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. PREFACE

. A The program outlined in this'report was prepared at a

Multidiscipiinary Workshop held under ONR-ARPA sponsorship

at the COiorado school of Mines, February 14-16, 1972.

It is a pleasure to acknowledge the aSsistanée’inen to the

workshop by the staff of the Departmént of Geophysics at
the School of Mines. Special thanks are due to Dr. George
Keller for arranging for the workshop to be held at the .

School of Mines.
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1. INTRODUCTION
’ A.\Generél ‘/_f
The objective of the multidisciplinary workshop was g
to define a program‘of>measuremént which would result in é
. a definite answer to the question of whether an eléctrd- :i
mognetic wave guide exists at some depth within the lower y
érusf. E

4

SR )

| The multidiéciplinary'wbrkshbp was preceded by an
electromagnetic group meeting‘at which the electroﬁagnctié
field measuféments, the wave guide requirements and
the need for laboratory caperiments were discussed.
At this electromagnetic working qroub.meeting a program
for the elgctromagnetic measurements was prepared. This
‘program consisted in essence of:

(a) KReconnaissdance measuréments at 2 number of
sites selected on.thé_bésis ¢f high surface
resistivity during the sumner;of 1972.

(b) A prbgfam bf dcﬁailed.study cf at least the
two $elected sitéé duriﬁgithe sﬁmmer cf 1973.

(¢} An asscssment during Dgcéﬁber, 1973 of the
resulcs of the programs.

On the basis of the asscssment in {(c) a decision must be
made whether the next step ought to be (1) the drilling of

" deep holes in the most faverable area together with an

extension of the program of dctailed studics to the otner
areas in which a crustal wove: guide appears possible, or

(2) the driiling of ar intermediate depth hole (10-15,000 fecet

depth, cost $§3 to 4 millaon) and clectromagnetic measurcmoents

using sensors in this hole or (3) an extension of the pro-
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graﬁ of detéiléd stﬁdiéé Scfdré the dcep’hSICQ (éost $1

to 15 millioﬁ pex hoie)_dfe drillgd,.or (4) thqt_fhn.pros—

pects of‘édmmuniCation.thfough the lower crust arc so remote

that it was not worthwhilc to pursuc the prbgram'ahy further.
The rationale of the eiéctrbmagncticrpiogram a6d of

the wave gﬁide possibilitiesbhave been givbﬁ:ih'fuli in

£he report by the'clectromagnetic working gfoup. ngever,

it is necoasary for thc understanding or the ;aL;un’ ¢.

the multidisciplinary program proposed here to review

briefly the poq:lbllltJEb of a wave guide.’

Theoretlcal»studles of the possibility of the

“existence of a wave guide have been reported by Wait. (1971).

In summary a wave guide with,u'resistivity of lOG'Ohm m

- offers a reasonable chance of communication over distunces

of the order ot 1900 km.  For a resistivity of'lo7 ohm h
over a th;cknebs of 10 km the prospect of developing
communlratlon throuah a crustal wave quide is good. .
thlmatus of the 1c51at1v1ty of the lower crust may
be made 1n»terms ofﬁelther laboratory measured résxst;vxtles
on the kind of material expected in the lower crust and es-
timatcd'tcmpcrature; in that region or in terms of the
resistivities inferred from electromagnetic measurements in
the field. | | | |
The 6ut106k for the wave guide ié more favo;able from
the laboratory resistivity-tcmpcraturé point of view th#n from
the electromagnetic measurémcnts in the field. The {ormer
will be discussed [irst.
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Birch and his collieagues (Biaukwall,1971) have shown
ﬁhat in scvef@f.diffcrcnﬁ_rcgions of thcvuﬁitcd States the
ﬁeat'flow at-thc“éurface of the Eartﬁ is_linearly related to
the he.'ai_ production by r‘adioaqtiv_é_ material in the surface
samélq:._ It is then possible to estimate the heat Elow
f:oh.ﬁeiqw'the radipactiveliéyer and‘thus the temperature
gfadicnt in the lower crust;__oﬁ this basis the temperaturces
at depths o£,30 km in the Eastoern United States‘are cs~
timaied by Blackwell to be less than 500°C. Laboratory
measurements of the resistivity of natgral rocks are greatly
affecﬁed‘bv the presence of water filled microcracks (Brace,
1971). 'Brace's resistivity depth profiles bascd upon the
laboratoxy resistiviiy weasurements on samples of igneous
and metamorphiC'rOCks suggest that the resistivity does ndt

reach the required level eof 10° ohm m anywhere in the crust.

However, when Rlackwell's temperature estimates &re combined with

the Brace summary values (Figure 3 of Brace, 1971) of the
electrical resistivity of dry silicate rocks, it éppears
that 10® onm m is indced possible. Thus the question of

whether resistivities permitting wave guide propagation

occur in the lower crust depcndé on whether there are

water or water vapor filled cracks in the material of the

lower crust. Mcasuremznts of the P and S velocity in t.e

lower crust show ratios of greater than 1,70 corresporres—

ponding *0 Poisson's Tall. bLetween u.234 and 0.260. The

¥




‘Poisson's ratio‘l) ;s_thcrcfore‘nbtAns high as would be
expectued if there wer§ watews !iilcd'crucks}in-thcnlower
crust. (Nuyr and &inmons, 1969 and personal dommunication,
1972).

in the report of the laboratory prurimcnts grohp
given in Schiqn llijxt'islpoiutcd-oﬁt Lhat_péroxcne
granhlito»hodies océur aﬁ thu Earfh'u‘surfacc;‘ If these
pyroacnc gxunqlitu_bcd;ﬁu haa beea formed in an environment
in which free water was preseat, the hydrous silicate,
amphibole, uvr purbaps u_mjcqbwould have been formed in-
stead of pyroxene. ‘Thu; thc_occur;énc¢ of pyroxene in
these bedics makes it clear that at sotie time in the bdst

ary conditions existed in the lower crust.. A somewhat

occurrence of pyrqxcnc Learing gabbros at the surfaCQ‘oi
the Earth. |

The occurrence of pyroxene bearing rocks at the sur-
face, rocks which were clearly erstallizcd, of metaniorphosed
at dcpth, 5hggost$‘thatiiﬁ'thc gcclééitai past water freo
condjfions’nxisthxin the lower crust in h§n§ rcgions. It
ié probabie that similar conditions uxisL'today'in séme;
parts of the Earth. Thus thurc is causé 1o£'op£imi$m that vhe
xesistivity of 5 ﬁ 106 ohm estimated:ffoﬁ thé laboratory re-
sistivily measurements summnrizudbby Bracc,'1971'(5uu
Figure 3) and the Lcmp&fotucus uonlimated by BldcchJl docs

occur over reasonably extensive regions of the lower crust.

.
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In contrast none of the rtesistivities so far inferred

.
. . . <
from the clectromegnetic Lficld measm ements has exoeoded 10

ohm m-and most have been from five te ten tiwves lower. ‘ithe

multidiseiplinary working group was infoimed by the Chair-

man of the Llvctromagautic working group that the inferred

resistivities were probably too low {or three reason

(1)

that ‘all evrrors in the ficld measurdmonts tend
“to result in low estimeted resistivities.

(2)

that the rcsistivitics interred werz averagn
resistiyities'ovUr some model averaging length and
that model cailculations had shown that the “peak®
recistivities might be higher by froum sc
between 30 and 300.

i3) that measurcment:s wad not so far becd nmade

in. @ regicn in wrioh . curface resistivity wae

suificiviitly high for satisfactory estimation of

the resicotivity an depth,

Furthermore, the mcasurcdments which are critical in respect
to the maximum resistivity inferred are those at great dis-

tances for the longline resistivity measurcments and at long

periods in the case of other methods, Thus they arce the

measurcments made when the limits of the obscrvational toche
niques are being opproached.

In vicw of the abore corncidoraiions L ceneoncas of

o~

the multidiseiplinary qroud wao that thery were growsie fer
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guarded optimism that for electromagnetic wave propagation

a aresta” wave guide might cxiet. Dhe major thyust ef the

pregrams recommended by the multi{lic2iplinary group Jor

. . ) -.' -'«-.-.. .-.» ."V ’_‘ T s
the Jirst year and ¢ half of the rregram is dirceted itowards

those measurements which vill determine whether that

cd,

—

oprirmiam is wcll foun.

.B. - Programs for years 1972rl973f,-, . .

In section III on theoretical studies additional
theoretical work direéted towurds the problem of excitation
of the crustal wave guide-and.theveffectvof irregularities
4 the wave guide on the efficiency of-the,guide'is.recom-

lmended. It is obvious’* portant that calculations should

- be made to Lind whether .- :fficiencies in excitaiion, or

attepuation due to irreqularities within the wave guide 6r

on its boundaries, are such that even hiQher»resistivities
tharn Loc.ohmfm ézu necessary for practicable communication
through the wav~ guidc. | |

In section IV on laboratory studies the emphasis is on

the selection of natural rock specimens free from microcracks
and careful laborétory determination of the effect of pres-
sure and temperature on the clectrical resistivity, cielectric
constant, yelocity and attenuatiun. In addition it is re-
commerded that studies directed at the determination of the

naturc of tne rocks occurring in the lower crust should be

madce i1 faverable arcas.

-
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1t is proposed in Section V (Seismological Studies) that

existing seismic data on the crust should ke analyzed to

determine wh.. h areas are most favoratle for the experiments :

proposed by the electromagnetic working group.

The program proposed by the electromagnetic working
group consisted of reconnaissance measurenents in the summer

of 1972 followed by sclection of at least two sites for

detailed study in 1973. There are ¢ertain multidisplinary

‘studics which must be coordinated with this program., The

‘first of these (described in section VB2) are chort (about
15 ¥a) seismic refraction studies to determine the depth to
which cracks are open in the neac surface 1aygrs. Thes2
studies chould, if possible, be carried out during the 1972
reconnaissance program because they are extremely relevant
to the selection of the site for detailed examinatibn. it

is important also that during the summer of 1973 holes should
begdrillcd‘and heat flow studics made at three or more holes
inleach of the aresas selected for detailed study in that
summer. Other geophysical studics such as gravity and mag-
net®< measurements are also recommended for the detailed

study sites,

LRt geirici frinit A4
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'fIt'ié-aﬁpareﬁt:fgoh the discussion in section IA
that the question of howvhigh:fhé'reSisfiVitiés ih_thc'
lower crust érezdepends'in high dégrée 6n Whethéf ffec water
is pfesent?ih*the rocks of this region or not. ‘Tﬁé'laﬁbrétory
studies group report (Section IV) SuggestsiQery strdngly
that there are regions of the lower crust thchwwgré’dry at
some time in geological histnry ard proposes studies directed
towards thé‘predicfion-ofiregions in which these conditions

axisted. It is, however, extremely important that those

surface measurements which bear upon the question of how

‘water free the rocks of the lower crust are today should be

made. It_appears'that’thé nost signifiéah£ indicators of
water free conditions are the ratio of the P veibcitf to
the S velocity or Poisson's ratio, and the attenvation.

Laboratory studies Ef"théJsensitivity of Poisson's ratio,

[

atfenuation of P and § waves‘and'eleCtrical resistivity, to

© the presénce”of'reiaﬁively small amounts of free water

have already been'recdmmended; The 1ogicaliébﬁpleﬁen£ of

theso measufémentébis a series of £i»14 meaéuteﬁenté of thé
ratio of the P and S velocities, and the P and S wave attenua-
tions in the lower crust. ‘Relatively meagré inférmation on

the S velocities-in the lower‘crﬁsﬁ is aQéiléble.because S
waves are'pOOrly generated iﬁ the exélosions in water cr'in

the drill boieé’ordinarily used for cruciul refraction studies.
Snitable sources for S waves are quarry blasts(and small

or microearthquakes. Comparatively little work using such

[
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sources has been done because exploitation of these sources
is dependent on the use of digital techniques fo. positive

“identification of the § phase.

aF

The facilities for this

idéntification have only recently become available to the
: univérsity groups engaged in crustal research. The {ime has
now come for S velocity and attenuation studies to be made
in several regions. -
The studies usihg quarxy blasts are howevar limited ”
to those regions in which largé open pit mining operations

are carried out, The regions sclucted by the eloctromagnetic

‘group and/or the field site selectinn group may nul have
suitable nining opecrations. Thus it is recuimended that a

program basea upon the use of a mcchanical vibrator § wave

sour.e should be deveiOped especially for usc in the poten-~ %
tially favorable sites. 'he source w.o'ld have wide application %
. ]

in the continued exploration program. é
In.the loag term seismic methods offer the most promise ‘?

for establishing the continuity of horizons over wide areas. 1

A modest reflection refraction program is proposed for the
1972-1973 program (see Section V-D) .

The low attenuation of relatively high frequency

PSR TEY

seismic waves in the oceanic crust and mantle suggests that

conditions in the ocean upper mantle (to depths of 20 km) are

1 b b B =

favorable for an oceanic wave guice.

o

A projram of seismic

refraction in association with gravity and magnetic measure-

e o o A e S 0 S o iy

ments is therefore recommended in Section V-C,
2
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It is also recommended that pilot studies such as

those to be made in the intermediate and deep holes should

be made in the vicirity of one or more existing'hélesuih base~
ment rocks. - Tthe éthdies should inc}udé §tudigé of the
change of heat productivity with dep;h, in situ measutemén£

of the electrical resistivity, and seismic heasureménﬁs de§
signed:to detérminé the rate of change of velocity‘andv
attenuatidn with depth. |

Finally it should be noted that the tenor of the report

from the’eléCtromagnetic'working group is extremely optimistic

that eledtriéal‘hethods are capable of determining whether
resistivitics of sufficientiy'high order to permit communica-
tion through a crustal wave‘gUide exist in_the.areas which
they regard‘és particularly favorable for the application of
thesec teéhnﬂqﬁes, é.g.. sites with very thin low resistivity
cover. The grdup.is'much'less optimistic about the prospects
cf determining resiétivities precisely in regions which are
less favorable frombthe point cf'viéw of near surface con-
ditions. SOmé part of the information which is requirad
for the prediction of lower crustal properties in regions not
suitable for the electromégngtic studies will come from the
seismic program: described in Section V. However, it is
regarded as important that pgtrologic and geclogical informa-
tion should be assembled which will serve as a further con-
straint upon thc resistivities to be expected at depth;
Such studies are described in Sections IV and VI. These
studies should be initiucted during the initial program period
July 1972 to 31 December 1973 even if full support may not

be available until a favorable site has been found.

e e T
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C. Continuation of the program beyond 1973

| The ﬁrOposed program is geared towards reaching a decision
point betwcen éighteén and twenty-four months after the
proéram hbegins. At that time there will be four options
as described in section IA. If the outl?ok for the wave
guide is favorable continuation of the project will iiavolve
three further programs which may be taken in parallel cor
'serially. These are:

1. studies directed at determining whether equally
faverable sites exist elsewhere ané how con-
tinuous the wave guide is between such sites.

2. The drilling of an intermediate depth hole
(10-15,000 feet), eleclromagnetic experimente
using sensors in the hole and other field
experiments such as those described in
Section VI E.

3. The drilling of threc deep holes and experiﬁents
in the excitation and detection of signa}s from
these holes.

The decision whether to proceed in pirallel or serially with
1, 2 and 2 will depend in some degree ou what/has been lcarned
from the 1972-1973 program. However, the main features of

the proygrams to be followed are broadly speaking independent

of whether they are being carried out in parallel or serially.

D. The continucd exploration program
The elcctromagnctic working group considers that

»

applications of state of the art techniqucs, or minor

B e b At Ry b o AW




‘modifications thereof, at sites at which the surface conduc-
tance is low will permit discrimination between resistivities of

5 6

10° and 10° ohm m. The group considers, however; that in

prder to discriminate betwéen possible resistivities of 108

7 ohmm it will be necessary to make another series

and 10
| of electromagnectic measurements in which the sensars are

emplaced in an intermediate-depth hole, say 10-15,000 feet.

1f this hole is drilled the multidisciplinary group re-

- commends that measurements such as those described in section
VI E should be made in the hole. The costiofithese measure-
ments (other than the electromagnetic measurements) will be
of the order of $100,C00.

‘Another part of this program will bevconcerﬁed with de-
tailed studies at other sites similar to those.proposed by the
electroﬁagnetic working groﬁp and in this repoft for the
1972-1973 éfog;am. It can be invisaged that the sc;ie of
this part of the continuatior program should be at about
twice the level of that p;rried out during 1972-1973, i.e.,

. this patt 6f the continuation program will cost about §2 X 106
per year. The techniques and pro;edures would be those used in

1972-1973 except insofar as these have been modified or improved
as a result of the 1972-1973 experience;

The third part of the continuation program will be
concerned with the extension of the inferences made at the

successful site to other areas in which electromagnetic
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methods may not be effective because of low resistivity sur~
face cover. The essential features of the program are:
(a) the characterization of the potentially favor-

able site by means of detailed seismic and other geophysical

and geological studies described in section V and elscwhere

. in the report,

(b) ‘similar studies at other possible sites and
comparison of the results, and

{¢)  less detailed profile type observations to deter-
mine how extcnSifc.arcally the conditions at the successful

site are ani whether the potentially favorable sites are

interconnected.

(d) " heat flow measurements as a basis for rea-
sonably gccurate estimates of lower crustal temperatures.
(e) geological end petrologic studies which may

be used with the heat flow measurements for estimates of

the resistivities in the lower crust, These studies should

include the regions in which communication may not be

possible.

CbSts for thc seismic programs are given in Section V

for cach site. The‘scalc of the overall program shoutd be

-~ 6 . ..
of the order of 32 to 4 x 107 per year.
E. The deep hole progranm.

The only satisfactory proof of the existence of the

crustal wave guide will be successful excitatior of a signal

e——— s evm e - ———

i o Mt S

P

IR O

St il i, W it s - ot [RCT ORI R Lo B R



ST Qo £ o I AP St ns i

A A R P (U 1 f S RIS ] S o > |

T~

|
|

Ty

Bl LT w-wwmw ;
. .« - .
. “ . .

RIS - e e I e Y It Sy

14

in one hole and reception of that signal at another. 1In fact

‘because of the need to scparate the effects of excitation

and propagation it is necessary that threc holes should be

drilled, The depths to which the holes should bg drilled is
dependent upon the outcome of the theoretical_studies des-
¢ribed in sectioh-II.-;Fdr‘the p:esent.ithan beAeétimated at
5-10 km,. the upper limit being determined in part by the
greatest depth so far achieved in a;deep‘hole.b The cost of
drilling deep holes in basemcnt rocks is sliown in Table 1.
These estimates are based upon current pracpice and on the

AN
assumption that the sites are :éasonably accessible..

PABLE I

Estimated Drilling Costs
(in millions)

Foctage Days a Cost Cost

Depth = Drilling North Canada Wisconsin
10,000 200 ' 2.2 1.8
15,000 360 3.9 3.2
20,000 610 6.6 5.4
25,000 ‘ 940 s 10.3 8.3

The cost of the engineering to be done in the ﬁolcs
lies outside the scope of this report, but will probably be
less than 20% of the cost 6f the licles. Similarly the cost
of the scientific measurenents like those suggested for the
pilot, project described in Section VI will be of the order

of $2 x 106 for each group of three holes.




"F. Field site selection

Many factors must be considered in order to select
the best site for field measurement of elcctricﬁl properties.
SeQe:al geplogical factors are important. Aerial photo
"ihfefpretafion and reéphnaissancc gceological mapping will bhe
needed for each/prOSpOCtivc site. In this study it will be

impdftaht to undertake the following: (1) petrologic study

of thé rocks in order to adequately describe them; (2) speci
fic‘petrologic'study ofvmicrocracks“to compare them with
laboratory :.udies of micrqcfacks'in an attempt to determine
how abuhdant microcracks are and how they formed; (3) obser-
vation of faults or shear zones which might provide access
of water to inﬁermediate levels; (4) observation of areas of
abundant graphite, sulfidés, or‘iron'oxides which would
produce low surface rcsisti#ities. We RECOMMEND that a site

selection team be established with this approximate repre-

sentation:

1 ficld man ~ electrical measurements

l field seismologist

1 laboratory physical properties man

1 field geologist/petrologist

2 addjitional members;
It was suggested that this team consist initially of George
Keller, Robert Meyer, Gene Simmons, Michael Holdaway, Ted
Madden and Anton Hales.

It was recomnended strongly that it should be given

fundé of $30 - 50,000 at the carliest possible date so that
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some studies of the sites ;p;ommgjdéd for the summer of
1972 can be made before the field programs‘beguh.
G, Management of the program

. The program described in this report differs from many

’other scientific programs in that it is planned vo reach a

‘decision point within ~ fixed pe:ibd of time. Yet it is

a minimal cost program and does not provicd:< tor much dupli-

~cation of activity, or redundancy of observation material.

In consequence it is essential for the success of the pro-
granm that all_projCCts should prouceed in accqrdance with

the schedule. For this reason careful gonéideration must be
given to the management of. the program_to ensure thatvall.
the essential ihfdrmation is in hand when thé decision éoint
is reached.

The mulﬁidisciplinary"group supports the récommendation
of the electromagnetic working group that a Project Manager
bé appointed at an carly stage. It tecbmmends furthermore
that an Assistant Project Manégcr be appointed and that one
of the managers should be knowledgeable in the field of
electromagnetic measurémonts, the other in seismology. The
multidisciplinary group recommens also that funding should
be providedlfor two day mcetings of the principal investiga-
tors at two monthly intervals. At these meetings progress
would be reviewed and differences in interprctation of data
explored., It is cxpccicd that this procedurce will be effective

in providing the sctting for clear cut decision making when

»
the decision point is reached, -
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Details of the operation of the Project Manage—

N

ment team should be established in discussion with the ONR

program mohitdr, Mr, J. G. Heacock.

e
it ey

I, Budget summary

The prhgvum in this report wﬁs wriitcn in the ex-
pectation that it would begin by July 1, 1972 and that the
decision point would be feachcd by the end of Deccmber, 1973.
The schedule of operations for the 1972-1973 program

is written on this basis. It should be noted that the

program rcquifcs two summers of field work and that the
dacision point'will not be recached until four months
after the conclusicn of the ficld.work of the, second
summér; Thus if the start of the program is dclayed-
beyond July 1, 1972 it will be necissary to make changes:

in the schedule of operations given in Section 11,
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v | © A. BUDGET SUMMARY :
|  July 1972 - December 1973 =
Management Costs A §:_?80,000 _T.é
ﬁSite‘Selection 55,000 é
Thebfetical 3cudies‘ 95,000 ,f
Labératory Studies _ :g
N o 1. Microcracks and crackfree rocks 300,000 é%
' 2. Electrical prope:tics; velocities,: 'é
4 attenﬁation and dielectric constant 275,000 t?
3. Geoiogical'nodelingk ' 108,000 é
Electinmagnetic Sfudic:* %
1. Alrborﬁe elect:umaghetic meésuremedts v 100,000 é
2. Ground based surveys 725,000 é
3. BLF exﬁerimcnts in the ccecan 75,000 2
Seismological Studies é
1, Existing data 50,000 a
2. Shbrt refraction lines (P) » 75,000 ?
3. S studies (quarry blasts) . 165,000 g
i .4. S studies (Vibrator source-short :agge) 100,000 %
A 5. 8 studics (Vibrator source-long range) 340,000 %
‘ 6. Microcarthquake studics and seismicity 30,000 %
% ' 7. Preparation ang rcconnaiséance activicvies 26,000 %
’ . bl
i ' - 8. Roflection and refractien tudies 150,000 %
l €. . Studics at sca 300,000 %
Otiier studies i
1. Gravity and magnetics . 45,000 é
’ E|
T
* These proarams o ore deserabea inothe veport of the "
Lloetromagnetre Working Group
. .

|
1
|




Bk 1Y

PO

21

Budget Summary continued

2. Heat flow 145,000

3 * TP;%‘. l?-t— h—gwl—g.—— '_‘:':_"_:.'.'- = ..';";*:'."_':_.";:'—-':T'—’r—_'—_':.f "'—:;': :'—":_;:;;——_!’.19_'.92_0_
- Total $3,574,000
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C. Bhdget Forecast: Continuing Program

I. Intermediatc depth hole

Associated electromagnetic and other
measurements

Detailed §tudies at other sites
(repeating the 1972-1973 program
at other sites: includes electro-

magnetic measurements)

III1. Characteriiationbof sites shown by elec-
tromagnetic methods to be favorable
using seismic and other geophysical
metheds (for twe year program)

IV. Seismic and other geophysical studies at
possible sites for which electro-

magnetic measurements are not suit-

able (includes heat flow measure-

ments)
vContinuity studies
For two year prcgram
: V. Deep hole pfogram (3 holes)
Engineering studies

Continuation of IV per year

Thesec cstimates are subject to revision in the

experience gained in the 1972-1973 program,

$4,000,000

300,000

2,000,000

1,000,000

3,000,000
30,062,000
6,650,000
1,500,000

light of the

. 'H“- oo




. until the excitation problem is solved. This will re=

IIT. THEORETICAL STUDIES AND ENGIKLERING DESIGN APPROACH:

The most.important engineexring factor that has-not .. . i
been considared in previcus studies is how to achiecve a
given current moment on the transritting dipole.

‘The earlier work has concentrated upon the propagation, but ' .‘f

‘the total,transmission loss .0of the system cannot be estimated

{

‘guire analysis of i-sulated and uninsulated. antennas

. located in deep bore holes. Anﬁicipating'that a long

‘insu.ated antenna will be preferred we need to solve ‘the

boundary Value problem of a coaxial (conductor-insulator

~ without 'shield) cable excited at the upper end by a local-

ized source. This solution will permit a full engineering
analysis of the‘various factors,such as length of antenna,
_;nsulatibn thickness, methda of.termibation'in medium

and operating frequency.

An mportant queétion that needs answering is:
whag;ls pnq effgct of the drill Hcle fluid on the ef-
fective momeat of the antenna? Dces a thicker insulation
improve the coupling into the medium when we have

to Qorry‘aboutfdrill hole fluid?

A closely related problem to consider is the optimunm
type of radiating antenna from the standpoint of minimizing

.thc upper-over-a~ -down mode of propagation. Tor example,

for a thin crustal covering layer, it may well be that

the preferred path of propagation is via the surface of
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- the earth in a ground wave or ionospheric wave mode. By

suitable phasing of the clements in the transmitting and

receiving antennas we could discrimirate against the up-

““over-and-down mechanism. This could be an important step

in our exporimental feasibility studies of the earth-
_.crust waveguide,
. FPinally, some atteniion should be paid to the great

variety of possibilities for the receiving antenna. For

..example, it may be located on the sea floor, in which

case transmission takes place vertically through the sedi-
ments. In such a case how much additional attenvation can

‘be tolerated givén the expected level of the atmospheric

radio noise at the sea surrace.

The theosretical studies of a laycred sarth in which
the transitions between layers are sharp have so far shown
that the crust must have a zone five to ten kilometets

thick with a conductivity of less than 1076 ohm m in order

that ranges of several hundreds of kilometers can be

achieved. 1In order that ranges'of several thousand kilometers

should be possible the conductivity must be lower than 107’
ohm m. The studies have also shown that the presence of
irregularities in the cross section of the channel or of

transitional bcundaries at the top and bottom of the channcl

reduce the transmission ranges.

Extension of the study of the propagation parameters

in a non-uniformly stratified earth-crust wave guide is

recommended. In particular the effects of discontinuities
» .

in the guiding structure should be considered so that
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estimates of.the enesrgy lost due to various types of change
=in the cross-section of the dielectric wave-guide chénnel_
can be made. Random rbughness in thé wave guide'bouhdaries
';;should-élsc~bé cdnsidercd. These stﬁdies should incorporate
"any new information on the geometry of the low~conductivity
‘channel in £he“crust'obtainéd"iﬁ'the electromagnetic field : v
) ~  measurcments programs. = However, précise'définition of the |
nature of the trahsiﬁions between 1aycrsvis-clear1y-bey§nd
the scope of the1e1ectr0maqnetic'methods;- Therufore.the'
theoretical studies should include a wide range of models
based upon heat flow and-petrologicai models and the'labbra-'

- tory studieés of the Va%iation OE'conduétivity,and dielectric

~ constant with temperaturc and pressure,

Estimated cost, 1972-1973 © $95,000

" GENERAL REFERINCEIS

Chap. 6. Waveguide Propagation, AGU fon. 14, 1971, and K. P.
"Spies and J. R, Wait, CONR Technical Reports,

Nos. 1 and 2, 1971
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B 1V, LABORATORY STUD1R: )
S A. Introduction

Measurement of the physical properties of rocks uvnder

the controlled conditions of the laboratory has produced a

'seﬁ of data that is useful in the interprctation of ficld :

data gathered on the Parth. Tor example, consider the elastic
properties. The cffect of pressure on the elastic properties

" 'has been studied

T

extensiveaely by ﬂughes and collcagues and by

Birch and his students in the United States and by Volarovich,

o Lttt

Bayuk, -and scveral others in the Sovict Union. These yeneral '

e

features arc now well-known: velocity increases with pressure

P M

but decrcases with temperature, and the cffect of composition

can be largely accountcé for by a linear relation between ve-

TR

locity, density, and mean atomic weight (known as Birch's law)

wombLL. .

but with several important exceptions. Undoubtedly though,

i

much remains vo be learned. For cxample, only recently have

the effccts of fluid saturation in low porosity rocks (n < .01)

FRS NP S

on the elastic propertics been recognized. Surely other sur-

prises await us.

Similar obscrvations on laboratory mcasurcments of such

. other physical propertics as electrical conductivity, thoermal

v DU <

conductivity, dizlectric constant, and so on, can be made.
The: study of physical propertics of rocks and minerals

is scientifically interesting in its own right. Yer the sig-

nificance of such studics 1s far broader becausce of the use
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of éuch data in the inté:prctatidn’bf”field'resUlts. S

1o ol

. _:-;;?rxelarions'foundvin the laboratory have served as constraints

on‘théimodéls.divthe crust of the Carth. Indeed, data that

can be readily obtaiﬁcd today iﬂ the laboratory can lead -

T to ihprovéd‘modeis bf the éleqtrical properties of the: crust.
bﬁoh? By proiding (1) a fclééion béﬁweehvSeismicﬁlly deter--

- mined velééities"and the electrical properties of the Earth,
 12) a bettor understanding ‘of ‘the geochemicai aspects of
equilibrium conditions for hydration reactions, (3) an accurate
understanding of the détails'pf microcracks, and (4) recog-
nition of the most appropriate rock types for dry or crack
free conditions on ghéibaSis of geolbgical—géochemical studies,

Thé presence_o£ water séturatcd.microcracks in laboratoryf

sized samples'dominatesthe eléctricalresiStivity of the sam-
'ples; Whether such saturated'micfocracks exist in all major
rock typés‘ig sitd is still undetermined. But several inde-
pendept linés of evidence suggest cause for optimism thét
high resistivity zones can exiét in the crustf (1) cheral
large area$ of rock, the pyroxene granulites for example,
now exist at the surface cf the earth that when buried in.
the Earth's crust in the geological past would have had
mineral assemblages such that no free water could have teen
prescnt in these rock massés. Furthermore, there is a high
probability that the rocks row buried below thesce mascses
‘arc still devoid of free water and have high resistivities.
(2) Ccr}ain rocks, cver when swudied in the laboratory,

arn cssentially free from microcracks. Examples

S

Pori e rfracites 2
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include diabase, some dunites, and even a particular granite
... {thc resk-type that most'cohmcnl) contwuing miv*oéﬁacké).

(3) The presqncé of high resistivity layers in the crust
would probably ndt‘havc been detectéd with most of the previ-
ous field measurements. The high conductivity §f surface
layecrs in the'locdtions-stﬁdjcd previously would have masked
the prcsenCQEOf high resistivity zones below them.

'The goals of labecratory studies on rocks in connection
with the possibility of hardeﬁed‘subsurface communications
are these: |

(1) To specify the rock typesvmost likely to have high

resistivitios in the Earth's crust,

(2) To specify thc‘géqgrayhical areas that arc most
likely suitable for field experimentation,

Tc determine if certain seismic parameters will be
able to distinguish between the p:¢sence‘or
'dbSCnce of minute amounts of frec water in a rock,.

In the remainder of this section of the report, we discues

the specifics of how to attain these coals. The major contri-

butions of this group to the solution of the present problem

will be in the areas of (a) selecting .those sites most likely

to yield positive results, (b) estimating properties of rock

in situ or the basis of carcful laboratory studies and (c)

deteormining preciscly the values of rrorerties of rock in =it

by usinyg laboratcry methods in borcholes.
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B. The Studies

Several different: laboratory studies'aré'urgcntly néédéd.
_In this section, . we describe the spccifié”reduiremcnts for
~them.,  We do Qg; describe the way in which théy EhéﬁldAbe:
bdone,-howe"er, because i most instdhbcs,:éithér £hé>techHiques
are in ntandard use ‘in oUr»laboréLarics:at"prbseﬁt’Or.only
_mincf extensions of  existing techniques aré.ﬁbedcd. 'Novhajor

advances in technigues or ecquipment cre required to fill the

reguirements of the proposed program.

1. Study of micro-cracks in rocks

roans = b S
a2 Variacoaoi

‘The variation with pressurc - and hence the
with depth -bf several physical propertics of rocks is dominated
by the presence of microcracks. The elictrical reéistivitynof
crack-filled granites changes by several orders of‘mégﬁitude
when the pressurc changes fror atmospheric to seVerairkiloﬁdﬁs.
if the cracks arc filled with ar cloctzolyte and the pore
pressure is kept at 1 bar.

Electron microscopc tcchniaues for studying microcracks
in focks exist. We recommend that they be used to learn when
and under.what corditions the cracks are generated in pafti-
cular types of rocks. The goal bf such studics is to dcvciop
the knoﬁlcdgc acoded ro predict reliably the location_within
the Earth's crutt of bodies of rock that are Craék—fréc.

The mechanical competence of a rock may involve its

mineral assemblage and grain sice distrabution as well as

= ing
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 the mechanical and thermal history of the rock. Thus the

scarch for crack-free rocks should include a study of the con-

" 7"ditions that optimisc the creation of such rocks.

‘The eicctrical propertics arce very scnsitive to the micro-
cfack sttuctu;c.and it is not really known yet how reéistive
Qéry dompetent rocks will be. Accordingly a search should
be made in the laboratory for truly crack-itree rocks, and a
stﬁdy_of.the électrical properties of these rocks should be
mude in order to sct upper bounds on the resistivities to be
expected in various regions of the crust.

2. Corrclation of physical properties with resistivity

The correlation of certain propertices with electrical
rcsistjvity is desirable. Becausc of the inherent difficulty
of dnteéting highly resistivé zonece in the Larth bencath con-
ducﬁivg zones by électrical techniques, certain indirect

methode beceme attractive. Existing laboratcry data has

clearly demonstrated that microcrscks decrease significantly

the shear wave veiocities, but that P wave velocitiecs arce

greatly affected enly if the cracks are dry. Thus low P and

lew S velocitiecs imply that a rock contains microcracks

but no ligquid. For such rocks the resistivity could be very

high. The lunar rocis are good examples: both P and §
velocitics are cqual to, or less thaas, half the intrinsic

valucs and the resistivities exceced 10'° ohm-meters. On the
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otler hand,.if only the S velocily is anomalously low, thoen
cracks filled with fluid are prescnt and the resiSfivitf will
be low, Thus anomalous 1, 8 veloeity ratios can be taken as
an indication of fluid filled cracks. Since the rcsiétivity
problem concerns finding crustal arcas with virtually no frec
watéx prescnt, onc>hust determine just how small a fluid cén—
tent can be detected with seismic techniques.

As another example, a few cxisting laboratory data
suggest that Q may depend inverscly on the amount of water
present in cracks in any éivcn rock. Very small amounts
of fluid may have proacuncad cfiects on the mechanical Q
of rock sanmples. However, we need to study-thcse-cffécts at
the end of thq scale of vanishing fluid content. The Q
studies to datc have nnt been done under realistic pressure
conditions. We suggest that cqrtain laboratory studics on Q
and the correiation with electrical properties may contribute

toward solution of the preblem of finding resistive zones in

the crust.
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3. Measurceroent of elecurical
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a4t crustal
Ltemperatures
When high resistivity crustal! zcnes are fcund, then the

conditions at the bottom of the wave guiide becone inportart.

¢]
v
(L4

Our state of k.,ufnﬂge of the elecctri propertics cf rock and

minerals at crustal temperaturas (3¢S-500°) is still poer. The
existing data are not consistent ana there is very little

knowledge concerning the mechanieims oI conduction.

i¢ rccom-
‘mend thercfore that the eloectrical preperties of suitable
rocks be meacured under ccenditicns in the ldboratory that
simulate those that exist in the craze. ‘relation with

seismic propercies i3 also desirabie.

Cf greoa. importance is the neced to arrive at x¢ .sonable
inferencaes as to the common ZOUR tynes eXpl czed in the deep.

crust. S:ismic dacwa for thiz areas unier consideration @2y

> e,

lgaVe several rocl écmpasi:ions.possiblé; It is proposced

§  ' - to cohstruct models censtrained by gcc;hysics'and gcocheni trv
| to dctérmiyc those roék types oﬁvzzzble tltﬁ Loth gcorhvvl i
- s data and ge)lo%ical-obscr?ations in the electrical test areas

and elscwhcre. Samnles of deep crustal rocks below several arca

[

i

of North A“er1Cﬂ are ﬂrc' 2@ in diazremes and in.deeply eroded

crystalllne reglons. Onc can usual

(R

- estimate the pressure

of formation of

>
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such rocks from mincral stability data as well as gcological

"

fi: - . .~-and geophysical data from their localities of occurrence. Then

pressurcs,vgeqphysiCai data, and sﬁrféce'rock types at the
proposcd sites, one should be able to predict adequately
the rock Lypes likely to be encountered at depth.
Many arcas nnﬁ‘cxist in which the mineral assemblages
and the tc&pirature4bréssuro conditicns are such -that free
water shoulc have been remévcd from the system. Ly hydration
reactions. Reaction rates, however, in some areas may prevent
the syétem from réaching»the'equilibrium conditions. Reaction
rate studies applicable to a geologic tire séalé involve some
rather large extrapolations, but such information could, with
séme knowledge of the time-pressure history of the crustal
zones form the basis on which to predict the presence or
absence of free water in those zenes. Clearly the presence
o . of dry, open microcracks in rocks would act lower the electrical
resistivity. Recall the lunar rocks with many cracks but resis-
tivities greater than 10 '’ ohm-meters. Thus the accurate
‘prediction of the absence of free water at depth on the basis

of gecochemistry may suggest high resistivity zones even in

recks that contain microcrochks.
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C. Priorities

We do not list priorities for the work suggested in this

nrogram. The usual eritera for arriving at a list of priorities
would include these--(1) significancs of the likely centribution
toward the solution of the problem, (2) relative case of accomp- B =
“lishing the task, and (3) availubiliiy of standard, cor almost

standard, toechniques, All of the tcosks that we recommend have

roughly equal priority. Wec have inclucded only those items that

we believe likely to contribute significantly towards the so- -4

lution of our problem. All of them can be done with standard,

=
. ,

or with minor adaptations of standcyd, techaigues. We could g

have added five additional tasks that would have been relevant
but of lessex priority in order to show the presént sct as o
having very high priority. in a longer list. We have choscen

to recommend « .ly those tasks with very high priori«..
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- D. .Manpowcrsgnd £ﬁﬂding requirementé.
¥ e R " Several groups in the U.S. academic cbmﬁunity arc»capablc | o
>pf‘mdkihg sibhifiehnf’contribﬁtions tc this potential program.
t In thic scction, we outline briefly by tasks the total manpower
and fundihq'réquirémenfs. In the ﬁa:¥p5wci columrn, we have

‘included ohiyhthc'pronSSidnal°pcbble'(geclbgisfé; gcobhysi-
cisté, engincers,'and so on) but funds‘arc included for non-
proféSsionals as well. The time needed for theseistudies is
3‘yearsf‘ If au 18-wonth pfugxdﬁ is dcsireﬁ, ﬁﬁéh the cost is
about 2/3 that Qf-thc rocommended prégrém'aﬁd the results are

something less than 1/2.

|
|
|
|
|
|
|
’ ~

Funds Man-Months
($1000)
. Studies on Microcracks - 310 - 40
“Experirents related to drill hole ' 200 18
" 8ites (6:/site . 3 sitces)
Laboratory studies of rocks 275 ; 54
Site Sclection _ ' ' 90 _ 15
(2 main sites & pilot project site) -
Geological Kodelling of North A
Amcrica Crust o 105 20
GRAND TOTAL $980 14714

SIS A R S RS
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V. SEISMOLQGICAL STUDIES
A.  Introduction and justificatior
Although the basic measurcments necessary to determine

the possibility of existence of extensive electromagnetic

" wavecuide conditions in the earth are electrical, seismic

meaSurementsvcan provide valuable support of the electrical
ﬁeasurements in at least two major ways.

Fifst; measurement of deep electr.cal properties from
the surface requires surfacé conditions (high resistivity)
that exist invoniy a few areas. Extension of the results
of electrical measurements to thellarge geographié areas
invdlved‘in practical communications systems can only be

done using non-clectrical geophysical m2asurements. Selsmic

measurements are capable of exploring the continuity of sub-

surface conditions under a much wider variety of surface

conditions.

It is generally agreed that the presence or absence
of frece water controls the resistivity of rocks, both near
surface and in the decp crust. Lacoratory measurements

have shown that the velocity of P waves is lowered by the

presence of cracks within the rocks. If the cracks are

completely filled with water the eSfect on the P velocity are

small and may be difficult to detect. In spite of this

possible difficulty in interpretation the electromagnetic
group pressed for short detailed seismic refraction surveys

to Le undertaken during the reconnaissance period.
»

In the casc of § waves the velocity is substantially

lower even when the cracks are waterfilled. 'Thus it would
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be desirable to.conduct short detailed S refraction ‘profiles,

.. The difficulty is the source. Mechanical vibrators exist

W

(Cherry: and Wateré, 1968) whidh.would;serve'as=shcarvenérgy
.generatdfs and’a_pquram of studyvﬁsing mechanicél sources
Tis rccommgndéd. |
"insdfér.as the-deep'crustallrocksfare conrafned the
. laboratory measurements'suggest»that the presence df.water
.underNhigh pore pressures.is again ﬁost easiiyvrecognizéd by low
shear veldcities;, At ‘high pore préssure, the P velocity is
affected much leés-fhan’the shear “(S) velocity. Thus the ratio
of the P and S velocities, or Poisson's ratio, is a Qeasonaﬁly
sensitive indicator of ‘the pressure of water in the deep
‘crust. Ifllafge miniﬁgvopératidns'occur'in the region these
provide a suitable source for S wave studies. In most of the
sites'prbvisionélly Selected for the electromagnetic study this
possibility does not exist.’ If microearthquakes occur in the

‘region it is possible to estimate the S velocity. On the

A

other hand. if the.micrOSéiSmic~é¢tivity is sufficiently
high for $§ wave studies that region might be unsuitable fof
the electromagnetic studies. The sclution lies in the use of
a mechanical shea; wave energy generator. This forms part of
the recommended prdgfam. It is possible that it will be
neécssary to develop larger shear wave energy generators for
lower crust rcfractjon profiles than currently exist,

In view cf the importan-:e which attaches to the deter-

mination of the properties of the lower crust and especially
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- which are ‘influenced by the prcsencc of free water within the
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of those properties other than the clectrical resistivity .

1owor crust it is recommended that S wave refraction studics
should be undertaken in rejions where suitable guarries or

“large scale mining operations exist.

‘During the site sclection and the design of the detailed

P _
e il b b WA

site exploration plan, a seismic reconnaissance survey can

protect the project from selection of an anomalous site or a ' ﬁ'%
survey liné.across a locally disturbed area. .é
The seismic program consists of three parts: ;g
(1) measurements § studies to bevstérted during the i
reconnaissance pefiodv_ :E
(2) measurements at the site selected for detailed @
‘study
{3)

measurements aimed at extending the results of
the electrical measurements program to the

large geographic areas invelved in practical

communications. systems.
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B. -progtam.for 197241973

‘l..,Compiiation:of_existing dato

. - Evidence bearing on the continuity of eloctrioal Qa#e’

l- S Aguides in tho earth crust must come primofily from seisﬁio

1 »d;Fa, : . _ _ _

| In the past iSIYears about 50 good-ééismic'fe‘raofion

. profiles havé been. recorded 1n the contlnental UnltLd States

and much of this data is 1ecorded in analogue form on mag-

L netic-tape. These profiles have been 1nterpreted at dlfferént
times by many dlfferent people u51ng dlfferent reduct;on
techniques and as a result the data is not avallable in an
easily access;ble format. | |

._ In a nine month. program‘very sxgnlflcant progrcss
cou]d be made in reducing an 1dent1cal record sectlon format

] - which coold then be used for_a systematlc regxon to reglon ,

comparison of simila:ities and differences in the earth's

crust,

-y

Initially emphasis should be on quickly compiling a
oatalogue of potentially available data. A large portion of

such a list alrecady exists. (See Figure 1 and appendix).

Lot I S ¥

.Next estimates of reduction expense would be assembled from

Production of standard formattcd digital tapes and record

f e T,
ad

sections would procecd presumably principally at the insti-

- Py o

tutions taking the data as they retain the details of the

. aw

cxperimeatal parameters.

the holders of the data for the profiles judgéd most critical.




. . =3

“ . f
' All the institutions playing a major part in the tak{ng of !
i -==:~the data are equipped for digitization and processing to a . o

-common format record section. Their geographic distribution

is such that they could act as regional centers for processing

Ll

of other critical profiles by cooperating institutions not so

. 4
equipped. We would propoée Canadiar. institutions be approached '%
§§ regards this cffort and their participation be encouraged. E
- The assistance rendered for dicitization and hence toward .%
digital énalyses makes likely widespread COoperation. g

Estimated cost: $50,000 for the period 1 July 1972 to tj

31 December‘1973“(30 man months plus computer).

2. Short range seismic refrac:tion studies

Near surface basement rocks cften show significantly

ETT PR Xt oAl ah gkl - 5 Y 1 P

lower velocities at short distances (less than 15 kﬁ) than

at greater distances. Theée lower velocities are attributed
to the presence of microcracks filled or partially filled with
water. These craéks have a coﬁsiderable_effect on the near

surface resistivities. The electromagnetic working group

placeé cohsidcrable emphasis on the selection of sites in
which.the near surface zone of low resistivity is either not
present or as thin as possible. 1It is proposed therefore that
short range seismic refraction profiles should be obscrved at
about ten points in each of the areas to be reconnoitered

as possible sites fox inc detailed electromagnetic and other

studies, The experiment sheould include dT/d4 determinations

across an array of fixed receivers or across an array of shots

»
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' correctlon undcr the element changxng range. .. In some areac it .

- w;ll be posamble to use airgun sourceés in shallow laka

42

at repeatcd lctatlons.' Thls lbolates chanqcs in the

othérs such as the Canddian'hrétic~plastic explosive

prbbﬁbly:a’éditablc‘goﬁiée;“ Shot sizes wolild ‘be 'small, not
mbré'thaﬁ tcn”pouﬁds. vThé élternétiVC’sources are the various
t&ééé‘of ﬁeéhqnical sourdc'used by the e&blOration industry.
This part of'thé'prOQram is ccncerned with mcasure-
‘ments of the P wave velocity. If a mechanicﬁl Sheér

energy source is used as well the significance of ‘the con-

4

tribution to the program would be c¢raatly increased.

Estimated cost (for the pericd 1 July 1972 to

30 March 1973):

except in Lhe Arctic
$50,000 for an Arctic region.

3. Studies of S wave 9elocities usihg quarry blasts

Laboratory studlec show thatAthé ;'veiodityAis

more affectcd by water f;lled cracks th¢n the P veloc1ty

(Nur and Slwmons, 1969) Laboratcrv measurements of

electrlcal resmstxvxty of dly sxllca.e rocks are all

weathcxmng

pads .are

wave

'$25,000 per regioh reconncitercd

the

greater

than S x 10 at temperatures of 500°C (Brace, 1971 Sec

Figurc 3). Thus if the rocks of the lower crust are

free suitable conditions for an electromagnetic ‘-ave

exist. Few prccise values of the ratio Vf/VS have been

wa Lo

guide

determined for the lower crust. Measurements of P and S

waves through the lower crust yiclé ratios ranging from

0.234 to 0.262. The detcérmination of this ratio is most

important for this project. In general the scismic amplitudes

of S waves {rom guarry blasts are four or more times

thosc
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- -of P at short distances. These events therefore can be uscd

i ¥

"

for the determination of the 8 veiccities in the lower crust .

e L _(ahd'incidcntally also the sn velocity). The major problem ,
= o *”"';n éarlier‘work,namcly the certainty of identification of the 1 .

N S phases,is no‘ionger'serious for digital processing of the j

] __records pérmits of reasonakly gocd identification of the S “i

phaées. It is recommended that a program of S wave measure- ;i

ments should be carried cut in all regions where large quarry
© " “"blasts are available. . S

Estimated cost: $165,000
References:

Nur, A. and Simmons, G., 1969. Eartlh and Planetary Science

1 L . n ‘
T g7 Ty T T

Vol. 7, p. 99 and p. 183.

4, The usec of a sheay wave energy source in near

Lhh .1 mﬂu‘ yos e o

surface field studies.
Cherry and Waters (1968) have described the use of a
mechanical or mechanico-hydraulic source for shear wave
studies down to depths of the order of 10,000 feet. The

results quoted by thesec authors, and more extensive measure-

ments reported by Erickson, Miller and Waters (1968) showed
that the ratio VP/VS is of or@cr'Z to the depfhs covered
by these measurements. 5 ratio of VP/Vs of 2 corresponds
to a Poisson's ratio of 0.33. Tiese ruesult were obtained
in sedimentary rocks in Oklahoma. They can be interpreted
as confirmation of the result deszribed earlier in the soction .
on laboratory studies that in water filled rocks the ratio

VP/\IS is high. Thus seismic surveys using this type of
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source would be invaluablc in determining whether ncar sur-

" face rocks arc water filled or not,and also in determining the

depth to which watoer filled cracks persist below the perma-

“frost zone at the Arctic sitcs.

Estimated cost of an experizental program - $100,000
Referoences: | '
Cherry, J. T. and K, H. Watéfs,‘1968; GeOphysiés, Vol. 33,

D. 29 ’

~EricKkson, E. L., Miller, D. E. and Wateré,xK. H., Geophysics,

AVobl. 33, p. 240.
3. Longér rahge's Studiés usiﬁq a mechanical source.
it ié douﬁﬁful‘whcther.the existing sources are

sufficicntly'largé for refiaétion'surﬁeys to the distances
of 100 to 150 km hecessary for the determiﬁation of seismic
véloéitieslih the lowcr crust. 1In fact, so'fér as is known,
little refractionvwork has been done with these sources.
However, these studiés would have prime importance in deter-
mining whether water free rocks exist in the lowcr crust in
areas where low surface resistivities made it impossible‘fof
the clectromagnetic methods to achieve the necessary reso-~
lution. Thus a program for the dévelépment of a large source,
or.addptation of existing scurces fqr‘refractioh studies,
and for ficld tests in the detailed site locations during
the summer of 1973 is recomaendecd,

Bstimatcd cost:  $§34C,000
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6. Othér studicé

A number of ﬁhe‘studies reccﬁmended in Section IV-C
could be applied in the reconnaissaJCC study if time and
funds permitted, cspecially those dealing with ceflection-
réfraction surveys, passive methcds and seismicity studies
1t is recommended ﬁhat wherever wessible microecarthquake
listening posts be established in the arcas réconnoitered
for two rcasons: First to charéczeri;e the tectonic state
of the region and second as a source of S velecity depth
information. Reconnaissance stuéies caa also be carried
6ut‘using existing arrays across the couitry.

-Estimatcd costs: 1. Reflecticon and

1972-1973 refraction studies $120,0

2. Preparation and

reconnaissance 26,000

3. Microearthguake and

seismicity 30,000

Note: These are limited programs snd not the full scale

progcams described in Section IV-C.
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o Dowriny
1

C. Studius at sca

g

Indirect evidence indicates that if an clectromagnetic

wave guide (p > 106-ohm m) exists anywhere within the ecarth

above 20 km'dgpth there should be ene near the base of the
oceanic crust‘(ldwer crust - or uprarmost mantle):

(1) Pn‘VQlocity 8 km/s and $h vclocity‘4.7 km/s . o
giving a Poisson's ratio of about 1/4, atbthe
pfessures existing at theé depth of the Mohc under
oceans all point to relatively low tempcréturc
and low free fluid-cohient;

(2) Long range high frequency propagation of Pn and sn

N

under the oceans (freguencies of'qbout,BHZ observed
to distances of scveral thousand Km) indicatc a

high mecchanical @ for?sub-noho materials (perhaps ’ s 4
scveral thousand) - 2lso pointing to low tempera-

turcs and low free fluids.

ek

Detailed scismic, gré"ity, nagnetic, and heat flow
surveys are relativély easy to ccréuct at sea. However, the
direct mcasurcment of zones of high resistivity beneath the 3
highly coaducting ccean from near the ocean floor is difficult ,
if not iwpossible.

Detailed seismic studics, aimed espcdially at decter-
mining P/S racios (Poisson's ratic) and Q (mechanical), when 5
combinced with laboratory data and rcliable cstimates of
petrology may provide the bost meins for estimating the
electronuynetic properties beacath the ocean.  The selsmic

proyram at sea is similar te that dascribed for land.  Occan bottom

i
i
;
!
i




.
seiemoyglanho, 2oing oL, eunlonice: and repetitive sourecs can
provide intorlation onr boti, I ani £ velocity situations. A
160 x 109 mil. avea ceuld Li cover.d in d@Bnciderable detail
in one menth of rield werk in arn Zoe:n basain, (for examnle
hal{ way betueen west coast and lizzil or the Atlantic).
Gravity magactics and heat flow mezasuremznts would be made
alongy with the seismic work to priwvide additional constraint
or the iutcrir-:taticn.
Estimated cost including daz=zx reduction: $300,000
(includon $180,000 for shin time)

Best Available Copy |

SIS ot oo
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D. Mcasurements at the sites seclected for detailed study
o, : 1., Reflection-refraction studies _
S a. Introduction :
: Seismic detailed profilsing is recommended in
_ ... support of dectermining subsurface structure essential to the
" “electromagnetic ohjectives. A seismic profile is capable of
yielding detailed and continuous cross-scctional structure
" in terms of the following parameters:

(a) P-wave veidcity
(b) S=-wave velocity
() @
(4) Inhdmogenities'in tﬁe impedance gradicent
The precision and resolution of thesc determirations are
strongly dependent.den the observational density of the
field data collected. |
' The structure of the crust to a depth of 25 km can be
determined with an average resolution of 2 km and a P velocity
préciéion bf d;? km’seé. The‘shear wave structure is corres-
‘pondihgly dcterminable wiﬁh a resolntion of 4 km and a velocity
prcecision of 0.4 km scc. AtteﬁuatiOn estimates to )0 km depths
regions may'bc made, with a precision in 1/Q of .0025.

Narrow angle reflectidns are produced by backscattering
ffom "lumps®, gradients and discontinuities in the accustic
impedancé. N compilaticon of this data gives a two and with
arca Covcrade a thrco dimensicnal structure model which in turn
provides a basic strﬁctufc for:thc supcrposition of othor

geophysical model parameters.
q
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“For a total program as is recommended the following f‘%
are requized: -4
‘firzéumﬁé%ﬁfa.Reconnaissancc anc preparation pre-study R B
A ? T UTonERy
. . . -4
- Four basic profiles in each recommended EM 3
. . T ' |
2. . study area ‘ ‘%
©  ~ surface and body wave spectral studies (see "fg

Secﬁion 4).
b. Recommcndcd program
1), freparétion énd Reconnaissance activities:
(Junz 1971 to March 1973)

These arc modest activities which would
normally-be condvcted by coordinated investigative groups with
some minimum manpower commitments.

af Acquisitien, playback, and compilation

of existing decep crustal reflection Jata.
This material is present in unknovn
gquantity in the o0il companies. Personal
contact, with support froh the program, is
is the most effective way of obtaining
this data butiit should be rought under
the unified sponsorship of the ONR-ARPA
- program.
Costs: Travel and partial support of post
doctoral investigator: $4,000
Playback & compilation: $6,000
b) Spucial recording runs td improve methode-
. logy. 'The major aim would be to obtain

Vibroscis (or cquivalent) data for decep

- : . "Nk TR b uww



S “crustal penetration. | S
Costs: One reccording week and 2 months
L of inVestigation: Salary, travel = .: -

and analysis- $20,000
'2). Recormended Surveys, EN sites (March to
. Decerrber, 1973)

s ‘ a) General'éonsiderations:c'

In this section, we describe -the recom-
“mended profiling, ‘including coverage, effort
-'reduired’and cost. Four possibhilities

have been considered. These are:

(1) Reconnaissance refraction and reflec-

tion study
2 crew weeks
one line of séction_— 75 km, discon-
tinuous coverage
Est. cost: $30,000
.- (2) Detailed full line coverage profile
6 crew weeks |
one line of séction - 150 km
Lst. cost (fiecld & analysis): $90,000
- $100,000
{3) Arca covcrage: 4 intc:locking profiles
24 crew vecks
4 lincs of scction - 150 km cach
Est. cost: $347,000 - $466,000

. . (4) Multiple coverage comimon depth point

survey.
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Commercial crew @ $10,000 per line
mile

$106 per 150 km tine; 4 X 106 per
“area (4 profilesf

A reconnaissance survey (1) can add to an otherwise

+:blank data base, but is of dubious value in providing hard

constraints reclated to the electrical structure of the crust.
7 “The single profile (2) gives the desired precision but lacks

area coverage, The recommended survey (3) provides the infor-

" mation sought and described in the opening paragfaph. It does

not provide the intcrval velocity data obtainable from (4).

The recohmended survey is to be conducted in the special
test area designated for the EM studies. It is to be conducted
by a coordinated creéw from a small (2-4) group of universities.
(This is the only way the costs can be kept as low as they are).
It is to be carried out in the period March-September, 1973,
following the period of preparation and reconnaissance.

Survey configuration
1) Basic profile
The recommended basic profile is made up approximately
as follows: Shot poiﬁts spaced at 5 km intervals embrace a

total aperture of 150 km.
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( 150 km )

Each reflection shot peint will invelve a minimum of one shallow

6 holc patilern which is {ircd either one hole at a time or with

2 to 6 holes simultancously with about 50% of high explosive in
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each,hdlc; -Cost_in'cuﬁy to moderate drilling: country is

$1000 péf lbaded’Shot point. Additional holes at the,profile

" ends will be charged with up to 2004 for repeated refraction

shots,

..~ 2) profile Coverage: Assume that the'shot at A is in

. the middle of the profile with receiver arrays at 1 & 2.

DR 150 km— >
mt S =5 km=> A | w
- 3 c A

q\\ ;%; C 1 0 53 'i

N Vi
\" <)/
.,\ﬁ_} (_

~ The shot'patﬁefhiéf A is fired to get :eflecgién coveraée
under receiver spreads, 1 & 2. The 1arge‘sho£§ a£ E aﬁd F
are fixed and give refraction and“wiée ahgle :efléctioﬁ
coverage. The spread at 1 moves to 3 and B is fired. The
spréad at 2 moves to 4 and C, B, and I’ arv fired, etc. The
maximum depth cf refraction coverag¢ is 25-30 km, The re-
flection coverage is best for 5-25 km depths and adequate
to marginal coverage is realiéed for 25-50 km depti.
Effort: Two crows of 4-6 men each. Allowirg an average

1-1/2 days per setup = 45 crevw days.
Field cost only: Drilling and loading holes $45,000
Crew time and contingencies _30,000

Total fiecld cost per 150 km profile $75,000
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? . 3) Areal Covcrage: Four profiles in either -
b : R . & 150 R~ .
Eu- . - rre==xgecnetry sheown below: . ”,:;.T __3}
: _ v | T3
L - . ' oﬁm f
. &3¢ ”}]J‘- 15¢ fam 150km ?
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5 e R $
 The latter gives more intensive, three-dimensional coverage. é
Total fiecld effort 4 full profile lines: §$300,000 using 2 crews. i
Elimination of full reflection coverage near the ends of lincs %

results in an econcmy version at $250,000.

¢. Instrumentation

gp————%

Two single truck digital reccrding units are needed.
'Basic procurement cost would ke $25,000 to $30,000 per rig.
Modifications to existing equipment, maihly for analogue and

digital compatability could be done for about $10,000 per unit.
New:  §60,000 total

Modified: $20,000 total

d. Costs

l) Staff Personnel costs: (inclvding overhead)

2 Digital technicians or engirncers

(year) $40,000
4 grid students (year) 32,000
3 faculty salary menths 12,000
(Two instisutiocons) $84,000

2) Data reduction costs on an intcractive

. computer
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! ':w:-Disc Qquipmcntvicase o :-$,5;°°0 , - 2:j¥
Time _ | o .ﬂ'v:V 10,000
‘ T Programmer 12,000
BT St Ades: =l EE IS8 S - ) X - $27'000 s
s 3)  Total Costs: Minimum ﬁeédmmended
T T field . '$250,000 $300,000 Lo
;  instrum. 20,000 60,000 -
personnel '507000, . ‘84}000
e “analysis 27,000 22,000 L
$347,000 - $466,000

Remarks: ‘The recommcnded.prdgram amounts to'a special
area survey which takes advantage of known Dody wave propaga-
tion phenbmena in érystaliine rocks .

| 1) Refractions'éivc average vélocify vs. depth, con-
tinuiﬁy'and dip.bf interfaces.

2) Critical angle reflections and other second arrivals
.locdliié'ﬁhe gradient or inieriace regions' configura-
tions and detormine'something of the sharpness of
gradients. Foilowing the arrivals as a function of posi-
tion and time provides 2 or 3-dimensional structure.

3) Narrow angle reflection (back scattering) gives
detailed structure and is sensitive to local hetero-
geneity. The final product is an acoustic cross-
scction, similar to the results of airgun work at sea.

{ a) Non-QXplosch sources (c.g. Vibroseis) could cut

i > overall cost. The preparatory work the first summer

should determine its feasibility.




6) Operations in difficult ncar surface conditions

%) There is special need for horizontal receivers.

7) Accurate P and S wave interval velocity distributions

.. .from multiple coverage reflection data can be used

"‘*¥*Toisson‘s ratio may be c¢btained with a resolution

—— T —

for £ wave identificaticn.

may increasc shot costs such as to make Vibroseis S e

mandatory}

to determine distributicns of elastic properties.

of 0.05. More importar.tly, these interval velocities
‘can provide estimates o water saturation as a func-
tion of pressure (depth). These parametexs provide
the moSt dct&iled deterrination of wave prupertics
with existing seismic scurces and digital recording.
Less detailed velocity &istribution can be obtaincd
from refraction and wide angle refléction for layers
as thin as 5 km.

If the requirements of the IH sﬁrvey include
detailéd internal veloci;ies at all points along
profile, then the multi;-e covérage commen depth
point reflection mcthods used commercially are
needed. The cost cf these contract:serviccs is about
$10,000 per line mile, or $106 per profile, or
$4 x 10% for four.

A CDP survey alon: 20 miles of linc would give
good interval velecities at one point - say the ~enter
of the arca.  This would be a $200,000 increment to

the recommended reflection-refraction survey.



Site factors:

.8) . Costs Lstlmated for Lhe dlffcrcnt Lypes of survey

TS _._ﬂ.:k_—

are based.on»the assumptxon that field conditions
are bptimum} ‘This iﬁcludés:

B Tt -

i, = easy Vchlcular acce5° - qlat ground

-.easy- drxlllng for shots

The high plalns areas and intermounta*n plaxns Y
“of the Western Unlted States best qualnfy. ;;n~

"creased ‘ogJetlcal d;fflculty means 1ncrcased costs.

. For shicld areas like W1scon51n, drllllng cos t1

., would_lncxease by;SOuQ For inaccessible areas -
requiring helicopter transport,.tétai costs would

prchakly increase by a factor of 3.

'd. Project management
' A full time scientist manager is required to coor-
dinate activities, handle finances; legal problems, etc. This

person should be on the staff of the overall project manager.

e R
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2. Passive seismic experiments

foemest Passive selismic experiments, including studies of

e

4
body waves and surface waves from natural sources, can _é

—1

__contrikute a large body of quantitative information about : .uii
jH-—-_:‘f-thu feﬁbspécially selected sites chosen for intensive -:ég
_ e

| geophysical study. These passive cxperiments, combined ;3
witl. the active and passive élecﬁrlcbl'studies, with re- 3

i st

flcetion and refraction moasurements,’potential methods

such as yravity ancd maqretic mapping, and studies of @,

e

seismiéity, heat flow, well logs, and regional geoclogy,

ought to produce a picturec of the crust rivaiing many of

the botter arcal studies in the literature.

siffin Soibh st

The ‘passive experiment can provide measurements of

.P and S wave velocities, Q from body wave studies of

Ghe i § 15

[
sl

natural sourccs, P and 5 delays in the crust and under-

lyine mantle, the crustal transfer function of long-

e TE
b idicnd

period body waves and the tilts and displacements pro-

o

[TAprEoerys SIS 5 Bt L ARV ES

ducod by atmespheric loads. But perhaps the most diag-

nostic experinents will come from the observation, identi-

fication, sepa.ation, and interpretation of multi-mode

scismic surfaco waves,

et mar e

The resolution which thesc permit

should lcad to detailed velocity and thicknezs cstimates
for all of thc major crustal features, including ¢ as well

as velovitics along with estimates for the unéertainties

T e o i et S+ PIT

of all the desired paramczters, since it has been demonstrated

that the crrors of measurcnent way be propagated into error

Sty v L e i

|
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estimates for the resulting models. The P and 8 rcfractxon

~-Velocities and rcflectlon tlmnr snould serve as powerful

constraints on the re ultlny solutlons. Gravity and mag-

: not;c 1n£ornatlon may als 30 bo integratcd into this prccess.,

Thc ObSLZthLOnS should bu basnd 1n1t1allv on avall-
ablc data from the VQSQ and Canadxan networks for the

first-look rcconnaissahce, but the really dntalled studlc

can only rcsult fron the implementation of an arrav of -

seismomcters and micrqbarographs. This'a ray covering
from five £o nine sites for an area of 400 X 400 km, ouqhﬁ
to havc at lcaﬂt leng- pcxlod vcrt1cal comunnent capability,
Optlmally,,B-components‘anu mx;robarometrlc sub-arrays of

3 or 4 sensors, successively deployed at cach site, might
be used. The oricentatic: or the array, if chosen with
regard to most active sdurce regions‘and_locél geology,
vould broducé uscfal data;withia the short time envisioned
(i to 1 1/2 years). Tolemetry, wide dvnamic range ampli-
fiers, gain-rangdd digital recording at a central re-
cording site, and cfficient means for processing the data
arc ai:l required for optimal recording of cvents of large
and small macnitude. h cheaper route would involve the
use of uénvcntjonal drum reocorders ard digitization of

events of interust.
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CONVENTIONAL PASSIVY SEISMIC o
o LUDGET : |
Al. 5 to 9 Vertical Units $3,000/site $15 K to $27 K B
(Additional units @ =$3K/channel) o
' up to 27 units + 12 p~barogranhs :
: Bl. Computer Time §10 K :
Cl. % Scientist, 1 Post-Doctora’ Man, $20 K :
1 Student, Rccord.Changers +Overhcad
$14 K 3
=
pl. Field Expensee, Travel, Misc. $10 X A
$7 K to $85 K 3
2
(First- Year Labor & Overhead *$40 ¥
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GAIN-RANGED PASSIVE SEISMIC

. BUDGET L&

Manmun

s i s

Al 5 to 9 Vertical, LP Capability, $3,500 eca.
Wide-Dynamic Range Telemetry $17,5006 to $31,500
(Optimum: 3 Components/Site
+ 12 + Barographs € 23500 ea)

Bl. Gain-Ranged Digital Recording
Facility [incl. reccorder & playback
@ »$20 K cach] $65 K

B2, Computor 'Fime : - $10 K

Cl. % Scicentist, 1 Post-Doctoral Man, $35 K
1 Student, Engincer . , O'llead $27 K-

DI. Ficld Expenses, Travel, Mis. $10 X

$170 K

40 X

First Year Labor & Overhecad 0 $210 K
CMintnun {(Vertical Component Only) . s ‘ _ o

(3]

(Ootimun WL th 2 ocompenent instruments - §350 X}
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3. S¢imnicity studi oo _ iy

&
The seicmicity associated with a given region :iro-

vides valuable cluers alout the phys
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data recorded on an array of short-periocd scismomaters
that spans the r:;‘on. Those sarme data can be used to
construct "vertical" travel time curves for earthquakes
at a range of depths. This approach, for exarple, has

been successfully used in t. . USSR to define low-velecity

‘zones in the crust.

militudes of arrivals recordéed at a ranue of

2
e

(2)

distances frcm esarthauakes at a range of depths can in

.

prrinciple be used to untangle cecometric pronagation el-

fects from inirinsic attenuation (Q) effects. Such data

h

depth within the depth rance occurzied by earthquakes.

(3) where thev exist, earthcuakes provide direct
evidence for cracks and fractures in the crust. Further-
more, the existence of earthquakes at even modcrate depths

probably irndicates the presence of interstitial fiuids at

‘relatively high pore prassures. . This, in turn, probably

implies a relatively low resistivity to depths at which
the carthquakes occur.

> -




“and techniques

' inerun’nts dlstrlhutcd over thc site .

ve reconmcnd t“dt seoismicity studies be undertaken

with these objedt:v s in mind for the special. qltos as

well as a rnconna1cqanug tocl 'Extstlng.1nstramcntat10n

can he uscd to accomplish this goal.

For the spccial site 1rst stage 1nvc°t1gation

should lnvolvc betucen 15 to 30 portable, short-pcriod

‘to monitor seismi-

city for.avperiod of 2-3 months. Cost =$32,000.
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~=  —4, N:teauation studics

In most scismic studies velocities and structure

recoive primary attention; attenuation is usuvally a scc-

ondary considueration and is frcqucntly ignofed completely.
Yet attenuation is pérhapu more closely related to thé rock
preperties of intercest for an electromagnetic wave guide
ﬁhan arc -other seisfic~parameters. -At;cnuation may depend,

for cxample, upon temporature, partial melting, hetero-

‘geneity, and water content. Unfortunately, it is not al-

waye possible to sepavate these effects, but the measure-
wents are of value, nevcrthclcss.. For examvule, in
thinking of an electromagnctic wave guide that might span
the Nerth nmorican continent, is 1t irrelevant to know
that crustal soismic waves arc nuch: more strongly attonu-
ated in the west than in the cast? Almost certainly not.,
BuL'only the gross dotails of the snatial attenuation
patterns arce kiown. Studies aired at somcwhat finer
detail and using existing data shcould be carried out
with the gd&l of providing maps, first of the U. S., then
North Amoerica, and ultimately of other continents and
the cooest shoving spatial variations of seismiic wave
albtenuation in the crust.

Lightueen month: study - $60,000.
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i L. - Extcnsion'of the Mcasuremcrt Program, 1974 Onwarad )
N ) At this stage the cmphasis will be on dctcxmlnlng the
o continuity of the wave guide over l rge qeographic areas. el
é{  Seismic measuremants combined with ﬂ=gnctlc and grav1ty
& measuremrents offc: thu most prom15= ‘or thcy are relat1Vel)
H
e
. leqs serlouslv affccted kv surfacp uondltlons than the
i electromagnetic mLLhOho E.scnt* 1iv the p*oglam conbxst°
} : . - » . » ¥
A of detailed scismic studics in the voteutlally favorable i
H sites, COﬂUullqOﬂ of szmllavlv Ac.:;*ed mcasuLemcnt° at
i
: other possible. SlLCb selecboa on th pasis of geologlcal
. or geonhysicxi infcrmation ar a 91.--gr studies along pxofllcs
B radiating f;om and lnhc)connccting the a\orablc sites.
; The mothods te be used are tnoso catlined in Section 1V-B.
i The cost is e€s c:mu*ca to Lh $1.5 x 106 per ycar.’
i
.
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I SN1. OTHER MEASUREMENTS ON LAND
A. Geological studies

The scarch for_an electromagnetlic wave quide in the T
crust involves roks éoiely of pre-Cartkrian age. A
“thorough review and‘study'of the pre-Cambrian geology of
}any special uite'will Le essential for optimum utilization

of seismic and other geophysical ¢ata - including the

-
-electromagnetic ebscrvations.
The renewed inteorest and enthusiasm for pre-
Cambrian geclogy that has syrung fren the application
of the plate tectonics theorr to recks of this age, and
espacially of late pre-Cambrian age, is a clear indi-
caticn that majer advances in cur undsrstanding of duep
crustal rocks are soon to be achieved.
i our ability to predict what rocks may be found at depth
& in the crust may improve remarkably over the rext few
23 | - ,
Fl ~ years. .uch information would be of immediate and crucial N
1 - walue to the clectromagnetic wave guide p  dect. F. .
{
g A small number of gcol.. :, sy 2 ¢ 3, working on :
K
i this topic, surveying the :icerac:re and interpreting the e,
. geopbysical data with geor’s =i.15t3 should he supported with -
.i . . s - :‘2
: the gcal of preparing maps or other illustrations of pre- 3
! Cambrian sub-surface structures, rock types and other infor- ;
Lt ) '_
mation insofar as possible and as it may relate to the wave 3
ﬁ guiuz problem. ;.
r . i ;
H Cost for period 1 July 1972 to
i »
| 31 Docembser 1973 $75,600
i 2
LY
‘i
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"B. cCravity and nagnetics

Vurious kinds'of geophysical Z2ata, particu;arly

.gravity and magnetics, in addition to seismic information,

'will be uscful in selecting sites cr paths for study or

--application of wave guidce propagaticn.. During the initial

exploration phase of this project, zdditional measure-

ments will be necded at the special site areas if the existing

. .covera~e is inade~uate. Tt is rccommended also that data

should be compiled and maps preparzZ or assemblcd for a

repcrt on the procpects of wave guide propagation elsewhere

than at the special sites.

- Estimated Cost of cowpilation : !

ffom 1 July 1972 tQYBLFDccemb¢: 1973: - $15,000
Estimatéd cost of additional-meabure- .{'
méhts'where neéesséry: o . ~$25,000

C.  BHeat flew studies

Excluding the effect of pore fluids, the tempera-
ture ol a rock is the most imveriant factor bearing on

the resistivity of the crust and usier mantle. Tempera-

ture certainly is the factor contrelling the denth to
which any layer of high resistivits extends and is im-
portent in evaluating the maximun resistivity reached in

the crust. It is not important in cdetermining the resisti-

vity of the upper crust. Crustal <omperatures are a

function of thr heat production of the continental cruét,

heat flow from the mantle, and tho

thermal conductivity

w2y giant e Vyeor

of tiwe crust anid up e Pyor measurcements of sur-
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face hecat flow and surface heat preduction of U, Th, K at

E.‘i several (3 or more) locatiens in a given area (of several
I' ;’ ’ e tte T o : ' ‘

thousand kmz) the first two quantities can be determined

P e

, (Birch,‘Roy’andTDeckcr 1968, Blaciwell 1971). The’thermal

v + - ~--conductivity can only be inferred Zrom measurements on

; ~ -.postulated'IOWGr_crustal and upper mantle analogues.
‘Nonctheless given surface heat f£lew, thermal conductivity

-~ - -and U, Th, K content temperatures :in the crust can be

et

calculéted'to’a precision of #50°C. These temperaturc
depth measurements can be combined ﬁith laboratory measure-
ments of clectrical resistivity to estimate the upper
boundary of the conductive region cf the mantle. This
‘boundary then cén be used to céhs:rain intcrpretivo

electrical models from EM experineonts,

The data can
also be used to evaluate the possille upper limit on
the resistivity of the wave guide itself in the absence

or prescnce of pore fluids (Br.ce, 197.).

It is specifically proposed that in the second
anda succecdany years of the poogran, at least three or more

; ‘ holes be drxilled for heat flow at each of the sites sclected

N for detailed studies by the electrical methods. The

holes will be core drilled in reciks of varving heat pro-

duction from U, Th, and K so that “he distribution of heat

precduction in the crust and the mantle heat flow can be

measured (sce Roy et. al., 19%6%, Blachkwell, 1971). Coa-

comitant mecasurcmants will e made

> the temperaturc,

therwal condactivity ef the rochs, and radiooelement con-
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centration. The holes might be logged by various technigues

..to furnish ancillary information, such as in situ resisti-

vity and the cores would be available for laboratory

“measuremcents of clectrical resistivit . etec, The tempera-
) : p

-

. _ture on holes would be measurcd one month after drilling

but would_bé cased and maintained for at least a year so
that they could be remzasured after a year to ensurce that
“;ihe'cffccts of drilling 0n>the temperature had been
ﬁegligible,
If the locaticns of the sites for detailed study
arc in the Canadian Arctic, drill hdleslof the order of

400 meters will be required to get beleow the effects of

+e
Fh

reccnt changes in the surface towperature (see Beck,
A1965). Drill holes of 2-300 meter depths might suffice
in localities further south.

The estimated cost of the heat flow studies is
about $50-100,000 drilling cost per EY site and $50,000

" for laboratory measurcrient, travel and data reduction.

The drilling cest i3, of cnurse, dependent upon the loca-

tion and thue depth ¢f hole reyguired by the site histery,
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D. Pilot deep hole mearurement projuct
Some of the principal uncertainties in assessing the

potential of a wave guide in the lower crust arise from

o " rocks at depth from physical measurements at the surface

or in the lahoratory. It is appropriate therefore to propose

|

e
S Ay il st *

1 B the necd to infer the changes in.thé physical parameters of

that a program for the measurement of geophysical paramcters

N ~ = *--should be carried out in existing holes in basement rocks in C s

It is plannred:

to measure the following parameters in the hole:
heat flow, elcctrical resistiVity velocity of
elastic waves |

to provide side&all cores for electrical 3
resistivity, heat productivity, velocity,
petrologic énd geochemical measurements in
the laboratory ' .
to compare the results of sonic-logging with

the results of velocity and attenuation measurc-
ments to a sei#mometer and/or hydrophone string
in the heole from shot points at varying distance
from the hole and with good azimuthal distri-

bution.

The hele sclected for the pilot study is:

the Phislips-iatey .11 I in southcastorn Okla-

homa drilled to a Aepth of 12,500 feet in granite

Lstimated cost: $140,000
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