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Interpretacion of holé-to-sur£a¢e resistivity measurements
at Yucca Mountain, Nevada Test Site
by

Jeffrey J. Daniels and James H. Scott

. Abstract

ﬁole—to-surface measurements - from drill holes UE25a-1, -4, =5, and -6
11lustrate proceaures for .gatﬂeting; reducing; and interp:éting‘ hole-to- .
surfaéeiresistivity &ata, The magnitude ané difeétion of théltota; surface
elec;ric' field. resultingvvfrom é buried current QOurce is calculated grqm '
orthogonal #otentiai -difference ﬁe#éupements for- é grid of 'closel§45pécéd1 
stations. A cohgﬁgr map of these data ptdvides a de:;iled map of thg.diS£t;f
bution of tﬁe elécttic,field'away'from ﬁhe drill‘hole. Resistivity anomalies
can be enhanded'by Calcula;ing‘thé difference bétweed apparent resistivities
calculated from the total surface electric. field, and aéparént resistivities
for a iayerea earth model.: |

Lateral»discontinuities'in the geoelecttic section are verified by re-
peating the surface field measureﬁents fof current sources in different drill
holes. A qualitative incerpretation of the anomalous bodies wighin a layered
‘earth can be.made Sy using“a three dimensional gesistiviﬁy model 1nla homoge—A
neous half-spgce. The .general nature of‘ resistive 'and cénductive bod;es
causing‘anomalies'aw;y from the source,&rill holes is determined with the aid

of data from several source holes, layered models; and three dimensional

models.



'Elﬂdle-tquu:face resistivitf measurements at Yucca Mountain 1ndicatg the
__preSenc;‘ of ‘ﬁany" neaf—sdrface» geologic inhomoggneities; with no definite
indication of deep structural features.‘ Aqresigt;ve,anomaly near drill hole
UE25a-6 1s interpreted as a thin, vertical, resistive body that neérly intg£°
sects the éutf#ce, and may bé caused by a silicified, or calcified,‘f;actufe
zone..‘A résistiva anomaly near .hole UE25a-7 is probably:caused by a near
sﬁrface; horizoﬁtal, lens-shaped body that may reﬁresént a devitrified zone irn
‘the Tiva Canyon Member. Many coﬁduétivé»anoﬁalies wére détectéd to the south~
."wesé of hole UEZSa—4.>'However,lthese anom#lies are iﬁterpreted to be caused

by variations in the thickness of the surface alluvium.

- - Introduction

'Hdle-to—surfadeAresistivity measurements are made bf placing an electric
current source in a‘drill‘hcle and'méasuring tﬁe resulting distribution of
“electric potential on the earth's surface. Mise a la masse is a specialized
version ;f the hole—to—surfacé resistivity measuremépc technique ﬁhat utilizes
a current electrode placed in a conductive Body.' | “

The»:field measurements 'présented' in this paper ‘are from drill holes:
UE25a-1, -4, -5, and -6, Yuééa MOuﬁtain, Nevada Test éite. These hoies, shown
in figure 1, are located in a southeast trending valley, and penetrate a.thiék
sequence of rhyolitic tuffs, that has been déscribed»by.Spenglér.ana others
(1979) and Spengler and Rosenbaum (L980). 'The'stfatigtapﬁic,dip of the volca-
- ndc tuff sequence 'is approximately equal td the topographic dip along a line
Joining drill holes UE25a-1 and -4, Gebphysical'well logs for.eaqh of these
drill holes have been presentédvby‘uagstt;m and others (1980) and Daniels andr

others (1981).



Figure l.--Location map of electric current source holes (UE25a-1, -4, -5, and
-6) used in this study. Topographic contours are in meters. The
heavy line around the drill -holes shows the region of gridded
measurements discussed in the text and shown in subsequent. figures.



Hole-~to-surface resistivity field measurements

Tho ptihar& rgquisite for a resistivity array 1s that it minimizes theo-
retical complekities‘énd fiold~logistics.broblems. The configuration that
best satisfies these conditions for a hole-to-surface array consists of _a.'l
buried pole‘soufcé and a dipole receiver. .A’curtent source consisting of ;
siogle source poie (current 'soorce“) in che:dtill holo with the ooher pole

'(cutrent.'sink')'iocated,a large distance from the drill hole~cootaining the -
source, provides the- simpiest”currenc odiscribution of the. many possible .
source-sink orrangemencs. The Surfoce distribuoion of.equipotentiai lines
'surroundihg a pole source buried in a homogoneous, of one~dimensional loyered,
half-space is in the form of concentric‘citcles around the,buriedASOuroe pole;.

A dipole potential receiver,iconsisting of closely spoced polos,'onébleo
the intérpreter to ca;culaté the approximate eloctrio fields. The non;radial
components. of the électric field ore_zero in a homogeneous or o laterail}
isotropic earth. Howévgr, when latoral inhomogeneitiesiare‘present in the
géoelectric section, the direction of the eleotfio current emadating from a
buried current source is not radial, and it io.necessary'to measure two or-
thogonalicomponents of tho.potential in ordor to calculate the to;ol electric

, fieldlmeasored onitoe surface. The direction of toe total electric field can
»Ibe computeo-from orthogonal potent;al dipole measurements if the sighal.polar-
1£y is knowﬁ, which can be accomplished By maiotaining o(oonsis;ent orienta-
tion of the polarity oﬁ‘the receiver and using an asymmetric square wave
sop;ce signal. |

The source-receiver coofigutation used in this study 1s shown in figure

- 2e The orthogonal potential field measurcments were made  at stétions on a

.
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grid over a area~enclosing.drill holes UE25a-4, -5, and =6, making it possible
to repeat potential measurements for sources in each of the four drill holes
shown in figure 1. SOurce pole depths for holes UEZSa—l '-4, ~5, and -6 were

762 m, 149 m, 149 m, and 152 m, respectively.

.Reductioo and analyeis of.fieid data

Contour maps of the mageituee and ditectionhlines of the total electric
field are shown 1@ figure 3 fot corrent sources 1in each of the four'drill
holes. The.maghitude.of the surface electric field was calculated using E, ;
‘:(Exz + Ey2)1/2, where E, and Ey‘are the otthogooal electric field components
calculated by dividiné che:measured dipole potential by the receiver dipole
length.-'The direction of the totel electrie field was calculated by.eomputing
the inverse.tangent of the orthogonal electric field’components.

Electric field measurements for source holes UE25a-4 and =5 '(figptes
’3(a), and 3(b)) illoStrate'a_geﬁerally radial distribution of the direction-of
‘the electric field away from the.orill hole'containing the current source, and
" a mnearly circumferential contour pettern of the voaghitude near the source
holes. |

‘Coocentric contour patterns, for the magnitude -are not as evident for
source holes'UEZSe-l and ¥6A(figures 3(c), and 3(d)). However, the direction
lines for holes UE25a-1 and -6 do radiate away from the'source'holes. The
lack of a concentric contour pettern_peat drill hole UE25a~6 (figure 3(c)) 1is
propably caused by the presence of anodaly “A" in the vicinity of the

source. The absence of a concentric contour pattern arOund the source hole’

for the electric field with the deep source in dtill hole UE25a~-1 may 1ndicate
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Figure 3.--Contour maps of the magnitude of t:heynptmalizea total electrie
" field divided by the source current for: (a) the current source in
drill hole UEF25a~4, (b) the current source [n drill hole UE25a-5,
(c) the current source in drill hole UE25a-6, and. (d) the curreat
source in dri{ll hole UE25a-1. The direction of the total electric
ficld is shown by lines originating at the measurcments statfon
locations (indicated by dots “."). Units for (a), (b), and (c) are
V/(A-M) mulpiplicd by 10° while units for (d) are V/(A-M) multi-
plied by 10/, - - _ ' S
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the ‘presence of lateral inhomogeneities either at depth, or- away- from: the’
neasure@ent grid. Two ptomihentranoﬁaligs are located in the lowe? portibns
of the contour ﬁaps iﬁ figﬁre'B. An anomalous inctease~iﬁ the magnitude is
present in the'viciﬁity of_the region marked “A" fbr source holes.UEZSa-a, -5,
and -6,vand in the vieinity of‘tﬁe region marked .-"B” for source holes UE25a-1, .-
;4,land =3 The inferpfetation of these anomalies is discussed at length
later in this papet; |

The épparent' tesistiyity {s calculated from the total electric fielé

using the formula:

o - (2 X2 % _EX& -1/2
a t I ‘

‘where I is the‘iﬁput‘Currenc; T, ié the total distance between the “"A" current
sink and the receiver, ry is the total -distance bet&éen the “B" current source
ﬁnd the receiver, X, and Xy afe'the surfacé pfojections of r, and ry, respec-
tively,'andkczAis'the inciuded ahglevof X, and X+ Apparent resistivity con-
tour maps fo: each of the four source holes are shown in figufe 4. The appar-
ent resistivity maps show a circumferential contouf.paﬁtern for source holes
UE25a-4, -5, and -6 (figures.b(a),~4(b),'and_h(c)), reflecting the layered
‘ nature of the volcanic tuff sequence. TheAanomaly §een in region A for the .
electric field contoqr.mAps is enhanced by the apparent resistivity calc#la-
~ tion fqt éoutcelholes UE25a-4, -5,‘and.-6, but is not markedly affected by'the
calcu}ation for source ﬁole UE25a~1. .The resistivity anomaly 1n.region B is
not noticeably affected by the'app;tent'tesiﬁtivity‘caléulation for any of the

source holes. However, resistivity lows in the vicinity of  D and E are
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Figure 4.-—Contour maps of apparent resistivity (in ohm~m) for: (a) current

' source in drill hole 4, (b) current source in drill hole UE25a-5,
(c) current source in drill hole UE25a-6, and (d) current source in
‘dri1ll hole UE25a-l. The dots indicate the field. measurement loca- -
tions. ' ‘



. enhanced in the cirCuhferentiaI~ direction to the current source. for. holes
'_ UE25a-4 and =5 (figures 4(a) and 4(b)). These low amplitude resistivity
' -anomaiies are more‘noticeably affected by the apparentAresistivity calculation

‘than the higher intensity anomalies (e.g., areas A and B).

Layered-cafth reduction of field data

Geophysical well logs and core from each of the drill holes in the study
area indicates the presence of a layered stratigraphic and geoelectric section’
that nearly parallels the tOpographic dip in the mapped area (Hagstrum and
~others, 1980; Daniels and othets, 1981; Spengler and others; and Spengler and
Rosenbaum, 1980). It Qas noted earlier that the electric field and apparent
‘resistivity maps.(figures 3 and 4) also show a generaliy coseentric contour
pattern erousd'the cerrent source.that 1s indicative of a layered earth.

-Profiles' from the resistivityl contour"haps} in figure 4 are shown in
figure 5 along with a leyered earth model and the correSponding'model response
- for source.depths of 137 m (model X, for source holes UEZSa—A; -5, and -6) and
762 m (model Y, for source hole UE25a-1). ~'fhe depth of the interface-between
layers 4 and 5 1is approximately equalitoltﬁe depth of'the water table. A
decrease in resistivity near the water‘tabie, as‘indicated by the well logs in
hole UEZSa—l (Hagstrum and others, 1980), is necessary to obtaip the low
apparent resistivity values for the source in hole UE25a-1.

A residual apparent resistivity map {is. obtained by subtracting the lay-
ered earth model response from the field'data. Residual maps for the four
drill holes discussed in this paper are shown in figure_6;A‘Regions on the

residual maps that have values near-zero are zones where the layered earth

10
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Figure 5.F~Apparent resistivity profiles, layered earth model,
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| model fits ;he field-data. fae most ptoﬁinent nearfzero tegion on'the maps in
figure'b is contained in area Fo Regibps containihg anoaalousxresistivi;y
aeomalieé.include‘areas A and B, D and E.\‘Anomalies on’the.?esidual maps
cannot be interptetedldirectly with two and three dimensional medels'beeause
the ':esﬁonses of an inhomogeneity and a .layered -earth are not additive.
Hewevet,'fhe fesidual map serves a useful»putpose.of'quaiitatively accentuat~
ling the spatial exﬁent'of anomalies. The use of multiple source ﬁoles and,the‘
use of electric field and reaietfvity maps (figures 3'apd 4) makes it possible
to confirm thethorizoatal locations of anomalies on ﬁhe residual mapa and to

.

infer the likeiy locations andjshapes‘Of the bodies causing the anomalies.

Comparison.of field data wich.three dimensional models

ﬂathematical models are not cohmonly-available for the résistiVity reQ
"sponse of three dimensional bodies in a layered earth. Qaant;tative interpre-
tation of tesidual anomalies invterma.of two or three dimensional Sodies

computed as in figure 6, is not valid since the response of a three dimension~
al body in a layered earth is not simply the additive effect of the layered
earth :esponse and the three dimensional body response. However, a qualita-
tive evaluation of individual anomalies canAbe obtaiaed by comparing the field
data with taree dimeneional models in a homogeneOus half-space. The three
ldiﬁensional medels presented ;n this study were generated using a surface
- integral technique developed by Barnmett (1972) that has'been modified for
buried_electrodes (Daniele, 1977) and fotlcaiculating'the apparent resistivity
from ﬁhe total electrie fleld. 1If a fixed resistivity contrast 1is assumed,

then the approximate shape and depth of the anomalous bodies can be estimated

13



from three dimensional models., -:'A fixed resistivity .contrast isl useo for
| nodels oresented in this section, even though there is .a largevresistivity
contrast between individual layers. | |
The high resistivity anomaly in the vicinity of zone A (figures 4 and 6)

bas the following characteristics: (1) the resistivity high is elongated with
a'steep gradient for source holesiuﬁésa-4 and -5, (2) the anomaly is broader
and less elongated for source hole UE25a-6, (3) the amplitude of the anonaly
is very low for source hole UE25a-1, and-(4)'the.position of the anomaly is
aoproximately-the same for each of ‘the f0ur-source holes. 'Fignre 7 shows
' normalized apparent resistivity responses across a three dimensional vertical
tabular body for source pole positions that are equivalent 'to the source hole
' positions- with respect 'to the high resistivity -anomaly in area A. These
profiles illustrate that a.near-snrface, vertical tabular body has an apparent
resistivity profile"that is similar to normalized' profiles for the field
data. ‘ The model response profile for a distance and depth equivalent to
source hole UEZSa—ll(figure 7(a)) shows a very lowiamolitude anomaly similar
to that‘seen in the fielo data. The response when the body is‘close to the
sonrce (figure 7(c))4is'similar to that seen for the fielo”data when the
.source is in drill hole UE25a-6. The model response when the sourcevis the

same_relatiye position as.for drill holes UE25a-4 and -5 (figure 7(b)) shows a
‘narrow, high amplitude anomaly. There 1s practically no difference'in the.
model responses for source hole positions‘ UE25a-4 and -5 even_ though the
amolitude of the apparent resistivity for the field data near anonaly "A" is
:differentr ‘The difference in amplitude ior the field data is'Causeo by dif-
ferences in the geoelectric properties near the different source holes rather
than specific characteristics ot the body causing‘anomaly A

14
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1~The high resistivity anomely in‘area B has_tne following cnaracteris-
| tics:-.tl)'the‘anomaly has a high.amplitndeland is.in the'shape of an ellipse
for source holes UEZSafl -4, and -5. (2) the size and amplitude of the anoma;
ly 1is small for . source hole UEZSa—6 (3)‘since the anomaly 1is centered near
' the'edge,of the-maps, the actual length of the anomaly is unknown. ~Model
tesponses for a‘horizontal lens using source positions equivalent to the,field
measurement array ere shown in figufe’S elong nith the normalized apparent
resistiVity field nrofiles; Tne’amplitude‘fot a neat-snrface:lens is high for
. source positions equivalent to holes'UEZSa-l, -4, aund -5'(figure'8(a), 8(b)
end'8(c),,tesoeetive1y>; The lack of a pronounced anomaly in region B for
source nole UE25a-6 may betcaused‘by the proxiﬁitf of source hole to anomaly
A;‘nhich interfets.with the normal'flow of'electrie current away.fton drill

hole UE25a-6. | | |

Anomalies shown on the resistivity and resxdual maps for areas C D, and

E have a lower amplitude than the high resistivity anomalies in "areas A and

B. A large low resistivity anomaly (negative residual anomaly)‘is present
near area D fot source holes UEZSe-A and -6, whilellow resistivity anomalies
trending nearly perpendicular to this anonaly are present for source hole
UE25a-1. Tne shapes of these low amplitude anomalies are variable forleach of
the source holes._ The low amplitude and inconsistent.shepes of these anoma-
lies for verious sounces suggests a.lowvresistivity contrast with the sur-
rounding media. The inconsistent shapes aand positions of these anomalies for
the different source holes makes it impossible to compare the field data
directly witn the model responses. However, model tesponses‘for;shallow three

‘dimensional bodies can provide a -genmeral basis for interpreting these

16
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-anomaliesr Figurei9 illustrates the response'of a broad'horizontal, lens-
vshaoed'conductive body witn_a low resistivity.contrast with the surrounding
‘media. The_modeloresponses for a source position equivalent.to sourcerhole
UE25a~4 (figure 9) suggests tnat there is only a small change in.ampli:nde as
‘a funotion'of depth.and resistivity contrast.- Tne_model‘profiles in figure S
do not’explain the erratic'positions_of;the low resistivityianomalies for.tne
diiferent‘souroe.holes, suggesting that these anomalies are not due to simple

three dimensional bodies.: e

- | Summary of data interpretation

The hole-to-surface.resistivity data‘illustrates that the surveyed region
 can be characterized as representing the,following_three distinct geoelectric
zones: (l) the volume near source hole UEZSa—S (regionAF) is orimarily later-
ally homogeneOus and layered (2) regions A and' B contain high amplitude .
.resistivity anomalles that may reflect resistive bodies in the layered sec-
tion, and (3) regions c, D, and E contain a complex pattern of low amplitude
anonalies. |
The fixed position ano similar shapes for the different'source holes
suggests a near surface geologic source for the anomalies in regions A and
B. The high'resistivity linear_anomalv in region A may be representative of a
galcified or silicified fracture aone;'while«elliptically—shaped high ampli-.
‘ tude anomaly in region B may be eaused by,a near-surface devitrified, lithof
physal zone which are known to be present in the area.

Regions D and E enclose high and low resistivity anomalies of varying

shapes' and trends. These regions ate_ located in close proximity t0‘lthe‘

18
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intersection of a ;econdarf.eastetly—ttending valiey (near the 1311 contouf
desigﬁaéion in figuré 1), and the valley in 'which the measureﬁents were
- made. This area of iﬁtétsectiod_of‘che val;eys could cause -localized thicken—
ing of alluvial materiél, résulting-in‘iqw amplitude fésistivit& anomalies.
" Three dihensional models also suggest a shallow source for the low resistivity
;anomalies. HoweVer, the erratic positions of the low resistivity ;noﬁalies

for the diffefenc §Ource holes suggests that these anomalies are not due Fo‘
simple three dimepsiénal'bodie;;fbut_may.be caused by a complex cﬁmbination of

interfering effects related to variations in alluvium thickness.

Conclusions

Field data and modéls presented in this study 11lustrate the use of hole-
to-surface' resistivity measurements for defining vgeoelectric inhomogene-
ities. 'fhe utility.of holé-cQ-sufface direct cﬁrrent field data can be en-
hanced by_makingvtdtal electtic-field measurements ovet‘a.qlosely spaced grid
on the surface. Verificétion of the presence of anomalies is improved by
arepeating ﬁeasureménts from several-differgnc‘souréefhdies in:an afea. Re-
peating measurements from several source holes also helps wﬁen interpreting
data for a single current source that may.be locafed in an aﬁcﬁélous geoelec-
tric ioné,

Hoaeling can aid the_qualitativg interpretation of hole-to—-surface resis-
tivityAdata. ‘Residual anomaly.ﬁaps, calculatediby subtract;ng a layered earth
model response from the field data, can help to isolate anomalous areas within

layered areas. The qualitative aspects of anomalous bodies can be determined

by three.dimensional modeling.
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Jﬂole—to—s&rface resisﬁivitY“measurgments at Yucca Mountain indicate. the
pfesenc; of near-éutfacg resistive anomalies near drill ﬁoles UE25a-6, .and
‘UEZSQ—I; The tesistive_andmalf héa? drill hole UE25a-6 indicates the préseﬁce
ofva.thin, vercical; resiﬁtive body that»néatly intersects.the suff;ce, while
the anomaly neér'UEZSa-7 is ptpbably'céused by a hqfizontal lens~shaped body
that 1is also neatAthe‘Eutface. Hany conductivé anomalies were detected to the
west  of UEZSa—A:»'Howevef, it 'is likely that tﬁgse anomalies a;elcausediby‘

} , , .
variations in the tlilckness of the surface alluviums.

N
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