocks have been subjected to Tertiary tectonic deformaiiecluding low angle extensional
tectonics that resulted in extensive faulting and rotati@berly and Stanley, 1978; Shafiqullah
et al., 1980; Dickinson, 1991; Scarborough and Peirce, IBfi@)asin fill was deposited during
and following the waning phases of extensional tectonics. Quaternary erosion resulted in
removal oftens of meters or more dbasin fill. A narrow stringer of highly permeable stream
alluvium isincised into the basin fill along the major stream chanifielsreford, 1993; Pool and
Coes, 1999; Cook et al., 2008he stream alluvium is an important local aquifeatttrains the
basin fill aquife, receives streamflow infiltration, and stores tgathat supports riparian

vegetation during periods lackimgnoff (Pool and Coes, 1999)

Thebasin fillaquiferis a sequence afnconsolidatedo moderatelywell consolidated
alluvialsediments 6 Late Tertiary and Quaternary agbat is greatetthan 400 m thickin the
center of the bain. The basin fill can be divided into lower and upper parts on the basis of
geologic logs, drill logs, and geophysical (@m0l and Coes, 1999)he coarsegrained facies of
lower basin fill is commonly described in drill logs as conglomenatiecomposed granite,
whereas he coarsegrained facies of upper basin fill is less consolidated and includes many
fine-grainedinterbeds. Theihe-grained facies of lower basin fill includes gypsuora silt and
clay or mudstone matrix@ndfew sand and gravel interbeds. Drill logs indicate ttzatdsand
gravel interbeds are common within the figgained facies of upper basinl fiLower basin fill
is distinguished from upper basin fill in well logs by greater consolidation, higher density, higher
sonic velocity, and fewer fingrained interbedsLower basin fill formshte primary aquifeas

the upper basin fill is unsaturated @ss most of the basin



The aquifelsystemis unconfined along the basin margins awhfined orsemiconfined
in the basin center owing tthe occurrence of thehick fine-grained faciesin the unconfined
portion, the amount of water that can be extraat by pumping is controlled by the hydraulic
connection between perforated well intervals and sediments that yield water by a lowered
water tableand drainage of pore spaceBhe amount of extractable water depends on lithology
because \ater drains readilyrom pore spaces icoarsegrained deposits of sand and gravel
but isretained within the small pore spaces between grainsilbtfand clayGroundwater
occurs under confined conditions beneath thick sequences of thegiiamed facies where
lowering ofthe water level in wells results in little drainage of pore spaces within the thick fine
grained facies. Sereonfined conditions occur where sufficiently thick figmined intervals
result in slow drainage of water from pore spaces in response to log@f the water table.
Semiconfined conditions occur at the margins of the intersection of the water table with the
fine-grained facies. Definition of distributions of confined, seonfined, and unconfined
groundwater conditions is important for undeestding the response of the aquifer system to
variations in groundwater withdrawals, volumes of water available for extractjmyndwater

flow paths,andrates of groundwateflow.

Subsurface electrical properties

The resistiviesof major lithologiesn the study areaare not well defined byavailable
electricalresistivitysurveysHowever, the resistiviesof lithologic intervals athe two borehole
electricalresistivitylogsthat are available in the study areae similar to resistivity values
defined by severatlectrical and electromagnetic logs at boreholes that encountesietlar
lithologies in the adjacent Sierra Vista subwatersfedol and Coes, 1999)he similarity of
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depositional environments and overall lithologic distributianghe two basins suggests that
similar resistivity values can be expecfenim electrical and electromagnetic methotty

similar lithologies in the two basins. In addition, the effects of variable water quality on
lithologic resistivity are minimal beaae water is generally of similarly good quality across the

two basins.

Galvanic kectrical properties of subsurfadghologies in theSierra Vista Subwatershed
are known from borehole geophysical logs and previous electiwhlelectromagnetisurveys
(Pool andCoes, 1999; Pool and Dickinson, 2007; Wynn, 2006; Fleming and PoolT2&02)).
The most important influence on the resistivity of basin fill is degree of water saturation.
Unsaturated sediments can be highly resistigreaterthan 100 ohmm in many cases.
Saturatedbasin filltendsto be muchless resistive, ranging from less than 10 eimfior clay
richintervalsto more than 50 ohrm for sand and gravel intervals that include little clay
(Figure3, well D17-20 31AAB) Oder rocks in the arehaving low permeabilitynclude granite,
metamorphic, and limestone that are also generally more resistivgreaterthan 100 ohmrmt
than saturated alluvial sedimentslowever sedimentary rocks of Mesozoic and older Tertiary
age can be indistinguishable from basindillthe basis of electrical or electragnetic surveys
Surface geology, borehole geologic logs, or other gesiphiinformation are needed to
distinguish basin fill from these older fimgainedsedimentary rocks. Regardless of the inability
to distinguish older sediments from basin fillngiavailable datdpw resistivityvaluesare
indicativeof rocks or sediments with low permeability high salinitythat are not suitable for
most supply needs. Groundwater quality in the study area is generally good, less tharg800

Total Dissolved @ids (DS, with the exception of the extreme southwest part of the area
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where some marginal water qualitpbout 1500ng/l TDShas been identifiedCoes et al.,

1999)

Meth ods

Extent and thickness dfignificant variations iaquifer lithology were mapped across
the alluvial basin using@mbination ofborehole datajnverse modeling of airlroe
electromagnetic dataand geatatisticalmethods The GEOTENANnnan and Lockwood, 1991)
systemof Fugro Airborne Survey®ttawa, Ontario, Canadayas used to flyp28 km of airborne
TEM survey§Figure2). 1Dmodels of resistiity versus depttderived fromthe airborne TEM
data weredevelopedalong flight linesinterpolated 1D models were evaluated at the point
scale to borehole resistivity logs, at the catchment scale to 1D modgl®ohd TEM soundings
and a geologisectionconstructed from nearby drill logs, and at the subbasin scale to expected

resistivity values of lithologies describeddmil logs

Airborne TEM surveys

The purposef the airborne TEM survaeyas tomap the aquifer extent within the
adjacent noraquifer crystalline rocks and limestorendto mapthick deposits of finggrained
silt and claywithin the coarser grained deposits sénd and gravelA depth of investigation of
200 to300m was need to adequately to map the transmissive portions ofahevial aquifer

on the basis of well data

GEOTEM was selected as the survey method because of the greater depth of

investigation in comparison to helicopter based systems that were availa2@06 The
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GEOTEM system consists of a transmitteanrarplane towing ahree-coil receiver The
system transmits a perdic B0H2 electromagnetidield with awaveformhaving ahalf-sine
current pulseof 4.045 msecThe transmitteris offset from the receivempproximately 132 m
horizontally and 39 metergertically, whichtheoretically povides better depth resolution than
a colocated transmitter and receiveOriginally the data was provided as 5tome channels
and 15 offtime channels. Howeveexamination of the data set indicated that the transient
responsewith better definition of early and miime data would result in improved resistivity
models. The original data were thereforgrecessedto provide 20 offtime channels
distributed in timeto increase early and mitime samples at the expensd fewer latetime

sampleswhich tended to be of insufficient quality

The GEOTEBuUrveywas flownin April and May2006,using a CASA 212 aircraft. The
surveyincluded 489 km of northsouth lines (25 degrees westmdrth) parallel to the long axis
of thebasin and 111 km of eastest cross lines and 2 lines (27km) at 10 degrees east of north
(Figure2). An additional 245 km of lines which trend nesdbuth were flown in the Narrows
areawhichoverlap with the surveys in thaorthern portion of the BensoSubwatershed.
Products of the original GEOTIHlsita setancludedConductivity Depth Transforms (CDT). The
CDTs showed the general distribution of subsurf@sastivity, but were not sufficiently
accurate to identify and delineate the spatial avettical distributions of coarseand fine
grained sedimentshysicallybased 1D models of the electromagnetic response of the
subsurfacehat utilize accurate representations of the impulse response of the instrument

were therefore pursued
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Control data

The extent and lithology of the basin fill aquiferthe study areas defined by
subsurface data of variable quality includaljtudes of lithologic picks frordrill logs and
geophysical logs that are concentrated in developed arBagifes 1 and 2 Consequentlythe
aquiferlithologyisinadequatelydefinedacross much of the basihe most useful subsurface
data aredrill logsthat include descriptions of materials by a trained geologrsil geophysical
logs including sonic velocity, electromageetndelectrical resistivity(long normal, short
normal, and latergl Geophysicalogsare available at only 2 wel(Bigures 2, 3and4) west of
the city of Bensor(Figurel). The pimary sources of subsurface data at&00 drill loggFigure

1) that describe general lithologic variatiordentified during the drilling of water wells

Borehole electrical logs

Directcurrent resistivity logs, using 8nd 64inch electrode separation, and drill logs
including descriptions by a geolog#st available for two boreholesompiled by Errol L.
Montgomery and Associates, I(006)within the regionof TEM surveyf-igure2). The
boreholes, wells E17-20 31AAB and27-20 33DCC, are abotwo km apart on the west side
of the basinand represent only a small range of subsurface conditions found throughout the
alluvial basinA greater range of potential subsurface resistivity values are available from
several electric and electromagnetic logs in the Sierra Vista Subwatershed (Pool and Coes,

1999).
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Drill logs

Logsthat describe subsurface materiatientified during the drilling of water wellare
available frommultiple drillers(Figurel). Thesedrill logsare of variable quality and detail. An
adequatequantity ofquality drill logs areavailableto generally delineat¢hick intervals of fine
or coarsegraned basin filin developed areadn addition, wells are drilled sufficiently deep
isolated areashat the base of the alluviaquifer can be definedAquifer extent and lithology
is well defined by drill logs the upperseveral hundred metersf the subsurfacén developed
areasalong the basin flanks arttle upper300 min some areaslong the basin axis near the

San Pedro River.

Ground-based TEM surveys

Ground TEM surveys were performedtatee sites in the study areérigure2) for the
purpose ofevaluating the ability of TEM methods to define subsurface lithology defined by
borehole logs and aid in the development of 1D models of airborne TEMradtaing
determining constraints on inversion3 he sites were chosen to repregean expected range
of subsurface electrical and lithologic conditiomaeground TEMsurveys usedthe Zonge
GDP32 systerand multiple adjacent transmitter loopslb0x 150 n) at two base frequencies
(8 Hz and 16 HzMeasurements oftte vertical component of the magnetic fieleere collected
at the center ofeachloop and outsideeachloop at distances of 150m and 225m froimop
centers. Measurements atsideeach loop were completed for improved depth resolution and
to evaluate the adguacy of @D model. Subsurface control was available from drill logs near

ground TEM sit8022 (Figures 2 and.5)
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Development of 1D resistivity models of airborne TEM data

Onedimensional resistivitynodelsof airborne TEMlata were developedsing
EMIGMA software(Petros Eikon, 2008)vhich utilizes accurate representations of the impulse
response of the electromagnetic survey instrumeritse modelsvere evaluakd for adequacy
in representing general lithologiand resistivity distributionat three locationswhere nearby
ground TEM surveyand drill log control were availahl&he ground TEM data were modeled
using aMarquardt style undejparameterized inversiofJia and Groom, 2005 and 2007)
through amulti-stageprocess taconfirm data quality, detect significatttiree-dimensionality in
the subsurface, and test the consistency of subsurface structure produced by inveskions
centerloop and outside loop measurementSuitable single models were fodiio fit both in-
loop and ousideloop data at each of the ground TEM sjtasich verified the suitability of the
1D models at each sit®lultiple outsideloop measurements at each site also allowed for a
check of data qualityAny inconsistent outsidébop measurements were removed from the
analyzed data set and the remaining measurements were averaged. A joint inversidomneas
on the centerloop measurement and the averaged outsid®p measuremento produce a
general 1D modelThe ability of the 1D odel to reproduce the airborne TEM data was then
evaluated and generalized constraints on inversion of the bagile airborne TEM data were

developed that produce an approximation of the 1D moddlground TEM data.

Theairborne TEMmModeling and evalu#&n process is described usidgta nearsite
3022(Figures2 and 5. Theground TEMsurvey vasperformedusingthree adjacenttransmitter
loopson a flat area of alluvial floodplain near the San Pedro Riveeastlofflight line 30080
Measurements othe vertical component of the magnetic fialekre collected at the center of
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eachloop and at several outside lodpcationsat distances of 150m and 225m from each loop
center. Processing of thgroundTEM data includedn evaluation of the data set@ndinversion
for a singlelDresistivity model that fitall of the inside and outside data sets for all of the
transmitter loops The 8Hz and the 16Hz data displayed very little difference exoepteater
noise inthe latetime 8Hz d#a. Inversion of thedata forloop 1 resulted ifmodel L1, which fits
both inside and outside loop datt 150 m north and south of the loop cent@éfigured). Model
L1 also generally fits the insid@nd outsideloop measurements for the othéwo loops, with
the exception othe soutlernmostoutsideloop station forloop 2, which hal a different decay
from all the other stations asgite 3022. Model L1 consists of 1 m of conducting overburden
(1.66 ohmm) underlain bya 6 ohmm layer to a depth 063 m (likely saturated siltrad clay)
anda23 ohmm layer to a depth of 29 m (likely a sandy layerpelow whichare 3 layerswith
resistivity valuesl(44 to 222 ohram) in the range expected for crystalline rocks or limestone
(Figure 5)ModelL1does not quite fit the eariime decay of the center loop data bower
resistivityvalue forthe top layer improves the fior the centerloop measurementhowever,
this is an unexpectedly low resistivity value for unsaturated alluvilims analysis suggests that
the center loop data magot have been collected using the correct system settings; in
particular, the pulse width may not have been not measured dire€thg inversion wasot
sensitive to the resistivity of the bottom three layers in Model Wwhich indicates that the
measurenent system and survey geometry were inadequate to define electrical layers
underlying the third layerThus, the groundEMdata are not adequate tdetectthe top of

resistive bedroclor resistivity of bedroclat site 3022 Improved resolution of the deep resistive
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layers may have been possibigh measurements at greater offsétom loop centergDavis

and Groom, 2000

Followingthe analysesat site 3022 a nearby 1 km portion of the 20 difne channel
airborne TEMdata near flight line 30080 was examined and IBsistivity models were
developed fromMarquardt styleinversions along the line. Low resistivity values were used in
each starting model on airborne TEMflight line, as the ground data indicated conductive
near-surface materialsAt the airborne station that is nearesbop 1 and about 200 nto the
west, model L1 fits theairborne TEMdata, though the simulated amplitude is slityhlower
than observedat early times Figure 6. The difference at early time magesult from
uncertainty in the pulse width ahe transmitted signal foboth the groundand airborne TEM
systems A longer pulse width would increase the response at early times. Similar to the ground
data,inversion ofthe airbornedatais also not sensve to the resistivity of the lower layers.

Comparisons of data at the other two ground TEM sites to the airborne TEM data
indicated that asixlayer over a halspace model was sufficient to represent thesistivity
layers at each site and was theredoadopted as the model structure for inversion of airborne
TEM data. Starting models for inversion of data al@igit lineswere defined by the best fit
model for nearby ground TEM sites. Potentiasistivity ranges and constraints in the models
were determined on the basis of the results from the suite of modaglground TEM datarhe
algorithm for inversion of airborne TEM data uses a complex procedure to incorporate system
responses and bandwidth and to search exhaustively for best fitting modgile wemoving
unnecessary high resistivity structures in the model, which reduces resistivity oscillations with

depth. A form of spatial constraints on the variation in the model along the survey line is also
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incorporated. At all data locations, inverse dels were determined which fit within the
estimated noise of the data. Resulting subsurface resistivity structure gradually varies along
airborne TEMflight lines suggesting this method of spatial structural determination was
reasonably accurateResultingmodels of the airborne data were unable to resolve the

resistivity of layers at greater than about 200 m depth

Interpolat ion of the 1D resistivity models

Continuousspatialestimates ofsubsurfaceesistivity were developedt a resolution of
250 m horizontally by 10 m verticallyrough two-dimensional (2Dhatural neighbor
interpolation of the 1D GEOTEM resistivity moal$50elevation intervalsKigure8). Data
inputs for each interpolationvere resistivity valuesrom each 1D modelvithin 20m thick
vertical intervalghat span the entirairborneTEM surveyrom altitudes1,390 m to-100 min
vertical datum NAVD 88 he resistivity value for each cell was calculated astiibmetic
mean of resistivity values within ead® 10 m vertical intervathat was determined using a
natural neighbor search routiné three-dimensional (3D)esistivity distributionwas

constructedfrom avertical £quence of theDgrids.

Results of interpolated 1D resistivity models
Interpolated resistivity distribution results are illustratedkigure8, which shows the
resistivity results at 200 m below land surfdoe a grid of 250 m spacing depth of 200 m was
chosen for display because sedted conditions are believed to occur throughout the survey

area at that depth. Shallower depths would include unsaturated conditions on the basin
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margins. At greater depths, the map would include areas of uncertain resistivity that underlie

thick sequeres of conductive materials.

Interpolated values between flight lines will be most reliable where resistivity values are
laterally continuous across broad areaise., where the subsurface is largdlip. Interpolated
values are less reliable in areas bag lateral transitions in resistivity where the subsurface
includes 2D or 3D features. Variations that are largely 2D are evident in areas where resistivity
values are generally continuous in one orientation but vary along the perpendicular orientation,
such as along the margins of conductive materials in the basin center. Likely 3D variations in
resistivity occur wherébullseye patterns occur along flight lines. Twin bulleyes occur along
several adjacent flight linesi.e. lines 30120 and 30130 betwekmes 38060 and 38050 and
lines 30060, 30070, and 30080 south of line 3804Mich suggests that the 2D interpolation
could benefit from an anisotropic search routine aligned with the major structural orientations.
Interpolated resistivity values at site$ subsurface control can be expected to poorly match

control points in areas of strong 2D or 3D variations.

Interpolated resistivity values from the 1D models vary within broad and continuous
areas of low and high values that generally align along tg@ral trend of mountain ranges
and basinsKigure8). Resistivity values are mainly restricted to basin fill, but some values are
available for bounding bedrock outcrops. Lower values range from less than Xnatear the
central northsouth axis of thdasin, and larger values greater than 500 ehmoccur near

bedrock outcrops at the basin margiriSqure8).
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Areas of low resistivity values from less than 10 to 30 @hrfrigure8) are common
along three major areas. A central area underlies much ofdivest land surface elevations
within the central part of the basin, and extends northward areas of shallow bedrock (high
resistivity) near line 38040 to another area of high resistivity south of the Narrows. This central
area appears to be continuous assothe rectangular gap airborne TEMsurvey lines over
Benson. A southwestern area with low resistivity values surveyed by line 38030 coincides with
an area having high salinity (156@/I TDS), which may contribute to lower electrical resistivity
in saurated sediments. A western area surveyed by line 38060 is at higher land surface

elevations and appears to be discontinuous from the central area.

Areas with larger resistivity values are near small mapped outcrops of Paleozoic
sedimentary and limestonecks that are surrounded by basin fill, south of line 38030ure
8). Resistivity values between values o B00 ohmm occur near and to the east of the small
outcrops. Additional areas between values ofB00 ohmm occur within a broad area
between the large data gap near the cities of Benson and Pomerene and the Dragoon
Mountains, and along the Whetstone Mountains. High salinity measured at two wells (1,250

and 651 mg/L) in the southwestern areas may contribute to low resistivity values.

Evaluation of 1D resistivity models
Onedimensional models and interpolated resistivity values were evaluated at three
different scales in order to assess the utility of the airbofiigMsurvey to characterize aquifer
lithology. The smallest, the point scale, is eatéd by comparison to borehole resistivity logs

at two wells. The catchment scale (153nisevaluatedby comparison of several 1D models of
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airborne TEM data in a region that includes sevdrdll logs and a ground TEM survey.
Interpolated resistivitwalues at he subbasin scale (2,000 Kpare evaluatedusing

geostatistical methods to compatithologic intervals described by drilleas 166 water wellsin

a highly developed portion of the basin and qualitatively using drill Bgsause thairborne

TEM survey is most useful for rapid characterization at the subbasin or greater scale (Robinson
et al., 2008), comparisons to the point and catchment scale were expected to contain only
broad similarities in resistivity values and sequences. Cospss at the subbasin scale,

however, were expected to produce interpolated resistivity values that were similar to those of
the borehole resistivity logs and from previous studies in the Sierra Vista Subwatershed (Pool

and Coes, 1999).

5 N f f Siptidihs were Suin@arized into four lithologic categories for comparison
with resistivityt coarse, medium, and finegrained alluvium, and bedrock. These categories
were selected because of differences in electrical properties observed in the two borehole
electrical logs and in logs from the Sierra Vista Subwatershed. The gpaised category is
the most resistive and includes mostly cobbles, gravel, and sand. The mgdaimad category
is moderately resistive and contains sand or gravel with somerslitky. The fingrained
category is least resistive and contains mostly silt, clay, and mud. The bedrock category broadly
includes resistive materials of granite, limestone, and conglomerate, but may include some

consolidated mudstones that are expectedbe electrically conductive.
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Point scale

Interpolated 3D distributions of resistivity were evaluated through comparison to short
0y Ay0 IyR f2y3 décn AYyO y2NXIf StSOGNARO 233
gualitative evaluationncluded comparison afesistivity from 1D models from the neardbtree
airborneflight linesandinterpolated resistivity witlthe electric and geologic logs at the two
boreholes Figures 3and4), and along geologisection B. fatincludes welD-17-20DCC and

several drill logsHigure9).

The 1D resistivity models frothree airborne flight lines and interpolated resistivity
values near borehol®-17-20 33DCFigure 3pll display similar trends and resistivity values,
suggesting a largelyDllayered subsurface occurs in the region. Three resistivity layers are
apparent from each of the airborne data sets; a thin shallow conducta3@@hmm) is
underlain by a resistive layer (more than 100 ehmpabove an altitude of approximatelyl”’5
m; below which each 1D model indicates low resistivity materialkc@050hmm. The low
resistivity zone corresponds well with the major lithology of medium to cegraeed
sediment below about 160 m. The water tabte at an altitude of about 1110 nt is not
evident as a variation in resistivity in the 1D models. The 1D resistivity model$liybtine
30040 and 30050 correspond well with the resistivity from borehole electric logs, except for the
unsaturated zone which is not expected to be well represdrty the borehole logs. The 1D
model from flight line 38050 includes the most conductive saturated material of any 1D model
(5-10 ohmm) and the least similarity with the borehole electric logs. Interpolated resistivity
values at the borehole are similar borehole resistivity values below the water table zare
similar tothe resistivity of the saturated materials at borehd@el7-20 33DCC
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The electric logs and 1D models from airborne data at borebdl@-20 17AABKigure
4) indicate greater spatialariability in subsurface resistivity values than at boreHo&7-20
33DCA(Figure 3) The 8 and 64 inch electric logs display similar resistivity trends throughout the
borehole. Resistive zones %0 ohmm) occur above an altitude of aboufl50 m and belw
about 1000 m. More conductive material o385 ohmm occur in the intervening zone. Similar
to boreholeD-17-20 33DC(the water table is not evident as a resistivity variation in the
electric logs. Higher resistivity valuefsthe 64-inch electric logre likely more representative of
the subsurface materials than values from th&8h electric log. The lithologic log at borehole
D-17-20 17AAB displays layers that mimic the electric intervals in the electric logs; a fine
grained and electrically condtive zone between altitudes of abouf1b5 and 1085 m is

bounded above and below by more coaig@ined and electrically resistive zones.

The 1D resistivity models frothree airborne flight lines near borehole-Dr-20 17AAB
indicate that the boreholés in a region of high spatial variability. The model of data from flight
line 30030 resulted in a much more resistive subsurface than the models of data from lines
300040 and 38050. Flight line 30030 is furthest from the borehole and the TEM data Bre like
influenced by nearby resistive bedrodkdure2). As a result, the 1D model from flight line
30030 is not likely representative of the subsurface at the borehole. The 1D model of data from
flight line 30040 suggests a slightly more resistive saturatew than the model of data from
line 38050; about 20 and 5 okm, respectively below an altitude of aboutl60 m. However,
both models indicate a conductive layer occurs below an altitude of ab@00Im. Models
from neither flight line detected the lwermost resistive zone that was present in the electric
and lithologic logs, indicating a depth of investigation of less tham30dterpolated resistivity
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values at borehole £27-20 17AAB do not represent the electric and lithologic logs well as the
transition from shallow resistive material to more conductive material at depth is much more
gradual than is indicated by the subsurface control data. Much of the deviation from observed
conditions results from the 1D model of data from flight line 30030. @ataon of the

interpolated resistivity values with observed data at this region of high spatial variability
suggests that a distance weighted interpolation algorithm may result in more accurate

interpolation.

Catchment scale

The 1D models/ere evaluakd at the catchment scale for adequacy in representing the
generaly expected resistivity distributions where neargsound TEM surveyand drill log
control were availableThe evaluation process is described usingsurface data frorseveral
well logsalonggeologic sectiond Q> g d&prdXikhatelyZ600 nmorth of site 3022 Figures
2 and5). Models of airborne TEM data are available from flight lines 30070, 30080, and,38040
which crosshe geologic section. Similanlssurface conditions are expected atso occur in the
region of the liné80080near site 3022Drill log dataalong the sectionndicatethree distinct
lithologic and resistivity layers underlying the water table2@ m depth). Low resistivity
materials ofsilt and clay<20 ohmm) near thesurfaceare underlain byintermediate resistivity
materials of predominantly or sand and gragehglomerate 20¢70 ohmm) at depths 8@140
m and bedrock (>100 ohgm) at greater thanl00 m depth.Lithologic variations along the
sectioninclude an overlyig thin layer (§20m) ofrecentsand and gravalluviumnear the San
Pedro Riverand greater depth to bedrock at the southeast margin of ¢gkeetion Variations in
groundwater salinity are not expected to cause variations in electrical properties sréaeof
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the section and salinity is generally low on the basis of several well samples (USGS National

Water Information Systenhttp://waterdata.usgs.gov/nwisaccessed December 2009).

Model L1 at site 302Bbughly matches the resistivity layers expected on the basis of the
nearby drill loggFigure 5) The shallow conductor (1 okm) is less resistive than expected for
this lithology (about 10 oham), but could result from the accumulation of salts in clayeis
above a water table that is within a few meters of the surface. Shallow sampling of the
unsaturated zone for water content arsdlinitycould verify or eliminate the possibility of the
low resistivity valued.ow salinitywould support the possibtly that large earlytime amplitude
in the ground TEM data result from a poedgfined transmitter pulse width. Model L1
required a more resistive layer (23 obhm) of undetermined thickness at a depth®8 m
beneath the shallow conductive layers, whiclgrally matches the drill log data. However, the
1D model alondnas insufficientnformation to map the thickness dfie intermediate resistive
layer of sand and gravel. The well logs indicate bedrock occurs at a depth of about 100 m or
more, but models othe ground EM data were not sensitive to the resistivity or thickness of this
layer. The lack of resistive bedrock detectipnthe ground TEM survey indicates that the depth

of investigation at site 3022 was less than 100 m and likely limited by thiewhadnductor.

Inversions of thairborne TEMlata in the vicinity ofjeologicsectionA¢! @nd site 3022
resulted in subsurface resistivity models that were similar to those expected from the well data.
The similarity of 1D models of data frdiight lines 30070, 30080, and 380#@licates that the
inversion process was well suited for the data (Figure 5). The upparé&@ dominated by low

resistivity layers of 10 ohfm or less , but each model also included a single more resistive layer
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(23¢100 ohmm) ofabout 30 mthickness. Variations in resistivity in the upper 50 m likely result
from variabilityof the lithology and resistivity afear-surface alluvial depositandof the

thickness of the unsaturated zone across the area. Resistive sangravehear the surface
ranges in thickness from 0 to 40 at the wells. Depths to water range fronmito 20 m. The
upper 50 m was generally underlain by a low resistivity |@gss than 1@hm) in the 1D
resistivitymodels that corresponds to thepper silt and clay (106150 mthick) interval

identified at each welklong the geologic sectiohe 1D models were not sensitive to the
resistivity and thickness of deeper layaiserefore, theintermediatesand and gravel interval
underlying theuppersilt and clayntervaland deeper bedrock were not resolvable by the
airbornesurvey in this area. Regions of thick silt and clay, such as near site 3022, likely resulted
in the shallowestdepth of investigation in the study area. In areas outside of tektsilt and

clay deeper layers could be resolved to depths of as much as 200 m.

Subbasin scale

Theinterpolated resistivityalues from the 1D models were evaluated at the subbasin
scale by comparisons with expected resistivity values of lithesatpscribed irdrill logs
Lithology was categorized as figeained, mediungrained, coarsgrained, or bedrockThe
comparison included66drill logs (Figure 8yest of the city of Bensothat penetrated fine
grained facies at the basin center and hydgitobedrock near the Whetstone Mountains.
Interpolatedresistiviies weresimilarto values measuredt boreholes BEL7-20 31AAB and-D
17-20 33DC@&nd within the Sierra Vista subwatershdedgurel0 and Table 1 Meanresistivity
values for each 1t altitude rangeof the interpolated resistivitiefor the fine-grainedcategory
averagel 8 ohmm. The standard deviation is low (maximum of 11 efmbetween 1090 m and
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1100 m), indicating that interpolated resistivity valugsre consistently low at fine textures
Meanvalueswere similar for the mediurrgrainedcategory(14 ohmm), but the standard
deviation of 30 ohrrm wasgreater between altitudes 970 to 990 m, which suggests that
inferred lithology may be more uncertain at these altitudes. For the cegraged category,

the meanvaluewas65 ohmm, andthe meanvalues vaied up to 500hm-m between per 10n
altitude range. Suctvidely-ranged values may bdue toinaccurate drill logsandthat the
resistivity models do not include sufficient heterogeneity to represent hightying sediment
textures. Thaneanvalue for bedrock is 21 ohim, and ranges from0¢100 ohmym amongthe
10 m altitude ranges. The variability may due to figi@inedmudstones, limestone, and granite

being commonly described as bedrock in drill logs.

Inferred lithology based on electrical resistivity and drill logs

Qualitative and quantitative correspondence of the inverse electrical resistivity models
to borehole eletrical logs and drill logs indicate useful relations between lithology and
modeled electrical resistivity distribution§o generally discuss the lithologic interpretation of
resistivity distributionsonly the mapped distribution at a depth of 2@® belowland surface
(Figure8) and alongyeologic sectiol¢BQFighire9) arepresented The distribution of
resistivity at 200 m depth generally reflects the distribution that would be expected for basin fill
sediments deposited in an alluvial basin under cbods of closed or restricted drainage. The
most conductive material (20 ohum or less) is a fingrained facies dominated by silt and clay
in the basin center. The fingrained facies is surrounded by a more resistive faciesl(ZD

ohm-m) that is dominatd by sand and gravel deposits. Bedrock may be represented by
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resistivity values of 100 ohhm or greater along the basin margins and near the San Pedro River
at airborne TEMine 38040.The only known area of poor water quality that would mask the
lithologic effect on resistivity occurs at the southwestern extent of flight lines 38030, 38010,

and 38020.

The depth distribution of resistivity values is illustrated algegeralizedyeologic
section B. (Figure 9) The sectiorrrosses the central part of theasin and includes most of
the major electrical and lithologic features in the alluvial baBigyre8). Areas of high
resistivity on thesectionmargins grade to low values in the basin centeboth the saturated
and unsaturated zone®esistivity glues less than 10 ohim dominate most of the central part
of the section Areas of intermediate resistivity, 80 ohmm, closely flank the region of low
resistivity and overlie the low values east of the san Pedro River. Resistivity values in the
saturatedzone compare well with interpolated valuasborehole D17-30 33DCC where both
the borehole and interpolated resistivity data sets indicate 2 ohm m material. Resistivity
values shown at depth on th&ction 300 m on the basin margins and 200dn thebasin
center, are uncertain because the top and resistivity of the lowest layers are not well

constrained by the 1D models, especially in the area of thick low resistivity materials.

Lithologic distributions are inferred using a combination of drill log$eveloped areas
and resistivity distributions in undeveloped are&ggre9). Crystalline bedrock and limestone
occur on the basin margins. A thick sequence of basin fill, more than 300 m, including a thick
interval of silt and clay, as much as 200isrynderlain by sand and gravel in the deepest part of

the basin. Data from drill logs define the top of the figined materials in the basin center.
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However, the finggrained materials extend beyond the area of well logs on the basis of a zone
of residivity of 10 ohmm or less. Low resistivity values generally define only the top of the fine
grained facies because resistive layers beneath thick intervals of silt and clay could not be
resolvedby the 1D models. The fingrained facies is bounded at thep and lateral margins by

an interval of 1@30 ohmm material that likely representsiediumgrained sediments and a
gradational facies from the fin¢o the surrounding coarsgrained facies of basin fill. A
significant wedge of mediurgrained basin filis defined by drill log data east of the San Pedro
River and appears to be well mapped by a wedge @BQ®hmm resistivity. At borehole D

17-30 33DCC, a zone of¢D ohmm that occurs at depths of about 170 to 210 m in the

electric log likely representthe margins of the fingrained facies that is evident as a thick

interval of 10 ohram or less immediately east of the well.

Uncertain lithologyderived from resistivity distributions occslibeneath thick intervals
of conductivematerials, in areas of gh salinity groundwater, and where multiple lithologies
have similar resistivity value€oarsegrained sediments that underlie conductive sediments at
the basin center areot resolved by the 1D resistivity modelhick intervals of conductive
sedimentsin the deepest parts of the alluvial basin prevent detection of underlying cearse
grained sediments, which are hydrologically important and is heavily exploited for groundwater
supply in the study area. The extent and thickness of the cegna@ed intenal remain
uncertain except were the interval is defined by many drill logs at the center of the basin. Low
resistivity values (<10 ohim) coincide with high salinity in the southwest portion of the study
area(Figure 8), although some drill logs indicatefgrained sediments in that area. At the

western portion between the Whetstone and Rincon Mountains (Figure 8), resistivity values
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less than 20 oham meters appear to be separate from the thick figeained sequence at the

basin center, and may be congtated prebasin mudstones.

The extents of fine medium, and coarseyrained facies identified by the airborne TEM
surveyare expected tdave strong influence on groundwater flow in the aquifer systéigyre
9). This allows for delineation of sewwwnfined groundwater conditions in areas underlying the
fine-grained sediments, and unconfined conditions wherefijnained sediments are less
extensive. The extents also provide spatial constraints on hydraulic parameters that govern
groundwater flow raés and the amount of stored groundwater. These interpretations are
valuablefor other components of thgroundwater resources study of the San Pedro Basin, and
may prove useful for constructirgroundwater flow model$or analyzing groundwater

resources.
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Conclusions

Onedimensional models of airborne TEM surveys can be used to map important
lithologic distributionsand infer aquifer hydraulic propertiashere drill log data are scarce or
of uncertain quality. Thability of thelDmodels to map aquifer lithlogy was evaluated at
three scales through comparison with borehole resistivity logs at the point scale, lithologic
descriptions from several drill logs at the catchment scale, and lithologic descriptions from
many drill logs at the subbasin scale. Thalgsis is completed for an airborne TEM survey of
the alluvial aquifer in the Benson Subwatershed of the Upper San Pedro Basin of southeastern
Arizona in order to improve hydrogeologic framework mogdeislerstanding of the

groundwater flow system, andonstruction ofgroundwater flow models.

Subsurface resistivity values for various alluvial and bedrock lithologies are defined by
electrical resistivity logs in the study area and electric and electromagnetic logs and surveys in
the adjacent Sierra Vista Bwatershed, which has alluvial units that were deposited in similar
environments. Onalimensional (1D) models gfoundbased TEMoundingsat three sites
were used tadetermine starting models and constraints for inversion ofmi@delsof the
airborne TEMlata. Inversiors of the groundTEMdata were performedwith a constrained
Marquardt style undejparameterizationJia and Groom, 2005 and 200nversiors of the
ground TEMdata were performedusing a multistage process to confirm data quality, detect
significantthree-dimensionality in the subsurface, and test the consistency of subsurface
structure produced by inversiord center-loop andmultiple outsideloop measurementsA
sixlayer overa haltspace modelas assumed for the inversions of the airborne TEM data on

the basis of thesubsurfaceesistivity layers in the models of the ground TEM data.

30



At the pointscale comparisons/ectrical and geologic properties from tviomrehole
resistvity logs were closely related to 1D resistivitypdels of nearby airborne TEM dafehe
two resistivitylogs and 1D models identified an upper sequence of higatiable resistivity
values identified as interbedded sand, gravel, and.@a&jow the uppesequence, the
resistivity logs and 1D models range betweel® ohmm within asilt and claysequence.
Underlying the silt and clay to the bottom of the boreholes, the resistivity logs and 1D models
increase to several hundred olhm and are highly variable within sand and gravel layers. These
sequences matched distinct resistivity and litholdgigers identified by geophysical logs in the
adjacent Sierra Vista Subwatershed, suggesting that these sequences are laterally continuous

within both the Benson and Sierra Vista Subwatersheds in the Upper San Pedro Basin

At the catchment scald,D modelsof the airborne TEM data included a sequence of
layers that were expected froiithologic descriptions from several drill log3rill logs indicated
a thick upper layer of silt and clay and an intermediate layer of sand and gravel that overlies
bedrock. Tle upper 50 m of the 1D models wetleminated by low resistivity layers of 10 ohm
m or less. Each model also included a single more resistive laygiO@8hmm) of about 30 m
thickness that may be attributed to more resistive sand and gravel not inclundedl logs and
unsaturated sediments. The intermediate sand and gravel and bedrock were not resolved by

the 1D models.

Comparisons of thanterpolated 3D distribution of resistivity lithologic descriptions at
drill logs at the subbasin scale indicdtihat resistivities of lithologies in the study area are

similar to the values measured at thereholes BD17-20 31AAB and{27-20 33DC@nd in the

31



Sierra Vista Subwatershed. The mean interpolated resistivity values were-8ndbnfine-
grained sedimentsl4 ohmm for mediumgrained sediments, 65 ohim for coarsegrained

sediments, and 21 ohsmn for bedrock.

Significant resistivity zones mapped from 1D models of airborne TEM surveys
correspond withhydrologicallysignificant lithologic zone&tratigraghic sequences indicated in
borehole logs and the 1D resistivityodelsare indicatedby the resistivity modelthroughout
the study areaWithin basin fill sediments, this includes figeained zones of silt and clay of
low permeability, mediurgrainedzones of sandgilt gravel and clay, and coargeained zones
of sand and gravel and conglomerate. Lithologic zones of crystalline and limésdrack
underlie the basin fill sediments. New spatial extent and thickness of the lithologic zones
obtained fram this studymay be included in numerical groundwater flow modelseduce the

uncertainty ofwater resources projections.
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Figure3 Comparison between resistivity logs, interpolated output from 1D resistivity models
along nearby GEOTEMyfit lines, and sediment texture from lithologic logs at well 230
33DCC.
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