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1nterpretation nf Ti~e-nomain ~1ectro~aanetic bounoinns 
in the .-\andshury, f:al1 fornia, 

Known Geotherrr.al Peso11rce AreA 

oy James Kauahikaua 

~ c o n t r o 1 I e a - s o u r c e , t i rr e - a o m a i n e 1 e c t r o rn a q n e t i c ( T 0 E ,'•i ) 
s o u n rl i n g s tl r v e y w o s c o n d u c t e 'i i n t h e ~ a n rl s b u r ',1 , C a 1 i t o r n i a , I<: n o .-1 n 
(';eotherrnal Resource Area (1\GkA) t;etween l'iovember ~\;, 1'117, and 
Oecernoer 13, 1977. Tne data were interoreterl u3in~ layered-earth 
Davirlon-Fietcher-Powell and Marquardt inversion cornnuter 
orograms. The results, whicn are listed~in the aooenrlix, show 
tnat t~e area contains a good conouctor at ~epths rangina from a 
few ~unored to n thousr~nd Meters t.elow ground surface. 

t .. 1fiWOlJCT In•~ 
E 1 e v en I I)!:.!'/ s o u n d i n q s '4 e r e a o n e i n t h e i< a n d s b u r g K r; R ;\ 11 s i n q 

a qrounded-wire current source and a cryoqenic magnetoMeter. Tne 
source wire ~.o1as 152b rn lono, oriented alonq a direction ~!5'3C., and 
continuously pulsed with a ~-amp current at 5-secona intervals (5 
seconds nositive anu S seconds neaative using the F~T ~000 
s"'itcher). The same source ..;as userl for all 11 sounrjinos. At 
eacn nllmhered location snown in tigure 1, a three-cornoonent 
cryoQenic 300!0 maanetorneter (north axis is parallel to source 
~~ire) was useo to mensure the I'T'agnetic fielos .:;wner;:\tf!d by the 
wire source. The maanetometer was ~artially buried anrl covered. 
with a plastic container to minii'T'iZe noise aue to ~ina ana othe·~ 
vibr.=ttion. t.ach component (r,x,hy,hz) was di~Jitized ano recorried 
separately on a Gould data loq("]er system at 21JO samples/second 
for about 4 minutes •• ~atural magnetic noise was very low ourina 
the survey period, allowing most of t1'1e recoroing to be uone 
without electronic filtering. 

0 A T A k E t:J U C T 1 0 I J AN U 1 f\! T E k P k E f A T I UN 
Along with the maanetic field recordi~g, an aoparent 

conductivity was estimatea at some locations on the hasis of the 
amount ot time required for tne vertical magnetlc field to rise 
to nalf of its UC (late-timel value, tnalf. T~e formula is 
derived from a normalize~ haltspace response model ana lS 

aooarent conauctivity = d.5*thal f/r**2 

where apparent conductivity is in mhos/m, 
tnal f is in seconds, and 
r, the source-receiver spacinq, is in Kilometers. 

The follo~ing is a partial list of the soundings and their 
associated anparent conductivities as computea in the fiel~: 

sounding 
1 
2 
3 

aoparent 
.094 
.067 
.os 

conductivity 
mhos/m· 
mhos/m 
mhos/m 



.lS rr,hos/m 
• 0 b h ,r. 1-t o s I rr 

..; r~ t a r e d u c t i o n f i r s t r e r: u i r "' s t n ;:~ t t n e b 0 u I u c! a t a - I 0 'J r: e r 
taoe cartrirly~s he trr~nscrihe0 to 9-track taoe (~itterMan An~ 

:-tearns, lqlA) tnr use on r~ ni:::;h-soeerl cli.=Jitai co,..,outer. TrH' 
1 i at ~ f r o ·r. e d c n coM p (' n en t are t r en s t a c K e 1 d no c I") n v e r t e 'J t o i"l 

rou,:,hl·v. loodritnmicallv-so-lc~n ti:ne seri~s. i1 ci-,:~iniJt<=> r"'corn 
usually contains ~n to 50 steo res~ons~s lon~ overv S seconasJ, 
('r nearlv '::lll,Oun o<'lta points. [he sto?CkJny first inv0111es 
pic~ina the start of a resnonse ov searcnin~ for 
c:laracteristicAil'f lar·qe first oifferences. Tne tollo~.-rin:J fev-.' 
rl ~ t a no i n t s a r ~ t n e n e x a rn i n e d t o rn i"l 1<. e s u r e t h d t t 11 F> 1 i-j r c 1 e f i r s t 
rl i f t e r en c e i s no t t t1 e he q i n n i n q o t a s n i k ~ • I h e ;:; n s i t i on o t t n e 
1 d r ~l ~ t i r s t rl i f t e r e 11 c e i n t n e w n o l e d a t iJ s e t i s a l s o c1 P. t e r m i , ·~ ,..; 
to see t hat i t i s 5 sec on as n t t e r t n E' 1 as t o 1 c k e c res~-' on s e • r~ 
string of tunu ooints beoinninn 10 ~efore the l~r~e first 
ct i f f ~ r en c e i s t h en e x t r a c t ~ o f r o 1r1 t t1 e u .:~ t r:~ s ~ t a n rl s t o r e d 
inrlivirluRily. After the entire data set has oeen seRrChP.a, tnes~ 
responses are averagea point t.)y ooint, or stAcked, to determine 
an avero?qe res0or~se value and a stAndarrJ ueviation tnr e~ch ti.ne 
i n t e r v A I • J f any Gat a t a I 1 rn ore t "'a r~ t '"~ o s t R n dar'' o e v i at i n n s 
from the averaae, those rlata are rejected and tne averaoe An~ 

stanriara deviation, or error, Are recalculatea. Finally, the 
stacked response is smoothea with a time-varviny filter which 
emohasize~ low frequencies at late times and higher frequencies 
at ear 1 y t i .me s • The r e c.l u c e <.1 res nons e cons i s t s o f ·:l 9 a~ t n p 0 i n t s 
spaced at loqarltnmicallv-equal interv<1ls of ti;ne. 

Interoretation of the reduced, vertical maqnetic field rnE~ 
data is rione ov minimizinq the weiqhteo, s~uar~a dift~rences 

bet·to~eer aata anu layered-earth mo<Jels. tach uata point is 
weighted with the stanrlard error derived from Sti1Ck1ng. A 
comp11ter inversion oroqram for interpretation has been ~evelooe~ 
from a simi Jar treauency-aomain inversion program (Anderson, 
1977) and a fl)t:,..., multilayer modellino pro.;~ram (,'\P!uaniio;.aua ~n~ 
Anderson, 1977). For an m-layered rnoael, this corn..,uter pro9ram 
rletermines 2m Odrameters: m conductivities, (m-1) thicknessPs, 
an ri a ~ c a l e f a c t o r ( den o t e d f c t r ) • I f an y o t t h e r.;· a r a ill P. t e r s 
becomes unre;~sonaoly Iaroe or sm-1ll (siq,all ina strong cependencP. 
on another parameter or insensitivitY to a oar~meter), tne 
program is rP.run with that parameter hela constant. For each 
sounding, tne best-fitting layerea-moael paramP.ters anrl narameter 
errors, a oarameter correlation ~atrix, anrl a data ana moael plot 
are includea in the apoendix. · 

RESULTS 
All soundings fit a three-layer morlel of low-hiqh-low 

conductivity structure quite closely. The error of the fit 1-Jas 
a l w.a y s m u c h 1 e s s t h an t n e rr. e as u r em e, t e r r o r ( de t e r rn i n e d b y 
stacking). lhus, more cornpl icated rnoaell ing (tour or more 
layers) was not warrantee. Fioure 2 is a cross-section 
displaying the TDC:M 'results alonasiae t:LF frequency sounaina 
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results at the same sites (Anderson, 1978). lhe conrlucto~ is 
shadea in. Agreement is reasonable for soundings 5 and 9 and 
becomes marginal for soundings 1 and d. 1~ote that the aoparent 
conductivitY determined in the field from the half-time formula 
agrees very wel 1 with the conductivity of the surface layer 
determined bY computer inversion. Figure 3 shows a Schlumberqer 
sounding interpretation (Anderson, 1978) alonq with TDEM and ELF 
sounding interoretations at the same location. Note the good 
agreement oetween all three proposed models for the qeneral 
character of the suosurface structure. The interoreted layer 
conauctivities from both TDEM and ELF data are generally greater 
than those from the Schlumberger data. 

Close examination of the parameter correlation matrices and 
the stanaard errors shows that the TDEM data are verv sensitive 
to the conductivity-thickness product for the seconu layer. The 
maanitude of these oroducts is between 35 and 600 mhos with 
individual standard errors (of the product) of about ~ to~ 6 
percent. This is ot course why the second layer conductivities 
are unrealistically high and the second layer thicknesses 
unreasonably thin and why their standard errors are so large. 
The product alone is determined, not the individual parameters. 
Many times, the second layer conductance is positively correlated 
with the first layer thickness, although this trend is not shown 
by the soundinas as a group. 

Uf the eleven sounainos, the data from soundings 3, 7, and 
12 were somewhat difficult to interPret. rhe data from sounding 
3 dirl not stack well due to a bit reaaina error which caused ~ 
profusion of jumos of magnitude 256. Interpretation was not even 
attempted. The data for sounding 7 were recorded 10 meters away 
from the source wire (see fiqure 1). Consideraole numerical 
oroblems were encountered when TDEM model calculations were 
attempted for this distance from a 1528-m-long source wire, and 
infinite wire models were not implemented in the inversion 
program. Therefore, the source wire was approximated as a aipole 
and a two-layer model was interpreted (listed in the appendix). 
The data for sounding 12 were recorded straight off the end of 
the source wire where the vertical magnetic field was expected to 
be zero. However, the measured field was surprisingly larqe 
too large to be due to a slight misorientation of the 
magnetometer. Aqain, model l fng was impossible so the source was 
taken to be a dipole oriented perpendicular to the source wire 
and at its center. Exactly how these last two ·interpretations 
relate to reality or the other so~ndings is unknown. 

Finally, the vertical magnetic field data were used to 
estimate the magnitude of the primary magnetic field as is done 
in the magnetometric method of geop~ysical surveying (~dwards, 
1974). The theoretical primary vertical field is given, for 
example, by Kauahikaua and Anderson (1977). fhe following is a 
list of observed and theoretical primary fielos for each sounding 
plus the magnetometric anomaly~ (obs-theoretical)/theoretical, 



expressed in percent: 

sounainq 
1 
2 
3 
Ll 
5 
6 
7 
8 
9 

1 1 
12 

ohserved, amp/m 
~.35e-Q 
2 .. o6e-4 
7.;28e-5 
2 .. 86e-4 
2.90e-4 
7.71e-S 
9;36e-.3 
1.52e-3 
1.81e-4 
8.46e-4 
5.87e-LI 

theoretical, amp/m 
4.134e-4 
2.86e-4 
2.12e-4 
1.30e-3 
3.12e-4 
1.81e-4 
1.91e-2 
l.67e-3 
2.12e-4 
t.31e-4 

0 

paqe 5 

anomaly 
+ 11 

7 
o6 

- 78 
7 

57 
- 51 

q 

- 15 
+546 

infinite 

lhe values are The anomaly values are contourea in fiqure 1. 
qenerally large, suggesting the existence 
inhomogeneities, but the contour pattern is nnt 
enouqh to warrant more quantitative interpretation. 

of lateral 
de f i nea we I 1 

A similar analysis will be possible for the horizontal 
magnetic field data upon completion of the requirea comouter 
programs (now in proqress). future TUEM sounding survevs could 
oossibly utilize ver~ical maanetic field data as well as 
horizontal magnetic and electric field data. One possible 
drawback to the use of norizontal fields in soundlng work is that 
they appear to be more-contaminated with noise than the vertical 
fields, requiring more sopnisticated stacking and smoothing 
routines than have been used here. 
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Figure 1. Map of the southwestern section 
California KGRA showing locations of the source 
magnetometer sites. Magnetometric anomaly 
anomalous field values) are contoured at an ..... 
percent. 
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Figure 2. Cross-section oerpendicular to the wire source in 
Figure 1 showing both TDEM and ELF sounding interpretation. 
Horizontal distances are not to scale. 
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Figure 3. VES-8 Schlumberger sounding and interpretation 
(modified from Anderson, 1978). Shown also are the 
interpretations at TDEM and ELF sounding 8 for comparison. 
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