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The peper givos the regults of masux-émnts of tho mRgw
netic anlsotropy of 47 samples of sedimentary vocks renging in age
from Fliocone to Silurian time. ﬁwstu&y%amﬂn%f@%&t
the velidity of the hypothesis that fine grained sodinents contalne
ing a lawpe mmber of fervomagnetic particles should exhibit a mape
netic anisotropy, the direction of the mayimum susceptibility being
in tho diroction of the Nsrth's megnetic field exlsting at the tinme
of depovition, The theery of the development of remanent roment and
endeotzopy 1n sediremtary formetions has boon dlscussod and it is
claised that the enisctrapy measuresonts should give more roliable
results than tho remenont moment measurementts regarding the magnedic
higtory of tho Farth, A highly sensitive Susceptibility Meter has
been decigned and constiucted for the purpose, and the theory e | |
moagurenents of the indtial magnetie anisotvepy in cublesl vock sam-
ples bas boen dﬁmlopeé. S’mlimrymawmmw o 2l semples of
Tertiary sedizents show Swt for the past 60 milllon years or 8o, the
averege declination of the Darth's megnetlo ficld bag been witidn abou
20° of the geogrephlc north, Similar meagwrezents on 23 samples of Si~-
lurian sediments indleate & sigﬁfigani difference beﬁvmn the Silurian
and the presont geamacnotic field, The effect of defornetion of beds
and of gtevons marmetic fields e wﬁ.mtm;;;; have also been etudled
and 1% is concluded thet the dircction of maximm susceptibilisy in
sodimenbery yocks is steble and g dnvaristle wiih respoct w;a.n:; |
ghray maznelic fiemé subseguent o deposition,
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- PART X
INTRODUCTION




1, _3 brief pumary of the carlior works on Rock iempmebicms

The magnetic properties of rocks and ninerals have one
gaged the attention of a mumbor of investigaters for a long -a:&m._
As early me 1691 Boyle Lound that somo old bwicks had a residual
magnotism and bohaved ag pormanent mernota. Sincat}mandesge-
mmmmefmmmw, the sawe property was
abaerv&d by several Itelian and French iauvestigeters to exist in ip-
necus rocks, baked clay and clay vossels of historic time, The ine
-portance of this property ws noty however, fully realised until pro-
bably A89% when Felgheraitor (1094) pointed out that metarisls come
tataing magnetic winerals on cooling from Mgh temperetures sttain o
residual masnotisn, the direction and imbensity of which arc determined.
by the direction and inteasity of the earthts megnetic £ield during tho
time of coolings This important discovery arcused a considercble ine
tmstintheatuéyofmmm&memmmwmwand%m
physicists found a bool for trecing the magnetdc history of the earth
in geologleal epochs, Foranmnm& bibnogmzwafmmuer ‘
vorks, the veader 1 referred to Kemigsberger (1938) and Haslek (19%2).

Mpmwﬂmwﬁmoftmmmafmmﬁm
netizm in igneoun rocks, especially the effnaiw ones, las been gt
died cavefully by Eonigoberger (1938)_ and nore memﬂa and thorou hly
by Negete (3943). Tt 1o now gemerelly bolleved that tho forromagnotic
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property and the magnetic pusceptibility ere primarily due 1o the prow
garwee of a large muber of micro-crystals; the chemical corpositien of
wideh L8 not uniguely lmown, almougz a large part of these mﬁmo-cz';;»v
stals scems to consist of Magnetite (FeeOs), Chrerdie (PoCrolis), Pyrw
rhotite (Foudy) and to a leseer extent, Spinel (MpilsOs), Hartite
(Feabe), and Limonite (M, ndah)§ ses Berendsiii (19h8), Though

the plysical mechanisn of meagnotiscation of those Mlorowcrystals iz

not yet thoroughly wnderstood, there 1o 1ittde doubt thet it is dewe
oloped during cooling of the rock sample in o weak magnotic field frem
& tempereturc exceeding ite "Curie Point®, whonco it is callod "Thormom
remsnont® magnotisation, The direction of thermowremencnco is alweys
found b0 be in the direction of tho wesk mignetic ficld, It hes also
been demonstratod in & mmber of rocent lave flows in Japan that the
remsnont, magnotigation in them sgrece well with the divection of the
earth's magnotic moridinn; ses Nagata (1553) snd Harads ot al (1946).

mmwm,mmmvm-mmmfwmm
mmm'emmﬁcmmbmpa@mmmﬁmd%tm
mwammwmaﬁmmm. If the dive
wﬁmoﬁﬁwm'ammwmwwmviémﬁmﬁmmt
of remnent magnotic vector of the matordal to be observed, the posi~
&m@%mﬁarﬂm%mmwnybetm"mmatmm
of coolinge It has, hewever, boen obge: vod m.a‘wﬁmﬁ’w
that rocks ave plastic, and large scals flow ‘is possible evon bolow
thelr Curie points, T the original direotion of magotimation in
s mieo infiuenced by the earthte magnotic fleld could be campletely
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cbliterated by the subseguent {low and conclusions drawn from the meow
surements on thom could by erroncous and nisloading.

It wae first osugpested by mvrisza and Jotmoon (3.9337 that
the most reliablo results on the dlrection of the earth's mgrietie
fi0ld in the past should be obtained from the directisn of magnete
$pation of sedinmentary deposits and not of igne rockss Since the
bulk of the codiments consist of fragmemts of igneous rocks, they too
ought t0 contain seme perwencmily magnotined fervemgnetic minerals.
These fragmenta, 85 they settle in the guist waters of glacial lakes
or deop oceansy tend to orient thomselves in the direction of the
sarthte mgnetie fleld existing ot the timo of depositene Upon elnie
ing to the bottem, they ave locked in plece by subsequest sediments
and register permuently the divection of the carthle fisld at that
tmo, | |

350

The suopestion of Melllsh and Jdohnson recoived acceppiance |
in many Iabsratopries egpecially at the Depertmont of Tuwrresterisld g
notden of the Carpegle Institution of Weshington vhere many veluabls
contributions have been made to the subject of rock magnetimm slnce
1938, & fow of the results obbained are worth mentioning, lotieh
and Johmeon (1938) meds measurenents en two sevies eé: Ploistocens varw
ves in Comocticut representing sbout 200 and 590 years of deposition
respectivoly, In the Cormer oase the Average direction of the horizcns
tel component of remenent mm. ws foud $o ba. apprmmmiy 30° weh
of the present declination in he region, vhereas, in the latter series,
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the am,g;e direction wes found $o be 30° cast of the present decli~
netlon. The tims gop betweon the twe series e estimted to be

few thousand yoare at the noste Similor neesuwenmmte mede by Johnson,
wammrmma%?)mamm-mmm@mmmmam:
Mgland geve samewhat differemt vemilts. Thle eerdes covors a perded
of 5000 years and 1t wie concluded fram $he remults of tho meesurenents
that the carth's fleld hms not chenged substantially in direction or
intenpity during the last 15,000 yearc, mmﬁmapftmtm
1ination being betweon 35° cagh and 25° west of the present deciination,
In arder %o sxbend the moEcurensnts o sedizentary rocks of greater go-
dlogle age, Torreson, Buphy and Crshan (1519) measurd remsnent moments
of £1at lying undisturbed sodimentary recks wmostly balonging to Tere
%amnaarm%wmmmmmwmambymmavm
£w@mmw'mmpwey&M»m¥amg:mmm
hng boen the seme a8 now and the megnetic sxls beg bad an average orie
entation that coincldes wih the earthls geogrepide axise guxe st
of magnetisations of carly Paleosedc sedimmtary rocks e now in prow
gress st tho Departoont of Terrestrial Megmetism of the Carnegic Ine
stitution of Washingbon.

2, The Stability of Magetis

In weing the magnetisation of sodinontery rocks as en indiw
cation of the magnetic ficld of the carth st the time the sediments
were deposited, it iu assumed that the pattern of primary mgmﬁimmem



is permmnoat end hLias 2ot beon changed with btine, The gtabilisy of
sagaedian in rocks, In general, lds Lwon cwmniaed by & mimber of dinw
watigetors and very different yeoulls havo boen obtained,

David (190L) found an evidence of the stabllity of megnete
isation for at loast 2000 yesre in 2 stome wall baulld with blocks of
bagaliic rockss ﬁwllier {1937) inwewtiseted samples of basslt frch
severeld placos and Found that both the inclination and declination of
ressosnt, mousrh sers not constant bub were dependent on the Influence
of the week magnetic fisld of the earth. Simllar emwmles of marked
ingtability in laboretory samples vore by Thellier and Thgle
Lder {(35dh)s Morcenton (A948) Pound that in esee of sowaral basall
spoctuonn, the disoctien or intensity of segnetization did not show any
change dn sbout 0 yosrs in exvess of tho probable exror of dotermina
tion, Ising (1942) in Sweden, 8 & recull of soveral years of moasw
urements on varved elays, oame to the conclusion that the magnctisae
tion bad not remained gtable sinco depositien but had i‘ollomd-. in the
zadn the divection of the esrthls £leld, Orahen (A949) hes given &
garaful oensidm'atian of tho uhole probles mc. observed that am*tai.n‘
pelocted sedivontary rocks retainod their manetlisation over leng
periods. Depeclally in the csse of soms siluwrian beds, ho wes eble
to show that magnotisation vamained ctable for ab least 200 milen
yorrs, In his sbudics, however, Orehem ecncountered a case of Silue
rien Jimestono formation whore the resulte %o demonstrete the ghabll-
ity were not ot all concluzive,



Rosults of the investigations as emmorabed in the last
parecreph show thal opinlons &iffer ag to the stabddity of moonotlon
in roclise This ip, howover; not zwgmcw, Polovization® of mage—
notie minorels (vhich is recpaisible for the polarigatlion of the rouk
&s 2 whole) is o molesular phenomencn (belng due to the ariontabion
of the damedng § and henco 1%s stabilily w32 depond on soveral Lacw
torg such ag, the physical higtory of Uhe rocks, the shope and slze
of the grafne, tho Curde pointes and the cvarcivity of the grains, the
ghrength aad durellon of the stray Jledds and probalily seversl olizovs,
For exemple, Fonipsberzor {1930) bae shown thab the highey the walue
of Curle beperature and the smellor the graloo, the greater is We
megnotic etability, According to Delmemenn (1930), the megnotizstion
of seologleal bodles is 2 functlcn not ouly of the earthls Cield bub
alee of the elastic Jelomabion suwebalood Uy the bodles, Tims 1t is
pogedle thet thousl: in sone cages the pelacisation mey resslin glalle

foy & long tine, in many cases 1t may ol and only in cages where

gtabllity bas boan vroperly eatabllshed oan ws apoly Wilh any conlie
daneo the vesulls of palaxdmation of rociy to trace Ul masnedtlc hisw
oy of Yho carbhe

The parpose of the propent luvestigation wes to exmmslng anow
they characteristic feature of sedimontary rocks wilech mlghi ho doveloped

% Polarisetion and repanend sesactizabion are solonynous,
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in thon during depooitlion in the earthis ficld and which presuwsbly
coudd not be npdified by subsequent magnetic wrdatlons or any stray
clectelic or mpnebic fiolds, |

| It Ims boen shom by Demedllet (1942) Shat whon ferromage

netic powler particles mixod wieh clay ave deposiied Ina %ﬁ%‘i@
£icld, the clay becomes Veagnotleally anisotzople’ or in obher words,
the magactic suveapllbility of tho oday develops & divective property
wih it modhow "a:lwe in tie direction of the epplied magnetle fidld,
The anlaolyopy of the clay we aplained bo Ye e to the apdgotropy
of the parbicles thomsslven or grows of pavtlles by wilch 3t wp
formeds A preliminery study of the blue clay of the Doston besin
(ebout 35,000 years oid) by Dotedlkt (15%3) reveelod much sn anigom
tegpy ard ke pointed oul Bhat fhis w*@eﬁg of W?imm ooldd e
ubdlizad in the study of caxihile Wic uw’maf? b i.}m oiparduent.
wa nob carried furilors Arost &Mﬁm&mﬂv Ising (W0h3) petlished
hie mu?.m of pevozal ;m&;m of notsurenends aﬁn.%m dlays in Svodons

anstented the oxiztence of mmy in & muzber of cages 2nd
sxplained i3 fo be due o the umsymedrical ﬂ‘m of %&m pﬁ&“biciw;
Unfertmetely, s epparstus wes not sencitive entugh b6 ss.ma tho dim
m&%&meﬁmiw waec:zﬁiml‘&w wmw dame @We:;
Mwmmmm mmwwmwmmmmw -
the direction of the magnotic ficld 8% "*‘zea bime of deposition of the

Besides tho bm veports men’ Tlonedy he aulhor ig not swmre



of any oblwr abterpt Lo corvelate the endsotropy of rocks with the

magnobic £icld of the eapth. llence 1t wus thought nocessery to ox-
amine more cavefuldy and critically this now mothod of atteck on prow
blams of rock marmotisn,

To following tomtative hopothosis for the dovelosnont of
tho remanent monent and of the anlsotropy of pusceptibllity in rechs
is aplicable only to fine meined sodimembs which are supposed o
smosited in quiot waters of placlal lakes and docp GCOGNSs

Then & bed rock centaining ferpcnametic miservels is being
eroded by e action of streams oy glaciem, an immense mumber of
grall graing and gplinters eve locsonod off the bed and cerricd by
the stmm, pometines for lamg distences before they are finally
dopositeds During tho settiiag of such & particle in wier, the

fovcos actm on it aro:l

20 Broh

3, Grevitational

Le Lngnstic
In doap cootns and lakes, the effect of hydrodynsmic forces mey be
supposed to be nogligitly omall end also, as will be shown later in
the seution, #t ordinary temperatures the enorgy of thormal agitetien
(1 orgs) is small compared to bhat of the magnotic force, Thuss
qualitatively speslring, it iz sufficiont to comsider the offcct of
ouly macnetlo snd grevitational forces on the finsl orientetion of

ﬁhepltﬁnlas.
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Mtws@we,m&mbegﬁmm,mtmmmm
cles have 1itile or no recidual megnotism and thoy are isotvepic
(magnetically spoaidng) es mey be expectod in case of rock splinters
sartaining dispersed megnetic mineyals, It is quite probeble that a
fairly larpe proportion of theeo particles wAll have some nimspherical
ghape that is, one dimemsion of these particles may be swpposed o bo
eomewimt olongatods Aamm&Mmmmmyww )
they will tend to float with thelr lomger dimensions in the directden
of flow and the relatiw elongation of the particles may be increased
o soms exbent during the tim of flotetion (frem detastmont wntil dow
position) due to the lesst vegistance in the dircetion of thelr longer
we, After they have been carried out in deop, quiet weters, the mig
netdc field of the earth will tend to orient theso particlos with their
longest sxes in the direction of the floldy because the particles will

clmun megnetic flux in thet direstion, Ls they settle to the
bottom they are fixed in thedy positlon by the fyristion against peighe
boving pertioleas Tus it is ewpocted thet there will be & preponder-
mwummummwmwmmmﬁcmma
the sediment wA)l exhibit an anisetropy of susceptibility with ite
mazizum velue in the divection of the magnetic £icld of the ecarth,

Yo have assuned that the particles have 1ittls or no residw
ual magnotism. Ths mey not be true in many cases and the particlos
IWMWaammtmtimﬁmMWMMWam@ .
tive action in the ficld bosides the induced magnetisation as discussed
in tho last paragreph, It appears, at first sight; that the direction
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of maximm susceptibility in thai case may not be in the direction

€ tho ficld. Iowover, at tho detachment of the particles, the angle

betwoen tho dlvections of the long awes and the directions of She pe=
manent monont is readon that is, the anglo mey have any value fros 0°
to 360°% During the ficeting tdme, the corpononts of the yemsner
mgotisaticn normsl to the lomest dimeneion of & parbicle will pufe
Sar mach heavier loosos than the oduponent aleng 1t due to the grester
factor of demagnotisation along the tyensverse dizectienas Thue Por
S, the reasnent magootisation sy be swposed to catnelde practically
with the divectian of the lengest dimmsiens, llencs, as poluted oub by
mm,mwmwmmmwmmmw
gperete in producing an anleotropy, the divectien af maximm susceptis
uility being in the direction of the carth's magnetie flold at the
tdne of depositiem, o |

et » be tho mos of the particle and ¢ the coofficient
resigtance, bhen the equation of motdon of the particle falling undes
gxma&?i&f | < A A :
mﬁ*n%:m R | (k)
Apguming theb 8% £ =0, 8= 0 ool dnfdt = 0
the solution of egs (Lkel) con be widten sos

%= agwﬁ {esp(-ﬁa-t)-&} ‘(!&’2)'
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since M1
eqe (Le2) Wa to,
s=gg(t=3
o roughly,
T (he3)

Bow lot £ be the remanent momemt of the particle and T the
earth's mgnetic field, the torque acting on the particle is,

£1 sdny

where ¢ is the angle between £ and H,

So far wo have agsuned that the particles are isotropics
| Af tis 1s not the case, there will be &n additional berque due to
the anisotropy of tho particles themselves, Lot Ki and Es be the
nwbib&liﬁespermﬁmsmspeeﬁwlywlampmmﬁ»
culsr to T» (This does not imply that the directions perpendicular
%o Ka are megnetically oquivalent,) Thon the total moment in the
divection of £ is,
§ + KxmH cogy
and the moment induced normel to £ is,
Kanll gin ¢
Hence the total mement in & direction mormal to the divection of the
magnetic field  le, (see Figs 1, pe19) e
= £ ein?¢+ Kaoil c08¢ sin? = Kemll 9iny cos ¥



~1a-
so that the torque acting om it is,
Wil = £ gin® + %“xﬁwﬁmw

If I be the nmomont of laertic of the partlcle and ¢ the coefficlient
of resistance for rotationzl motion, the cquation of motion of the
particle cdue to the action of the magotic fiold is,

I%*g%=-§ﬁsﬂn?--§~mﬁma‘l’ ()

mmmwmmemmmym,

I%‘f« gg-g

Thug putting,
=3
%’xﬁmﬁ b (b5
and cosf = %

U can wite eqs (hol) in the form, |
Sy (o (1e6)

Now, (lec®) ip alvayo posltive and b is taken to be poeitive, so that
% is positive if =)= § R

% is nogetive if 1.(- g {148)
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If wo assume, 8D D

or from oQe (Le5) 42 £ ) (Rawp)mil

w e from condition (he7) that x(= cosy) is crester than wa/b for
any veloe of ¥ and hence dw/dt s alwmys popitive. This mesns that
the angle between the marnetic £161¢ 1l and the moment £ ends o doe
cresse with time, that is, the particle vAll tend to srhant 4n
divection of the field,

1€, homver, a < b, then dx/dt 18 positive so lons as
% )wafh, but when x («8/b, dx/dt is nepative snd the perticle will
tend to orient in the direction dlametrically opposite to the direo-
tden of H, Thus, for evanple, 12 b= 2, it 15 easily seen thet the
parallclim will fend to result if ¥ lics between «120° and +120° and
thet enti-parelielimn will dend to reovdt 1f ¢ Mos betweon 120 and
20,

Agcording to Bonedikt (A9h2), for -éamo%iﬁe particles bave
ing alamoters lylng betwsen 1% and 10%m., the waluo of m(Ky-Ke)
les botween 20° and 10° cuzes. Tt is guite Mkely thet £, in most
sedinantary reoks, is grester than m{KeKs) and the anisotrepy of the
particles cowoperate with the '
t4on of the perticles in the directicn of the mgnetio field, Bven
if this 18 not tho case, ve can still empoct that in a sediment cune
taining 8 large mumber of wagnetite particles, the enisotropy of
mjority of the perticles will co-ocporate wWith the permencnt mement
exeopt in the execeptional case when the indtisl distritmidon of pare




k-
ticles is such thet condition (Ld) is setisfiod,
Hagata et el (A9h3) bes ignored the effsct of anisotzovy of
tae parﬁélaa and hag considered the equation of moldom in tho form,
eff- etnain R ()
the eolution of which la,

m§ tm;-ezq; - (L410)

51 &5‘

vhere Y, 48 the value of Pet =0,
If the mmber of such partlcles is falrly lovpe and 4f p is She nune
ber of marnedlzed partdclos per unld wolmme of the seddment, the ave
arage megretic noment por wnid volume In ¢the diveotion of tho figld
is approcimately,

= pg (wﬁ Y dav

£ [t o

loy = of tach (Jo 2t) | )

Ble (Lell) shows thot the average meoend in the drection of the £leld
inareases hyperbalic tangentially wAth increasc in tho tise of depocie
thon and honoo {sec oQe La3) Wth incroase in the dopth of wter, Thws
for 2 very ong tiue of dopositioa (& ), theorstieally a1l the parw
tledes W1l ordent in the direction of the ficld ewd

gy = BE (La12)

It ip possible to derive theorotically an exprossicn for the
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effoctive sugceptibility of a sedimont and hence ite anisotropy,
kmowing the dimensions of the particles, their initial susceptibile
fties and thelr concentration. The reader iz referred to lamson
(&h?)fwmmmémwmm. :

According to the hypothesls presented, & sedimentary dow
posit containing 8 larpe number of ferremagnctic gredns is expected

to behave ag an anisotroplc magnetic dipole, the axis of anigotropy
mmmwu@&pm being, statistically, both parellel to the
directdon of the magnetic field of the earth abt the time of deposition,
Thare 19, however, an impertant differcnce betweon the two phonamens,
The polarisatien or the thmmtmuammm
enon whereas the anisotrepy is primerily a bulk property, Thus,

though the direction and intensity of the W%thsybe change
by latter field actionsy the anlsoterupy becomes a permanent featuvre of
a gpedimentary deposit which should be invardablo with respect to any
subgequent £ield actions, |

5e Statenomt of tho Problems

It is hoped that the messurements of magmetie anisotyepy
of sedimentary deposits should give mare rolisble results rogarcing
the direction of the carth?s magnedtic field in the past than the meagw
uremonts of yemanent momonts as bave so far boon donos Dub the ouse
coptibility of nost sedimts is 8 moell quantity (of the order of
1560.3.3. units and less) and the anlsotropy s expected to be only
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a spall percent of the tetal suamyti’ealiﬁys omeoe, the problem,

st firgt, is to design and eonstzuct 2 highly sensitiwe apparatus
t0 moasure small ousceptibilities to a Mdgh degree of precisien and
te ditermine the direction of maxlmm susceptidility wih sufficlent
accuracy, The mext step will be {6 correlate, if possible; the row
gulte of anisolropy measurements with Shose of remanent moments for
the samo specinmons, Finelly, the stabllity of the anisotropy of
sedimentary rocks will be demonsireted by & few e.wzpomwg



6+ Genoral Theory of a Masmetically inisotropic Mediums

In order to measure the cuscoptibility of some material
the usual prectice consists in subjecting & samlo of the materdel
to & weak magnotic fiold and then messuring the magnetic momont ine
duced 4n it by one of the existing methods. If & test sarple of
mmhamter&&lbnintmdmdinaimmmm%icﬁm};tm:a—
sulting magnetic moment per unit volums ls,

M=l +h
m@ummmmmgmwwemm
and unaffected by the fleld and Iy is the induced moment, If tho
inducing field is alternating the remanent moment hee no effect on
the obsorved moment so that we have,

M- Ny
By definition,
-

—»

B

{Gad)

where K is lmow as the "Magnetic Susceptibility? of the meterial
and i exprossed in cegess wilts por o,c, Bt 43 the magmetdsing
£1614d inside the sample and is related to the inducing field @i by,

#t = § - hgxilt |

. -
il H"'gﬁr_&; | - {642)
whore the factor o expresses the denppnotizetion effect of the sube
gtance upon itself and depends on the geomwtrical ghépe of the sauple
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and its orientatlion with the marmetic fold. In the case of sodimens
tary rocks & is usually & emall quantity {of the ordar of V¢ CollsBe
and less) and g 4s of the arder of unity, hence the dencmimator of
0% {642) 1 sensibly oqual to wnity, co 4ot eqe (Ge)) cin be write
ten with sufficlent scourecy as, R _
u = | (643)
In en isotrople modinm K has the same valuo in all directions and the
moment, indused ¥ is always in the samo direction as the inducing field,
: |
| Ina negnetioslly amestropto nedus the suaceptibility K
mammmymmmmmm_www,‘m
generel, be inclined at en angle o tho field K, Rasolving ¥ and Il
slong the three erthogmel directions 1,2,3 (or X, ¥, 2) which are
memmmﬁéd)mybéw&mwmmm'
tiens, viz., (see Pig. 1) -
U = Kaalla + Kaofle + Kaafln
e = Kealiy + Esslls 4 Keolls S
Yo = Noafls + Busfls + Ksofls S (Gl
or in short, '

”fi"““a 11,23, AT (645)

Here, the “Formal Susceptibilities®, Ky, mey be defined a0 the moment
induced in the direction of 1(1 = 1,2,3) shen & field of wnit strength
1s also acting in the seme direction 1) wheress, She "Cross Susceptidile
nmﬂ,%,myuaefmamwmmmdmmmmma |
4 when 8 wnit £1eld is asting in the divection of j« It can be proved



~FI6.1



-

Lrom the principle of consorvation of enorgy that for not too sirong

ficldg,®

Bs =
Thus the mueceptibility in an anisotropic medium forms a “Symmetric
Ponoee® characterised by six tensor coeponmmbs of ofe (o)

The vesultant monent in any directien, the divection cosines
of wiich ave 1 (13, lsy la), ie the sum of the projectians of tiweo

mements,
s
ar Lrom oqs (55)

B i ik Eyg By | (6e5)

I€ 1y e in particuler tho diroction cosines of H, the casponants of
Hy # sxe, |

| By=dgt 37Nl

Substdtuting imbe (6,6) w got -

ﬂa=ﬂ§:2:1113m (6

- - o '" T—— :

#86s Ty Re Smybhe - Stotic and Dynamic Hloctvlcity
- HeCraw 1) Bookt Coe pofl, 1939
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K- §=m;+1&m+m+awm*m*aﬁm&m

where X 18 the susceptibility in the divection lye
An equation of the form,

3 ¥
iZ““‘“* e

raprogenids & "Quadrdc Swrdacc® or a gecond degree surface, Ty
eqs (GeT) showvs that for & giwen direction of H, the magnetic moment
for that divection is pi/rd vhare r is the rediug in thet divection
of the eurface of wideh (6,9) is the equition, For such & suwface, it
ig almiyy possible o find a sot of orthosoel ames euch thet the
torms containing the craos products of the cowordinates vanishy lese
K3z = Ko - ¥ao = 0. Thosc azmes ave koo ap the "Principal fmes®
of the swface, If la, la, lo be the divection cosines of one of

the principal azes end X 46 the value of pusceptidility along it,

then the components 1n 1, 2 and 3 divectdons of the moment aye,

M- B 11,23
Substituting these walues into oqe(6s8)

ﬂvzgtaﬁa‘ HZ%VIE"-:
Zlaﬁrm
or wibten in full,
Kinla+Kwlobfwla =Xl

Bao ly +Ens o + Kas I3 = X Ja | (6-10}
Bas ly + Eas lo ¢+ Kep I3 = X 2p
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vl Glom

Eliminatdng la, 1oy 1o Zree eqe (5el0)

Taa~l Kz Kia
Baa Kozl Hoo = 0 {6e11)

e (Gell) i & cubdc oguation having three roots Ky, Ko, Ko. Those
bedng suscessively oubetitubed in age (610) enelile la, la, s o bo
dotermined Jor esch of the exps,

leb the field Il be 4n the direction of omo of these prine
cipel emee, Then tho mevent in thst dlzecticn i, |

) Ezlﬂa By
but fran ody (6a10)
2tk
ke x-wy afx
- mZzgz

Bms Xa, Kay Ko ave the mpotic suscoptibilities in the diroction of
the principal exos of the quadric wurfase oqe (6a9)s Thoy ave called
the "Principsl Mecnetic Suscoptibilities® of the material of the sample.
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7o Ztatdc Tethol eof Meaguraments:

fie have ghomn in Jection 6 that en anmisobropic modiun is
uniquely reprocented by the w coofficients of 8 mmtric tensor
and the magnitude and direction of the mazlmm susceptibility cen e
dotermined In forma of theso iz ctefficlonts, lknee the problem o
duges to the meacurements of these olx coeffliclerde, vism., Kui, Kaa,
Kaoy Kamy Koo and X3se Two seperate methods have been dovoliped dure
Ing this lvwestigation and are named as Statie and Dynemlo pethods,
In tids sootdon v will deal vith the Btatio method and the Dymenic
mothod W1l bo deseribed laters |

Agoeas that the sample 40 be cxamined Ig in the foxm of 8
cube and the cosrdinaic Bzos 1,2;3 are taken paraldel to tie cube
facas, IT the samplo is placed with ite lea:ls (Xeaxis) parsllel to
the magnetising fleld H, wo bave from ege{Ge) 4 |

M= Xag H (Ts1)
asourdng that I beg no compancnd normal to the Isawds, Simdlerly by
placing the sample such that the Zwaxis and the 3 amis are respoc-
tively perallcl %o the Licld, wr geb,

¥a = Eoa I and Ui = Ksa I
If the eppavetus is calibretod for samples of lmowm susseptibdliiby,
the welues of Kizy Kag, Koo mey be determined.

Row, 1f the sample be yotaled dn the 12-plane so that the
fleld males an angle wAth the auda 1, the moment Anduced ds,
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Hap = E(Y 1a)H | | (7.2)
where K{Y 1a) io a susceptibility charecteristic of the 12wplane, being
a function of the angle H"m.. From eqse (Guli) and (645), the momemt in
the direction whose dircotion cosines are li, la, and O ia, (13 - cos Yis;
le - sinY3p) |

Mg = 1i My +1n e _ |
- 1 (Kaa I + Kam He) + da (Kuo My + Kow fin)
But, i ” | "
B laH - loH o
B2 - 38 gy, + 18 Koo + 2 d6 Ko (7))
campering egp. (7,2) and (7a3) B
K( $aa) = 2% Kz + 1B Kae + 22 1o Kan {7ak)

K(Y 10) 1s ddrectly measured in terms of the constantie of the instru~
zents and lmovdng Kaa, Ksay Kueanbemmwameq..(?.h).
stmmmmmtawnbemdeinthaasoamu—phm Thun,
E(Yeo) - w&eai-lixw-tﬂalaxn
K(w) - 1;3;;,4-1;&%*21; lakKia (7.5)

Henoe, by six indgpendent mam=mta on the rock sauple,
all the six coefficlonts of the oube eqs (6,11) can be deternined,
In actusl practico, however, in any plane K(4'y) is measured far
goveral orientotions of the axce with respect to the mwumg"
fi6ld and & mean velue 15 uved in caloulating Ky from eqse (7ok)
and (7.5)e Thms the Static mothod consists in determining the values
of susoeptibilities at several angles in each of the thyee cube faces
of the samplo,
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W havo showm that the susceptibility in an andsotropic
mediun 1s charesterised by & socond degres surface or an cllipsodd
- whose sxes determins the principal susceptibllitics. 3Since any
memww,hgm,memme,.mmmm
of susceptibility on any plane will determine sn cllipess Tms 4f
the cubleal samsle bo rotated contimuously in any planc, one should
M%Mamwumc@mﬁbﬁiwm.
pouding to the major and the minor sxis respectively of the ellipse
in that plane, If the saple bo rotated throuch oms corplete revoe
lutden (1.6, tirough 360 ), one should expect actuslly two maxine
and two minins, because the susceptibility in the positive I-dlrece
tion, sey, 46 the same 8 that in the megativo Yedirectdon,

The Dynamio method of measuremcnts consigts in slowly
votating the sample in the magnetising fleld end recording contin-
uously the pattern of susoaptintlity for one faces The procodure
is then repeated for two other faces, Vo shall now show that it is
possible to determine the mpnitude and direction of the meximm
susoeptibility if the mgnitules and divections of the maxima and
Wﬁm@i&ﬁ%mhmfwmmgmm
in the sample, ' ’
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The equation of an ellipsoid in spaee with reospect $o0 a
syetem of rectangular coerdinates fiued in the sample is,

M*bya*wﬁ+z’£yz-r&m4»2mgz~yd=_o {Gel)
The section of tbis ellipsolid in the X¥-plane isy
8x® ¢ by® 2y +d = 0 | (Ce2)

If A and B are the major and ninor sxes of the ellipse, its equation
in terng of its own axme ig, (Piz.d)

i‘iﬁ - P - i
o BI2IR » bR 5 Y = O : {Gs3)

where B¥AR = DIER = Wit

If oqe. (042) and (8.3) vefer o the same ellipse, thoir coefficiente
are related by the fuum% #

a+d=at b

&b - ke = at bt

tan 29 = 2h/(awb)
ar 28 = (at + bY) + {8 = bY) cos 2¢
éb = (at +bt) ¢ (8% = 1Y) cos 29 | _
2h = (at = bY) gin 2¢ | (@ak)

The moasurements in the DN-plame give al, LY and , so thet 3,b, and
h ean be calculatod from eqe (Sub)e

# 3s0 0. Saloom - Treatise on Condc Sections
- Longmens, Oreen and COe, De 157, 1929
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Sindlarly, the meosurencmbs in the Wimplano give by ¢ and £
and those in the Zi-plano give a, ¢ and g Thus, from tho masioum
and mdndmur values of suscepbibililty and their orlenbdations in the
three orthogonsl coordinate plance flved in the ssmple, all the co-
efflcicnbo of eg. (Col) con be found and tho susceptibility ellipe

sodd wndquely delberminode

It should be noticed thad eqe (B41) is of the seme form 8o

e (6al), though the cocfficients have different meant:
following the saue argument 89 in Bectio & &fﬁi@ﬁwm&meﬁa
prineipel susceptibility heving dlvection cozines 1i, 1z, 15 wo get
equations sintlar to egss (6,10) and (6,11), vise,

1;34»3¢h.»»15g= .. %

hh-&»hb*iaf?lsﬁ' (8.5

lag+laf+lac =310k
and oliminsting i, lay 1s £rom eds (345),

S h g
h bek g | =0 (846)

Bqe (846) written in £ull g,
K"*W&*b*&ﬁ)*k(m'bca'?&bwfﬁmgﬂshﬂ}'
- (8be + 2fgh = 8£B = bg® = ohs) = 0 (8.7)
Be (8a7) iz a cuble oquaticn having 3 roote Ki, Ka, Ko which are tho
*Prinoipal Susceptibilitdes * of the material, This oqusticn will be
heveafter imowmn as %The Bpetion of inlsotropy¥, If Ki, Hs, Ka are
a1 the gene, the allipsold of susceptibility reduces to & sphers snd



the mediuwn io loolroples I only two of the 3 roods are the same,
tho ellipesoid lg one of revolublon and the mediunm is eslid to have

ap widaxdal anisolropy, vhereag 1f &l the roobe ape wwquel, the
medium hes & blariel anisobropy, Tor the soluliom of the oqu. (3.5},

{346) see Appondix 1,

In the present c"?ﬁpm an a%@mt hag boan made ‘Em em:m
the theory of ﬁﬂiam} ag might be expected to exist in sedinmentary
deposite containing emell ferravasmeblic particless e bawe also
siom how to deteruine the direction and magnitude of the meimm

eptibllity from the mespurenents en the tiwse fases of 2 cubleal
seaple of the meberial,



e
EEPERTATLY, TROIHEIGUE




Sugceptibility Neters

The presont method of measuring the meptiﬁility of vocke

15 baged upon the well known fact thet i€ a ferromarmebic core Lo dn=
treduced into the alr gpaco of a solenoldy the seiﬁ'»immﬁmm of the
solencdd is increased by'varem of the increase of fiux, If L, bo the
mmmwuwmw&amwmtmmmzumwmmme
completely £illing the air space ﬁt&wak marmetic leaknge, we can
write spproximately, sseusing the magnetie field within is uniform,

L= fly | |
whoze /¢ 48 the "Effective Permoability® of the core. If p is the
ﬂﬁoﬁt&w&m&%m%ﬂa&eﬁmmmaﬁm@
polenodd, then, |

L= prly ¢ (Jp)ly |
o L:lofile(pead] | (9:1)

In altermating ficlds, eddy currents are seb wp in the
mmawmmmmammmmmm
particle sise and fyequency and the ei‘fae‘ﬁivz permsability am?.mxas
& ccmplax form (Awj/V)e Tms if R is the eddy curront logs vo-
aism,.it hes been shown by Durpess (19L6) that, '

nfioddme)
M 39:1.1:”@?%75#9 | (9'2)
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whicre ¢ lo he downetisation factor of the core andw the angular
frogquency of the Jicld, rmm-;w.,..w«. Jox At can De dorived for spece
18) cagoz, Wws for cpheslical particles o radiue ry comducbivily o

permoalddity 4 and volwae patic g, Twrgoes (16L0) has shown,

’

BT skwr's
5 D -sGop

(943)
In oago of most £lno grelned sodimontery rocks both 5 and ¥ are small
and honce at 8 low frequency £icld (in our gase L0 cyelaape@me;)
Ry is sensibly small, Aleo ap we havo shown in Sectdon 6, (Med)g (( 1,
the eqs (941) 5 approsi ot |
15 the velume suoceptibility of the care wo can wribe eqe (951) dn

AL g ‘
e L (9et)
taidng K = 48° Celefey D=0,2 and Lé'*lﬁ“ benrys (sce Mw 1), the
change of inductance Q..,,am,ea 45 of the ozw of 18 ° hoaryse Pimm-n
inery messurenents hawe memﬁmis in the cage of wak samples the

the form,

anisotropy may be axpectod 6o bo of tho ordor of A Cagede Honce
the messring dnotrunent bad to be designed to allow ono U6 medsure
8 difference of inductance of the order of 115 henrys,

The genorel eyrangesent of the emacwa ibllity meter is pomoe
what eimtlar to that uvsed Ly lasson (3910) in measuring the masnetic
propartles of twensfomwor lemineblonse The changos introduced in the

clroults used by Lampon resulled n &w incresse of the sencitivity of



the moter by scverel lmmdied tioes, The hloch dlazran of tho susceptie

bility mobor used in the prescub Inveslization iz chowm in Tige 3 (gs. 33)e

- Tho tegt codl Jorme an arn of an dnductance beidge onorgloed
by an alternating voltece of a frequengy of LOO oycleaper 80000,
The output of Ui bridgo is fed 1ato & bigh gein degeneretive L Ca
aoplifior tuned pherply to a freguency of LOD oycles per soconde The
dor Impedance oubtpub of he splifler ls counected %o one elde of a
modulater used as a phace discriminating vectifior, ap il bo expleined
latar, An 4, Ce volbooler acrosg the oubpub of the &a@liﬁer glves an
indication of tho nolse lavel of the amplifier and of thw offi-balance
of the bridgs, Tho modulator is polarised by the sane oseillator
which enerpizes the tridge 8nd in between the secillator snd the Peow
t4fler @ phase shifting wiit 1o introduced to oot & proper pise Telae
tionship betwoen the imput of the bridge end the oulput of the arplie
fiews The mesuring device is a Wﬁ%ﬁ‘e& 3}.. Ce mlcmume%r ang
a pen recorder camceled In sorles to the output of the voctdfior, .
For prelininary edjustaents and for exawining the wWve character frae
tdse to time, sn swﬁléﬁm 15 uood idth dte vertieal plates cone
nected t0 the signsl output fiom the eaplifier and with 4te hordsone
tal plates comoctod to the polarising voltape fyem the oscillators A
dotall description of the parts of tils susceptibility meter 4s given
in the feliowin: soctlonse | |

10, e Deldres

0f many alternsting current beldge mobhods used for measuring
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omall inductancos, lonls arrangenents of the Maswoll beidge is found
%o be most suitable, acewrate and cagy (o wmanipulsie fer w prosent
investigation, 4 description of the ridpe may be found in any $rode
tise on hs C. bridgess® Fige L (pe 35) shows the cireult constante |
msed in the present case, If %y, Za, ?ew&mmmmw
mmmw,m,wmmmmmm;,mmeuwm |
%2 Zo = %2 % (20,1)

neglecting the residual impoedences of mmwﬁwW@mMW,
23 = Ra Ze = Ra/l + §9 s
%5 = Bs | B¢ = Be +J9L
where @ is the spmular frequency of the voltege epplicds Tus (10.1)
becsmes,
By Rs = Ra Rg = I/C (10:2)

Kmm&mmmmmm%mme@eﬁmm,
get fram (10,2) ‘ |
aL-Fac  am Aa.ugm (20.3)

Taldng L = 2° hearys, G = 18° carads, 12 the bridge 43 mede sengttive
%0 & change of caphcitance of Ol Ar£(d x 10 fared) then a chenge of
inductance of the arder of 15 memmﬁam 6 Wil be
ghown 4n Section 15 mcwmmmﬁwwm appazatus is

mwmmerwwm,

GMBQW-ACGQWWW .
« Igasc Pitmen & Sonw, Ltde Da377s 15hS,
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It 1 soom frann ege (10642) thet the balance condition of
the bridge is dndepondent of the frequency wsed and, wilch 1g partis
cularly inportant, the adjustments of the tridge (vise, C 20d Ra) aze
independent of oach other, Those two propartics of the bridpe male
the balanclng of it very convemlent. Ancther migaificsnt adventage
of tihis bridge over others lies in the fact, 28 is evident from (10,3),
that & change in the resctive componert, AL,&W'WW
12 solely belanced by @ corresponding change in capacitance G, while
8 change in its resistive component, A Rey 1o balanced by a change in
the recistance Ra. The importance of this partieuler feature will be
explained in Section 13¢ |

The fimed reslotors used ave standerd wire wound yosistors
with negligivle resicusl Inductances and very small tempereabure cow
efficients (~ 0,002% per degree centigrade), The verieble resistors
ere alse standard wire wound resistors having mmll industances &b
the low frequoncy used. The fimed cRpacitcr Ga 48 & abandard mice
condenser of 148 capacity having temperature coeff: cdent less than
0.00% per degreo cenbigrade and dlasipation factor less than 0,0005 at
2000 cycles per seconds The capacitor Ce consists of two decadew
capacitor unite cennocted in parallel, one having & eapacity of
0.LAf in 0,004 £ sbeps and the othor & capacity of WO A€ in 0,001 /€
stops, The condenser Ca is & high precision alxr condenser centinuously
varying frem 300 44 £ to 1100 A4 £ the emallcst reading on the dial
boing 0s2 /o £(1 /4 £ = 15°%2), The condenser Co has & very suall teme
perature cosfficlent, about 20 parie per million per degree contigredes




3
Host of the civcult elemento used were supplicd Ly the Generel Radie
Cor, Coctwidge, spochuscbta, Variables O &nd Ras are nsed for a
rough badanco of the bridge, the finel sccurete belance being cbbained
by Cs and Rage Devept the teet coll, all parts of the ridge are
aldelded from strey electrical dlsturbances.

Anmimmmmkm& Ceo ﬂm'etmﬁqms.'l
15 comectod 46 the bridge st A and 0 through & ehlolded trensforoer
mmammmmwmmmm MWWMM
mmum&mm@mm@meﬁmmmﬁm
tnput drpodence of the bridge, The output of the bridge ID is cane
mwtmwﬁwwammmmmmmm
ing the low output Lrpedsnce of $ho bridge with the kigh inpub dmpode
ance of the arplifier, The comections ero all medo with sidelded
cabiles,

1. e Teet Cold and Coil Assemblys

The test coll is 2,5 inches in mean dismeter smd 2.105
tnehee in length and containe 40O tums of Ho, 21 enmncled wre wound
in ¢ix Layors on & non-megneblc plastic cylindricsl fom, The induos
tanos and resistence of the ooil as roughly messured are 0,00032 henrye
and 5,10 olme rospoctively, The coll is coalally fiued at tho center
of & patr of Holsholts cotle (Figs Sp pe 30) of 15, dnches mosn dlan-
oher which produces & wilform £ield at the center of 2h Ocrsteds per
ampory current, mmm@mmmw,mwmmw
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The Coil Assembly

Fig. So
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gubject the smples %o D, Ce magnetis £icdds in order do ctudy the
hysterisis of the smples, This ccil stands on @ non-segctic pler
and the ool axis can be turnod $0 ey dircctdon in the horicestal
plane, This arpangement 1s necessary $o minimise the sirey plekeups
fron eloctrical dlsturbances in the lsboretory.

In order o have & reglon free fram the cartih's magnstic
£ield 8% the conter of the coil sysbem, ancther lerge palr of Hlo-
holts colla is arranzed so that 1t asls 1s in the clvection of the
tobal megmetic fleld of the earth in tho laborstory, The mean dienme
etor of the colls is 6 foob and the mecnotic £1e1d st the center is
0.57 Corsteds per ampere current, By properdly adjuerhixx‘, the curpent
in the oofls, 1t s possible o keep 4he sagetic f16ld of the earth
at the center of the coll sywten within £ 0,001 Corsteds, vo thab
the industion offect of the esrthte £1eld on ths tost staples 1s
neglizibis, |

mwzmmnmmmm&ﬂp.wwam
mwg%mmmwmmmmmmuwmmm.émw.
mmmemm«ammm@nm, I’iscemzisteafapaér
efmmégwsﬁmﬁ emalnivc‘:"iammmtmt@cfaalas»
tic plate, m@wﬁmmw@mwmmrmmmwmw |
tates the gear ¢ in the opposite directlons Hach of the gears hes 36
teobth and 1s greduated dn desreecs so that the sp%mg betwen 30 Huo= }
cossive toeth is ton dagroas. O .@mm a cup vhich holds the cubleal

rock sample 4, The cup can be adloched to C In only ome positlon so
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Fige 7. The Sample Holder
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The sarplo wldor can be sild spoothly dnside the test coil
G o o pelr of provwsz.  Two stops are provided on the holder such that
when 44 4o 4n, the conber of the vk semple 4s alwmys st the conber of
the colls 7he pulloy 2 can bp abtached wry eozily do the sarmile lwldep

Py

at 7 by means of & ghard zod, The glxins I complos B o another sindldap
plley fimsd near the recording instrument aboubt § feel awey frar th
coil agsonbly (soe Flze 11, 2eb0 )o The second pulloy near the recondw
Iy Ingtrurent 1o speduataed In degrecs and can be turnod inbo both clocie
wise and antimclookulse dlrections. Provicslons are mado guch that the
rock smale can bo tuened inde any divection In & plene wih respect to
the eoil arls or can Yo -cmtimzmwly m‘hﬁm Lhwoush 360 deeross by
mogas of & sall gynchwonous motor of 1 pao.n. stteched to the pulley
nsar the instyumente Flgs 7 (pe 41) chows the cublosd box containing
forric chloride solution used 85 & test samplo in the holders 4 close
Zook 8% the ploture Wil rovesl tho gradustion make on the lefthand
asor and &lao the crlontation mirke ont the tw rock swples. ALl tho
parbe of the oot cold and the saiple holder aye mudc of & ponemznetic
plastlc ratorial called Wiucltol,

s b | FX K EaX ’
12, Tw Tioh fedn Jeloclive Loplifiops

A glrvonlt dlacren of the &olifler used in the presant ine

woshication 1o given in Tige 8 (o, 13)e Tt i a fowr gleny vosiclancos



i 3

Ow OM..H'W

H314ITdAVY 3AILD3T13S NIVO HOIH 3HL
=
2ot | sz it
ﬁ ; At jo_
o1 ' 2
L] o |
o ) gl 5 5
8253 S3gigy A3 asC =
= 2 =l 3oy Gz
10 [
= = o—] =) o awn
t5: _o_.l 1 mu woor @
DS9
L1S9

£9
L

’y 'y




i

capacitence coupled voltage anplifior where cach tube i seilf blased
x> moans of the cathode resistors, The drgat tube &Q’? is e high m
riode having an arplificater factor of one hundred, the detector trde
ode 635 has an amplitication fastor of 20 and each plate of the twine
triode tube GGL7 bas en Wm faotor of TO.@
1e, 2y, —= load impedance |

-y, = plate resistance

oo aeplification fachor

thon for each stage, zmvd%agenmtﬂtmntﬁmmmmﬁameia,

ﬁ:lﬁ/t%& | | | (2.2.1)_

I, m,ammmmzkwmmm, ﬂm&wmlmm
oation bocomon, i

m |

| A = “#W ‘4 (12,2)
If %, consiste of & resistance agsed by & emamwoﬁmgem
itance (~ 20/8), the value of 2 is very sall for altemating current
and eqe (12,2) sensibily reduces 0 6Qy (12.1)s Thus in the firet stags
of the amplifier the cathode resistor merely produces the desired grid
Wiag voltage drop without changing appreciably the smplification of dhak
staro, Mewover, tids is not true in the cubsequent steges whore cach
cathode vesistor preduces & nogative feed back current and the amplifie

# The author is greteful to Fre Jobn H, Hidy for supplying infermation
Wamtmmt,mmmumw
physical Covporation, m,mﬂa&um.

%% %00 M, Nolch - Ww;xppmmxmaxmmm
-mmnmw.woswu |



catdon i3 as Jiven by ogl. (12.2). Tho effective loud Lrpedance Z, s
preciically oqual Yo the rosistance of the parellol combination of
pdate and gid leak registences bocouse in the nid band frequency
range (BOU c.p.0.) the roactances of the eau;alﬂzg sondengers may be

noglectad,

In 8 high galn arplifier ap this, the feod back resulting
fran Beoupply regdation causes low Dreiuoncy osclllation termed
Umotorboating®, This is removed by uging in sach gtage & ‘decoups
idng fllter? consisting of a resistance and a large capecitance
{aboud JOL) wvig,, mmw%mﬁiwfmmgemdnsmcsm

tho gecund a0

Ag pointod oul carllicr, this smplifier is used to aplily
and detect 8 smll changs of woltage dovelopod across the bridge due
%0 a amall chanpe of inductence in one of its aymss Tt is necessexy
o tune the anplificy to the frequency of the woldage energising the
bridge aso thel any frequoncy bolow or ahwwe this tLimed frequency is
rojected by the splifier. Thals hao boom accompllished convendently
and eflleiently by tmmg; a "Nrine? pot? or "ParellelmT not? as nogoe
tive feed back or degermevetliwe civowlt {RaReloRals) bebtwoen the grid
and the plate of the flrst tube as shown in Fig, 8 (pe U3)e It wes
Sirot showm Ly Soobt (2030) 4het tho mreat advantage of thds elveuld
oy othor comvontiongl doronaretive elrevits lies in the Dact that
the sensitivity of the amlifier iteelf is not redused at the duning
ZTrequency, ¢het 1s, that the galn of the systom at the Sfrequency to



el

mmmammmmasmmwzma@mmwm
£requoncy without the degencreiion, For a detalled elreult amlyols
wawmwmmmsfa@amwa,mmm (192;93.

It can bo proved that for best performanpe, wo met chotss®

By = Rs = RRo
Ca = Os = Ga/2 |
In such & case the mull fyequency of Tednel is

o (22.3)

The feed back factor D at any frequency £ is glven by,

whore p = 280

Witing B in polay i’m,
1slem {3¢)

‘wge%,

G | (12.4)
BQe (12.4) i3 the polar equation of & cirelo of vedlus 3/2, tangent %o
the imaoinary azis and with center ab {1/2,9)‘ g 4t 45 soen that
a8 p increases from O to 1 (£ from 0 90 £5) ¥ veries fram 0 to = g

# 580 Ce Ds m@&&mwwmwm
: u.&@%ﬁmmcﬁd 9&387; WO
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and ag p incressca from L 4o ”(ffrmlfatew}, ‘fm@amwé’-
o 0, Thuep a disccotimity of pheoe exlists abt p = le

A% the frequency £ = £, (p - nmmmmmw.
the output of the anplificr to the impub and the nomal gadn of the
amplificr io oblained, ;zgmmmMy'Mwwmﬁnw
ing Srequency, the voltege output is oub of phase with that of the ine
put and the gain of the sbage 18 reduced, This reduction of pedn is
then ampilitied by tho muccaesive stages, Thus the high selectivity of
the clreuit is reslized,

In the construction of the Twine?, a set of convendent values
for Cay Cm ond Os (2 - Co - Ca/2) ave fivet choow and Shen the yesioe
tore Ry Ra aad Ro ave simultencously verded leeping Ry = Re = ZRs une
t41 finally the balanco 1o obtained, The stability of the net will of
emd@mdmmmwtywmwm&mm
effects, aging and manufacturing tolerances, The componente used in
mmzmmmmmmmmmm
atwo coefficients though the ideal procodure would Yo to use reslstors
mmammWMammmwmmm‘,m
actosl valuo of Ca 45 0,002£ and the approimate value of By - 92,000
obmp, The azplifior 1o tumed $o LOS Gepete With & bend width of about
30 awpene Tiw change of tuning frvoquency hes alweys boen within 3 ¢pas.
thwouchout the progress of the e | ‘




conventionzl caltlnde follower clrould is used in the finel sders. T2
oy 45 the cathode rosictor, bhe voltege gadn is,
M
S ﬁ
o
e the volage gain is lose than wnity and the impedence 45 reducod
to approxizatoly wpfe 1f 4 is large compared to unity,

Mo overall gain of the asplifier is controlled by the grid
leak resistor Bg which iz calibrated in torms of the sensitivity of
the spparatus es & whole, The overell gain of the amplifier is found
mmhzgmémammwmm.mwm gl 4£
is enly 0,1 volt, |

The suplifier i cannected to e brddge output through a
oubput of the mplifier is comected to & phase selective rectifier
tiwough an isolating trensforner 8s esplained in the next section.

The total output e.if, of sn alternating current bridge ig,
in generel, comlex, the phams differcnos between the iuput snd the
output voltegeo being detormined by the bridge congtants, The two
mrbually perpendicwlar veclor components of the outpub e.m.fs are conw
trolled individually by the direct or yesctive balance and the quadra-
tare or yeslotive Lalence, Thus in the present bridge {Fig. b, pe3%)



A

the direct and Quadrature Lridge controls arp respeotively € and Rp in
the azm DOy The cugtemnry technlgue in bridpe balancing reguives an
sltarvato 50 and fro neripulation of the divect sl quadreture bridgs
Mmmmmmﬁmmmmmmam&m&y
precise complote balance s cbisdned,  Howver, by suitsble equipment
and propor adjustment of phese, b s posaible to belance the bridge
separately and Independently for the dizect and quadrature components}
thmg, for emmmplo, the direct component can be pyocisely balanced viAthw
sonth invostioation we aye interosted saly in messuring the change of ine
dustance, the vecording meber is mede sensitive anly to the affebalsnce
due to & change of veactance in the brldge, tho effect of off-balance
due to @ change of resistance in the bridge being negligitly mudl,
Thie o accoeylished by uaing & phase chifting devise in conjunction
M&EM"MWW&WMWMW@N
cuit, which 1s used widely in carrier telephme systens, Such & eire
cult used ap & phase selective rectifier s shown in Figs 9 (pe50).

It conalste of four cyclically comected rectifiors. The
rectifiors used in the present case sre balanced orysial rectifiers of
O (sylvania) type. Four resistances of 40O clum oach and two varie
amammmefemmmmmmmmwwm@
shewn in the figure, one mide of the brddge AC end the tier side D
mcmmammwmmmmmafmwmvw
matehod transformers Te end Ty, The primery of Tg is comnocted 0 e
osciilator (vhich enargises tho dnductancs bridge) trouch a phsse
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shifting dovice as w1l bo wpleined leter in ihie sections The prie
mvw?;wmms@wwﬂmwﬁmmut@&wmmm¢ The
central taps of the secondarics of Ta and Ta ave comweted o tho moro
centared dlrect owrrent micresrmeters 4 clreuit snalysis of this mdue
lator has been clven by Caruihers (1930), Tho action muy be expladmod
qualdtatively in She follosing wye

After the bridpe le proporly balanced, (o voltage from the
csclliator belng Lmpressod batween the polnte & and G, &nd the smplie
fier being dlscornocted), in successive half cycles elthor the path
ABG or the path (D vAll be conducting bt tho potemtials st 5 end F
w11 be equal throughout oo that no cwrrent vALL Slow through the mleros
amoter M, libewlse 4 the cscillatar be A ‘ |
fron the eaplifier be Supressod betmsen B and D, Agein no current w1
flow 1n ¥, IF $ho aplifier and opoillator voltages both exist togethor,
the curvent throuch I WXl depend wpon the phase differense betwoen the
o voliages.

e ehall assume that the escillator voltage (applied tlwough
tho phacing wib at M) ds much Jarger than the amplifier witage (ap-
plied at 33) oo thet the current in the modulator is dominently cone
trolled by the oscillator voltage, Guppose in the firet place, both
thees voltages ave in phage and the podnto 4 and B ave slmultancously
positive in the first hadf cyele, Ib is castly somn thet 4n this casew

The eurvent can only flow through the ectifiers in the direction of
the arroug,



i

mmmmbmw&wmmmtﬁmezmmafﬁwmﬁtﬁwaa
and ¢ and the noﬂ-l.i.nea" mmbicn of currond with voltacs conges the
resigtance of b to fall, The potentisl of D then approaches thet of A
cenwing potentiel of F hcher thon that of % and & cwrent wil Slow
through ¥ in the dircction from F to B, Similarly, i€ 4 end U are gie
mltancously nogative during the second half oycle, the rectifier d
will caryy more cwyrent then elther a or ¢, the pobential of C approachen
that of D and tho cwrreont wl) flow in the same dircetieon frem F to B
tiwough M, Thus vhem the volbages are in phase, the cwryont aluaye
flows in the same direction (from F to B) through ¥ and tho ancurt of
curzent ie evidemdly proportianal to the splificr woltage.

liow, suppose the two woltapes sye oub a@ phage a& that when
A is positive, D 4o mezstive. In this case the roctifier ¢ is move
conductive than sither b or d, the potential of B approaches thet of
¢ and tho potential of F boconos lower then that of E so that a cwrent
flowo thvough M in the direction from & to F. Tho divection of the cuw
yent romains the same (from E to F) during the next half cyole vhen 4 is
nesative end D i positive,

Thie shows that in the lodulator of the type described, the
mmt‘m@mmmm éepmm%ep!mw difforence bew
tvean the polarising woltage (l.o. te cocillator ml‘&aga} and e
voltage 40 bo measured (i.0e the seplifier voltage). Trds phase AL
ference can be adjusted when the oseillater veltage 1o fed through &
Wphasing Drdt® (Fige 3, De 33)e A simple fom of such phase shifting
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wit is shown in Mge 10 {pech)e It wes firet described by Turncy and
VeHenara (1930).

The phase shifting wnlt espentially conslets of two oguad
fined capaclitors Ci and Cp and two adjugtable reglobers Ra end Be
wilch are abt all Yimes egual to each obber bul vhich moy be varied
Jointly by @ single conbrol lmcbe If exp(] t) fs tho wolbage of the
oacillator applicd to A and G, the wolispe ab B and D without any load

Wil be, ,
A i AW

vy " = o (R e vt 3

@y = 6p ( 3wc3 (RLE E )
ar op = & - M ep(iwt) (13.1)
Tere Ra=fa =R & G- Cg=C
W can write ogs (13,1) in the form,

op - 8y = m{ﬂ(ww*f}} (132)
whore ) PW(R '

a2 T oA (13.3)
or Y- tat™ won

It 40 seen from eqe (A32) thed the cutpub woltage has tho
gamo wagnitude as the input woltace but ite phase has chenged by m
asouwnt 24 where ¥ is glven by eqe (133)« Thus when Ry = Ra = O,
the lnput and output volteges ave ldentical wheress if Ru = Rg = 3/WC
them the cutput veltege vdll be in quadrature with the cemels of tiv
oscdliator. mwn»éﬁamnmmvpm voltege will Lo noarly
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200° out of phase wth the otclllator oumels Thus & slwmiltancous ade
Waﬁ%mﬁm’mﬁwa..sﬁwms@ogm&w
wm»w.wmmwmmmwmmm T
isslating and mtohed trancformera ave connected to the imub and the
mmwmm»mémmzws&mmaamm%}. |

'mwmwmmmmmmﬂnmsmém
adjuct the polarlging velbage of the modulator se thet 1t io either
in pise or 900 out of phase wWith tho eoplifier voltages In sctusl
practice & Dy C, ismaﬂw%amewd&ngmw
wmwmpo:mmwmgeummmﬂ,mmw
puint, the moter becomes insenaliive to ary chengs of yeslstive ocupone
oot dn the bridoes u e mber yeglsters only any change dn
roactance in the bridge and hence can bo calibreted in tems of kmowmn
wlues. mmmm'mewmmﬁwmw'&tmé
comarys the off-balance of the bridge dup to a change of resistence
can be read in an A, O, voltuwetor used acrosy the avplifler output an
shown in 7ge 3 (pe 33) and i€ nocessary can bo roctified frem timo %o

time,

AL tho vook seeples used in tho presert insestigetion wers
Wﬂmﬁwco&&mﬁm(w&w%&mﬁ%%%@ﬁﬁm
mmwwmm@mmwmmmmwmax
Weshington, The seapling and cubing eperetions uwsed for these Tocis
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have beon deseribed in detail by Torroson ob al {29h9) and Orabmm (1949).
Por the pake of contimiity wo glve hore an ocutline of tho mothods uscd.

The vock pumples used belong to fine grained sedimentary do-
posite vhich havo no obvious signw of medamorphien, recrystallisation
o sizean bodding, After o slie is choson, & emall umwathored sutw
face ip oolected on the rock vall, 7The surface may be elthor the top
or bottom of a glab projecting slightly from the main body, 211 ope
iontations are measured with & Drunton compags. In cago of horigental
beds & line with an arrow is serdbed on the surfece with a dlamond pen-
cll to vopresent the direction of gommagnetic north. In cope of inw
elined or folded beds, 8 hordgontal line Lo scribed on the surface, and
186 wtrils and dip ere noted, The orionbed sample is ten carefully
troken avey fran the rock wll with chisol and hammer or & crovber,
For eoring, the supls 1 set in Quickwsetiing plaster guch thet the
memmmwmmwmmmLYMcwmmtam
euts & eylinder (1-5/0 inch diancter and about 2 inches long) having
it axis noymal %o the horisontal bedding of the rock. A 3em, cubo is
then cub fvom the core uping dlamond saws such that the odges are parele
1ol to tho two orientetlon marks (wis., the strile and dlp) and normal
to the oriemting surface. The strile is usually dosigmated ag Z-axis,
the remining edgeg being marked ap Y= and Z« areg ag in a richt handed
gystem of coordinates. The mossurer  aye capried out rolative to

theae ednec.

Por poorly consolidated rocim, the cube sarples are propared
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rather laboriously by ssndpaper and hackeaws. [oving obtained a sate
isfactory cube 8 woll o possitile, o coating of lacquer is apniied So
prevent disintegration, It is cladmed that in spite of these claborede
sethods of cordng and cublng, no noticeable change in the magmetic prope
ovtion of the sarples was obsoyvod,

% have dosordbed in the Sections 9 to 13 the design proco-
dures and the operation of the varlous parts of the susceptibility meter
uged in the present investigation for measwrdng the anisotzopy of oodie
membery vocks. Tho powerel arrengoment of the apparsmius without the
goil spsardly is showm S‘.n‘?ig;m (pe Sﬁ)}a In the present soction we
ehall dlscuss & fow portent detells of tho sctual measuwrercntds

The spperatus wag calibrated ’ay fervic chloride sslution
shose susceptibility is accuretely kmow for different concamtrations
(300 Secticn 16)s The solutions vero lpt in gell Iucite cubloal cups
whose dnternsl volwues vore egual to those of the rock seples to be

Inese cups could be very conveniently attachod o the same
plo holdor as shows in Fige 7 (pe 1) In order bo find oud 42 the
shape of the test sarples had any offect om tholy suscopbibilitdes,
suseeptibilities of ferric chloride sclutions wore meagured fop dife
Setent oriontetions of thelr auos wAth respect S0 the auls of the tash
coil, To changs of eusceptibility wee notlced and its offect, i auy,
we certainly mich emallor then the sensitivity of Lhe ayparatus.
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Fig. 11. The Susceptibility Meter
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fence the change of susceptibdlity meagsured for rock sarples was due
to magnetic anisotropy and not due to thelr cublcal shapes,

The inducing magnetic £iold in the teot ocoll wes kept as low
ummmmmmmmwwmwmmm'
in the samples. The mamoetic £ield usod in the present investigation
wap only 0,5 gavse vhich is comparable to the preseat megnetic £iedd,

It ws, however, realised that the sonsitivity of the spparatus could
be increased sovoral times by increasing the magotic field to about

L gauss wdthout introducing any serions orrop in the moampoments, A1l
the wonsuroments were mado in an 'Eapth's ficld fyee' region (sce Fige 5,
pe 38), oo that any effect of the Darth's magmetic f1eld on the suscepw
tibility of the test smaples was elimdneted,

The susoeptibility meter wes designed to bo able to mosgure
a susceptibdlity difforence of 1B o.zese por 0s0s Dnfertunstely, the
maxinm sensitivity oould not be weed in amy case due %o sons instyue
Demtal diffioulties, The minimm susceptitility thet could be deter-
wined with sufficient acourecy we anly 157 cegelle per cecs and in pore
meﬁsmgﬂmcw. When the sonsitivity wes meised highor,
the drifting of the balance point of the widge made it extremely dife
m&,ummmumwmummmm
mcy, This wes probably moskly cue %o the changes of impodances of
the test coil and other compononts of the bridge, caused by fluctuse
tiongs of temperature inside the laboratory, It seems this can bo awedded
and the full sonsitivity of the meter realised in prectice by eemducting
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the exporinment in a tempereture controlled room, Owing to this nrece
tical limitation encountered in the imvmsotigation, mensurenente of
anlsotropy wero resiricted te rock samples having total pusceptibile
itdes greater t!mnleBse.g.a. per o.c. on the supposition thet the
anigotropy in any case wes at least one per cent of the total suscep-
tibildty,

W have described in Part II, two mothods of meesuring the
anisotropy of rock samples, Actually, it io easily seen that the Ny-
nando meothod of measurements is equivalent t0 a large msber of Static
meaguronents, In cape of yock samples having susceptibilitios of the
avder of I* 0ugese por cuce, the Dynamic method wes found to be conven
lent, quick and sccureto, Ae polnted out befove, in thls method the
brddge wag first proporly balanced with the saple inside the test coil,
having one of its axecs parellel to the coil axis, and them the sample
wg alowly rodated in one plane by means of a gynchronous moter, The
pattern of cusceptibility wes recorded on & pen recorder, The exper=
iment was then ropeated for the other two planes, In most cegos the
positions of the moximm and minimm of susceptibdlity in any plane
could be detormined within a fow degrece and the direction of the mase
imm suscoptibility in gpace could be determined within ten degrecs,
In case of sarplos laving suscoptibiliitics less than 15¢ CeleBe DEr Cule
the Dynamic mothod wss found to be less sccursato, bLecauss, due to the
drifting of the balance point, (at higher sonsitivity) the positions of
maxirnm and minlmum could not be detormined within a few dogreess In
these cesos, the Statlc method; though laborious, had to be usede This
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method conslsbe in the actual measuroments of succopiibdlity at differw
ot orientations of the sample with respoct to the coil axis, The di~
rection of mucimm gusceptdbility in theso cases could be detersdned
wth an wncerteinty samovhet higher than ton degrees, Tho prosent pae
por reporte tho resulte of measurcnments of only those samplos when the
directions were thought to be corvect within twenty degrees, though in
a rreat majorlty of coses the diroctions were probebly correct within
ten degreco,



PART IV
RESULTS AlD DISCUSSICNHS




15, Calibration of the Susceptibdlity lieters

Nocsurenents of susoeptibility Ly the present Susceptibility
lieter are not abeslute, hence it is necessary to calibrato the loter
for earples of lmown susceptibility, Aquoous ferric chloride solutions
of different concentraticns were found to be most suitable for the pure
pose, The Smithsonian Physical Tables (ixie 3, Ps 475, 1933) gives &
relation vetwoen the percontage by woight (p) of Folle and the ‘iass
Susoeptitdlity’ as followst

Bn = (p/200)H + (1 = p/100)E, (601)
mnmm“muu.mywpmm..mmmmxw‘,
andﬂobﬂnmmapﬁhﬁntyefmw,gimu-&Wzﬁb. o
obtain the voluse suscoptitdlity, this must be multipliod by the density
of the golution used, which may be found in any chemical handbool,

It bag bean shown in Soctions 9 and 10 that i & fervommgnotic
sazple be introduced into the core of the test coil which forms an arm
of the bridge, tho bridge becomes wmbelanced, the changs of inductance
of the codl being proportiensl to the susceptibility of the sample
This chenge of inductanos can be completely balanced by & change of
eapacitance in the epposite arm of the bridpe (see Fige L, pe 35)e
Hence values of susceptibility oan be expressed in tesrme of the
changes of capacitance and vice verme, Table I (p. 63) gives the
resulte of meaguremcnts an six comcontrations of PeClas selution and
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™roe 12 {pa &) shows tho onlibration curve vhare the wolume susceptie
bty da nlotted azalngt tho change of capacitance.

ToE X

NIRRT

Caliwation Thord
6

Tetla Soln, K220 ColeBe/CeCe ¢ = 30*® rarads
5 5 7
207 20440 2348
7o S0 a%

> 50‘20
507 GOe92 3547

The regsults of the measurements can be expreescd by the
formula,

K = 0,783AC + 1482 | (16e2)
dwhere K, ﬂwmlmmﬂbmw,nmmmﬁémmmmc.
and AC, the chenge of cspacitance in IF® fareds, It 4s scen fyom
oQe (1642) timt A€ K = O, then AC = =2,33, or in other words, if the
gmple holder (see Fige 7y Pe Ul) without any sample in 4t be sldd into
the test coll, there is & negetive change of inductance which shows that
the meterdal of the saple holder bebaves as 8 dia-magnetic substance.
This dia-marnetic effoct of the sample holder wes found to be constant
throughout the invostigetion and tho constant term in oQe (16.2) mey
be regardod as a constant of tho appareius,

17' 3 rof T Sodinontes

Torreson, laxphy and Greaban (1949) have reported the recults
of meaguranonte of macnetic polarisation on 99 samples of flat lying,
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has & direction in space, it docs not have & sensc of direction, or in
othor words, the value of susoeptibility along any linc is unchanged if
the line is rotated through 180°, On the othor hand the remanent mome
ent (or polarization) in a rock sample has both diroction and sense,
In accordance with the custom of thinking of the lawrih's magnetic field
25 dipping into the globe (in tho northern hemisphere), the incline~
tions of remepent moment are considered positive when the north seeking
glde is dipping dowmwards and they are netive when the south seelding
gide is dowmwerds,

In order to visualise the angular relationshipe of directions
in space, the directions of both meximm suscoptibility end remanent
noment are precented as points in the "Bgual ives Projection® of Schmidt
(1925)s The usefulness of this projection in megnotic work has been dise
cussed by Oreban (1949)s For consistoncy, the lower hemisphere has been
chosen for projection and the cardinal pointe on the plane of projection
(horizontal planc) are chosen as googrephic north, south, east and west.

We shall discuss in the next few pages the results of anio-
otropy and polarigation measurements of some gpecific forpations gtuw
dleod during the investigation.

a, Fliocons Time: Jlenns Ferry, Ideho,

sbout one mile emgt of Glenns Forry, Idabo, thore ilp an exe
cellent exposure of & flat lylng undisturboed scdinentary {ormation of
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Lover Fliocone or Uppor Mlocene age, Fige 13 (pe G0)e Thls hag beon
degeribed by Lindpron (1090) ss Tino mrained fresh water lake deposite
and has boen named Payette formatlon, Samples were talken from a verw
ticel distance of 3O £t, ab an altitude of sbout 2,500 £t Though 13
saples were awailable for meagurements, only L wore found to be sufe
ficlently etrong to enable aMmy measurements, Tho roeulie are
given in Teble II and Table III (pp.70 &C00 ), the samples Lelng maried
frona 1 to Le The walues of maxioum susceptibility renge from Lh.7 %o
TheS1 with an avorege mluaaf&.mxxﬂbc.g‘a.we.e. The avere
age valucs of anisotropy in the two principel planes are ave i3 = 1¢6
and 8v, ig = Le5s The average direction of maximm susceptibility is
given by
Dy = 355°27°  ama 3y - 6P ECO

?mamamwwmmmmmmu.

The direction of the maximm susceptibdlity sgrecs fairly well with

that of the remsnont moment, The direction of the present magnetie

f£leld at the site 1s, D = 17° and I = 70°, lenco if the direction of
maximen succeptibility can be taken s tho direction of the magnetie
£i0ld during the Pliocens time, wo soe that the present declination

is at least 10° cast of the declination in Flioceno time,

In ordor to find out if there is any relation between the
moments induced () in the samples by the present Barth's field and
thelr vemenont momemts (), the valucs of the vetio ly/ I, are given



Fig. 13,

Payette Formation, Glenns Ferry, Idaho
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in Table III ‘p. C04e M4 48 the product of the maximum susceptibility
and the totel intonslty of the larth's magmetic £icld, the average velue
of which hags beon talen to be 0.56 gouss. Walues of IL, ere taken frem
the measuremonte of Torreson et al (19h9)s In the case of the Clenns
Peryy samples, tho ratio hag an avorspe wvelue of 1.1,

be Hloecene e Bedlends, South Dalota,

~ oamples of Mlocens &ge ware collectod fran tho Padlands,
South Makota (Fige ik, py 70)e Tho forvation 1s & fine greined une
‘@leturbed sodiment lmom ag irikarce sand stomej seoe Ooborn (1909),
‘fatles IT and III (pp. 79& £0), pive the results of measuromonte cn
five semplos (mmbored 5 to 9)¢ The avorage dlrection of the masimm
gusceptitility 4o piven Ly,
= Dy = 13°20° ama  I;: QO8L0
Tue direction of the present magnetic £iold at the locelity is, D = U©
wnd I 720, The direction of rommnent momont in those sarplos vardos
conglderably fram sample to garples It i also interesting te notice
that the retlo of induced to permancnt moment in these sarplos io smch
higher than in any cese exsmined during the inwstigation, It ls not
safo at this stoge to drew any defimite conclusion rogerding the dis-
WI&W&W@WM&MW@SMWW.
It, howpver, appears that the reletively small valves of raxnent Homw
ents and the sosttering of directions micht be duo to the disturbing ine
fluence of some girey mapmotic £ield on the mamotisation of the sedie
mouts after they wore doposited,
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Fig. 1. Arikaree Formation, Badlands, South Dakota



-l

c. Ilocene Time: Oelah, Yashincton,

Sarmrles of Mooene age wore collected from an exposure aboud
one mile west of the tomn of Selsh (Yakima), veshington, (Fig. 15,p. 72),
The formation is lmown ag Fllengberpg formation and hae boen described
by Smith (1903). It consists of river gravels and gsands ovorlain and
interbedded with many fect of fine grained, largely wolcanic sodimants,
The samples were taken frem a gravel pit. The vertical extonsion of
sampling being sbout 20 £t |

The gamplos (mmbered 10 to 20) hawe in poneral hich values
of suscoptibdlity and also relatively high remanent momente, the ratio
of induced %o remanont moment boing ebout 2,5 on en everage, The néw
ture of anisotropy in tiree orthogonal plancs of & sample ag found by
actual measurcments is shown in Fig. 16, p. 73)e It 45 seem fron
Tabtle III (pe 80) i@t the direction of macimum susceptibility varies
considerabily fron sauple to samle, alihouzh in 7 out of a total of 11
samples, the doclinadion varies betwecn 3570 and 19° with sn awwrage
vﬂm,ﬂi= 6° £ 6% the averaze welus of inclinetien being Iy = L4° 2 7°,
The direction of polarisation of these samples is also quite scatterod,
although in 6 samplos, the aworege valus of deelination iz 360°P, The
direction of the present mapnetlc flell of the Derth al the gile i,
D=20%andI = 700,

The scattering of the directlen of msccimun susceptibilily
and also of the direction of polardsailon in theso samples suggfesis the



Fige 15. Ellensberg Formation, Selah, Washington
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Fige. 16. The Anisotropy of Sample No. 7
Selah, Washington
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exdstence of dloturbing influcnces at the time of dopeosition of this
formatdon, Since this formation Las boon deseribed by Gmith (1903)
as of prooable fluviatite orlgin, it is possidble that challow weter,
curronts and coparetively larger slse of particlos mede 1t difficult
for a largo mmber of particles to orlant in the magnetic fleld of
the Zarth existing at that time,

de Pocens Time: invil Points, Coloredo.

Hoar the towmn of invil Podnts, Colorado, there 1s an ecwele
lont eposure of Oroen Rlvor formatlon of wldde Bocens age described
by Sears & Bralley (1925), Fige 17, (p.75)s Sewen orlented sarples wore
collected from 2 vertical Clstance of about 3 i, at an elevation of
about. 3000 £t Tables IT and III (ppe 79& 80 ) give the resultis of
meagurcoents on four of these saples (musbared 21 to 2h). Fige 18,

{re 76) 10 & typleal emmr;le of anisolropy m tixoe cube faces of ane
of thosa sarplece

The average velue of the direction of mazimm susceptibilliy

py = 360° & g° 3, = TP
The average value of the direction of polarisation in these sarples ia,

18y

D, = 350° £ 3° =62
7
The direction of the present magnetic flcld of the Darth is,

D = 15° I =67
The retio of inducod to remanent moment in those sampleg hag an avere
age value of 1eG.



Fige 17. Green River Formation, Anvil Points, Colorado
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e regulis of moagtremnrde on ald the 2k sewmples of Tertlary
tne ave plobbel on an equal area projection of Fize 19 (9.73). For
comparigon, Whe resulls of polaclsation reasurenents on the same some
sles v siven dn Plo, 20 {p. T0)e Tn the £icures, the concentrie ciye
clos roprocont 30% interwils of inclination, incrossing walues being
measured fron the periphory townpd the center. Veluss of doeclination
aro :f'eaéi Zeom peogrephle north, clockwlse throuch 3609, The oxtent of
tho directien of the present marnedic Fiald is aloo shomn in the flipw

WeHe

i_‘-':.- 1o gsen from Pire 10 {pe. 78) that in 2 mejordty of capes
the declination lies withdin 150 of the geogvephie moxth and tho ine
c.}im%m lles betmeen 500 and 649, Tt lspremature ab the nresent mome
ant %o drew any definite conclusion vegarding the pecmegnetic ficld in
Tertiary tise, beoauso the dats aze oo fow and statdsticed {luotuae
tlone are qui‘&«a larse, Tob i eon Do sald thal the cversge doelinge
ton of the georsgnetic £1eld in tho Jast 60 millien years or so has
‘boen vithdn 199 of the geogvaphic morth, 1t may be remarked st this
x:om et thouch g;m cmtim of maxlkmm suseeptibilily in fine
zz-mimd sedlrente mey represent falthfully the declimetion of the goow
mm fleld estoting at the time of deposition, its inclination ey
- nob mmemt the ceomegnetic inclinntion becsuse the actieon of grevity
and t‘:.ezzgmmﬁm with tiow rey bond to diminish the inélﬁ,m%m of the
particles. X
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3. Iindsotropy of Silndan Sedimontos

a¢ Sllurian Timoy Plnlo, Nerylend.

In order to exbtond the gludy of aulsoteupy b0 scdinentapry
ook of ramobe pevliorde ddmes, moasuwrenents vore mde on ssplos of
mmﬁimr&ﬁmm supposed 0 be about 350 milliom years olde

In camection with his mtudy of the stability of rock mapw
netion, Oreham {19L9) solected & fodd in $he Rooce HAL formtdm of
silurien tize near the dw of Plato, Tarylend, Fig, 21 (ps 62). Ao-
mwwmm@),mmwwm%wmmﬂ%»w
mmmmzmwwwmmym;m'mﬁm
end of the Pelesoeds ora, sbout 200 million years ago. Polardzation

abs wore made on 80 serpleo faking fram & gingle masgiwe bed
o from two to fowr inches. Dy grephically rege
tordng the bed podut by poird to the hordmmtal position (which wes
tihe originad posltian prior o the $ire of falding), Crahen fomd thet
tho dlrections of polarisations bocame perallol to onc another (wdthin
ghatistical ﬂmﬁw&iam) 3 800 Fige 22 (pe 830 The results WTG O
platned by geylng that with the folding of the bed, the polardsations
at vardous polnte dn the fold (which were eriginally parallel) wore
mm. Wm:cr argocd had since the polerizations in this
gase bave bom provod o vemain gteblo for the past 200 millien yoars,
they may be considerod Likely o have done po for the 150 million years




Fige 21l. Folded Rose Hill Formation,
Pinto, Maryland
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Fige 22, Polarization of Folded Rose Hill
(Silurian) Formation corrected for
Tilt of Beds



prior to thedr deformedion.

T order $o find out if the ddrection of polariations in
these paples actuslly represoent the direction of the pemmagonotic £isid
at the tim of deposition and alse %o oxmming the offect of deformoe
tion of beds oo megnotic anisotropy, neagupensnts of susceptibility
platy %emaﬁamgimmmmm
T {Ppe 09 & 0 ) The samples s¥e avrenged in three groupny the flvst
mo@ﬁwb&mmm&hamtm.ﬁwsmmm
socond growp of five from the esst Livh of the amticline (o tho wost
linb of the pmeline) and the thizd growp af four fram tho east limd
of the syncliney see Pige 21, (pe 82)s The values of susceptidility
very vdilin narrow limits, the mexbmm devistion boing oxdy 12 = 38 c.g.0,
The suisotroples Ay and Az in the two principel planee are also gulte ap-
gﬁmciai:s}.e; except mmwmmmmas;zém 27, ‘Mble 7V (p«90)
gives the values of the obocrved drectioms of muimm susoeptibility
axx! alvo the directions whon the bed wes vestored to the hovisontal po-
gition, Pige 23 ond Fig. 2b (peOS) arc the plote of obeorved and corw
mwmmwmmmm The average directdon of
matimn suscepbibility, when coprected for 4ilt of beds is given by,

Copy s WP I = S0
The average divection of corruobed polarisetiom of those semples io
given by, (soe Flgs 22, pe U3)
D, = u2't7° e = 402 7°

The direction of tho present magnotic £leld at the site is,
p = 3580 T = 710
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The ddroction of mardmm succeptibldlily aproes well with the direvction
of polarization within statistical fluctustions. It i interesting to
notice that tho inclinations of polarizations are negetive, According
to the conventlon adopled this means that in this formetion the pare
ticles wore orfented vAth their south secking poles dipping downmards
ingtoad of north secitng poles ag in the case of Tortiery sodiments.
4g we polnted out before, it ie impossible to determine the scnse of
dirocction from susceptibility m&am@t&. Mot the close agrocent
between the ouspeptibility and polerisation mesgurvuonte and the demw
engtration of the stadbility of the dlrections over long periods of
time suggest that the polarizations in thooe sampleg probubly reproe
sent, the dirvection of the geemognetic 7ield during Silurisn tdme.

Althoush it is not within the ccope of this study to egpladn
the revorsal of polarity of these scdisents, & few remerks ave worth
mentioninge The sbnormel polarizetion in this case may be cxplaived
to be dus bo seversl eeuses, vike, the reversal of polarity of the geow
maonetie £ield in Silurisn time, the movement of the crust since Silurizn
tlne, some shray megnetic flelds and probebly several othors. It wes
algo showh in Seetiaa b (p. 13) sthat, 45 tho mmmotic anigotrepy of -the
pax%ielea i5 moch largar thar thelr remancnt moments, then undoy cerw
taln conditlone of sedimerdation the particles mey orient with thelr
moments 100° ewsy from the direction of the exdsting mgmetic field.
Intensive work over wide regions is nocessary before any demm SO
clucdon can be made.
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be  Cllurden Timer Mays Gap, vest Tirginia,

To oxamine the reglomsl consistency of the Nose M1l formme
tion, serplinge wore made aboud ene end a half miles north of Maysville,
Yest Tirginle, The geclogy of this region has boen desoribed in Yesh
Tivglola Geclogioal Survey Pulle, (Vol. 3, p. 60, 1901), Sasples cover
8 vortical distance of about ©0 £5, Tho rosults of susceptibdlity ot
wmmm Avest in Table VI {p, 91 ), the sarples belns arranzed from
the top of tho exposure towzds tha bottom, Fige 25 (pe 85) is a plot
of the dircotions of maximue suscoptibiliiy, The avorage divection of
macimm susceptivility 1s piven by,

| py = 160 %0 1 = 38°%¢°
The doclination in thic case ig larger than that of the Rose

M1 formation ab Pintoy Merylend,
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Fige 25, Maximum Susceptibility
of Rose Hill Formation
Mays Gap, West Virginia
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TLELE IV

Anisobropy of Silurien Sedimonte ab Pinto, Maryland

6 6 6
Sample Ky =210 Kz xzl0 Kexl0 Azd  Agd
Noe 4

30, 511409 £ o0 BLe95 27 Sk
3. gﬁ&ﬂ 52425 50450 Beli 543
33- 056 5' @ 53*% 109 28

33 3858 6 71 51,95 1.5 2.9
% BB Bk B i i

25, %.5}2 5&’&919 \ gﬁo:‘m 0.6 242
27, 5697 56 '
20, ' 550% She2 53.81 ded el
39' ' 56& ' A

35 - hﬁ:l? 2‘7 y% 2'?5.22& Qof.; 345
36. 5061 5773 56430 1.5 348
37 5929 50,20 50499 L7 3.9
33, 6075 59486 S0.61 2,1 3.5
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TADLE ¥

Directions of Maximm Sugeeptibility in Silurian

Sodinen td 8t Pinto, Yaryland
Seople _
~ Hoe Chagaved Directions Corrected Directions &
»° 1 1o 7
25. 3%2; ] 120 g5 246
obn 0 g 1 & 249
28, 16 17 T » 3.3
29, 312 12 17 £0 2e7
30, Vi) 80 1N 1 58 241
S B8 ¥ 2 B
33. 183 a ; )
3i. 200 G2 Vi3 ﬁ 1.5
R ¥ R B3
ar. 10 2 5e 19 1.8
. 133 23 151 g5
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BLE VI

Sugoeptbility of Silwrian Sedinente

ab leys Gap, Tost Virginis

Andsotropy and tho Ddroction of the Mawimm

6 b 6 o 0
Samplo Ky 210 Kox10 Xez10 228 &gl D3 14
o
Do 70406 67484 664956 342 kol 163 3h
. 70403 67472 66495 343 heh 180 50
4. 8150 79406 77483 30 hes A5 36
b2 79405 7552 75488 342 b0 186 30
{ﬁ.‘. 53480 52440 EleSS  1e5 341 171 30
. 51407 50420 Fubl; LeT 3.0 158 k2
1S, ?ﬁ 5043 49466 1.6 3.2 169 M1
i L. [8.62  LBsL 1,7 3.0 100 33
b7 1605 53415 2426 1.7 3.3 171 38
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19, Effect of Strong Memetlc Fields on Andsotropys

‘ecording to the hypothesis put forward in Seotien b (p. 15),
the romanont moment empected <o dovelop ina sedinentary formation is
a molecular phenomenon whoreas the anisotrepy is primsrily a bullt prow
. perty, To demonstrate this, threo samples (Hos, 3, b and 5) weve gub-
Jectod to a strong magnetic £iedd (about 200 geuss) along thelr Xe, ¥e
and Ze anes rospectively, Moagurcmente of susceptibility and remenent
mient wore made both before and afber the action of tho nagnetic fisld,

lio noticeable change eithor in the wlume of anlsotropy or in the dir-
cction of maximum susceptibllibty wes observed in any case although each
sample wag found o bo ptrongly polarized inm tho dirvection of this mmge
netic £lold, This shows that the snisotrepy in sedimentary rocks is
inveriable with vespect $o any mermotic field subsequent to deposition
and hence the inferences derived from suseeptibllity measurenents mey
be regarded ag more reliable than those based wpen polarization meape

urenents of the stme sXplod.

.20, Concluding Rewarikss

The resulis of the presont investigation should be mgarded
as of proliminery meturo. The chief objoct of this work has boen to
develop and demomstrete the usefulness of a new method of attacking
the probloms of rock magnotism, The duportance of this methed

not be overemphasiged, Ve have boen able te show the suporierilty of
this type of measurement over the existing method of polarisation
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meagurenenss in tracing the meonotic history of the Harth, Bosides
giving an indloation of the direction of tho geamarmetic ficld at the
time of deposlilon, the measurenent of anieotropy of a rock sample |
provides further & meagure of the swount of magnetic material (taking
part during the procese of sedimentetion) which is responsible for the
total pusceptibility of the meterial. The method, howevor, sulfers
£ron an inberent Alfficulty, nanely, $hat the direction of mastimm
susceptibility does not glwe the polarity of the peomappebic f£isld
and fw%m&wmdmmmmwwms&wmmﬁim.
It is felt that in order to obtain & better and clearer picture of
the history of rock megnetism (and indirectly the history of the
geombgnetic £icld), 1t is necessary to combine tho resulic of anis
sotropy and polsrization mespurements, The anisotropy in most sedw
imentayy rocks is a sall guantity and the sensitiviiy of the prew-
goit exporimental methed is stlll too low o cover a large number

of sediments, The author hopes to improve upon the experinntal teche
nique and widen tho limite of applicability of this proposed method of
the study of rock megnetism,
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APPEDIX X

Solution of the "Bquatdon of Anisotropy*s

te have shown in Sections 7 and 8 that the pyincipel suow
eoptililities in & yock spocimen ave given by,

ZFPur®a s 0) »K (be +oa +8D =8 w? Wi
w {8bc + 26ph = af® = 0g® « o®) = O (1}
ihare the coofficients &, b, ¢, £; gy 1 axe known fyon actual mam-

menbse

The e, (1) is 8 cubic equation having three roots Kuy, Xm,
Ko which can be wovwed to be a1l real,# To pubd 11 in a gtendard fomm
e get, | »
_%?i:f:«i’—é(a~§~'i:»%e) {2)

Thon eqe (1) reduces to,

¥sgrwer = 0 (3
here, |

q = %(a#b*a)“-(m«:»ea«pabwf“«gﬁ«zﬁ)

r = §7(a -Pb'%’-c)ﬂ«»%(&*%ﬁ-ﬁ-c)(bc%w*abué"&*{ﬁﬁ“ﬁg)

# {3be + 2Igh = R Wb -oh®) (L

& See Us Saluon « An Analyticel Gecmetry of Three Dimonsions.
' - Longens, G0oot & Cou D 5 39 o
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e (3) een bo selwd by the use of tricononebrical tables, Thus
let us pud in og. (3)
2 = ny | ()

thon,

&
y“wﬁyuﬁ& = 0 (6)
I€ = denobes any angle, wo kmow,
"

e@a'&-ﬁamd m%&&j“ = O {(n

ssgundng ¥ o= cog o dn ege {0) and thon comparing ege {S) and 6. (6),

we (0%,
qQ _J - :
L-3 @ a-2/ )
and cop 3% = é-i% = g@ - (9

Cog « can be demmed fron caq..' (%) by tho use of trigonometrical

tables. Thus the thwee reots of cgs {6) are,
cos o g cos(oc«a-zg)s coe(oc-#ugs)

Honce, Lrom ege (2)y oge (5) Bnd og. {C), the threo valuce of suscep=
tibilities are glven Ly,

1

"E=#a+boec)+2 cog { « @95-)

wiers 8=0, 20r b,

Yowy 4f 11, la, 12 bo the divection cooines of onc of the

principel susceptibilitios, wo have shown in Seectima O, eqe (5) that,



0
0 o (11)
%lﬁf»i-laco:G

B Lsg+lphvilag

i

(]

whore,
ﬁo = aﬂ’k’ be = H{’ eo = Qg
Flinineting ls botween the {irst two equations and ly Lebweon the last

two egquations of ege (A1), w b,
DA = i |

1y = -%’—-—-—- is
n. 2’3 b %be

C 1 . f:_v
1 = la
bo = ‘ (12)

12 P be any radius voctor x 1a:pP obc,, so that eqe (12) can be written

as, X = m
¥y o= as {13)
Hore,

un

s

Eﬁf"ﬁ - i‘b,i _ ggh = £o

Xie (13) vopresents a styaight linc in space pasoins $hwough the origin
of ceordinates, the directlon cosines of which are,

o é: A n 1
Vi + 28 + n® JE#m"-&*n" 14 o® 4+ 0

| {15)

It 18 customary in the literature of torrestrial magnetism o
express the divections of megetic vector in terms of the Declination
and Inclination, As ghown in Flpe 26 (pe97), let O bo the diroetion
of the maximum susceptibility in the rock sample, Then the direction
cosines of (M are cosel, cbs.ﬁ and con J and D and I are rospechively



FIG. 26



e

-

the declinatlon and the inclinetion of N with respect to the axes of

the cube pamplc.

It is easily scon fron the Fig. 25 (pe97) that,
cogX¢os D = cos I |
cog Asin D = cos I
cog ¥ = 8in I

herelora,
SO oL

003/3

ain I = cos T

van D =

ibnee, veing ege (15), I and I are given by,

&, m
tan D =

 ——
Vi +o® 4+l | (35)

whiore @ and n ave imown Srom oe ().

=
u

gin
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