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MAGNETOTELLURIC REGIONAL STRIKE

T; D. Gamb1e*f'w. M. Goubau*, R. Miracky** and J. Clarke**

ABSTRACT

A new method of chqosing the coordinates for the magnetote11Uric
impedance tensor, %, ahd tipper, T, involves the minimization of weighted
sums of the quaréd magnitudes of elements of i or.? over all fréquencies
and all Statiohs of 1ntere$t.'vwhen applied to data from the area at the
geothérma] field at Cerro Prieto, Mexico, the method yie1ded oriéntations
that agreed to within +3. 4% for three 11nes of stations, and for a w1de

range of we1ght1ng functions.
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INTRODUCTION |
A magnetoté]luric survey measures the re]ationshipvbetween the

naturally occuring electromagnetic fields at the surface of the earth.
These relationships are-usuaily described in terms of the impedance tensor,
' %, that’re]ateﬁ the horizontal components of the electric fie]d E to the ”
vhorizonta] components of the magnetic field H by f(m)=£(w) R(w), and the
tipper T thaf relates the vertical magnetic field HZ to H by Hz(w)57(w)'ﬁ(w).

- A.coordinate system must be chosen for the description of i andvT.
If fhe‘earth were one dimensional, i.e. horizonta]]y layered, the e]emeﬁts7
- of giand T would be rotationally invariant so the choice of the coordinate
orientation would be irre]evdnt.- For many geological situations the earth
is approximately two dimensibnaT, thaf is, thefe is a horiionfa] direction,
in which tﬁé earth is approximately translationally invdriant; If

the earth were exactly two dimensional, the diagonal components

of g'and TX would be zero in a coordinate'system with the x-axis a]igned;with the

- direction of translational invariance. A 1argé number of criteria tou]d be used to

align the coordinates, for example, the minimization of 12,15 12 [2

|2

yy” IZxx

2 ' .. . 2
gr ITXI or the maximization of IZXy[, |z or lTy[

2 _
(Sims and Bostick, 1969). Within the errors of measurement, all these

criteria would determine the same prientation at all frequencies. There
" is, however, oﬁe important difference between the criteria involving L and
those using T. The orientation determined from T is unambiguous, while the
criteria involving % may be satisfied with either the x or y axis aligned
so that the orientation is always ambiguous by f90°. |
The real earth fs always three dimensional to some extent. There is |
no direction of trans]ationaT invariance and all of the criteria designed

to determine such a directfon.from the data yield different results which

+ |Z

Yy

|2
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all vary with‘positiOn and frequency. A 1afge number of geological situatfons,
howevef, contain, to a good approxfmafion; on]yvstrucfures that aré pafa]]el’
or perpendiéu]ar to a regioha] strike difeétion. Examples of such structure
~are any two dimensional structure terminated by.transversé faults, ridges
with 1atera1.erosion topology, or any structure limited to a narrbwaault

zone. Alignment of the coordinates so that most of the structure is either

parallel or perpendicular to the axes will greatly simb]ify thé description

{

“of such structure. |
An& satisfactory method fof orienting the cbordﬁﬁate system should

| SatiSfy thfee Eriteria: (1) It must in any event yiejd a fixed coordinate

systemvfor the description of all the results under considération. It has }

becoﬁe'the'custom to optimize one of the above ériteria'for eacH Separate de-

termination of % or T, thus producing orientations that varvaith frequency

~and position. Elements of Z or T are then presented as sounding curves or

~

pseudosections but it makes no sense whatsoever to compare thé results from
different frequencies and/or positiqns that are referred to differeﬁt
codrdinate orientations. Any quantifative 1nvérsion of magnetotelluric
measurements obviously requires avfiked coordinate system. (2) If there fs

a direction for which the electrical Structureiis approximate]y transiationally
invariant;'the method should align tﬁe coordinateswith it and {ndicate which
axis is along the strike. (3) In éeneral, the method should align the axes

so that as much of the structure as possible is either parallel or perpendicular
to a giyen axis. This alignment must be stable, that is, it must not depend

' heavily:on the partiéu]ar sounding site or the range of measurement frequencies.
We propose a method of orienting the coordinates which satisfies these

cfiterié. It involves the minimization of Weighted sums of the squared

o
h
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magnitudes of e]emeﬁts of é‘or T over all frequencies and positions of
‘intefest. This mefhod~1s-tested on real data frdm the afea of the gedtherma1
fie]d at Cerro Prieto, Mexico. The Qeologica]‘étrike for'thfsvfegion is |
fairly clear, but the three dimensional effects of the conductivity structure
of thebgeothermal field cause the usual orientation of thé coordinates to
vary widely, often with no .apparent relation betweeﬁ the tipﬁer and impedance
orientations. In contrast, the orientations from the new metﬁbd are identical
within j3.4° for three lines of stations and for a wide range of weighting

functions.

REGIONAL STRIKE -
The strike of a 11near‘structure is simply the horizonta]lcompoheht.of
its direction."Obviously, for a two diménsioﬁa] earth the strike is identiéa]
to the direction of translational Qariance.. Itis often assumed that for a more
complex- structure the direction of maximﬁm translational invariance is the
same as the regional strike. In fact, this is not the case and the re]ationshipé

Betwéen the,orientations-frbm L and T, the direction of maximum trans]ational
wfﬁ&ériaﬁce;and'the.regiona1»strike mdst be considered carefully.

v Consider the re]ativé]y simple case (Fig. 1) of Tinear structures with
uniform offsets. If we follow the structural geologist and define the strike
- as the axis of the linear structu;e (Hobbs et al., 1976),c1ear1y'fhis is the
direction a. Thfs is also the drientétion of the rectilinear coordinate
system that would be most apbropriate for the description of this fhree
dimensional structure. However, the dfrection for which the structure is
most nearly trans]atioﬁa]iy invariant is clearly b, since the blocks can

be translated into each other along this direction. If we were forced to
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- ‘match this structure by a two dimensional model, the best fit would be
obtained with the directioh of trans]atfona] ~invariance ih the direction
b, but.c]ear1y, no two dimensional model could match the structure of the

individuai b]oéks. Strike determinations from T near the ends of the linear

structures would indicate a strike that deviates widely from a. Determinations

~ from L, however, since they are always ambiguous by 1900, would indicate

that the strike is rough]y parallel or perpendicular to a for all stations.

‘ Thus, any reg1ona1 strike determ1nat1on from Z involving a reasonable distri-
 but10nfof"stat1ohs would be roughly a]1gned with a while that fromvvaou]d
be closer to the dihection 9; ; f

| - Thus, the_structura] geologist and the threé.dimensiona] modé]er would
agree that the régioné] strike‘is in thé dihection_gg cTose to the direction
determinéd from é régiona] calculation involving Z (with a +90° ambigufty).
On the other hand the two d1mens1ona1 mode]er would require the d1rcct1on

- of maximum trans]at1ona1 1nvar1ance b, that is 1nd1cated by the t1pper 7.

THE ORIENTATION OF MAGNETOTELLURIC COORDINATES

Separate determ1nat1ons of the orientation from each va]ue of Z or T
at each frequency?ggat1on certa1n1y do not provide an estlmate TCOY“ the best
fixed coordinate system. One might consider taking some averaqe of these
individual angle determinations, but it isvimpossible to do so unambiguously
.because-of the 90° ambiguity of the determination from‘g or the i800 ambiguity
in the definition of strikeh The fndividua] orientations often vary smoothly
with frequency over a range of 90° or even more than 1800, forcing one to
introduce arbitrary juhps of 90° br 180O between orientations at adjacent
frequéncies to maintain a sensible range of angles. One might simply present

the results in a fixed coordinate system aligned with the regional strike

as determined from other information. In our éxperience this would USually
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be preferable to the qua1 varying orientations but such additional information
v_mayvnot be availéb1e. If the strike is misidentified it will make a.re1ative1y
simple two dimensional geology appear totally uninterpretable. Oﬁe wou]d.

like to know that the orientation is in some sehsévoptimum for the electrical
stfucture, We have adopted the fo]]owing'péocédure for determining the
regionaTvstrike from magnetotelluric data.

First, we minimize the weighted mean squared value of the x component
! ' '

1
i

of the tipper, by minimizing

5 ,
A(e) = 5 W Txi

)Y 4
where the summation is over all stations and all frequencies under consideration.
’-'The wi are rotationally invariant weights that inc]ude_as a factorvthe inverse
of the expected variance of Til (Appendix I). We may also wish to weight

_thé meaéurements from 1dnger periods more»heavi]y since they are sensitive

to the strﬁcture‘in a larger volume of the earth.  However, it is not clear
.gbfiorijust how strong this factor should be. It would:seem that at least

12

a factor t t is the period) should be'included to recognize the‘greater

depth of penetration of the longer periods. If the earth were two dimensional,
~a weighting of t might be appropriate since this would be roughly proportional
to the cross sectional area which affects each measurement. Wéighting pro-

3/2 would be roughly propdrtiona]vto the volume to which

1/2

portional to -t

each measurement is sensitive. An additional factor of t might be

!
included in calculations involving Z since |Z| is proportional to t=1/2 tor
, £osnes St |

a homogeneous earth. However, the cen%ral idea of this approach to determine
the strike direction is that any regioha]”calcu1ation involving a quantity

! .
with appropriate behavior under rotati?n will serve to determine the strike,

. i :
if such a direction exists. Thus, weighting should not be important.  The

o
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most important reason for our including a function of the period as a weight
" §s to test whether the strike determination is in fact insensiti?e to:the
choice of weights.' Thus, we take ds the weighting function in the tipper

ca]cu]at1on

=~ = _ o ) - _ | B
W = F(EN, /([nTI 1512) : - - @
where f(t) is some function of t, Ni is the number of degrees of freedom

in the estimate of Tei
- > - . : | ' f .

np= T | - | - (3)

and T = R[HRT™. B - @)

In Eq(4),,[HR],is_the’crosspower spectral density matrix between“ﬁvand the
reference field R. (Gamble (1978)'and Gamble g___l_ (1979)). The extreme

values of A(0) are obtained at angle

. p) | |
o = .% arctan | | Rea](Ix1I;])wi ‘ o (5)
'(ITxil 'lTyil MW 1

~ One can verify that a'minimum rather than a max imum has beeh found by
- checking that

52 2

>

£ Real(T_.T*.)W, >.0. (6)

)wi - 2sin(2o; 1 x1 vi'%s

OS(Z@l | T)

T)

Nlll

(lTyilz‘lTxil

[o%]
@

From our discussion of regioné]vstrike,Eq.(S) should determine the
direction of maximum translational invariance,which is the orientation of
strike that should be used for a two dimensional model. The ca]cu]at1on is
unambiguous. However, a structural geolog1st wou]d not pick this direction
for the regional str1ke, nor is th1s direction the optimum orientation for
the description of the‘strﬁcture in recti1inéar coordinatés if the‘struéture

is not nearly two dimensional. To determine this direction we perform a

|
i
i
|
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second calculation using Z to find a rotation 0, that is within 450 of or,

and that defines the regional magnetote11urit strike unambiguously. Spetifical]y;

we find the. angle 04 that mimimizes

Be) = b? (rzxxi!2+lZYYi{2)w; o .‘[. o (7)
where - | o “

' > 2 - : o ‘

Mg = PN/ (g 7101 o o (8)
and .

vnz
. The extreme values of B(@) are obtained at

%__* ' / '
Rea](zxyi+zyxi)(zyyi Zxxi)wi -1 (10)

e 2 2,1
(]nyi+zyxi( —lzyyi—zxxi‘ )wi‘J

Vo= L
OZ = ) arctan

;“_J‘M,

sl td

One must check that a miniimues rather than a maximum has beeh_fohhd,land add
én integral multiple of o t@ find a 0, withjn 45° of @f. This orfentatioh |
also haximizes the sum of the squared magnit&dgs of the off—diagona] elements
"of Z, with the same weighfﬁm-.' |

In fact, w; is invers@%g proportional to the §ym of the variances of
all four impedance tensor wiements Whiie W, is inVe?gé]y proportional to
the sum of the vafiances oT'ﬂki aﬁd Tyi" Exact statfftics would demand that
: :each_term in the sum be weignted by‘the inverse of its own variance. Un-
fortunately, the variances @wf the individual e]éments are functions of the
orientation, ahd anvexactfsmﬁﬁistical’treatment leads to  very complicated
transcendental equations.fnr‘ﬁz and OT. However, if‘the concept of{a‘regioné]
strike is valid the ahg]éss%wxu]d'not depend strongly on the weightg, and we

feel that the tedious exact weighting is unnecessary.

Appendix II contains:aix computer program'for the calculatior of 0, andveT.'
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EXAMPLE OF REAL DATA
Figure 2 shows the three Tines DD', EE', FF! ef our magnetotelluric

sounding sites near the geothermal field at Cerro Prieto. Cerro Prieto.
volcano is an inactive.cinder cone. The current zone of production is‘
near the intersection of lines EE' énd FF'. The nearest edge of the
Sierra Cucapa range lies about 10 km to the west and has a Strike about
30° west of north. (We define all directions re]atfve to magnetic north
which is 14° east of true north). The southern end of the imperial valley
fault is about 12 km to the east with the same strike. At tne production -
zone itself dipo]e—dibo]e and magnetotellunic measurements 1ndicate'thatie
there is a narrow resistive zone extending to the south-southeast and ‘a
narrow conductive zone near the surface to the nqrth—norfhwest, all 1n_a
zone of faulting with roth]yvthevsame strike. Thns, there is a clear

regional strike aboutl309'west of nbrth, roughly the-directjon of:]ine FF';
but the large contrést between the conductive zone to the north and the
" resistive zone to the south prevents the e]eetrica1 structure from being
even apnroximate1y translationally invariant. |

For stations near the Cucapas the strike determinedvby the usual

~calculations for both the‘tipper and impedaneevat peniods ]érger than
10 seconds is roughiy 30°:west of north. For the other stations this is
" not .true. The results from station 5, line DD', are shown as a typica]
example. Figure 3 is the strike direction versus‘period determined by
minimizing dTX]2; Figure 4 is the strike determined by minimizing
2+lz,, 17
determinations are obviously very different. For periods Tonger than 10

|z The two

s . o 2
7. which is equivalent to maximizing |ny| +|Z

2
yxl )
seconds the impedance strike is fairly well defined at 35° west of north,
while the tipper strike averages about 48° west of north,:varying from.

61° to 29° west. As the periodvdecreases, the tipper strike moves
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honotonica1]y towards the east reéching 30° east of horth, while the impedénce
strike, although less well defined, moves conSistent]y to the»Qest, reaching>
almost due weéi. Near the productioh zohe,thevorientations ake even more |
variable. At station: 3’on line EE' and 10 on 1ihé FF', the tipper strjke"
at about 1 second period is Unambiguous]y pekpendicu]ar.to the.regiqhé] |
strike due to the contrast in resistivities betWeen the north and south.
Because'of its'ambiguity, the impedance strike could Be interpreted to ge
eiﬁher para11e1 or perpendicu]ar to the regional strike.’ There'is no stable
( drientatioh over any 1arge'range of'periods | o |

We investigated the stab111ty of our reg1ona1 magnetotel]ur1c str1ke
determ1nat10n by comparing the orientations found w1th d1fferent functlons
 of the period as we1ghts and at the stations on different lines.: We ca{culatéd
- the regional strike for'the stations On\line DD' with four different |

1/2 3/2

weighting functions: f(t) =1, t7%, tand t7/°. The strike determinations

'?from E and ? with these wejghts are given in Table 1. They are remarkably
.'cbnéistenf. Despife the fatt that the relative weights of the long andvshort
v'peniods are varied by more than‘106,_the Variation in the tipper estimate
of strike varies by only jO.4°'while the impedance strike varies_by f2.30.
" The mean disagreement between the impedance and'tippef strikes fs 1;40. 'Thﬁé
is comparable to the uncertainty in the orientation of the'teTluric”lihes.

| Th1s agreement between the Z and T determ1nat1ons of strike indicates
that the structure a]ong OD' might be well matched by a two dimensional
mode]. However, to ensure that a two dimensional model is appropriate,
dne must confirm that the component of T in the strike direction and the
diégona] components of E are small in the coordfnate system aligned with

the‘regional strike. This is the case for line DD', along which the

. magnitudes and phases of the off-diagonal components of Z and the magnitudé

i
1
i
t
!
|

Co
. {
'



n. S LBL 10846

and<phase of | Ty have been closely matchedibyva two dimensionél model

| (Gamble et a1 1980y, T o

'Table I1 11sts the strike determined along the three lines with the same

. .For: the other two 11nes a two d1mens1ona1 mode] is not appropr1ate

. “ ' -). » - »
arbitrary weighting function f(t)=t. On line EE' the Z and T strikes disagree
by more than 10° and on FF by 3.2°. While this may not seem to be a significant
discrepancy when compared to the usual variation in directions as seen in '

Figs. -2 and 3, it is larger than any of the discrepancies on line DD' for any

| weight in Table 1. Thus, we feel that any discrepancy between the strikes as

determined from Z and ?-which is unambiguously larger than the Tocation of the

telluric lines would indicate that»é two dimenéiona] model of the earth will
be. insufficient. :
On the other hand, we see that the regional strike as determined

from Z is essentially identical on all three Tines: -27.0° + 1.5%. AN

‘of the regional strikes determined from the impedance with the different

weights and station locations fall in the range 28.9° + 3.4°. This both confirms

our impression that there is a relatively well def1ned reg1ona1 strike
confirms

~in the Cerro Prieto area and/our assert1on that 3 stable regional strike

B o e ]

based
can be determined by a regional ca]cu]at1on/on the measured values of Z

even though there are significant deviations from a two d1mens1ona1 structure.

CONCLUSION
This method appears to yield a satisfactory quantitative deter-
mination of the regional strike direction from a group of magnetotelluric
soundings. It provides a superior means of orienting the coordinates for
the presentation of the measurements in that it defines a fixed coordinate
system, it has shohn itself to be'éxtreme]y-stable for real data; and it

has determined a regional strike consistent with our knowledge of the
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_regional geology,; even for iines of Stafioﬁs thétAffaverse thkee dimensionai
strdcture. |

_Close agreément of the strikes'déterﬁined_from z and'¥ is a necesséry
‘but not sufficient condition for a two dimensional structure. They might be
nearly identical simply by coincidence. A two dfmensioha]vmbde1‘is suitable
only if the component of the tippek in the'striké direction and the diagona1_

components of the impedance tensor are small at all frequencies and stations..
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‘Table 1. Regioné] strike on line DD' estimated with different weighting functions

Function o Strike : Strike

of Period ' from Z from T
U I -30.6°
£1/2 -30.0° ©-30.1°
t 284 -29.8°
(372

=27.8° -30.2°

Table 2. Regional strikesvon'djfferent lines with f(t)=t

Line - ' Z strike T strike
oD' . -28.43 - '-29.88
. EE' o - =27.9 ©=17.3

FF' v -25.5° 2.3%
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APPENDIX I

DERIVATION OF THE VARIANCE OF T -

In the notation of Gamb]e‘gg_gl. (]979), the referenced estimate
for the tipper is T = [HZR] [HR]"I where [HZR] = zﬁzﬁz, ﬁ;ﬁg). The error
in this estﬁméte of ? is Ay = [nR] [HR]—I, where n is defined in Eq. (3).
Following the arguments of Gamble et al. (1979), under the conditions that
the noises are stationary and independent of the signals, we find the expecfed,

variance of Tj to be var (T.) = |n] IAJI /(N|D] ), (§ = x,y) where-

J L
A* = R¥H R* - R*H R*, A* = R*H R* - R*H R*, and D = H_R*H R* - H_R*H R* .
X XYy YyYyY 'y yxx XXy _ XXyy Xyyx

Equation (2) includes the inverse of the sum of the expected variance T,

| : S 2 2 2 2
and Ty_with-the definition [U] - = - (]A | + ]Ay{') /D) .
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PROGRAM STRIKE(INPUT,OUTPUT,TAPE3) _ . i
THIS PRO5AYM READS THE IMPEDANCI, TIPPER AND ERROR INFOIMATION FROM
TAPE3 AND CALCULATES THZ MAGNITOTELLURIC REGIONAL STRIKZ RELATIVE IO THE X
"AXIS OF THE HEASUQEMENT COORDINATE SYSTEM (RIGHT HANDED CJORDIVATE SYSTEM,
Z AXIS DOWN). .
COMPLEX  Z,TX,TY,2B,25,120 ' »
DIMENSION NH(25) ¢T(20025) 9Z(by20925) 95(2420,25) 4A02,20,25),2%1(20,
C25) ¢EX2(20425) 4y AX1(20425) 4AX2(20425) 4TL(20,25)4TY (2064250, 2Z8(20425)
PIG=ATAN(L,) $ Px2=2‘PIu, |
DOL K=1426 ' :
READ(3)  NWI o (TUJsKIy (ZUT¢doKDoI=10b) o (ST JeX) 4AlT4JeK) 4021432),E
CX1CI oK) gEX2(I oK) e AXT (I K)o AX2(JyK) g J=14 NHT)
K IS THE JATA BLOCK INDEX, J THE FREQUENCY INDEX AND T THE PZRIOD.
THE MEAN SQUARI) MAGNITUDE OF THE VECTOR ITA IN EQe 8 IS Z(L4JeX)¢I(2:44K) .
THE MEAN SQUARZID MAGNITUJE OF U DEVININ 3Y N IS ALy K) #A€2435C)
TX AND TY ARE THE COMPONINTS OF THE TIPPIR. ZN(JeX) IS THE MEAN SQUARED
MAGNITUDI OF THI SCALAR ITA IN EQUATION 2. .
IF(Z0F(3),NZ,0) GOTO100 : o
READ(3) (TX(J, K).TY(J«K).ZN(J Kledz1yNdT )

1 NH(K)}=NH]

100 NBLOK=X={

- CALCULAT- TIPPSR STRIKE (TANG) BETHWEEN =135 AND &5 QEGQEES

- 80T=T0P=0.
D02 K=1,4NBLOC
"NWIND=NNW(K)
D02 J=1+NKIND '
= 1, /ZN(J.()/(A(iyJ,K)#A(Zy gK!)
H=W*SART{T (J, X)) !
80r= BOT*H‘(T((J.()‘“ONJG(TK(J.K))-'Y(JvK)“CQNJa(TY(J;K)))
TOP=TOP+REAL(ITX (U4 K)*CONJIGITY(JeX)} ) *4
2 CONT INUE
TANG=ATAN(2%TOP/80T) /2 : ‘ ' '
IF(30T®COS(TANG*2) ¢25TOP*SIN(TANG®*2) 45T 0 I TANG=TANG=-PT2
PRINTSD0,TANS®*30/P12
500 FORIMAT(*® DIRICTION OF MAXTHUM TQAN)LATIOW INVARIAN E F%04 TI2PER,*®
CFB8¢.2% DEGREES®)
702=80T=0.
003 K=1.NBLOKC
NHIND=NH(K)
003 J=1¢NWIND ' :
K=1. FCUE(L g Do K ¢Z(29JyK})/7(AQL 4 J4K)EA(2,4,0,:K))

HaH®T (J,K) . '
/ ZS Z{2¢J+4K)+Z2 (3 4J4K)
7D‘Z(§oJ K}=21{14J4K}

TOP=TOP+W*RZIAL(ZS*CONIG(ZDY) l

i BOT=8B0T ¢W® (2S*C ONJG(Zb)*ZD“CONJo(Z)))
3; CONT INUE
ZANG=ATAN(2%T 0P /80T) /4

\; IF(BOT‘COS(u‘ZANG)Ga’TOP‘SIN(h‘ZAhu)oLf Oc)ZANG=ZﬁNG°PIQ

A H=INT{(ZANG-TANG) /P14 i
'\\~ IANG=ZANG-({(N4ISIGN(1,N)}/2)%P]2 '

- PRINT 502, 28NG*30/P12 : :
507 FORIMAT(* REGIONAL STRIKE FR0M IMPEDANIZI*¥F8.2* DEGREESH)

—
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Simple example of linear structures with uniform offsets.
Configuration of MT stations at Cerro Prieto, Mexico.

Strike angle relative to magnetic north at station 5 obtained by minimization
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